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1. (Ultra) short pulsed laser ablation of zinc surface will always result in melt 
dominated morphologies. (Chap. 3-10) 

2. Laser Induced Preferential Crystal Orientation (LIPCO) will become a 
generic technique for microstructural changes for metal surfaces. (Chap. 5) 

3. Increase in laser absorption, due to increase in surface roughness, does not 
necessarily imply increased material ablation if the number of laser pulses is 
low. (Chap. 6) 

4. Laser ablation of bulk and as coated zinc systems cannot be directly 
correlated due to heat conduction properties. (Chap 7, 8, 10) 

5. From the state of the art, it is not possible to extrapolate the future scientific 
research.  

6. If thou gaze long into a laser ablated crater, the crater will also gaze into thee. 
7. The more you know about something, the less is your knowledge seems 

compared to the Unknown.  
8. In theory, there is no difference between theory and practice. In practice, 

there is. 
9. PhD research is full of dots, you connect the dots to make your own picture. 
10. The trial and error method is resource expensive: trials are performed at the 

expense of resources, but you learn the most from your errors. 
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SUMMARY

The interaction of a solid with its environment primarily depends on its surface proper-
ties - i.e. its surface chemical composition and its surface texture. By texturing the sur-
face, the functionality of solid matter can be changed in terms of tribology, optics, electric,
thermodynamic, hydrodynamic, aerodynamic, chemical and adhesion to name a few. Ob-
tainable surface textures depend largely on the processing tool used to create the texture.
Various material processing techniques have been evolved over time. One of these tech-
niques is laser surface texturing, which employs laser ablation to remove material and
create desired textures over the target surface. In comparison to other material processing
techniques, laser surface texturing offers a flexible, efficient and clean process with more
accurate control over the features of the processed surface.

Zinc is the fourth most used metal worldwide after iron, aluminium and copper. It is a
versatile, sustainable and durable mineral that finds application in galvanizing, alloying,
die casting, consumer goods, dietary supplement, soil remediation and production of its
compounds. For its excellent corrosion resistance and cathodic protection property, ma-
jority of the globally produced zinc is used for galvanizing. Galvanized steel is primarily
used in construction and automotive industries, as well as in industrial and electric ma-
chineries. The extensive use of galvanized steel in modern society makes zinc one of the
most visible metals in the world. Unfortunately, fundamental studies on the ultra short
pulsed laser surface texturing of zinc are lacking.

Therefore, this thesis studies the use of ultrashort pulsed laser sources to texture zinc
surfaces. There lies a substantial difference in bulk and coated form of any metal. The ef-
fects of spatial and temporal characteristics of laser irradiation for producing functional
surface textures on the Zn-coated steel samples become a scientific challenge. This is be-
cause, galvanized steel is an engineering material with high surface roughness, in the
range of 0.1 - 0.8 µm, that is in the order of laser processing wavelengths, typically 300 -
1100 nm. Four research objectives are addressed in this thesis.

The first research objective of this thesis is to study the morphology, ablation fluence
threshold, chemical composition and crystallography of bulk zinc surfaces irradiated by
(ultra)short pulsed laser sources for the purpose of surface texturing. Material removal
using high intensity laser pulses alters the surface aspects and leads to modified surface
properties. This work shows that melt-dominated morphology is predominant in the ul-
trashort pulsed laser processing of zinc. Surface chemical states affect the laser-material
interaction due to the considerable difference inmaterial properties of zinc and its oxide. It
was found that the fluence ablation threshold scales with the laser processing wavelength
and shows two distinctive regimes resulting from the ablation plume. Crystallography of
the untreated and laser irradiated surface differs significantly, which led to the discovery
of Laser Induced Preferential Crystal Orientation (LIPCO).

The second research objective of this thesis is to identify the effect of surface roughness
on the process window of micro-structuring and material removal rate of Zn-coated steel
surface by (ultra) short pulsed laser sources. Initial surface conditions affect the efficiency
of lasermaterial interaction at different laser processing parameters, and subsequently the
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efficacy ofmaterial removal rate. It was found that the fluence ablation threshold increases
with increasing surface roughness, due to the nonuniform temperature distribution of the
absorbed laser energy over the rough surface. The ablation rate was found to be higher
for shorter laser wavelengths, which leads to three different application-specific process-
ing regimes in galvanized steel, ranging from coating removal, over surface texturing to
micro-drilling. It was also found that the threshold fluence as well as ablation efficiency
increase with increasing laser pulse duration, following a power law, at the cost of pro-
cessed surface quality.

The third research objective of this thesis is to evaluate the effect of processing envi-
ronments (gaseous and liquids) and pulse repetition rates in order to upscale material
removal rate (i.e. increasing ablation rate) of bulk and coated zinc surface irradiated by ul-
trashort laser pulses. The ablatedmaterial disperses in the ambientmedium and the resid-
ual energy in the processed surface builds up overmultiple pulse irradiation. It was found
that the material removal rate is the highest in vacuum, while the formation of the abla-
tion plume affects the morphology and material removal rate adversely, as the medium
over the surface gets denser. Material removal rate is found to increase with increasing
pulse repetition rate, although the maximum achievable removal depth decreases in the
kHz pulse rate regime.

The final research objective of this thesis is to explore the possible applications of laser
textured surfaces of bulk zinc and Zn-coated steel surfaces, and means to industrially im-
plement the technique. Laser surface texturing is a subtractive material processing tech-
nique, and therefore, removes partially the protective coating layer of galvanized steel.
To enable an industrially feasible, flexible surface processing technology for improved
surface properties, laser textured surfaces should not be detrimental to the staple prod-
uct properties. It was found that laser surface texturing of bulk and coated zinc samples
does affect the wetting properties of the textured surface andmake it hydrophobic. Adhe-
sive wear such as galling performance was found to improve for laser textured surfaces
in comparison to untextured and electric discharge textured surfaces. In addition, it was
found that the corrosion properties of laser textured surfaces is similar to untreated sur-
faces and depends largely on the design of the texture. Lastly, two patents are filed to
safeguard intellectual property for industrial implementations of laser surface texturing
of sheet metal.
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SAMENVATT ING

De interactie van eenmateriaalmet zijn omgevinghangt voornamelijk af vande oppervlak-
te-eigenschappen van het materiaal; dat wil zeggen, van de chemische samenstelling en
de textuur van het oppervlak. Door het oppervlak te textureren kunnen, onder andere, de
tribologische, optische, elektrische, thermodynamische, hydrodynamische, aerodynamis-
che, chemische en adhesie eigenschappen van het materiaal worden aangepast. De aard
van de textuur, die gerealiseerd kan worden, hangt af van de techniek die gebruikt wordt
om het oppervlak te textureren. In de loop der tijd zijn er verschillende oppervlakte be-
werkingstechnieken ontwikkeld. Eén van deze technieken is laser-oppervlaktetextureren,
welke is gebaseerd op het verwijderen van materiaal door middel van ablatie; en zo de
gewenste textuur te creëren. In vergelijkingmet andere bewerkingstechnieken is het laser-
oppervlaktetextureren een flexible, efficiënte en schone techniek, welke meer controle
over de oppervlakte-eigenschappen biedt.

Na ijzer, aluminium en koper is zink het vierde meest toegepaste metaal ter wereld.
Het is een veelzijdig en duurzaam mineraal, dat wordt toegepast voor/in galvaniseren,
legeren, spuitgieten, consumentenproducten, voedingssupplementen, bodemsanering en
voor de productie van zijn chemische verbindingen.Wegens de excellente corrosiebestendi-
gheid en katho-dische bescherming wordt zink wereldwijd het meest toegepast in gal-
vaniseren van staal. Gegalvaniseerd staal wordt hoofdzakelijk toegepast in de automobiel-
en constructie-industrie, als ook in industriële en elektronischemachinerieën. Veelvuldige
gebruik van zink in de moderne samenleving maakt zink wereldwijd één van de meest
zichtbare materialen.

Helaas ontbreekt er fundamenteel onderzoek naar het bewerken van zink met ultra ko-
rte laser pulsen. Daaromwordt in dit proefschrift het gebruik van ultra korte laser pulsen
voor het textureren van zinkoppervlakken bestudeerd. Er is een wezenlijk verschil tussen
een gecoatmetaal en een bulkmetaal. De effecten van de geometrische en temporale eigen-
schappen van laserstraling op de functionele eigenschappen van zink gecoat staal vormen
daarbij een wetenschappelijke uitdaging. Dit is het gevolg van het feit dat gegalvaniseerd
staal, als industrieel materiaal, een hoge oppervlakteruwheid kent in variërend van 0.1 tot
0.8 µm; welke van dezelfde orde van grootte is als de golflengte van laserstraling, typisch
variërend van 300 tot 1100nm.

In dit proefschrift worden vier onderzoeksdoelen geadresseerd. Het eerste onderzoek-
doel is het bestuderen van de oppervlakte-morfologie, ablatie-energiedichtheidsdrempel
(“ablation fluence threshold”), chemische samenstelling en kristallografie van bulk zink,
wanneer deze wordt blootgesteld aan kort gepulste laserstraling, met als doel het tex-
tureren van het oppervlak. Het verwijderen van materiaal met intense laserstraling wi-
jzigt oppervlaktekenmerken en leidt daardoor tot gewijzigde oppervlakte-eigenschappen.
Deze studie laat zien dat de ultra korte puls laser-materiaalinteractie van zink door smelt
wordt gedomineerd. Het verschil in chemische samenstelling van zink en zink-oxide—
en daardoor het grote verschil in materiaaleigenschappen— beïnvloedt de interactie van
laserstralingmet dezematerialen. Vastgesteldwerddat de ablatie-energiedichtheidsdrem-
pel schaaltmet de golflengte vande laserstraling; endat er twee energiedichtheidsbereiken,
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op basis van de ablatiepluim, te onderscheiden zijn. Er is een significant verschil tussen
de kristalografie van bewerkt en onbewerkt zinkoppervlak, wat leidde tot de ontdekking
van zogenaamde “Laser Induced Preferential Crystal Orientation” (LIPCO).

Het tweede onderzoeksdoel van dit proefschrift is het identificeren van het effect van de
oppervlakteruwheid ophet procesvenster van laser-textureren en opde snelheidwaarmee
materiaal wordt verwijderd tijdens het ultra kort gepulst laserbewerken van zink gecoat
staal. De initiële gesteldheid van het oppervlak is van invloed op de efficiëntie van de
laser-materiaalinteractie bij verschillende lasercondities en, ten gevolge daarvan, op de ef-
fectiviteit van de snelheid van het verwijderen van materiaal. Er werd vastgesteld dat de
ablatie-energiedichtheidsdrempel toeneemt, naarmate de oppervlakte-ruwheid toeneemt.
Dit is het gevolg van het ongelijkmatige temperatuursprofiel, als gevolg van de geab-
sorbeerde laserenergie. De snelheid waarmee materiaal verwijderd wordt neemt toe met
afnemende lasergolflengte. Ookwerd gevonden dat de ablatie-energiedichtheidsdrempel,
als ookde efficiëntie van ablatie toeneemt—beschrevendoor eenwiskundigemachtsrelatie—
met toenemende duur van de laserpuls, wat ten koste van de bewerkingskwaliteit gaat.

Het derde onderzoeksdoel van dit proefschrift is het evalueren van het effect vanmedia
(gassen en vloeistoffen), als ook van de pulsfrequentie, tijdens het ultra korte puls laser-
materiaalbewerken, met als doel het versnellen van het verwijderen (ablatie) van zink
en zink gecoat staal. Het verwijderde materiaal wordt opgenomen in het medium boven
het zink oppervlak. Een deel van de geabsorbeerde laserenergie leidt tot het opwarmen
van het materiaal, ten gevolge van meerdere laserpulsen. Gevonden werd dat de snelheid
waarmee materiaal verwijderd wordt het hoogst is in vacuüm. Als de dichtheid van het
medium boven het oppervlak toeneemt, is een plasmapluim, die zich vormt boven dat
oppervlak, nadelig voor de snelheid waarmee materiaal kan worden verwijderd, als ook
voor de morfologie van het oppervlak. De snelheid waarmee materiaal wordt verwijderd
neemt toe als de pulsfrequentie toeneemt; hoewel voor pulsfrequenties in het bereik van
kHz de maximaal haalbare ablatiediepte afneemt.

Het vierde en laatste onderzoeksdoel van dit proefschrift is het verkennen van mogeli-
jke toepassingen van laser-getextureerde zink en zink gecoate oppervlakken, alsook van
mogelijke industriële implementaties vande techniek. Laser-oppervlakte textureren is een
subtractieve techniek, die dus deels de beschermende laag van gegalvaniseerd staal ver-
wijderd. Als veelzijdige industriële oppervlakte bewerkingstechniek is laser-textureren
enkel toepasbaar indien de eigenschappen van het uiteindelijke product niet nadelig wor-
den beïnvloed. Er werd gevonden dat het laser-textureren van zink en zink gecoat opper-
vlak effect heeft op de bevochtigingseigenschappen van het oppervlak en het oppervlak
hydrofoob maakt. Adhesieve slijtage, ten gevolge van koudlasproblemen (“galling”), is
minder in het geval van laser-getextureerde oppervlakken in vergelijking met ongetex-
tureerde oppervlakken en ook met oppervlakken die middels “Electric Discharge Tex-
turing” (EDT) zijn bewerkt. Er werd vastgesteld dat de corrosie-eigenschappen van laser-
getextureerde oppervlakkenvergelijkbaar zijnmet die van ongetextureerde oppervlakken,
waarbij de corrosie-eigenschappen hoofdzakelijk afhangen van het ontwerp van de tex-
tuur. Tot slot zij nog genoemddat er twee octrooiaanvragen zijn ingediend, ter bescherming
van het intellectueel eigendom van industriële implementaties van het laser-textureren
van plaatstaal.

Vertaald door/ Translated by: G.R.B.E. Römer & M.G. Tjapkes - Hornig
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সারসংেক্ষপ

পিরপােশব্র্র সােথ েযেকান কিঠন বস্তুর িমথিস্কৰ্য়া পৰ্াথিমকভােব তার পৃেষ্ঠর ৈবিশষ্ট গুেলার ওপর িনভর্র কের - েযমন
এর পৃেষ্ঠর রাসায়িনক গঠন ও পৃেষ্ঠর েভৗত গঠনিবন াস বা েটক্সচার। পৃেষ্ঠর গঠনিবন ােস পিরবতর্ন আনার মাধ েম
কিঠন বস্তুর িবিভন্ন কাযর্কর ৈবিশেষ্ট পিরবতর্ন আনা সম্ভব। উদাহরণসব্রূপ, পৃষ্ঠতলীয় ঘষর্ণ ও ক্ষয় (টৰ্াইেবালিজ),
আেলাক, ৈবদু িতক, তাপগতীয়, জলগতীয়, বায়ুগতীয়, রাসায়িনক ও আসঞ্জন-সংকৰ্ান্ত ৈবিশেষ্টর নাম উেল্লখ করা
েযেত পাের। পৰ্াপ্তেযাগ পৃেষ্ঠর গঠনিবন াস মূলত েটক্সচার ৈতির করার ব বহৃত পৰ্িকৰ্য়াকরণ যন্তৰ্ািদর ওপর িনভর্র
কের। সমেয়র পিরকৰ্মায় িবিভন্ন রকেমর পৰ্িকৰ্য়াকরণ েকৗশল িবকিশত হেয়েছ। এই েকৗশলগুেলার একিট হেলা
েলজার কতৃর্ক বস্তুপৃেষ্ঠর েটক্সচািরং, যা উপাদান অপসারণ এবং লক্ষ পৃেষ্ঠ পছন্দসই েটক্সচার ৈতিরর জন েলজার
অপক্ষরণেক কােজ লাগায়। অন ান উপাদান পৰ্িকৰ্য়াকরণ েকৗশেলর তুলনায় েলজার েটক্সচািরং একিট নমনীয়, দক্ষ
ও পিরচ্ছন্ন পৰ্িকৰ্য়া, যার মাধ েম পৃেষ্ঠর গঠনিবন ােসর ওপর সূক্ষ্মািতসূক্ষ্ম িনয়ন্তৰ্ণ আেরাপ করা যায়।

েলাহা, অ ালুিমিনয়াম ও তামার পের িবশব্ব াপী সবেচেয় েবিশ ব বহৃত ধাতু হেচ্ছ দস্তা (িজঙ্ক)। েমৗল িহসােব
দস্তা একিট বহুমুখী, েটকসই ও মজবুত খিনজ পদাথর্, যা গ ালভানাইিজং, সংকর ধাতু পৰ্স্তুতকরন, ডাই-কািস্টং,
েভাক্তা পণ , পিরপূরক খাদ সামগৰ্ী, মািট পৰ্িতকার ও দস্তার েযৗগ উৎপাদেন ব বহৃত হেয় থােক। দস্তার উৎকৃষ্ঠ
ক্ষয়েরাধক গুণাবলীর জন িবশব্ব াপী উৎপািদত দস্তার েবিশরভাগই ইস্পাত সুরক্ষায় গ ালভানাইিজেঙর জন ব বহার
করা হয়। গ ালভানাইজড ইস্পাত মূলত িনমর্াণ িশেল্প ও েমাটরগািড় িশেল্পর পাশাপািশ যন্তৰ্িশল্প ও ৈবদু িতক সরঞ্জাম
ৈতিরেত ব বহৃত হয়। আধুিনক সমােজ গ ালভানাইজড ইস্পােতর ব াপক ব বহার দস্তােক িবেশব্র সবেচেয় দৃশ মান
ধাতুগুেলার একিট কের তুেলেছ। দুভর্াগ বশত, আলটৰ্া-শটর্ েলজার পালস কতৃর্ক দস্তাপৃেষ্ঠর েটক্সচািরেঙর ওপর
েমৗিলক গেবষণার অভাব রেয়েছ।

অতএব, দস্তাপৃেষ্ঠর েটক্সচািরেঙ আলটৰ্া-শটর্ েলজার পালস কীভােব ব বহার করা যায়, েসই িবষয়িট এই অিভসন্দেভর্
অধ য়ন করা হেয়েছ। েকােনা ধাতু্র িবশুদ্ধ এবং পৰ্িলপ্ত অবস্থার মেধ উেল্লখেযাগ পাথর্ক রেয়েছ। েসেক্ষেতৰ্, দস্তার
পৰ্েলপযুক্ত ইস্পাতপৃেষ্ঠ কাযর্কর েটক্সচার উৎপাদেন েলজার িবিকরেণর স্থানীয় ও সামিয়ক িবষয়ৈবিশষ্ট গুেলা কীভােব
পৰ্ভািবত কের, তা খুঁেজ েবর করাই এ গেবষণাকেমর্র ৈবজ্ঞািনক চ ােলঞ্জ। কারণ, গ ালভানাইজড ইস্পাত একিট
পৰ্েকৗশল উপাদান যার পৃেষ্ঠর রুক্ষতা ০.১ – ০.৮ মাইেকৰ্ািমটার পিরসেরর মেধ । ব বহৃত েলজার তরঙ্গৈদেঘর্ র
(সাধারণত ৩০০ - ১১০০ ন ােনািমটার) তুলনায় পৃষ্ঠরুক্ষতা েবিশ বা সমমােনর হওয়ায় েলজার েটক্সচািরেঙ িবিভন্ন
পৰ্িতকূলতার সৃিষ্ট হয়। এসব িবষয়িবেবচনায় এ গেবষণার জন চারিট উেদ্দশ িনধর্ারণ করা হেয়েছ।

গেবষণার পৰ্থম উেদ্দশ হেচ্ছ, আলটৰ্া-শটর্ পালস্ ড েলজার িবিকিরত দস্তাপৃেষ্ঠর েভৗত গঠনিবন াস, অপক্ষরণ
শিক্তসীমা, রাসায়িনক গঠন ও েকলাসিবদ া অধ য়ন করা। উচ্চতীবৰ্তাসম্পন্ন েলজার পালস ব বহার কের উপাদান
অপসারণ করেল পৃেষ্ঠর গঠনিবন ােস পিরবতর্ন আেস, যার ফলসব্রূপ পৃেষ্ঠর ৈবিশষ্ট গুেলা পিরবিতর্ত হয়। এই গেব-
ষণাকেমর্ েদখােনা হেয়েছ েয, েলজার িবিকিরত দস্তাপৃষ্ঠ সবর্দাই গিলত উপাদােন পিরপূণর্ থােক, তা েস যেতাই
সব্ল্পৈদেঘর্ র েলজার পালস দব্ারা িবিকিরত করা েহাক না েকন। পৃেষ্ঠর রাসায়িনক অবস্থাও েলজার-বস্তুগত িমথিস্কৰ্-
য়ােক পৰ্ভািবত কের, েকেনানা দস্তা ও তার অক্সাইেডর উপাদান ৈবিশষ্ট গুেলার মেধ উেল্লখেযাগ পাথর্ক রেয়েছ।
অনুসন্ধােন আরও েদখা যায় েয, অপক্ষরণ শিক্তসীমা েলজার তরঙ্গৈদেঘর্ র সােথ সমানুপােত পিরবিতর্ত হয় এবং
অপক্ষিরত কিণকাগুেলার ফেল দুেটা সব্তন্তৰ্ উপােয় উপাদান অপসািরত হয়। অক্ষত ও েলজার িবিকিরত পৃেষ্ঠর স্ফিটক
পযর্ােলাচনায় েদখা যায়, েলজার িবিকিরত পৃেষ্ঠর স্ফিটকিবন াস উেল্লখেযাগ ভােব িভন্ন, যার ফেল েলজার ইিন্ডউসড
িকৰ্স্টাল ওিরেয়েন্টশন (LIPCO) আিবষৃ্কত হয়।

গেবষণািটর িদব্তীয় উেদ্দশ হেচ্ছ, দস্তার পৰ্েলপযুক্ত ইস্পাতপৃেষ্ঠ কাযর্কর েটক্সচার উৎপাদেন েলজার েটক্সচািরং
পৰ্িকৰ্য়া-শতর্াবলী ও উপাদান অপসারণ হার সনাক্ত করা। এেক্ষেতৰ্ পৰ্াথিমক পৃষ্ঠরুক্ষতা কী ভূিমকা পালন কের তা
িনধর্ারণ করাও জরুির। পৃেষ্ঠর পৰ্াথিমক গঠনিবন াস েলজার রিশ্ম ও বস্তুর মধ কার িমথিস্কৰ্য়ােক পৰ্ভািবত কের। ফেল
েলজার পৰ্িকৰ্য়াকরেণর িবিভন্ন পরািমিতগুেলা ও উপাদান অপসারণ হােরর দক্ষতায় পিরবতর্ন আেস। অনুসন্ধােন
েদখা যায়, অপক্ষরেণর শিক্তসীমা বস্তুপৃেষ্ঠর পৰ্াথিমক রুক্ষতার সেঙ্গ বৃিদ্ধ পায়। এর কারণ হেলা, রুক্ষপৃেষ্ঠর দব্ারা
েশািষত েলজার শিক্ত সমানভােব তাপশিক্তেত রূপান্তিরত হয় না। ফেল পৃষ্ঠতাপমাতৰ্া স্থানেভেদ কম-েবিশ হয় ও
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উপাদান অপসারণ হারও অিনয়িমত হয়। গেবষণায় আরও েদখা যায়, অপক্ষরণ হার েলজােরর তরঙ্গৈদেঘর্ র সােথ
ব স্তানুপািতক হাের বদলায়। ফেল আলটৰ্াশটর্ েলজার পালস দব্ারা গ ালভানাইজড ইস্পাত পৰ্িকৰ্য়াকরেণর িতনিট
পৰ্ােয়ািগক ব বহার েবিরেয় আেস। এই ব বহারগুেলা পৰ্েলপ অপসারণ েথেক শুরু কের পৃষ্ঠ েটক্সচািরং, এমনিক
মাইেকৰ্ািডৰ্িলং পযর্ন্ত িবসৃ্তত। গেবষণায় আরও েদখা যায় েয, অপক্ষরণ শিক্তসীমা ও অপক্ষরণ দক্ষতা েলজার পালেসর
িস্থিতকােলর সােথ সূচক হাের বৃিদ্ধ পায়। পক্ষান্তের, েলজার পালেসর িস্থিতকাল বৃিদ্ধর সােথ সােথ পৰ্িকৰ্য়াকৃত পৃেষ্ঠর
গুণগতমান হৰ্াস পায়।

বতর্মান গেবষণার তৃতীয় লক্ষ বস্তু হেচ্ছ, িবশুদ্ধ ও পৰ্েলিপত দস্তাপৃষ্ঠ েথেক েলজার িবিকরেনর মাধ েম উপাদান
অপসারণ হার বৃিদ্ধেত পৰ্িকৰ্য়াকরণ পিরেবেশর পৰ্ভাব (গ াসীয় ও তরল) এবং েলজার পালস পুনরাবৃিত্ত হােরর
পৰ্ভাব মূল ায়ন করা। েলজার-িবিকিরত দস্তাপৃষ্ঠ েথেক অপক্ষিরত কিণকাগুেলা পিরেবিষ্টক পিরেবেশ ছিড়েয় পেড়।
অন িদেক, েশািষত আেলাকশিক্ত েথেক রূপান্তিরত তাপশিক্তর অবিশষ্টাংশ পৰ্িকৰ্য়াজাত পৃষ্ঠ েথেক পদােথর্র িভতের
সঞ্চািলত হয় এবং একািধক েলজার পালস িবিকরেণ েসই অবিশষ্ট তাপশিক্ত পৃেষ্ঠ জেম উঠেত থােক। গেবষণায়
েদখা যায়, বায়ুশূন স্থােন উপাদান অপসারেণর হার সেবর্াচ্চ। পক্ষান্তের, পিরেবিষ্টক পিরেবেশর ঘনতব্ যেতাই বাড়েত
থােক, অপক্ষিরত কিণকাগুেলা তেতাই পৃেষ্ঠর গঠনিবন াস ও উপাদান অপসারণ হারেক িবপরীতভােব পৰ্ভািবত করেত
থােক। অনুসন্ধােন আরও েদখা যায়, উপাদান অপসারেণর হার েলজার পালস পুনরাবৃিত্ত হােরর সােথ সমানুপােত
বৃিদ্ধ পায়, যিদও সেবর্াচ্চ েটক্সচার গভীরতা িকেলাহাজর্ পালস পুনরাবৃিত্ত হার পিরসের হৰ্াস পায়।

এই গেবষণার সবর্েশষ লক্ষ বস্তু হেচ্ছ েলজার েটক্সচারকৃত িবশুদ্ধ ও পৰ্েলিপত দস্তা পৃষ্ঠতেলর িবিভন্ন পৰ্ােয়ািগক
ব বহােরর সম্ভাব তা যাচাই করা এবং েলজার েটক্সচািরং পৰ্িকৰ্য়ােক িশল্পেক্ষেতৰ্ বাস্তবায়ন করার উপায় খুঁেজ েবর
করা। েযেহতু েলজার েটক্সচািরং একিট হৰ্াসমূলক উপাদান পৰ্িকৰ্য়াজাতকরণ েকৗশল, সুতরাং েলজার েটক্সচািরেঙর
মাধ েম গ ালভানাইজড ইস্পােতর পৰ্িতরক্ষামূলক পৰ্েলপ স্তর আংিশকভােব অপসারণ করা হয়। অন িদেক, পৃষ্ঠত-
েলর ৈবিশষ্ট গুেলার উন্নিত সাধেনর জন েলজার েটক্সচািরং করা হয়। িশল্পেক্ষেতৰ্ বাস্তবায়নেযাগ ও নমনীয় পৃষ্ঠ
পৰ্িকৰ্য়াজাতকরণ পৰ্যুিক্ত িহেসেব ব বহৃত হবার পূবর্শতর্ হেচ্ছ, েলজােরর েটক্সচারকৃত পৃষ্ঠ েযন উৎপািদত পেণ র
গুণগত ৈবিশষ্ট গুেলার জন ক্ষিতকারক না হয়। গেবষণায় েদখা েগেছ েয, েলজার েটক্সচািরং দস্তাপৃেষ্ঠর িসক্তকরন
ৈবিশষ্ট গুেলােক পৰ্ভািবত কের এবং েটক্সচারকৃত দস্তাপৃষ্ঠ হাইেডৰ্ােফািবক পৃেষ্ঠ রূপান্তিরত হয়। ইেলি ক িডসচাজর্
েটক্সচারকৃত পৃেষ্ঠর তুলনায় েলজােরর েটক্সচারকৃত পৃেষ্ঠর আসঞ্জনজিনত ক্ষয়, েযমন গ িলং, হৰ্াস পায়। অনুসন্ধােন
আরও েদখা যায়, েলজার েটক্সচারকৃত পৃষ্ঠগুেলার ক্ষয়-পৰ্িতেরাধক ৈবিশষ্ট গুেলা েটক্সচারিবহীন পৃেষ্ঠর অনুরূপ এবং
দস্তাপৃেষ্ঠর ক্ষিয়ষু্ণতা মূলত েটক্সচােরর নকশার ওপর িনভর্র কের। সবেশেষ, েলজার েটক্সচািরং পৰ্িকৰ্য়ােক িশল্পেক্ষেতৰ্
বাস্তবায়ন করার িনিমেত্ত দুেটা কৃিতসব্তব্ (েপেটন্ট) করা হেয়েছ।

Translated by: Hasib Mustafa & Goutam Roy
ভাষান্তেরঃ হািসব মুস্ তফা ও েগৗতম রায়
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1
I N TRODUCT ION

1.1 sur face funct ional i zat ion by sur face t ex tur ing

Any solid matter comes in contact with its surroundings through its surface. From the
human perception of touch, feel and visual appearance, to atomic and molecular level in-
teraction, the surface of a solid primarily determines the interaction between objects. By
altering the surface, the functionality of solid matter can be changed in terms of tribology
(friction, wear, lubrication, sensation), optics (visual appearance, absorptivity), electric
(resistance, signal gain, skin effect), thermodynamic (heat transfer), hydrodynamic (fluid
flow), aerodynamic (drag), chemical (reactivity, surface tension) and adhesion (forces,
form locking) to name a few. This is because, every surface is made up of a series of
localized ”peaks” and ”valleys”, forming a texture [1]. Humans knew the value of sur-
face texture from the dawn of civilization and applied it to attain the desired outcome,
which was, for the most part, visual appearance [2] and friction reduction [3]. Manmade
obtainable surface textures depend largely on the processing tool used to create the tex-
ture. As the technology advanced, more sophisticated and precise tools became available
to mankind for improved surface preparation. Biomimetic surfaces by texturing hierar-
chical roughnesses, inspired from lotus leaf, moth eye, shark skin, gecko feet, butterfly
wing, seed pod burrs, etc. are becoming a burgeoning and promising field for research
and industry alike [4]. Moreover, the economic aspect of a machined component has a
significant effect on the gross domestic product (GDP) of a nation. For example, bearing
failure costs 50% of overall maintenance costs [5], metallic corrosion costs 3% of national
GDP [6], wear and friction reduction of machineries can be energy-saving that amounts
to 1.4% of global GDP [7], and 10% of manufactured parts failure is associated with sur-
face effects [8]. Surface texturing to improve functionality and tool/component life can
therefore positively boost an advanced nation’s economy.

Due to the economic importance of surface finish in engineering, plethora of material
processing techniques have been evolved over time. Although started as a ”solution look-
ing for a problem” [9], laser sources have found their ways to solve problems in all aspects
of life, ranging from consumer electronics to healthcare, from fundamental research to in-
dustry. Being a ”tool made of light” [10], the use of the laser beam has established itself
as a reliable and versatile tool for surface treatment technique over the last seven decades,
including, but not limited to, surface annealing, transformation hardening, shock peening,
cladding, dispersing, remelting, texturing and marking [11]. Laser surface texturing em-
ploys laser ablation to remove material and create desired textures over the target surface.
Laser ablation, originating from the Latin word ablatio meaning removal or detaching, is
a physical phenomenon that breaks the chemical bonds of atoms and/or molecules in
the material, and subsequently, removes the material as highly ionized plasma [12]. In
comparison to other surface texturing techniques, laser surface texturing offers flexible,
efficient and clean process with more accurate control over the features of the processed
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surface [13]. With the advancement of systems exploiting ultrashort pulsed laser sources,
material processing at industrial level is becoming ever more prominent, due to higher
precision and stability, while lowering thermal and mechanical damage associated with
the ultra-short pulsed laser micromachining process [14]. Ultrashort pulsed laser sources,
of femto- and picosecond pulse durations, render higher processing quality and are pro-
gressively becoming a suitable industrial standard for 24/7 laser micromachining [15].
Furthermore, using very high repetition rates, in the range of sub-MHz to hundreds of
MHz, and pulsed burst mode processing, it is possible to generate precise heating and
melting effects in materials, which can be used for micro-welding, polishing effects, or
just to increase the material removal rate through heat accumulation by multiple pulse
irradiation [15, 16].

z inc & surface t ex tur ing of z inc

Zinc (Zn) is a versatile, sustainable and durable mineral that finds application in galva-
nizing, alloying, die casting, consumer goods, dietary supplement, soil remediation and
production of its compounds like zinc oxide and zinc sulfate [17]. From the point of global
production and consumption, zinc is the fourthmost usedmetalworldwide after iron, alu-
minium and copper [18].

Zinc is a hexagonal closed pack (hcp)metal with partially filled 𝑑 orbital. The inclusion
of zinc as either 𝑑−block element or transitional metal has always been ambiguous [19].
The distorted axis along [0001] plane (𝑐/𝑎 = 1.856) from ideal hcp structure (𝑐/𝑎 = 1.633)
gives rise to anisotropic behavior of zinc in comparison to other hcp metals. For exam-
ple, solidificationmicrostructures are affected by the anisotropy in interfacial energy [20].
Cyclic heating and cooling results in anisotropic thermal expansion [21]. The elastic mod-
uli (Young’s and shear) show anisotropy along different crystal planes with respect to
basal ([0001]) plane [22]. Different hardness and indentation modulus values along dif-
ferent crystallographic planes were also reported [23]. Also, when rolled, the rolling di-
rection affects the mechanical anisotropy of zinc [24].

Laser ablation is a complex phenomenon that involves photothermal and photomechan-
ical processes [25]. Unfortunately, the (ultra) short pulsed laser processing of zinc and
zinc coated steel is seldom reported beyond nanoparticle production in liquid assisted
laser processing (LALP) [26], depth and spectroscopic analysis in laser induced break-
down spectroscopy (LIBS) [27], or fundamental studies of the surfaces involving ultrafast
phase transformation [28, 29] and residual heat [30]. Since the goal of processing of these
techniques is not surface texturing, the resulting morphology of the processed surface is
either ignored, or does not resolve the possible surface morphologies towards surface tex-
turing.

For its excellent corrosion resistance and cathodic protection property, 60% of the glob-
ally produced zinc is used for galvanizing to prolong the service life of steel [31]. On the
other hand, 35% of the globally produced zinc is used for alloying [32]. Therefore, Zn is
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seldom used in its pure form. Galvanized steel is primarily used in construction and au-
tomotive industry [33], where surface finish primarily dictates product quality and price
[34]. There are several methods available to the industry in order to apply a texture to
a surface of sheet metal and/or to the surface of a temper roll, such as shot blast textur-
ing (SB), electro-discharge texturing (EDT) [35], electron-beam texturing (EBT) [36, 37]
or electro-chrome deposition (ECD) [38]. These surface texturing techniques have not
progressed much in the last twenty or so years, and some techniques are coming under
increasing pressure due to REACH (Registration, Evaluation, Authorization and Restric-
tion of Chemicals) legislation [39] surrounding chrome plating, which is often required
to protect the textured roll, or in some cases forms a critical part of the texturing tech-
niques. Other disadvantages of the above-mentioned current texturing processes include
limitation due to strip being rolled, roll wear, inflexible process and the fact that not all
textures/transfers are attainable.

Ultrashort pulsed laser surface texturing of the sheet metal directly, instead of textur-
ing the roll, becomes an attractive candidate as an alternative route for surface texturing,
and therefore, surface functionalization of zinc and zinc-coated products. Unfortunately,
fundamental studies on the ultrashort pulsed laser processing of zinc are lacking.

1.2 r e s earch ob j ec t i v e s

As mentioned above, the fundamentals of laser-material interaction of Zn and Zn coating
aimed at surface texturing is still largely unstudied. For industrial applicability with pre-
defined consistency, guarantee of product and surface quality, innovative surface devel-
opment and better control of surface textures, a cost effective and environmentally sound
way of utilizing ultra-short pulsed laser texturing becomes a prerequisite in order tomake
a breakthrough in surface finishing of bulk and coated zinc products.
Most of the produced zinc, as discussed in Sec. 1.1, are used to coat steel products. There
lies a substantial difference in bulk and coated form of any metal. The effects of spatial
and temporal characteristics of laser irradiation for producing functional surface textures
on the Zn-coated steel samples then become a scientific challenge. This is because, galva-
nized steel is an engineering material with high surface roughness, in the range of 𝑅𝑎 =
0.1 - 0.8 µm, that is in the order of laser processing wavelengths, typically 𝜆 = 300 -1100
nm. In this regard, optically-flat, bulk zinc samples becomes a preferred starting point to
investigate the possible surface textures at different laser processing settings. Moreover,
as discussed in Sec. 1.1, prior works focusing on the surface texturing of zinc are absent.
Therefore, the first research objective, within the context of this thesis, is defined as:

• Objective 1: Study the morphology, ablation fluence threshold, chemical composi-
tion and crystallography of bulk zinc surfaces irradiated by (ultra)short pulsed laser
sources, for the purpose of surface texturing.

Once the surface aspects, i.e. morphology, ablation fluence threshold, chemical com-
position and crystallography, of optically-flat, bulk zinc surfaces are investigated, knowl-
edge of (ultra)short pulsed laser surface texturing of zinc can be implemented towards
the coated zinc rough surfaces, i.e. galvanized steel. For a rough coated surface, it is of
importance to identify the process window that underlines the relationship between the
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laser parameters (such as pulse duration, wavelength, fluence and number of pulses on
the same location) and the resulting laser processed surface morphology. To this point,
extensive experimental works are required to investigate the optical and thermal response
of galvanized steel under laser irradiation, as well as the resulting surface morphology.
Therefore, the second research objective is formulated as:

• Objective 2: Identify the effect of surface roughness on the process window ofmicro-
structuring and material removal rate of Zn-coated steel surface by (ultra) short
pulsed laser sources.

The laser processing window for ultrashort pulsed laser surface texturing of bulk and
coated zinc defines the achievable precision and quality of the processed surface. In order
to increase the processing speed, i.e. the throughput of the laser texturing process, one of
the possible ways is to upscale the ablation rate - i.e. the rate at which material is removed
by absorbed laser pulses. This can be achieved by changing the processing environment
and pulse repetition rate of the laser processing conditions. Therefore, the third objective
of this research work is defined as:

• Objective 3: Evaluate the effect of processing environment and pulse repetition rate
in order to upscale material removal rate (i.e. increasing ablation rate) of bulk and
coated zinc surface irradiated by ultrashort pulsed laser.

To develop a manufacturing technique for industrial applications, the compliance of
the fundamental understanding and its corresponding laser-based production system is
a crucial aspect. In addition, the functional surface textures should not be detrimental to
the staple product properties, for example, corrosion property. In line with these require-
ments, the final objective of this thesis is recognized as:

• Objective 4: Explore the possible applications of laser surface texturing of bulk zinc
and Zn-coated steel surfaces, and means to industrial implementation of the tech-
nique.

1.3 outl ine of th i s the s i s

The point of departure of the research in this thesis will be to gain understanding based
on experiments, as well as on the state-of-the-art to comprehend the laser-material inter-
action of zinc and zinc coated steel samples. The outcome of the work described in this
thesis is expected to be an exploration of a novel manufacturing technique of laser micro-
machining that inherits high precision and high throughput using (ultra) short pulsed
laser systems. Moreover, the existing literature points to variety of set-ups, techniques
and methodologies [40–44] that will also be explored in this research. To understand the
underlying fundamentals of the ultrashort pulsed laser ablation of bulk and coated zinc,
different variables in combination will be examined to identify which parameter and pro-
cess impacts the throughput and precision the most. The work in this thesis addresses
various processing parameters, related to target material (form, surface roughness) and
laser processing (wavelength, pulse duration, processing media, pulse repetition rate), of
surface texturing and the characteristic surface morphologies, which is covered in subse-
quent chapters. Table 1.1 provides an overview on how these laser processing and target
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material properties relate to the objectives posed in Sec. 1.2.
Apart from the short introduction presented in this chapter, this thesis is divided into four
parts comprising of thirteen chapters. Chapter 2 starts with a general overview of laser
surface texturing. Next, in Sec. 2.2, laser ablation of zinc is reviewed in the light of existing
literature and theoretical calculations. In Sec. 2.3, the experimental approach is sketched
briefly, because in subsequent chapters, associated experimental setups are discussed in
more detail.

As can be observed from Table 1.1, Part i includes three chapters related to the laser ab-
lation of bulk zinc samples. This part covers research objective#1 introduced in Sec. 1.2. In
Chapter 3, a comparative analysis of the experimental methods to determine the ablation
fluence threshold is presented for bulk zinc samples processed with a picosecond laser
source at its fundamental wavelength. In addition, the resulting surface morphologies
are examined along with the surface chemical composition prior to and after laser irra-
diation. Chapter 4 focuses on solidified crater morphologies after laser irradiation, when
processed at near infra-red wavelengths with pico- and nanosecond laser pulses. Chapter
5 provides the morphological and crystallographic analysis of picosecond pulsed laser
processing at the second harmonic wavelength of 515 nm. Besides determining the abla-
tion fluence threshold at 515 nm, this chapter introduces the discovery of Laser Induced
Preferential Crystal Orientation (LIPCO) in zinc.

Part i i brings forward the results of (ultra) short pulse laser processing of galvanized
steel in three separate chapters, as such it covers research objective#2 introduced in Sec.
1.2. First, the effect of surface roughness on laser ablation is investigated in Chapter 6. In
this chapter, comparative analyses were performed for bulk (pure zinc), coated (galva-
nized steel) and alloyed (forming steel) metals in terms of surface topography, optical
absorption, resulting crater morphology, as well as fluence ablation threshold. Chapter 7
discusses the effect of laser processingwavelength on galvanized steel at picosecond pulse
duration. This investigation on galvanized steel was further extended to femto-, pico- and
nanosecond pulse durations at near infra-red wavelengths in Chapter 8.
Part i i i presents the ways to upscale the ablation rate of bulk and coated zinc products in
two separate chapters, as such it covers research objective#3 introduced in Sec. 1.2. Chap-
ter 9 provides the morphological and dimensional analyses of laser ablated craters pro-
cessed in different processing environments, including vacuum, helium at two different
background pressures, ambient air and liquid media, such as deionized water, ammonia
and ethanol. In Chapter 10, the effect of pulse repetition rate, i.e. the time between con-
secutive pulses on the same location, is investigated for picosecond laser pulses at funda-
mental and second harmonic wavelengths for bulk zinc and Zn-coated steel samples.

Part i v explores the potential applications and industrial implementation techniques
of laser surface texturing of zinc and zinc coated products in three individual chapters.
Chapter 11, 12 and 13 address the fourth and last research objective introduced in Sec. 1.2.
Chapter 11 presents the preliminary results of wear, contact angle and corrosion of bulk
and coated zinc samples to outline potential applications of laser surface texturing. Chap-
ter 12 provides a brief overview of published patents that guarantees implementation of
laser surface texturing at industrial scale. Relevance of this research work for commercial
applications is discussed in Chapter 13.
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Finally, Chapter 14 marks the conclusion of this work, where the experimental findings
are summarized and future recommended works for the development of laser surface
texturing of zinc are presented.

It should be noted that this thesis is comprised of papers (Chapter 3 - 10), which are
included in full with small typographical adjustments. Therefore, some redundancies
among different chapters are unavoidable. Nevertheless, this entails the advantage that
the chapters can be read separately.
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SEM micrograph of laser textured zinc surface under water. White bar denotes 10 µm.

In theory, there is no difference between theory and practice; but in practice, there is.

Charles F. Ke! ering

Ke! ering, C.  F. Prophet of progress: selections from the speeches of Charles F. Ke! ering (1961)



2
FUNDAMENTAL ASPECT S AND EXPER IMENTAL APPROACH

2.1 general overv i ew of la s er sur face t ex tur ing

Laser material processing using short and ultra-short laser pulses is an emerging tech-
nology to meet the requirements of quality, productivity and efficiency with minimal
environmental impact in comparison with other fabrication techniques such as chemical
wet etching, electro-erosion, etc. [1]. Laser surface texturing (LST), based on laser abla-
tion [1, 2] allows producing functional surface textures for improved surface properties,
such as tribological, optical and adhesion properties (see Fig. 2.1(a)). Quite some research
has been carried out to address the underlying principles of the laser material interac-
tion, product miniaturization, high precision and throughput for polymers, ceramics and
metals [3, 4]. Minimized thermal diffusion, relatively low ablation threshold and high
reproducibility of micro and nano-structures are some of the many features that makes
ultrashort pulsed lasers an attractive candidate for laser surface texturing [5]. For com-
mercializing this laser surface texturing technique, both high precision/ accuracy of the
texture, and high throughput are required. High precision of surface texturing depends
on the resolution of the laser texturing system. On this term, there are two kinds of res-
olution namely - lateral resolution and axial resolution of the texture. To increase lateral
resolution, laser conditions and exposure conditions have to be optimized [6]. The laser
wavelength, pulse duration, peak intensity and repetition rate are the main relevant pa-
rameters of the laser source,whereas the numerical aperture of the objective lens used and
the scan speed of the laser spot relative to the substrate are the conditions for exposure
(see Fig. 2.1(b)) [6]. In this work, only individual craters are produced on the sample
surface, because craters are ”basic building blocks” of a surface texture based on laser
material removal technique. Lopez et al. have pointed out that the ablation efficiency is
highly material dependent with respect to laser pulse duration and less dependent with
respect to repetition rate [7]. However, axial resolution increases when longitudinal in-
tensity distribution is optimized within the focal spot [6]. In this regard, the intensity has
to be set very near the ablation threshold intensity [6]. Though the ablation efficiency
increases with laser fluence, near threshold fluence is reported to result in better quality
processing than higher fluence levels in the case of fs to ps pulse durations [9].

High throughput denotes to the ablation volume of a few mm3/min having acceptable
(or desirable) surface roughness, nonexistent surface oxidation and geometrical precision
[10]. In industrial processing, high throughput inherently requires the usage of full avail-
able laser power, maximum material removal rate per average laser power and high repe-
tition rate [11]. However, the full laser power is not fully absorbed by the material due to
surface reflection [12] and scattering by surface defects [13]. Nevertheless, a considerable
amount of optical power contributes to the ablation process, e.g. for steel it was reported
to be as much as 70% [14]. Maximum material removal rate per average power decreases
with high speed of the scanning laser spot since the achievable depth is inversely propor-
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Figure 2.1: (a) Material processing using a focused laser beam. (b) Scanning of a laser beam over
a surface. Reproduced from [8].

tional to scanning velocity [15]. High repetition rate in MHz region is required for high
processing speeds [11]. One way is to use higher repetition laser systems from 200 kHz
to > 1 MHz. But the problem arises for the galvoscanner system to keep up with the scan
speed requirement due to the associated inertia of the deflecting mirrors [16] for an in-
crease in repetition rates above 200 kHz [11]. If scan speed does not experience a linear
rise with increasing repetition rate up to several 10 m/s, the lag results in a high pulse
overlap producing wavefront distortion from plasma absorption [11].

From these analyses, a couple of points become interesting - Structuring the wavefront
using spatial light modulator (SLM) is one of the possible solutions to increase the pro-
cess efficiency. Edwardson et al. have shown that inducing a vortex wavefront using SLM
can reduce recast formation [5]. With the assist of the Computer Generated Hologram
(CGH), they reported an increase in throughput by an order. On the other hand, Mau-
clair et al. have demonstrated increased speed and energy efficiency of the ablation pro-
cess by forming 𝑁 parallel close and identical laser spots in the focal plane of a lens on
the sample surface using wavefront modulation [17]. Polarization of the laser radiation
is another key parameter, since a greater flexibility results from its control. Additionally,
polarization influences the speed and quality of process throughmulti-photon ionization
(MPI) of solids [5] and perpendicular orientation of the laser induced periodic surface
structures (LIPSS) [14]. For high pulse repetition rate system, heat accumulation and par-
ticle shielding is recognized as the parameters of influence [18]. Both of these parameters
arise from the insufficient time between consecutive laser pulses to dissipate heat into
the bulk and clear ablated particles and droplets respectively. In this aspect, fluids can be
used for a more reliable, flexible and improved operational window of the current pro-
cess. Sibailly et al. used microjet method to address the issue with heat affected zone and
redeposition by guiding the laser beam with a low-pressure water jet [19]. However, this
method is costly and requires high maintenance. On the contrary, Tangwarodomnukun
et al. demonstrated a narrower and deeper cut with a smaller heat-affected zone in com-
parison with the dry and the typical underwater laser ablation methods considering the
reduction of laser beam disturbance by water, high heat dissipation andmaterial removal
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rate [20].

2.2 fundamental as p ec t s o f (ultra) short pul s e proce s s ing of z inc

In this section, the fundamental aspects involving laser-material interaction are discussed,
focusing on the material properties of zinc.

2.2.1 Laser beam parameters

For a laser beam impinging on a material surface, several parameters associated with
the incident laser beam affect the efficiency of laser material interaction, apart from the
material-specific properties. If the pulse energy, pulse duration and beam diameter of a
pulsed laser system are known, parameters like peak power, intensity and fluence can
be calculated [21]. Typical parameters that affect the laser surface texturing process are
shown in an Ishikawa diagram in Fig. 2.2. The parameters in this figure can be broadly
divided into three categories. Firstly, the pulse parameters associated with the right cir-
cle, i.e. pulse duration, energy, wavelength and polarization, affect the absorption of the
laser energy by the target material. Secondly, parameters linked with the middle circle
determine energy distribution over the irradiated area. Thirdly, parameters grouped un-
der the left circle are primarily related to heat accumulation and particle shielding. In the
following chapters, the effect of these parameters is discussed in more detail for zinc.

Pulse duration

Pulse energy

Wavelength

Polarization

Beam diameter

Spatial fluence profile

Beam quality, M
2

Angle of incidence

Pulse repetition rate

Ambient medium

Laser spot velocity

In/out-focus processing

Laser
material

interaction

Figure 2.2: Ishikawa diagram for the analysis of the influence of laser parameters in laser-material
interaction.

Figure 2.3 schematically shows physical phenomena and time scales at which they oc-
cur, during (ultra)short pulsed laser ablation of Zn. In the following subsections, these
physical phenomena are discussed in more detail.

2.2.2 Absorption

When the laser beam impinges on a metal surface below the plasma frequency 𝜔𝑝, part of
it is reflected and the rest is absorbed by the quasi free electrons in the conduction band
and the transient change in reflectivity shows a weak dependency on the change of elec-
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Figure 2.3: Graphical representation of fundamental phenomena and aspects of laser ablation,
modified from [22]. Schematics of two temperature model was modified from [23].
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tron temperature (see Fig. 2.3) [24]. This dependency becomes stronger when inter-band
transitions are involved. At elevated electron temperature, d-s/p excitation causes Fermi
distribution broadening and consequently the electron occupancy [24]. Therefore, light
with frequency below the Inter-band Transition Threshold (ITT) experiences increased
absorption and decreased reflection [24]. The choice of the laser processing wavelength
of 1030 nm, in this work, follows from the lowest reflectivity of zinc around 1000 nm at
room temperature, as well as increased absorption from the elevated electron tempera-
ture [24, 25]. The generation of the non-equilibrium electron distribution in Zn is dom-
inated by the interband electronic transition near the 𝐿 point around 800 nm (1.55 eV)
[25]. However, the changes in reflectivity due to temperature increase was not measured
experimentally for Zn. For the absorbed part of the laser light, it follows Lambert Beer
law with an optical penetration depth, 𝛿𝑜𝑝𝑡, within which the incident laser pulse with
intensity 𝐼0 decays exponentially and gets absorbed by Inverse Bremsstrahlung [24]. On
themacroscale, the conservation of energy is satisfied as 𝐴+𝑅 = 1, where 𝐴 is the fraction
of absorbed energy and 𝑅 is the fraction of reflected energy, assuming no transmission of
laser light takes place through the sample. The absorption coefficient (A) and the reflec-
tion coefficient (R) can be calculated from the complex refractive index (𝑛2 = 𝑛 + 𝑖𝑘) as
[26]

𝐴 = 4𝑛
(1 + 𝑛)2 + 𝑘2 , (2.1)

𝑅 = (1 − 𝑛)2 + 𝑘2

(1 + 𝑛)2 + 𝑘2 , (2.2)

in which, 𝑛 and 𝑘 are the refractive and extinction coefficient respectively. However, the
optical constants, i.e. 𝑛 and 𝑘, also depend on temperature, which can be accounted for
using the extended Drudemodel [27]. Therefore, the dynamic absorptivity of the sample
changes as the material heats up. Moreover, the laser beam heats the sample more when
it is in the liquid phase. This is because, the reflectivity of liquid metals are drastically
different from the reflectivity in solid state, since the liquid metal acts as a dielectric with
high transparency for the laser radiation [28].

2.2.3 Electron thermalization

The distance over which the laser peak intensity 𝐼0 reduces by a factor 1/𝑒 (≈ 37% ) com-
pared to the laser peak intensity 𝐼0 at the surface is known as optical penetration depth
𝛿𝑜𝑝𝑡 and is expressed as (see also Fig. 2.4) [29]

𝛿𝑜𝑝𝑡 = 𝜆
4 ⋅ 𝜋 ⋅ 𝑘 . (2.3)

Within the optical penetrationdepth, the absorbedphotons create a highly non-equilibrium
state of the electrons, namely ballistic electrons, which penetrate deep into the material,
causes electron-electron scattering and thermalizes the electron subsystem (see the two-
temperature model in Fig. 2.3) [24]. The effective (penetration) depth of ”ballistic” elec-
trons, 𝛿𝑏𝑎𝑙 can be roughly estimated as the product of Fermi velocity 𝑣𝐹 and the Drude re-
laxation time 𝜏𝑑𝑟𝑢𝑑𝑒 [30]. Therefore, as long as the irradiated sample thickness is greater
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than the penetration depth, the total penetration depth of absorbed laser energy reads
(see also Fig. 2.4)

𝛿𝑡𝑜𝑡𝑎𝑙 = 𝛿𝑜𝑝𝑡 + 𝛿𝑏𝑎𝑙 . (2.4)

Within a volume given by the optical penetration depth 𝛿𝑜𝑝𝑡 and the focal laser spot size,
the absorbed laser energy leads to a thermalization of the irradiated sample. For ultra-
short pulses, the thermalization takes place following the so-called two-temperaturemodel
[31], see Fig. 2.3. That is, the ballistic electrons, through e-e collision, relaxes into an equi-
librium electron temperature 𝑇𝑒 and establishes Fermi distribution of hot electrons (as
opposed to cold lattice) within approximately plasma frequency [32], calculated to be
0.41 fs for Zn. The electronic diffusion length 𝐿𝑐, also called thermal penetration depth, is
given by [33] (see also Fig. 2.4),

𝐿𝑐 = (128
𝜋 )

1/8
( 𝐾2

𝑒 𝐶𝑙
𝐴𝑒𝑇𝑚𝑔2 )

1/4

(2.5)

where, 𝐾𝑒 is the thermal conductivity, 𝐶𝑙 is the lattice heat capacity, 𝐴𝑒 is the electron spe-
cific heat constant, 𝑇𝑚 is the melting temperature and 𝑔 is the electron-phonon coupling
constant. For zinc, this thermal penetration depth equals to 187 nm based on the numbers
listed in Table 2.1.

2.2.4 Lattice thermalization

A new Fermi distribution at an elevated temperature takes place from the thermaliza-
tion of hot electrons. This leads to a thermodynamic inequilibrium between the electrons
and phonons. The relaxation of hot electrons takes place through electron-phonon colli-
sions [34], see two-temperaturemodel in Fig. 2.3. The energy transfer from the electron to
phonon is known as electron-phonon coupling. As a consequence, the hot electrons cool
down by thermal diffusion into lattice leading to an increase in lattice temperature 𝑇𝑙
[35]. Electron-phonon relaxation time 𝜏𝑒−𝑝ℎ can be calculated from the electron-phonon
coupling constant as [35],

𝜏𝑒−𝑝ℎ = ( 8
𝜋 )

1/4
(𝐴𝑒𝑇𝑚𝐶𝑙

𝑔2 )
1/2

(2.6)

For Zn, this relaxation time is about 𝜏𝑒−𝑝ℎ ≈ 7ps after the start of the laser pulse impinges
the surface. Once the phonon-phonon contribution dominates the thermal conduction in
the solid, heat dissipation is governed by the classical thermal diffusion [35]. That is, after
the e-ph relaxation time, the lattice starts to heat up.

The degree of (super)heating depends on the duration of the laser pulse. If the pulse
duration is longer than the lattice heating time, 𝑇𝑒 and 𝑇𝑙 are in equilibrium by the end
of the laser pulse, diminishing the dependence of e-ph coupling strength. Damage - i.e.
changes to the material occurs at thermal diffusion length 𝐿𝑡ℎ, which is given by [35] (see
also Fig. 2.4),

𝐿𝑡ℎ = √2𝐷𝜏𝑝 (2.7)
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where, 𝐷 is the thermal diffusivity of the material and 𝜏𝑝 is the pulse duration. There lies
a critical pulse duration 𝜏𝑐 belowwhich the damagemechanism is governed by 𝐿𝑐 instead
of 𝐿𝑡ℎ, which is given by [33],

𝜏𝑐 = ( 8
𝜋 )

1/4
⎛⎜
⎝

𝐶3
𝑙

𝐴𝑒𝑇𝑚𝑔2
⎞⎟
⎠

1/2

. (2.8)

That is, above 𝜏𝑐, ablation occurs in equilibrium thermal regime, and for sub-picosecond
pulses, it is referred to non-equilibrium regime [32], due to the difference between elec-
tron and lattice temperature. In the case of Zn, 𝜏𝑐 is calculated to equal 0.416 ns. However,
in between the non-equilibrium and equilibrium thermal regimes, there is a transitional
regime where long-lived non-equilibrium condition at the surface leads to two qualita-
tively different ablation regimes - namely nonthermal ablation and thermal evaporation
[36].
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Figure 2.4: Characteristic length scales in ultrashort pulsed laser processing of zinc. The colored,
horizontal dashed lines indicatematerial-dependent length scales, whereas the colored
solid curves indicate laser wavelength-dependent length scales. The vertical arrows
indicate laser processing wavelengths used in this thesis.

2.2.5 Phase change

Nonthermal ablation

At low laser fluence levels, close to the threshold at which melting occurs, laser irradia-
tion results in fast melting in less than 3 ps for Zn [37], followed by epitaxial regrowth
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of the crystalline bulk and complete resolidification within 300 ps [37] (see Fig. 2.3). At
higher fluence levels, melting kinetics becomes a combination of fast homogeneous melt-
ing followed by slower heterogeneous melting at the liquid-crystal interface. If the pulse
duration is short enough to facilitate stress confinement, a strong compressive stress is
built up at the target surface resulting in a surface to bulk tensile stress upon relaxation,
known as spallation [38]. The condition for stress confinement is given by [38],

𝜏𝑠 ≈ 𝐿𝑐
𝐶𝑠

(2.9)

where, 𝐶𝑠 is the velocity of sound in the solid medium. In the case of Zn, 𝜏𝑠 is calculated
to equal 48.56 ps. If the laser fluence level is over the spallation threshold, tensile stress
becomes strong enough to induce voids at the surface resulting in separation and ejection
of single and/or multiple layers as well as large liquid droplets. As the laser fluence in-
creases, the target surface is superheated beyond the thermodynamic stability, resulting
in an explosive decomposition into liquid and vapor atoms. In this case, phase explosion
is the dominant factor for material removal than photomechanical stress relaxation. In-
creasing the fluence beyond this point proportionally increases the density of the expand-
ing ablation plume [38], see Fig. 2.3. Nonthermal ablation results in material removal
through phase explosion, photomechanical spallation, intensive evaporation, transient
melting and resolidification at lower fluences or melt expulsion due to ablation plume
and recoil pressure at higher fluence values [38].

Superheating

The role of surfaces inmelting ofmaterials can be characterized in terms of relative surface
tension 𝜎 between solid (S), liquid (L) and vapor (V) phase of a material [39]. Generally,
𝜎𝑆𝑉 is the summation of 𝜎𝑆𝐿 and 𝜎𝐿𝑉 , resulting in perfect wetting for most of the mate-
rials. When the short-range order of the liquid is very different from the structure of the
solid, partial wetting occur and melting happens laterally [39]. Zinc, among other mate-
rials, belongs to this class, where superheating is expected to be easier than other types
of crystals [39]. However, laser melting, spallation and phase explosion are simultaneous
and intertwined processes that together determine the resulting surfacemorphology after
laser processing. Onset of spallation is accompanied by interrupted heat conduction, as
heated surface gets separated, i.e. ablated. Thus, melting depth drops sharply and reso-
lidification happens faster. Since the interaction of the target surface with ablation plume
happens continuously during the phase explosion, it results in an increased duration of
melting and resolidification cycle. Alongside, the size of melt zone increases in contrast
to spallation. The onset of phase explosion also facilitates melt expulsion and redistribu-
tion of molten material through recoil pressure from expanding ablation plume as well
as from the laser induced stress relaxation [38], see Fig. 2.3. Therefore, in case of stress
confinement, one can expect to see more vigorous ablation with higher ablation yield.
Taking into account all the mentioned aspects of laser-matter interaction, a creation of an
intricate temperature profile of the material lattice is expected after the electron-phonon
energy transfer [40], which leads to different surface topography formultiple laser pulses
and multiple fluence levels processing.
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Early stage plasma

If the surrounding medium is air, at room temperature and pressure, the significant in-
crease in electron density at the target surface due to high intensity laser irradiation results
in the emission of electrons from the target surface, see ionization front in Fig. 2.3. These
emitted electrons acts as the seed electrons to initiate the optical breakdown of air [41]. At
a picosecond timescale, the optical breakdown of air leads to an early stage plasma over
the target surface [42]. The axial propagation velocity of this plasma is in the order of
109 cm/s, while having suppressed longitudinal expansion [43]. This early stage plasma
supersedes the material plume (see Fig. 2.3), both in the initiation time and the propa-
gation speed, and therefore may partially block a picosecond laser pulse and pulses of
longer durations, resulting in reduced ablation efficiency. Reducing the background air
pressure results in an absence of early stage plasma, indicating that this kind of plasma
formation is due to the laser-material-air interaction [43].

Ablation plume

The ablation plume consists of particles, clusters, molecules and atoms that are ejected
as a consequence of photomechanical or photothermal effects, see material ejection mech-
anisms in Fig. 2.3. Generally, in laser induced breakdown spectroscopy, the generation,
expansion and condensation of the ablated plume are studied extensively [44]. As the
plume expands, it cools down and condensates. The plume expands first axially in the
center, and later radially at the periphery of the laser irradiated spot. Therefore, with the
increase in beam spot size, the steady-state angular distribution of the ablated species de-
creases and the ablation plume is said to be more focused [45]. Changing the ambient
medium and/or pressure also affects the expansion of the ablation plume. However, the
ablation plume is initiated at much later stage, typically around tens of nanoseconds after
the laser pulse, with a lower expansion velocity (106 cm/s) than the early stage plasma
[43]. In case of nanosecond pulses, the ablation plume is generated within the laser pulse
duration. This leads to a plasma formation and/or plasma shielding, typically observed
for long laser pulses [21] and/or at high repetition rates [46], see dynamic effects in Fig.
2.3.

2.2.6 Dissipation of residual energy

Generally it is assumed that the material is ablated when the temperature reaches close to
90% of the critical temperature 𝑇𝑐 [27, 47]. After the ablation, the residual heat within the
material has to be dissipated. In this case, the temperature is higher than the vaporization
point. Therefore, the surface is in molten state.

Thermal evaporation

After the laser pulse, the presence of gaseous atmosphere switches on a pathway for ther-
mal evaporation through the establishment of Maxwellian energy distribution at the air-
solid boundary (𝑡𝑒𝑞 = 18.18 ns), which further increases the ablation yield[36]. The cool-
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ing of the superheated material is mainly determined by the heat conduction and esti-
mated to be ≈ 300ps for Zn [37].

Solidification

Since the interaction volume of the laser irradiated zone is in the order of hundreds of
nanometers [34], rapid heat extraction from the molten layer to the unmelted bulk hap-
pens at an extremely fast rate. The achievable cooling rates using a short pulsed laser
source are in the order of 1010 K/s [48]. This high rate of cooling leads to rapid quench-
ing of the material with undercooling and leads to microstructural changes in the irradi-
ated zone [49]. If the time between consecutive laser pulses is short, residual heat from
the previous pulse accumulate within the laser irradiated zone. The shorter time between
consecutive pulses, or the higher pulse repetition rate, might also lead to shielding of the
laser beam from the ablated particles [46, 50].

2.3 ex p er imental s e tup s

This thesis aims to understand the underlying fundamentals of the (ultra)short pulsed
laser surface texturing of bulk and coated zinc products by examining different (laser)
parameters in combination to see which model and process impacts the throughput and
precision the most. To this end, various laser systems were used. Details of these systems,
as well as of materials used are presented in the following chapters. This section provides
a general overview of the systems used, as well as an overview of materials and analysis
tools used to characterize processing results.

2.3.1 Laser setups

Three different laser sources, emitting laser pulses of femtosecond (Y-Fi of KMLabs, USA),
picosecond (TruMicro 5050 of Trumpf, Germany) and nanosecond (redEnergy G4 of SPI,
UK) pulse durations, were used in thiswork. All these laser sources emit at a fundamental
wavelength of 1030-1064 nm. Using a second harmonic generator (SHG) and a sum fre-
quency generator (SFG), the fundamental wavelength of 1030 nm of the picosecond laser
source was converted to second and third harmonic wavelength of 515 nm and 343 nm
respectively. The pulse width of femto- and picosecond laser sources were verified using
an autocorrelator (PulseCheck of Angewandte Physik & Elektronik GmbH, Germany).
The pulse width from the autocorrelation function (ACF) was calculated by multiplying
the full width at half maximum (FWHM) of ACF with a Gaussian form factor (0.71). For
nanosecond laser sources, pulse width verification were performed using a high-speed
Si photodiode (DET10A/M of Thorlabs, USA) in combination with a GHz oscilloscope
(LeCroy WavePro 7000A of Teledyne Technologies Inc., USA). In this case, duration of a
pulse was considered at 10% from the photodiode signal peak. Figure (a) and (b) shows
measured waveforms of femtosecond and nanosecond pulses respectively.
The laser sources have a power instability, typically less than 5%. The power measure-
ments are performed by thermopile detector (PM30 with FieldMax II of Coherent, USA),
which has a measurement uncertainty arising from the probe head and the measuring
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Figure 2.5: Temporal pulse shape of (a) femtosecond and (b) nanosecond laser source measured
by an autocorrelator and oscilloscope respectively.

device. These uncertainties regarding the laser power are the primary sources of limiting
the accuracy in determining the individual pulse energy.

For reproducible processing of materials by a laser beam, exact knowledge of the fo-
cused beam diameter 𝜔0, its location along the optical axis 𝑧𝑓 , Rayleigh length 𝑧𝑅, and
the beam quality 𝑀2 is of importance. Caustic measurements of the laser beam, after be-
ing focused by a telecentric flatfield F-theta-Ronar lens (Linos GmbH, Germany), was
performed using a charge-coupled device (CCD) sensor-based, beam diagnostic system
(MicroSpot Monitor of Primes GmbH, Germany). Figure 2.6 shows the beam profile at
focus for the picosecond laser source at a wavelength of 1030 nm. The beam waist mea-
surement was based on second order moment as described by ISO 11146-1:2005(E) stan-
dard [51]. More detailed descriptions of the laser setups used for different experiments
are given in respective chapters.

It should be noted that the dimensional accuracy of the laser ablated craters depends
on the beam scanning systems, such as galvoscanners. The galvoscanner (IntelliScan14
of ScanLab GmbH, Germany) used in this work scans the focused beam over the surface
with a positional repeatability of about 0.16 µm.

2.3.2 Materials

Since there is a substantial difference in the laser processing results between metals in
pure and in coated form, this work mainly investigates bulk zinc and zinc-coated steel.
Figure 2.7 (a) and (b) shows cross-sections of bulk and coated samples. It should be noted
that the engineering materials often do not posses optically flat surfaces (see Fig. 2.7 (c)
and (d)). Typically, these roughness profiles are encountered in industrial applications
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Figure 2.6: Normalized measurement of picosecond laser beam profile at a wavelength of 1030
nm showing caustic measurement in the central column. Columns on the left represent
isometric and contour plots of the beam, whereas columns on the right depict the 𝑥 and
𝑦 cross-sections of the beam profile at different planes along the optical axis shown by
the dashed blue lines. All these graphs are presented at normalized intensity.

that affect the laser processing results. The material specific properties of Zn are listed in
Table 2.1.

On top of the uncertainties related to the laser setup, the surface roughness of the sam-
ple and the crystal-plane-dependent ablation for a polycrystalline sample add further un-
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Figure 2.7: SEM image of crosssections of (a) bulk zinc and (b) zinc-coated steel. The surfaces
of (c) bulk polished zinc and (d) as received galvanized steel measured by confocal
microscope.

certainties to the measurement results. One way to counter-act these systematic errors is
to increase both the number of craters at a given laser processing parameter and the num-
ber of parameters to be investigated. This is because, the sample size 𝑛𝑠𝑎𝑚𝑝𝑙𝑒 and standard
error (𝑆𝐸) are inversely proportional, i.e. 𝑆𝐸 ∝ √1/𝑛. However, increasing the sample size
increases the data acquisition and analysis time significantly. To ensure statistical signifi-
cance, as well as to optimize post-processing analysis time, a minimum of 30 craters were
created and analyzed per laser processing settings in this work.
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Table 2.1: Material properties of zinc

Parameter Symbol Value Unit Ref.
Refractive index at 1030 nm 𝑛 1.975 - [52]
Extinction coefficient at 1030 nm 𝑘 4.109 - [52]
Plasma frequency 𝜔𝑝 10.1 eV [26]
Fermi velocity 𝜈𝐹 0.92 × 108 cm ⋅ sec−1 [53]
Drude relaxation time 𝜏𝑑𝑟𝑢𝑑𝑒 3.2 × 10−14 sec [26]
Thermal conductivity 𝐾𝑒 116 W ⋅ m−1 ⋅ K−1 [54]
Lattice heat capacity 𝐶𝑙 2.76 J ⋅ cm−3 ⋅ K−1 [52]
Electron specific heat constant 𝐴𝑒 68.382 J ⋅ m−3 ⋅ K−1 [55]
Melting point 𝑇𝑚 692.68 K [56]
Electron-phonon coupling coefficient 𝑔 6.4 × 1016 W ⋅ m−3 ⋅ K−1 [25]
Density 𝜌 7140 kg ⋅ m−3 [56]
Latent heat of vaporization Ω𝑣𝑎𝑝 1748 × 103 J ⋅ kg−1 [54]

2.3.3 Analysis tools

The characterization of target surface, both prior to and after the laser processing, is of
importance in order to predict, determine and control the quality and efficiency of the
laser induced surface texturing process. To this end, several types of characterization tools
have been employed to address the optical, morphological, chemical and crystallographic
analysis of the sample. The choice of characterization tools stems from the resolution ca-
pabilities of the tools themselves, through which the systematic investigation to quantify
and explain the effects of laser irradiation on zinc is performed. The tools employed are
briefly discussed in the following.

Characterization of optical properties

Since laser processing involves optical energy, the exact knowledge of reflectivity or ab-
sorptivity of the sample surface is a prerequisite criterion in order to select appropriate
laser wavelength for processing. As can be realized from Eq. (2.1) and (2.2), the dielec-
tric constants 𝑛 and 𝑘 determines the absorption of incident optical energy for subsequent
laser ablation of material. Thus, the reflectivity of the sample can be calculated at room
temperature by measuring 𝑛 and 𝑘 employing spectroscopic ellipsometry, which mea-
sures the ellipse of polarization from the reflection of obliquely incident polarized light
[57]. The changes in the detected amplitude ratio and phase difference of the amplitude
reflection coefficients of 𝑠− and 𝑝−polarized light stem from the optical properties and
thickness of the material, and become applicable if appropriate models are used to in-
terpret the results [57]. Since local surface roughness is random in nature and obliquely
incident light gets reflected in all possible directions, spectroscopic ellipsometry is useful
for clean and polished surfaces only. This limitation curbs the applicability of ellipsom-
etry for typical engineering surfaces that features surface roughness, defects, oxides and
contaminations. To address this issue, Integrating Sphere Reflectometer (ISPR) is gen-
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erally used to measure the bidirectional reflectance distribution function (BRDF) of an
opaque material [58]. In this work, spectroscopic ellipsometry (M-2000UI ellipsometer
from Woollam, USA) was utilized to determine 𝑛 and 𝑘 of polished zinc and galvanized
steel samples, whereas ISPR (UPB-150-ART of Gigahertz-Optik, Germany) was adopted
for reflectivity measurement of as-received galvanized steel samples over UV-VIS-NIR
spectrum. Theses measurement results are presented in Chapter 3, 6 and 7.

Characterization of surface morphology

In order to analyze and quantify the dimensional features of the unprocessed surface
(i.e. roughness, waviness, form) and laser ablated craters (i.e. diameter, depth, volume),
Confocal Laser Scanning Microscopy (CLSM) (VK-9700 of Keyence Corporation, Japan)
was primary tool of investigation in this work. The lateral resolution of the confocal laser
microscope at 50X magnification is about 0.28 µm. An automated image detection and
analysis tool was developed in MATLAB™ [59] to reduce human error and analysis time
in characterizing large number of craters produced at different laser processing settings.
For verification purposes, the roughness of the polished samples was also measured us-
ing a White Light Interferrometer (WLI) (S neox of Sensofar Metrology, Spain). Due to
the aspect ratio, craters deeper than 50 µm could neither be measured by non-contact
nor contact profilometers. On the other hand, Atomic Force Microscopy (AFM) (NX10 of
Park Systems Corporation, South Korea) was employed to measure nanometric changes
in the laser irradiated surface, that cannot be measured by optical profilometers due to
limited lateral and vertical resolutions. The in-depth analysis of the crater morphology
was performed using Scanning Electron Microscope (SEM) (JSM-7200F of Jeol, Japan),
which facilitates high-resolution observations of different surface features, such as parti-
cle redeposition, splash fingers, jets, protrusions, etc.

Characterization of chemical composition

Zinc and its oxide are quite different in terms of material properties. At room temperature
in clean dry air, the initial oxidation kinematics result in the formation of tens of nanome-
ters of oxide layer at an extremely fast rate, and then slow down to a rate of 0.1 µm/year
[60]. Since the optical penetration depth of Zn is in the same order of magnitude, the
effect of oxides on the laser ablation cannot be disregarded. To account for the changes
in the chemical composition of zinc surface layer, element spectra scans were performed
using X-ray Photoelectron Spectroscopy (XPS) (Quantera SXM of Physical Electronics,
USA) for quantifying atomic concentration of the elements, as well as chemical shifts for
determining certain compound materials. Moreover, depth profiles were generated by
argon (Ar+) sputtering to observe the changes in elemental content over depth and to
determine the thickness of thin oxide films. Energy-Dispersive X-ray spectroscopy (EDX)
(X − MaxN of Oxford Instruments, UK) was employed for chemical characterization of
the zinc-coated steel samples. However, larger X-ray generation depth limits the use of
EDX for surface analysis. Nevertheless, adopting the accelerating voltage according to the
𝐿𝛼 electron transmission line of Zn using Castaing’s formula [61], the analytical area can
be limited to 20 nm. Even then, the interpretation is highly susceptible to measurement
errors.
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Characterization of crystallography

Themicrostructural crystallographic characterization of the laser ablated craters were per-
formed using Electron Backscatter Diffraction (EBSD) analysis (NordlysNano of Oxford
Instruments, UK). The reliability of EBSD analysis depends extensively on the surface
condition of the sample. No sample preparation was involved after the laser processing.
In spite of the major role of the surface on EBSD measurements, it has been suggested ex-
perimentally that for generating useful Electron Backscatter Pattern (EBSP), 𝑅𝑎 ≥ grain
size is unacceptable, whereas 𝑅𝑎 ≤ 50 nm does not affect the EBSD quality significantly
[62]. In our case, polished surface has 𝑅𝑎 ≤ 30 nm, the microprotrusions at the boundary
of the crater has 𝑅𝑎 ≤ 150 nm and the flat crater bottom has a depth of about 1 µm. More-
over, the magnitude of the interaction volume is of most interest when surface damage
is concerned, because the interaction volume determines whether the backscattering elec-
tron can overcome any absorption to produce Kikuchi patterns [63]. With an accelerating
voltage of 20 kV, the X-ray generation volume is calculated to be 1.7 µm using Castaing’s
formula, which is regarded sufficient. However, high surface roughness results in shad-
owing effect. This reduces the number of high-energy electrons to the detector screen. If
the electrons suffer higher energy loss, they contribute to the background noise of the
Kikuchi pattern [64]. Therefore, one cannot expect usable EBSD patterns everywhere in
this area due to the surface roughness and topography, resulting in increased percent-
age of non-indexed points. This might affect the ability of the Hough transform to accurately
locate the positions of the bands and local variations in orientation [65]. Nevertheless, the best
agreement between the predicted and experimental patterns was obtainedwith Zn phase,
when the patterns were manually indexed using crystal structure parameters of the most
likely phases, viz. Zn, Al, ZnO, ZnAl and Al2O3. For laser induced craters, similar EBSD
measurements was carried out in several other works [66–68].

2.4 summary

This chapter provided a general overview and the fundamental aspects occurring in laser
surface texturing of zinc. Also, a brief overview of experimental setups was provided.
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Part i

LA S ER PROCE S S ING OF BULK Z INC

This part focuses on laser ablation of bulk zinc using pico- and nanosecond
laser at a wavelength of 515 and 1030 nm in order to investigate the laser-
material interaction of bulk zinc. As such it addresses the research objective #1
of this thesis (see Sec. 1.2), that is - to study the morphology, ablation fluence
threshold, chemical composition and crystallography of bulk zinc surfaces ir-
radiated by (ultra)short pulsed laser sources, for the purpose of surface tex-
turing.



An experiment is a question which science poses to Nature, and a measurement is the recording of Nature’s answer. But

before an experiment can be performed, it must be planned – the question to nature must be formulated before being

posed. Before the result of a measurement can be used, it must be interpreted – Nature’s answer must be understood

properly.

Karl Ernst Ludwig Marx Planck

Planck, M. Scientific autobiography and other papers (1949)

Dark-field image of laser processed zinc surface at various laser se$ ings. White bar denotes 1 mm.



3
P I COSECOND - PUL S ED LASER ABLAT ION OF Z INC : CRATER
MORPHOLOGY AND COMPAR I SON OF METHODS TO
DETERM INE ABLAT ION THRE SHOLD

H. Mustafa, R. Pohl, T. C. Bor, B. Pathiraj, D. T. A. Matthews, and G. R. B. E. Römer. Picosecond-pulsed laser ablation of zinc: crater

morphology and comparison of methods to determine ablation threshold. Optics Express, 26(14):18664–18683, 2018.

ab stractAblation of bulk polycrystalline zinc in air is performedwith single
andmultiple picosecond laser pulses at a wavelength of 1030 nm. The relation-
ships between the characteristics of the ablated craters and the processing pa-
rameters are analyzed. Morphological changes of the ablated craters are char-
acterized by means of scanning electron microscopy and confocal laser scan-
ning microscopy. Chemical compositions of both the treated and untreated
surfaces are quantified with X-ray photoelectron spectroscopy. A comparative
analysis on the determination of the ablation threshold using three methods,
based on ablated diameter, depth and volume is presented along with associ-
ated incubation coefficients. The single pulse ablation threshold value is found
to equal 0.21J/cm2. Using the calculated incubation coefficients, it is found that
both the fluence threshold and energy penetration depth show lesser degree
of incubation for multiple laser pulses.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

3.1 in troduct ion

Laser surface texturing is a commonly used surface engineering process to increase sur-
face functionality[1]. In comparison to other techniques like electric discharge texturing
(EDT), chemical etching, shot blasting and electron beam texturing, laser texturing offers
flexible, efficient and clean processing with more accurate control over surface features
[1, 2]. Depending on the applied laser fluence, different surface structures appear in the
laser irradiated zone. In this context, knowledge of the ablation threshold of a given ma-
terial is fundamental towards understanding laser material interaction and the resulting
surface features. In order to determine the fluence threshold in (ultra)short pulsed laser
processing, several methods have been reported in literature based on, including, but not
limited to,

• the lowest fluence atwhich surfacemodification is observable bymeans of an optical
microscope [3, 4],

• geometric features of the ablated region [5–7],
• plasma emission [8],

35
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• pulsed photoacoustic techniques [9, 10],
• ablated mass [11, 12].

Since quantitative analysis of surface texturing depends on the morphological characteri-
zation of laser ablated craters, the determination of the threshold fluence using geometric
features has been widely applied[13–20].

Zinc is one of the most studied, versatile metals that finds application in e.g., galvaniz-
ing, alloying and die casting [21]. Typically, in engineering applications, a small amount
of Al is added in order to increase the castability of zinc. Due to its corrosion resistance
and cathodic protection property, zinc is mainly used for prolonging the service life of
steel [22]. To increase various material properties such as creep resistance, superplastic-
ity, strength and hardness, zinc is also alloyed with copper, titanium or magnesium [21].
Although few studies exist that investigate the ablation threshold of zinc, as can be seen
from Table 3.1, these studies address the ablation by either femtosecond or nanosecond
pulse durations (𝜏𝑝), but not in the picosecond regime. Ablation threshold is known to be
dependent on the characteristic electron-phonon coupling time (𝜏𝑒−𝑝ℎ) [1, 16, 23]. Pulse
durations shorter than 𝜏𝑒−𝑝ℎ result in a lower ablation threshold than thresholds found
for longer pulse durations [16]. For incident laser fluences ranging from 0.018 to 28 J/cm2,
Hashida et al. reported multi-photon absorption, optical and thermal ablation regimes re-
spectively for multiple laser pulse processing in fs pulse duration[16]. However, single
pulse ablation threshold is not investigated in detail for pulse durations equal, or close, to
𝜏𝑒−𝑝ℎ,𝑍𝑛,300𝐾 = 7 ps[24]. Additionally, in the works mentioned in Table 3.1, single crys-
tal, high purity (≥ 99.99%) optically flat (𝑅𝑎 ∼ 10 nm) samples were studied. Moreover,
the reported ablation threshold values in these studies show a large spread ranging from
0.022 to 1.8 J/cm2, depending on the chosen method, see Table 3.1. Since zinc is a transi-
tional hexagonal closed packed (hcp)metal with a filled 𝑑 orbital and a lowmelting point
(𝑇𝑚 = 692.68 K), comparison to other common metals, in terms of the characteristics of
laser ablation, is not straightforward. For example, due to its relatively high Debye-Weller
thermal parameter value 𝐵 (or larger mean-squared amplitude of atomic vibration), the
threshold fluence of Zn at a nanosecond pulsed laser wavelength of 1064 nm is not corre-
latedwith closed packed structuremetals. This renders a higher ablation yield aswell as a
broader plasma plume as a function of 𝐵 for Zn than for bcc and fcc metals [25]. Also, the
presence of a native oxide layer on the surface of Zn is inevitable due to the extremely fast
oxidation kinematics of Zn. However, the improvement in functionality of zinc by surface
texturing produced either chemically ormechanically is seldom reported beyond superhy-
drophobicity [26], corrosion performance [27] and visual appearance [28]. Laser surface
texturing can be a promising technique to achieve the above functions and broaden the
use of Zn in modern applications.
In this paper, picosecond laser surface ablation of polycrystalline zinc is presented with a
focus on the thermal ablation regime. Therefore, the minimum fluence value used in this
work is about 1 J/cm2. For fluence levels lower than 1 J/cm2, a shift from thermal regime
to a so-called optical regime and even multi-photon absorption regime is expected simi-
lar to results as observed in fs pulse duration processing for Zn e.g. by Hashida et al[16].
Moreover, majority of the literature that explores threshold fluence determination for dif-
ferent material determines either multiple pulse threshold value or uses maximum two
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methods to verify the single pulse ablation threshold along with associated incubation
coefficient [13, 14, 16–20]. In contrast, incubation in polycrystalline Zn following single
pulse threshold fluence is determined using three methods in this work with a twofold
purpose. First, morphology as well as chemical composition prior to and after laser pro-
cessing are analyzed to describe the resulting surface structures. Secondly, a comparative
analysis of existing threshold fluence calculation methods is performed for multiple laser
pulse irradiation at 1030 nm wavelength to find the best suited method in the picosecond
regime (𝜏𝑝 ≈ 𝜏𝑒−𝑝ℎ). Effects of damage accumulation on threshold fluence and energy
penetration depth are also quantified using separate incubation coefficients.

3.2 ex p er imental s e tup

3.2.1 Laser setup

The ablation experiments were performed under atmospheric conditions using a diode
pumped thin disc Yb:YAG pulsed laser source (TruMicro 5050 of Trumpf GmbH, Ger-
many). This source emits 6.7 ps laser pulses of linearly polarized light at a central wave-
length of 1030 nm and shows a nearly Gaussian power density profile (𝑀2 < 1.3). A
galvo-scanner (IntelliScan14 of ScanLab GmbH, Germany), equipped with a telecentric
flatfield F-theta-Ronar lens (Linos GmbH, Germany) of 80 mm focal length, was used to
scan the focus of the laser beam over the surface of the sample. The sample was placed in
the focal plane with a focal spot radius of 𝜔0 = 14.6 ± 1.6µm, (ellipticity ∼ 0.89), which
was measured using a charge-coupled device (CCD) sensor-based, beam diagnostic sys-
tem (MicroSpot Monitor of Primes GmbH, Germany). Since the ellipticity of the focal
spot is greater than 0.87 (ratio of minor to major axis of the spot), the beam profile is
considered to have a circular power density distribution according to ISO 11146-1:2005(E)
standard. We chose the maximum beam width, based on second order moment as de-
scribed by the standard, as beam diameter for all the calculations in Sec. 3.3.3. The beam
was directed perpendicular to the sample surface. The focus position was fixed for all
the experiments and coincided with the original surface . No exhaust system was used to
extract debris from the laser material interaction zone. The laser energy supplied to the
surface was varied by using a combination of a half-wave plate and a linear polarizer. A
pyroelectric detector (PM30with FieldMax II of Coherent, USA)was used tomeasure the
average laser power incident on the sample with an error less than 8%. The energy of the
individual pulses was determined by dividing the measured average laser power by the
pulse frequency. The power instability of the laser source is less than 2%. In this work, the
laser pulse energywas kept at 135.6 µJmaximum and 3.3µJminimum. The laser-induced
surface profiles are referred to as ‘craters ’in the forthcoming sections. At a repetition rate
of 8 kHz and a beam scanning velocity of 1 m/s, time between consecutive pulses on the
same location equals 3.9 ms. The geometrical pulse-to-pulse distance was at least 125 µm
and the number of pulses varied from 𝑁 = 1 to 50 (1, 5, 7, 10, 15, 20, 25, 30, 50). A total of
21 craters were created per laser setting to get statistically sound values.
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3.2.2 Material

Typical zinc (99.7%𝑤𝑡 Zn, 0.3%𝑤𝑡 Al) used for coating on steel products, was melted in
a crucible at 460∘C and cast by gradual cooling in a ceramic crucible. Then the sample
was sectioned followed by compression mounting in phenolic resin for metallographic
analysis. Preparation procedures included grinding with SiC emery paper (18 µm and 10
µm grit size), polishing with 1 and 3 µm diamond suspension and final polishing with
colloidal silica (0.04 µm) suspension. After polishing, an average roughness (𝑅𝑎) lower
than 30 nmwasmeasured by confocal laser microscopy. The polished polycrystalline zinc
sample had a minimum grain size of about 200 µm.

3.2.3 Analysis tools

Spectroscopic ellipsometry measurement (M-2000UI ellipsometer from Woollam, USA)
was carried out on the untreated surface over a wavelength range from 245 to 1690 nm
at 65∘, 70∘, 75∘ incident angles in order to obtain the optical constants, i.e. the refractive
index n and extinction coefficient k, of the polished sample. Craters were measured by
means of Confocal Laser Scanning Microscopy (CLSM), (VK-9700 of Keyence Corpora-
tion, Japan). The lateral and vertical resolution of CLSMmeasurements were 276 nm and
1 nm, respectively. The crater morphology was analyzed by means of a field emission
Scanning ElectronMicroscope (SEM), (JSM-7200F of Jeol, Japan). The chemical composi-
tion of the samples was examined by X-ray Photoelectron Spectroscopy (XPS), (Quantera
SXM of Physical Electronics, USA). XPS spectra were obtained using an aluminum anode
(Al K𝛼= 1486.6 eV) operating at 12.5 W and a spot size of 50 µm. The background pres-
surewas < 2.5×10−8 Torr. Duringmeasurements, the pressurewas ∼ 2×10−7 Torrmainly
due to outgassing from the phenolic resin mount. A full XPS profile along a certain depth
of the sample was determined at 50W with 200 µm spot size, after sputtering the surface
of the sample with Ar ions with a beam energy of 1 and 3 keV.

3.3 r e sult s & d i scu s s ions

The optical constants 𝑛 and 𝑘 of the zinc sample measured by ellipsometry are shown as
the inset in Fig. 3.1. The reflection (𝑅) coefficient for a perpendicular incident laser beam
is calculated from these constants as [31]

𝑅 = (1 − 𝑛)2 + 𝑘2

(1 + 𝑛)2 + 𝑘2 . (3.1)

Figure 3.1 shows this calculated 𝑅 as a function of the wavelength. The values obtained
from other sources for pure zinc [32, 33], zinc oxide (ZnO) [34], aluminum[35] and alu-
minum oxide (Al2O3) [33] are also plotted in this figure for comparison. The choice of the
laser processing wavelength of 1030 nm in this work follows from the lowest reflectivity
around 1000 nm at room temperature, as well as increased absorption from the elevated
electron temperature [24, 36]. It is worth noting that the reflectivity of ZnO and Al2O3 is
low for all wavelengths. Therefore, any native oxide layer present would have negligible
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Figure 3.1: Reflection coefficient 𝑅, of zinc for corresponding wavelengths calculated from the 𝑛
and 𝑘 values from Ref. [32, 33] and from ellipsometry measurement on the sample
under investigation using Eq. (3.1). The inset shows measured 𝑛 and 𝑘 values of this
work.

effect on the absorption of the laser beam.

3.3.1 Crater morphology

Figure 3.2 shows SEM images of ablated craters in Zn as a function of the number of
pulses ranging from 𝑁=1 to 50 and as function of the peak laser fluence levels ranging
from 𝐹0 = 0.98 J/cm2 to 40.8 J/cm2. It is apparent from this figure that the morphology
of the craters depends both on the peak laser fluence and the applied number of pulses.
Although the craters are disc-shaped at low fluence, they becomemore splash-dominated
with increasing 𝐹0 and 𝑁. Within the range of parameters studied, no ‘melt-free’ craters
were observed. As can be observed from the inset texts, maximum depth (ℎ) and diame-
ter (𝑑), measured by CLSM, increases with increasing number of pulses and laser fluence.
However, the well-known upper limit in the increase of the diameter and depth was not
observed within our experimental conditions [37]. Even at the lowest fluence and sin-
gle pulse (𝑁=1) processing, evident signs of melting are visible in terms of ‘exploding
bubbles’, jets with spherical endings and thin membranes, which surround scratches on
the sample surface, see e.g. Fig. 3.3. These submicron features are sparsely distributed
at the center part of the crater and follow a cell-like structure at the edge of the crater
including (sub)microcavity, microrim and submicron protrusions with spherical tips of
diameter up to 0.8 µm. Inside scratches (Fig. 3.3(b)), which were present on the surface
prior to processing, small ripple like structures orthogonal to the scratch side wall are
present along with the bubble burst rims similar to the scratch free surface. Similar fea-
tures were observed by Oboña et al. for Cu surface processed with the same ps-pulsed
laser source [38, 39]. With increasing fluence for single pulse processing, the sparse dis-
tribution of microprotrusions at the spot center become increasingly visible with cell-like
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Figure 3.2: SEM images (top view) of zinc surface irradiated at different laser pulse energies 𝐸𝑝
and corresponding peak fluence 𝐹0 levels (rows) and at different number of laser
pulses 𝑁 (columns). Diameter, d and maximum depth, h of the modified surface are
derived fromCLSMmeasurements. All images are in same scale. Corresponding crater
profile, measured from CLSM measurements, is shown in the top-left image.

submicron structures at the spot edge. Nano and submicron particle redeposition in the
crater increases as well, see e.g. Fig. 3.3(c). At 𝐹0 = 9.73 J/cm2, melt expulsion occurs at
the center of the spot and microstructures agglomerate at the edge of the crater. For sin-
gle pulse processing, the average depth of the ablated craters ranges from 250 to 650 nm
and the diameter of the modified area increases from about 20 µm to about 47 µm with
increasing laser fluence. Since the plasma plume forms on a nanosecond time scale and
expands rapidly in air [40, 41], plasma shielding is unlikely to occur within the 7 ps laser
pulse irradiation. Therefore, the depth of the ablated crater is affected by the formation
of a post-pulse plasma that is strong enough to push the melt towards the outer edge of
the crater. This also indicates that a thick molten layer may have formed as a result of the
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laser irradiation of the sample.

(a) (b)

(c) (d)

(e)

Figure 3.3: SEM micrographs of characteristic surface structures on laser processed zinc surface.
(a) jets with spherical endings at 𝑁 = 1, 𝐹0 = 0.98 J/cm2 (tilted 70∘), (b) thin mem-
branes surrounding a scratch at𝑁 = 1, 𝐹0 = 6.87 J/cm2 (tilted 60∘), (c) periodic surface
structures at 𝑁 = 1, 𝐹0 = 2.7 J/cm2 with a microrim marked with dashed rectangle
(tilted 60∘), (d) nano-roughness near the edge of the crater at 𝑁 = 7, 𝐹0 = 0.98 J/cm2

markedwith dashed rectangle (top view), (e) ablated crater at𝑁 = 30, 𝐹0 = 3.61 J/cm2

with ‘halo’around the crater, part ofwhich ismarkedwith dashed rectangle (tilted 60∘).
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At the lowest fluence level of 𝐹0 = 0.98 J/cm2, with increasing number of pulses, an
increase of both the depth and the diameter of the craters is observed. The mean size of
the microprotrusions gets larger with increasing 𝑁 but reduces in the spot center. The mi-
crorims also get thicker and reveal expulsion and redistribution of the melt towards the
edge. At 𝑁 = 5, nano-roughness around the crater starts to appear, see e.g. in Fig. 3.3(d)
part of which is marked with a white rectangle. Redeposition of submicron andmicropar-
ticles around the craters becomes more prominent with increasing pulse number as can
be seen for 𝑁 = 7 and 30 in Fig. 3.3(d) and (e). However, for 𝑁 ≥ 10, there appears
a ‘halo’ around the crater as shown in Fig. 3.3(e). Redeposition occurs outside the halo.
This halo has a diameter of ∼ 48 µm, which coincides with the Gaussian beam diameter
at 1% of the peak intensity of the laser spot. If the laser fluence is increased further, the
halo begins to disappear. That is because expelled melt from the center in form of splash
and particle redeposition from the ablation plume starts to cover the halo. From this point
onward, the diameter of the ablated crater does not follow the common logarithmic de-
pendency on incident fluence [5]. Details of this are discussed in Sec. 3.3.3.3. Eventually
by melt expulsion, stacked splash ‘fingers’ form a rim around the crater at high fluence
levels and/or number of laser pulses. For 𝐹0 ≥ 10 J/cm2, melt splash fingers do not de-
velop radially, rather randomly, around the crater center.

Using CLSM, the 3Dmorphology of the craters weremeasured. A shape detection algo-
rithm was used to extract dimensions (diameter, depth, volume and surface area) of the
crater from CLSM data. Noisy results can be expected due to surface irregularities, espe-
cially at low fluence levels and low number of pulses. Figure 3.4 shows cross-sections of
normalized crater profiles at 𝐹0 = 9.73 J/cm2 (top) and 40.75 J/cm2 (bottom) at different
number of pulses. These two fluence values are representative for two ablation regimes
(see Section 3.3.3 for details). As can be observed from Fig. 3.4(a), the cross-sections of
ablated craters are Gaussian-shaped for all 𝑁 for fluence level up to 𝐹0 = 9.73 J/cm2 but
start to deviate from this shape at higher fluence levels (Fig. 3.4(b)). At the maximum
fluence value used in this work, the crater shape differs significantly from a Gaussian pro-
file, showing a ‘hump’ in the center and surrounded by a groove (see Fig. 3.4(b)). For
example, at 𝑁 = 50, the hump extends over 1/𝑒2 beam diameter equally from the center
of the crater. The height difference is ∼ 10 µm from the deepest point. Since zinc has a
positive temperature coefficient of surface tension [42], this hump could result from the
thermocapillary flow of the superheated liquid Zn. A similar bulging shape was also ob-
served for Si[43]. However, the origin of this effect is not understood yet and is a topic
of future study. In Fig. 3.4(b), the typical rim is marked with dashed black circle which
appears for 𝑁 ≥ 20. With increasing number of pulses, the rim size increases. These ob-
servations could be attributed to increased melt expulsion and redistribution at higher
pulse energies.

3.3.2 Chemical composition

To investigate possible effect of the laser treatment onZn, X-rayphotoelectron spectroscopy
analysis was performed at the center of the craters, as well as on the untreated sample for
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Figure 3.4: Cross-sections (obtained from CLSMmeasurements) of ablated craters normalized by
corresponding number of pulses 𝑁 at (a) 𝐹0 = 9.73 J/cm2 and (b) 𝐹0 = 40.75 J/cm2.
The dashed circle in graph (b) represents rim around the crater.

reference. The time difference between the laser processing and XPS measurement on the
sample was approximately 3 weeks and in the meantime the sample was stored in a desic-
cator. In all the XPS spectra, zinc, oxygen, aluminum and carbonwere found to be present.
The average carbon concentration for all 𝑁 is approximately 50%, with C1s binding energy
of 284.8 eV referring to adventitious carbon[44]. In Fig. 3.5, the element-wise concentra-
tion of Zn, Al andO as function of 𝑁, processed at and around 𝐹0 = 10J/cm2, is presented
by offsetting the C concentration. The Al concentration is found to be less than 5% at its
peak concentration for 𝑁 = 1 and drops to ≤ 1 at% for 𝑁 > 7 (Fig. 3.5, middle). The high
concentration of Al on the surface has been previously observed for galvanized coatings
which can be attributed to the material properties of Al, e.g. low solubility in and higher
oxidation potential than Zn[45]. The Zn concentration rises up to 𝑁 = 7 and remains
relatively steady at increased number of pulses (Fig. 3.5, top). The high O concentration
present on the unprocessed surface initially declines with increasing 𝑁 unto 𝑁 =7 and
then remains stable. Craters processed at 𝐹0 values of 6.87 and 9.73 J/cm2 indicate nearly
same O concentration. For 𝐹0 = 12.61 J/cm2, the observed lower O concentration (Fig. 3.5,
bottom) may be due to dissociation of O from zinc oxide due to higher energy supplied.
This is supported by the fact that the Zn content at corresponding locations are higher
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Figure 3.5: Atomic concentration of Zn, Al and O for different number of pulses, 𝑁 at 𝐹0 =12.61,
9.73 and 6.87 J/cm2.

for 𝐹0 = 12.61 J/cm2 (Fig. 3.5, top). The binding energy of Zn2p3/2, Zn LMM and Al2p
electrons are 1022.0, 988.9 and 73.7 eV respectively, which indicates that the zinc and alu-
minum are in the oxide state (ZnO and 𝛾 − Al2O3) at the unprocessed surface [46].

To quantify the oxide layer thickness on the surface, a depth profile was determined in
two different Ar+ sputtering voltages. The left and right parts of Fig. 3.6(a) are obtained
with 1 kV and 3 kV argon ion beam respectively over a surface area of 3 × 3 mm2. The inset
of Fig. 3.6(a) shows the ratio of O to Al concentration. It can be seen that the high O/Al
ratio present at the surface decreases sharply up to a depth of about 5 nm, after which,
the O/Al ratio stays nearly constant up to ∼ 47 nm depth. For comparison, the ideal O/Al
ratio in Al2O3 is also shown in the figure as a dashed horizontal line. At around 50 nm
depth, only Al and Zn are present as O concentration drops to near zero.

It should be noted that the purpose of Fig. 3.6 is to quantify the oxide layer thickness on
the unprocessed virgin surface which is relevant for the first laser pulse. In contrast, the
purpose of Fig. 3.5 is to quantify the effect of surface irradiation with different number of
laser pulses on the chemical composition. Thus, Fig. 3.5 and Fig. 3.6 quantitatively refer
to different depth levels. On SiO2, the sputter rate is about 1.4 and 11.6 nm/ min for 1 and
3 keV ion energies respectively. The sputter rate for ZnO is approximately the same as
for SiO2 [47]. Therefore, sputter depths mentioned in Fig. 3.6 are approximated from the
sputter rate of SiO2. From the sputtering results it can be concluded that a thin carbon rich
layer, ∼ 1 nm, covers the sample. After removal of this carbon layer, a sharp transition is
observed in the atomic concentrations of Zn,Al andO in Fig. 3.6(a). In Fig. 3.6(c), Zn2p3/2
spectra are shown at different sputter depths, where the dashed and solid vertical lines at
1020.8 and 1022.5 eV denote the binding energies of Zn and ZnO respectively. The peaks
of Zn2p3/2 spectra are more inclined towards the ZnO line up to 4 nm and then shift
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Figure 3.6: Ar ion sputtering on unprocessed zinc surface. (a) Depth profile at low (left) and
high (right) Ar ion energies shown by arrows. Inset shows the ratio of O and Al con-
centration as a function of sputter depth. Dashed horizontal line shows the O/Al ratio
of Al2O3. (b) Schematic representation of native oxide layers on bulk zinc, red line in-
dicates laser beam at 1030 nm. (c) Zinc (Zn2p3/2) spectra and (d) Aluminum (Al2p)
spectra at different sputter depths during 1 keV Ar+ sputtering. The dashed and solid
lines represent the binding energies of the corresponding metal and its oxide.

towards the Zn line as the sputter depth increases. This indicates that there is only a thin
zinc oxide layer of ∼ 5 nm present. After about 5 nm, this zinc oxide has been removed
and Zn appears. However, oxygen is still present as evidenced from Fig. 3.6(a). Figure
3.6(d) shows the Al2p spectra at various sputter depths, where the binding energies of
Al and 𝛾 − Al2O3 are indicated by the dashed and solid vertical lines at 72.9 and 74.0 eV
respectively. Unlike the Zn2p3/2 peaks, the Al2p peaks shift from the Al line towards the
Al2O3 line with increasing sputter depth. It suggests that an Al2O3 layer forms at a depth
of about 5-6 nm (below the ZnO rich layer of about 5 nm) and extends to a depth of about
50 nm. Based on the above analyses, it may be concluded that the bulk Zn is covered by
oxide rich layers of Zn and Al whose approximate thicknesses are indicated in Fig. 3.6(b).
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3.3.3 Fluence ablation threshold

The fluence ablation threshold of materials, based on geometric features, has been deter-
mined in literature using different methods including:

• extrapolating fitted measurement data of the semilogarithmic relationship between
the ablated crater diameter squared and the laser fluence [5, 17],

• ablation rate per unit of fluence in terms of ablated depth [6, 16],
• ablation rate per unit of fluence in terms of ablated volume [7, 13, 19].

In this research, all three methods are used and compared for the first time, with a focus
on the characterization of the ablation process of zinc, starting with the volume ablation
rate method. It is worth noting that the accuracy of the calculation depends on the ac-
curacy of the measurement. Accurate measurement of diameter is difficult because the
exact boundary between the processed and unprocessed area is difficult to distinguish.
In this work, features visible in optical microscopy were considered as a reference. The af-
fected area has been determined from the optical microscopy image. Such an image was
superimposed on the corresponding confocal microscopy image to determine the diame-
ter, depth and volume data.

3.3.3.1 Ablated volume per pulse

The spatial fluence profile F [J/cm2] of a laser beam with a Gaussian fluence distribution
in polar coordinates (𝑟, 𝑧, 𝜙) is expressed as,

𝐹(𝑟, 𝑧, 𝜙) = 𝐹0 ⋅ exp⎛⎜
⎝

−2 ⋅ 𝑟2

𝜔2
0

⎞⎟
⎠

⋅ exp(− 𝑧
𝛿𝑒

) , (3.2)

where,𝜔0 denotes the beam spot radius (1/𝑒2), 𝛿𝑒 is the effective energy penetration depth
and 𝐹0 is the peak fluence which is related to the pulse energy, 𝐸𝑝 as 𝐹0 = (2⋅𝐸𝑝)/(𝜋 ⋅𝜔2

0) .
The ablated volume per pulse Δ𝑉 can be expressed as [18, 48]

Δ𝑉 = 1
4 ⋅ 𝜋 ⋅ 𝜔2

0 ⋅ 𝛿𝑉
𝑒 ⋅ ⎡⎢

⎣
ln⎛⎜

⎝
𝐹0
𝐹𝑉

𝑡ℎ

⎞⎟
⎠

⎤⎥
⎦

2

, (3.3)

where 𝛿𝑉
𝑒 and 𝐹𝑉

𝑡ℎ are fit parameters representing energy penetration depth and thresh-
old fluence respectively. For laser-induced craters in this study, the ablated volume per
pulse is plotted against peak fluence 𝐹0, in Fig. 3.7(a). The volumetric ablation rate Δ𝑉
was obtained from the 3D confocal microscopic profile of the ablated crater and dividing
by the number of laser pulses applied. In this figure, each data point represents a min-
imum of 5 craters to a maximum of 15 craters. The error bars are not visible in Fig. 3.7
as their sizes are smaller than the symbol sizes. As can be observed, the volume ablation
rate increases quadratically up to about 10 J/cm2 and follows a slower rate for larger flu-
ence levels for all 𝑁. The solid curves in Fig. 3.7(a) represent nonlinear least squared fit
of Eq. (3.3) with 𝜔0 = 14.6 µm excluding the data points for 𝐹0 > 10 J/cm2. It appears
that there are two different ablation regimes within the fluence regime studied. This sug-
gests that, for 𝐹0 > 10 J/cm2 (regime II), the ablation mechanism shows a shift from a
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Figure 3.7: (a) Ablated volume per pulse Δ𝑉 as a function of peak fluence 𝐹0. The solid curves
represent the least squared fit according to Eq. (3.3) in regime I only and dashed curves
are extensions of the solid curves in regime II. Inset shows the extrapolated curves to
Δ𝑉 = 0. (b) Accumulated threshold fluence, 𝑁 ⋅ 𝐹𝑡ℎ(𝑁) as a function of laser pulse
number 𝑁. The solid curve represents a least squared fit according to Eq. (3.4). (c)
Accumulation in energy penetration depth as a function of laser pulse number, 𝑁 for
𝜔0 = 14.6 µm. The solid line represents least squared fit according to Eq. (3.5). Note
that the error bars are smaller than the data points.

thermally-driven to a splash-dominated process, where the resulting surface structure is
determined not only by the photo-mechanical and photo-thermal processes but also by
the melt dynamics (see Fig. 3.2). In the following sections, we focus on only regime I
(𝐹0 < 10 J/cm2), because it is relevant for accurate processing of Zn whereas regime II is
much more stochastic in nature.

With increasing number of pulses, the threshold fluence increases indicating an accu-
mulative phenomenon in regime I. Several approaches have been reported in the literature
to account for this accumulation phenomenon of the fluence threshold in materials by an
incubation model [7, 15, 49, 50]. The most cited approach to relate the ablation thresh-
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old fluence 𝐹𝑡ℎ(𝑁) for 𝑁 pulses to single pulse 𝐹𝑡ℎ(1) is given by the non-physical power
relation [15]

𝑁 ⋅ 𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1) ⋅ 𝑁𝜁 , (3.4)

where 𝜁 is referred to as the incubation coefficient. This coefficient characterizes the na-
ture of incubation within the material, as such 𝜁 = 0 (complete incubation), 0 < 𝜁 < 1
(material ‘softening’), 𝜁 = 1 (absence of incubation) and 𝜁 > 1 (material ‘hardening’)
respectively [15]. Except for its shortcoming of not converging for 𝑁 = ∞, the model pre-
dicts the incubationwithin thematerial satisfactorily for a relatively low number of pulses
[50, 51]. Figure 3.7(b) shows the fitted data according to Eq. (3.4) as a solid curve. The
least square fit through the data yields an incubation factor of 𝜁𝑉 = 1.02±0.04. Incubation
in the material stems mainly from both heat and defect accumulation[15, 20]. Post analy-
sis of the samples verified no influence of thermal effect from a given leading crater. That
is, pulse-to-pulse separation was long enough to avoid heat accumulation from previous
pulses. Single pulse ablation threshold, following from Eq. (3.4) and Fig. 3.7(b), equals
to 𝐹𝑉

𝑡ℎ(1) = 0.21 ± 0.03 J/cm2, which is 60% larger than the threshold value obtained for
𝑁 = 1 from Fig. 3.7(a). However, the fit according to Eq. (3.3) also indicates that for
increasing number of pulses, the effective penetration depth 𝛿𝑉

𝑒 decreases, implying incu-
bation behavior for the energy penetration depth [49]. In other words, the incubation in
threshold fluence is always accompanied with incubation in penetration depth. Thus, a
simple incubation formula can be derived for the case of 𝛿𝑒 similar to Eq. (3.4) as

𝛿𝑒(𝑁) = 𝛿𝑒(1) ⋅ 𝑁𝜁𝛿−1, (3.5)

where 𝛿𝑒(𝑁) denotes the effective penetration depth due to 𝑁 pulses, and where 𝛿𝑒(1) is
the effective penetration depth of a single pulse and 𝜁𝛿 is the corresponding incubation
coefficient. In Fig. 3.7(c), the accumulated penetration depth, 𝑁 ⋅ 𝛿𝑒(𝑁) is plotted against
the number of pulses, where the solid line represents the fit according to Eq. (3.5). The
fit results in 𝛿𝑉

𝑒 (1) = 104 ± 40 nm with 𝜁𝑉
𝛿 = 0.99 ± 0.1. The optical penetration depth

𝛿𝑜𝑝𝑡 was calculated to equal 25 nm from measured 𝑛 and 𝑘 values (see inset of Fig. 3.1).
The difference between 𝛿𝑜𝑝𝑡 and 𝛿𝑉

𝑒 (1) indicates that heat affected volume is dominated
by the generation of ballistic electrons.

3.3.3.2 Ablated depth per pulse

A second method used to determine the single pulse ablation threshold fluence 𝐹𝐿
𝑡ℎ(1)

is based on the ablation rate in terms of crater depth per pulse. The relation between
ablation depth per pulse 𝐿, peak fluence 𝐹0 and threshold fluence 𝐹𝐿

𝑡ℎ can be expressed
with an effective energy penetration depth 𝛿𝐿

𝑒 as [6]

𝐿 = 𝛿𝐿
𝑒 ⋅ ln⎛⎜

⎝
𝐹0
𝐹𝐿

𝑡ℎ

⎞⎟
⎠

. (3.6)

There are two methods to determine the ablation rate 𝐿. In the first method, the abla-
tion rate 𝐿 can be determined by dividing the maximum crater depth ℎ by the number of
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Figure 3.8: (a) Ablation rates 𝐿 = ℎ
𝑁 of Zn in air for different number of pulses 𝑁 as a function

of peak laser fluence 𝐹0. The solid curves represent the least squared fit according to
Eq. (3.6) in regime I and dashed curves are extensions of solid curves in regime II.
Inset shows the extrapolated curves to ℎ

𝑁 = 0. (b) Accumulated threshold fluence, 𝑁 ⋅
𝐹𝑡ℎ(𝑁) as a function of laser pulse number 𝑁. The solid curve represents least squared
fit according to Eq. (3.4). (c) Accumulation in effective penetration depth 𝑁 ⋅ 𝛿𝐿

𝑒 as a
function of laser pulse number, 𝑁. The solid line represents least squared fit according
to Eq. (3.5).

pulses 𝑁. Hence, the rate of ablation 𝐿 can be calculated for different numbers of applied
pulses as shown in Fig. 3.8(a). From the results of Fig. 3.5 and 3.6, it is clear that the ZnO
and Al2O3 layer present on the sample surface is about 50 nm. On the other hand, Fig.
3.4(a) shows that a single pulse at 𝐹0 = 9.73 J/cm2 ablates about 250 nm. This means that
the first pulse removes the oxide layer and the subsequent ablation is true representative
for determining 𝐹𝑡ℎ and 𝛿𝑒 of Zn, since there is no interference from the oxide layers. This
explains the observation seen in Fig. 3.8(a), where 𝑁 = 1 shows the lowest ablation rate,
which jumps to highest rate at 𝑁 = 5 and then decreases for 𝑁 = 10 and 50. Similar to the
volume ablation rate Δ𝑉, the crater depth increases with laser fluence until 𝐹0 = 10 J/cm2

and then decreases for increasing laser fluence. Therefore, data points for 𝐹0 > 10 J/cm2

(regime II) were excluded from curve fitting for all 𝑁. At 𝑁 = 1, the scatter is too large



3.3 r e sult s & d i scu s s ions 51

for all 𝐹0 values to fit. Looking at the fit trend for higher number of pulses, it is likely that
the slope of the fit will be similar for 𝑁 = 1. Moreover, presence of jets with spherical end-
ings over the modified surface of the crater for 𝑁 = 1, specially at low fluences (see e.g.
Fig. 3.2(top-left image) and Fig. 3.3(a)), makes accurate depthmeasurement difficult. For
these reasons, data points at 𝐹0 ≤ 2.75 J/cm2 were excluded from the fitting procedure
for 𝑁 = 1. The incubation plot of the threshold fluences 𝐹𝐿

𝑡ℎ(𝑁) is shown in Fig. 3.8(b).
A linear fit according to Eq. (3.4) results in an incubation coefficient of 𝜁𝐿 = 1.08 ± 0.05
with a single pulse threshold fluence of 𝐹𝐿

𝑡ℎ(1) = 0.33 ± 0.06 J/cm2. As was concluded
with respect to ablated volume incubation coefficient 𝜁𝑉 , 𝜁𝐿 also conforms that heat accu-
mulation from previous pulses was avoided. Also, 𝐹𝐿

𝑡ℎ(1) is almost 1.6 times greater than
𝐹𝑉

𝑡ℎ(1). In Fig. 3.8(c), the accumulated penetration depth, 𝑁 ⋅ 𝛿𝑒(𝑁) is plotted against the
number of pulses, where the solid curve represents the fit according to Eq. (3.5). The fit
results in 𝛿𝐿

𝑒 (1) = 185 ± 64 nm with 𝜁𝐿
𝛿 = 0.89 ± 0.01. This indicates a smaller degree of

incubation than the value obtained using ablated volume, along with 56% overestimated
𝛿𝑒(1).
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Figure 3.9: Average ablation rate 𝐿 of zinc in air for 𝑁 = 50 as a function of peak laser fluence. The
dashed line represents the least-squares fit according to Eq. (3.6). The inset shows the
dependence of depth ℎ on number of pulses 𝑁 for 𝐹0 = 1.35 J/cm2. The slope of the fit
through the data points corresponds to average ablation rate, 𝐿 [µm/pulse].

The ablation rate at a fluence level, or crater depth per pulse, can also be determined
from the slope of the curve of the depth ℎ as a function of number of pulses 𝑁. The in-
set in Fig. 3.9 shows the increase in crater depth ℎ with the number of laser pulses 𝑁
for 𝐹0 = 1.35 J/cm2. Assuming a linear dependence of the crater depth on the number
of pulses, this gives 𝐿 = 0.12 𝜇m/pulse as an average rate of ablation depth per pulse.
Figure 3.9 shows the ablation rate 𝐿 obtained as a function of the peak fluence. In this fig-
ure, the dashed curve represents the nonlinear least squared fit of Eq. (3.6) which gives
𝛿𝐿

𝑒 = 116±10nm and 𝐹𝐿
𝑡ℎ = 0.46±0.07J/cm2. The effective penetration depth is in the same

order of magnitude as 𝛿𝑉
𝑒 (1) and 𝛿𝐿

𝑒 (1), but differs by a factor of 1.1 and 0.6 respectively.
The threshold fluence 𝐹𝐿

𝑡ℎ determined using Eq. (3.6) represents the average ablation rate
for 𝑁 = 50 pulses. The determined value matches well with the threshold fluence for 50
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pulses, 𝐹𝐿
𝑡ℎ(50) = 0.44 ± 0.01 J/cm2 following Fig. 3.8.

3.3.3.3 Squared Diameter vs. Fluence

This method is referred to as the D2 method, which is also the most widely used method
as reported in literature [5, 14, 16, 17, 20, 50, 52]. The ablated crater diameter 𝐷 is related
to the peak fluence 𝐹0 and the ablation threshold 𝐹𝐷

𝑡ℎ as [5]

𝐷2 = 2 ⋅ 𝜔2
0 ⋅ ln⎛⎜

⎝
𝐹0
𝐹𝐷

𝑡ℎ

⎞⎟
⎠

. (3.7)

If the squared diameter 𝐷2 measured from CLSM measurement data is plotted as a func-
tion of peak fluence 𝐹0 in a semi-logarithmic scale, the fluence threshold 𝐹𝐷

𝑡ℎ can be deter-
mined from a linear extrapolation to 𝐷2 = 0. This graph can also be used to determine
the beam diameter from the slope. However, the calculated beam diameter from the slope
need not necessarily reflect the actual beam diameter, due to the change in absorption
within the irradiated zone for multiple pulses [20, 50]. In the context of the current work,
it is found that the crater diameter changes linearly with the increasing fluence as long as
the halo as shown in Fig. 3.3(e), is unaffected by particle redeposition andmelt expulsion.
As soon as the halo (diameter ∼ 48 µm) around the crater starts to ‘disappear’, the crater
diameter increases randomly with increasing fluence. Figure 3.10(a) shows on a semilog
scale the squared diameter 𝐷2 of the ablated crater as function of the laser peak fluence
for different numbers of pulses. As can be observed, the measured crater diameters devi-
ate from the linear trend, within the laser parameters studied, as soon as they exceed a
diameter value of ∼ 48 µm (horizontal line in Fig. 3.10(a)). Moreover, the ablated diam-
eter is insensitive to the change in the ablation regime (I or II) contrary to the observed
behavior in the ablated volume and depth data discussed in Section 3.3.3.1 and 3.3.3.2
respectively. Therefore, instead of using the vertical line denoting the ablation regimes,
data points lying above the horizontal line in Fig. 3.10(a) were omitted from the curve fit
according to Eq. (3.7). At high fluence levels, ‘tails’of the Gaussian intensity profile of the
laser beam are intense enough to cause material modification. Thus, the crater diameter
fails to follow the linear trend.

The fitted curves in Fig. 3.10(a) possess similar slopes except for 𝑁=1. From the slopes
of the curves for 𝑁 > 1, the average value of the beam radius on the surface of the sample
was derived to equal 𝜔0 = 18.6±1.1 µm,which is about 22% larger than the opticallymea-
sured beamdiameter of 𝜔0 = 14.6±1.6µm(see Section 3.2). However the obtained 𝜔0 for
𝑁=1 is 15.0 ± 0.3 µm, which is only 2.7% higher than the measured value. Therefore, not
only the 𝐷2 method can predict the actual beam diameter for 𝑁=1, but also it shows that
the initial condition of the virgin surface changes such that the laser material interaction
zone is effectively increased by about 22% after first laser pulse and stays constant within
the range of parameters studied. Extrapolating the curves in Fig. 3.10(a) to 𝐷2 = 0 results
in the fluence threshold 𝐹𝐷

𝑡ℎ(𝑁) for the respective number of pulses. From Fig. 3.10(a), an
accumulation in threshold fluence seems apparent as threshold fluence decreases with
increasing number of pulses. Figure 3.10(b) shows the curve fit of Eq. (3.4), where the
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Figure 3.10: (a) Squared diameter 𝐷2 of the ablated crater for different number of pulses as a func-
tion of the peak laser fluence (log scale). The solid curves represent the least squared
fit according to Eq. (3.7). The horizontal line at ∼ 2500 µm2 represents halo diameter.
(b) Accumulated threshold fluence, 𝑁 ⋅ 𝐹𝑡ℎ(𝑁) as a function of laser pulse number 𝑁.
The solid curve represents least squared fit according to Eq. (3.4).

last four data points have larger error bars than the rest of the data points. These large
spreads in 𝐹𝐷

𝑡ℎ(𝑁) originates from the fact that the number of qualifying data points for
fitting Eq. (3.7) decreases for higher number of pulses as the diameter value exceeds the
horizontal line in Fig. 3.10(a). The least square fit through the data yields an incubation
factor of 𝜁𝐷 = 0.8 ± 0.2 indicating a relatively strong accumulation effect when compared
to the depth and volume analyses. The fit of Eq. (3.4) also results in a single pulse abla-
tion threshold of 𝐹𝐷

𝑡ℎ(1) = 0.39 ± 0.21 J/cm2. It may be noted that the spread in 𝐹𝐷
𝑡ℎ(1) is

approximately 53% showing that diameter method, for ps pulsed laser processing of Zinc,
yields the least reliable data when using Eq. (3.4) to derive single pulse threshold value
in comparison to the volume and the depth methods. However, the calculated threshold
value is very close to 𝐹𝐿

𝑡ℎ(1). Nevertheless, if the derivation of 𝐹𝐷
𝑡ℎ(1) is obtained directly

fromFig. 3.10(a) (0.35±0.02J/cm2) and not following Eq. (3.4), 𝐷2 method is also reliable
from the error estimate point of view.
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Table 3.2: Results obtained for single pulse ablation thresholds and the incubation coefficients for
polycrystalline zinc.

Calculation
Method

Using the fit of Eq. (3.4) and (3.5) From CLSM data of 𝑁 = 1
𝐹𝑡ℎ(1) 𝜁 𝛿𝑒(1) 𝜁𝛿 𝐹𝑡ℎ(1) 𝛿𝑒(1)
[J/cm2] [-] [nm] [-] [J/cm2] [nm]

Volume 0.21 ± 0.03 1.02 ± 0.04 104 ± 40 0.99 ± 0.1 0.13 ± 0.13 69 ± 44
Depth 0.33 ± 0.06 1.08 ± 0.05 185 ± 64 0.89 ± 0.01 0.13 ± 0.002 159 ± 24

Diameter 0.39 ± 0.21 0.8 ± 0.2 n.a. n.a. 0.35 ± 0.02 n.a.

3.3.3.4 Discussion

All the threshold fluence, energy penetration depth and incubation coefficient values ob-
tained directly for single pulse ablation as well as from the fit of Eq. (3.4) for different
methods are collated in Table 3.2. It should be noted that the incident laser fluence was
calculated from the maximum beam diameter. The use of this maximum diameter of the
elliptical spot, instead of the minimum diameter, results in an underestimation in the
derived 𝐹𝑡ℎ and 𝛿𝑒 by 25.23% for all methods, but does not affect the corresponding incu-
bation coefficients.

It may be concluded from the results of this table that the single pulse threshold fluence
values obtained in this work for 𝐹0 ≤ 10 J/cm2 using three different methods (see Table
5.1) are of the same order of magnitude. For 𝐹0 > 10 J/cm2, the crater morphology be-
comes increasingly splash-dominated with increasing 𝐹0 and 𝑁, resulting in a stochastic
trend with larger spread in measured geometrical data. In Table 3.2, the error estimates
in the first four columns originate from the fit of Eq. (3.4) and (3.5), whereas for the last
two columns, they originate from the fit of Eq. (3.3), (3.6) and (3.7) for the respective
calculation methods together with the spread in the CLSM data. In general, the threshold
fluence and penetration depth values derived by fitting Eq. (3.4) and (3.5) and those ob-
tained directly from the CLSM measurements differ noticeably. In relation to the rest of
the data points for 𝑁 > 1, the data point for 𝑁 = 1 falls as an outlier in the fit of Eq. (3.4)
and (3.5), as can be observed from Figs. 3.7(b)-3.7(c) and 3.8(b)-3.8(c). Moreover, the
high error estimate corresponding to 𝐹𝑡ℎ(1) using the volume method in column 5 repre-
sents the lack of determinism in the ablation process for 𝑁 = 1 as can be seen from the
crater profile in Fig. 3.2 (top-left image). On the other hand, the low error estimate corre-
sponding to 𝐹𝑡ℎ(1) using the depth method in the same column is an underestimation of
true error estimate, since the data analysis for 𝑁=1 in Fig. 3.8(a) does not incorporate the
values for 𝐹0 ≤ 2.75 J/cm2. For the fit results of Eq. (3.4) and (3.5), the volume method
gives the lowest threshold fluence value, whereas the diameter renders the highest thresh-
old value. The diametermethod also shows higher degree of uncertainty. In contrast, both
the volume and the depthmethod render relatively accurate values indicated by relatively
lower error estimates in determining 𝐹𝑡ℎ(1) and 𝛿𝑒(1) as well as their respective incuba-
tion parameters. However, there lies a pronounced difference in the estimated 𝛿𝑒(1) and
𝜁𝛿 obtained by these two methods. This could be attributed to the limitations of Eq. (3.6)
that assumes constant reflectivity, post-pulse ablation and insignificant redeposition [6].
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Also, the spread in measured data is larger for depth than for volume method.

Since both Al2O3 and ZnO are transparent for the laser wavelength of 1030 nm (see
Fig. 3.1), as depicted schematically in Fig. 3.6(b), the laser energy absorbed in these ox-
ide layers is negligible. However, for the absorbed part of the laser light within Zn, the
Lambert-Beer law applies with an optical penetration depth 𝛿𝑜𝑝𝑡, within which the inci-
dent laser pulse with peak intensity 𝐼0 decays exponentially[53]. The absorption of pho-
tons by the electrons creates a highly nonequilibrium state of so-called ballistic electrons,
which penetrates deep into the material, causing electron-electron scattering, which ther-
malizes the electron subsystem [36]. The effective depth of the ‘ballistic’electrons 𝛿𝑏𝑎𝑙 can
be roughly estimated as the product of Fermi velocity 𝜈𝐹 and the Drude relaxation time
𝜏𝑑𝑟𝑢𝑑𝑒 [54]. Therefore, as long as the sample thickness is greater than the penetration
depth, the total (maximum) penetration depth of both photons and electrons becomes
𝛿𝑡𝑜𝑡𝑎𝑙 = 𝛿𝑜𝑝𝑡 + 𝛿𝑏𝑎𝑙. Using 𝜈𝐹 = 0.92 × 108 cm/sec [55] and 𝜏𝑑𝑟𝑢𝑑𝑒 = 3.2 × 10−14 sec[31]
for zinc, the total maximum penetration depth 𝛿𝑡𝑜𝑡𝑎𝑙 in Zn is calculated to be about 55
nm. However, both 𝛿𝑜𝑝𝑡 and 𝛿𝑏𝑎𝑙 depend on electron temperature [52]. Since the melt-
ing points of ZnO (2248.15 K) and Al2O3 (2345.15 K) are significantly higher than Zn,
presence of oxide layers (ℎ𝑜𝑥𝑖𝑑𝑒 ≥ 𝛿𝑜𝑝𝑡) may influence the temperature gradient between
the electronic and lattice subsystems. The difference in the theoretical 𝛿𝑡𝑜𝑡𝑎𝑙 value and the
calculated 𝛿𝑒(1) value indicates that this native oxide layer thickness as well as the surface
roughness (𝑅𝑎 ∼ 30 nm) may also play a role for the effective energy penetration depth.
The energy required for local vaporization within the energy penetration depth related
to laser induced breakdown can be estimated to verify the calculated threshold fluences.
Theoretically, the amount of fluence 𝐹𝑒

𝑡ℎ required to evaporate material can be expressed
as [56]:

𝐹𝑒
𝑡ℎ =

𝛿.𝜌. ((𝑇𝑚 − 𝑇0) ⋅ 𝐶𝑝 + 𝐻𝑚 + 𝐻𝑣)
𝐴 , (3.8)

where, 𝜌, 𝐻𝑚, 𝐻𝑣, 𝐶𝑝, 𝑇𝑚, 𝑇0, 𝛿 and 𝐴 represent the density of the solid (7140 kg ⋅ m−3

[21]), the enthalpy of fusion (111 × 103 J ⋅ kg−1 [8]), the enthalpy of evaporation (1748 ×
103 J ⋅ kg−1 [8]), specific heat (0.382×103 J ⋅ kg−1 ⋅ K−1 [21]), melting point (692.68 K [21]),
room temperature (300K), the energy penetration depth and absorption coefficient, re-
spectively. Taking 𝛿𝑜𝑝𝑡 of 25 nm and summation of 𝛿𝑡𝑜𝑡𝑎𝑙 + 𝛿𝑜𝑥𝑖𝑑𝑒 of ∼ 100 nm for 𝛿, Eq.
(3.8) gives threshold values of 0.12 J/cm2 and 0.47 J/cm2 respectively. The calculated sin-
gle pulse threshold fluences using all three methods lie within this range indicating a
strong effect of ballistic electrons, as well as the surface chemical composition, in energy
deposition within the material. For example, the fluence threshold and penetration depth
values observed for 𝑁 = 1 lying below the fitted line in Fig. 3.7 and Fig. 3.8 could follow
from the presence of an oxide layer. Presence of a higher concentration of Al on the sur-
face for 𝑁 ≤ 7 could explain the similar trend in ablation rate for 𝑁 > 7 (see Fig. 3.4, Fig.
3.7(c), Fig. 3.8(c)). It indicates that for ps laser processing, the energy penetration depth
is affected by material changes, such as surface oxidation, plastic deformation, crystalline
growth etc., whereas optical changes, e.g. absorption variation, affect the threshold flu-
ence [49]. Although all three methods discussed in this work are derived from Eq. (3.2),
there are practical advantages and disadvantages associated with these methods. For ex-
ample, the diameter of a crater can be relatively easily determined from an standard/com-
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mon optical microscopy, whereas a relatively expensive 3D profilometer is required for
determining the depth and volume. Out of the three methods, the diameter method is the
fastest, cheapest and computationally least expensive, whereas the volumemethod lies on
the complete opposite end of the spectrum. However, the volume method considers the
complete 3D effect of energy input and resulting crater geometry. Given that the crater
morphology is irregular due to melt phenomenon, it is more logical to accept the values
obtained using the volume method in this research work.

In relation with other reported threshold values, the threshold value reported in this
work is in the same order of magnitude for 𝜏𝑝 ≤ 1 ps, and 6 times smaller than ns pulse
duration. This suggests that, at a pulse duration equal or close to 𝜏𝑒−𝑝ℎ, a mixture of non-
equilibrium and equilibrium ablation mechanisms is responsible for material removal
during laser ablation of polycrystalline zinc.

3.4 conclus ion

Within the boundary of our experimental conditions, picosecond pulsed laser ablation
of zinc revealed two distinct ablation regimes. Although no significant chemical changes
were observedwith fluence variations, morphological observation shows that a shift from
disc-shaped to splash-dominated crater geometry around 10 J/cm2 marks the boundary
between these two regimes. Three methods for determining the ablation threshold based
on the volume, the depth and the diameter of the ablated crater respectively were com-
pared with the associated incubation coefficients in order to find the best fitting method
in the picosecond pulse duration. Because of the indeterministic nature in the ablation
process originating from rapidly solidified molten features, the depth method was found
to be prone to measurement uncertainty. Further, the diameter method results in better
estimation of threshold fluence and beam diameter for single pulse processing than mul-
tiple pulses. However, this method was found to be less suitable for higher number of
pulses and for determining subsequent incubation coefficient. Last, due to the higher di-
mensionality of the volumemethod, the lower error estimate in determining the threshold
value and the melt morphology of the crater, the volume method was chosen to be the
representativemethod for determining the ablation threshold and the energy penetration
depth of Zn under picosecond pulsed laser irradiation. In the first regime (<10 J/cm2), the
ablation thresholds and the energy penetration depths for 1 to 50 pulses were measured
and found to be independent of incident number of laser pulses as evidenced from an
incubation coefficient almost equal to unity. In the second regime (>10 J/cm2), this trend
becomes stochastic in nature. Regardless of the processing parameter, molten features
are always present. It was found that, a single 6.7 ps laser pulse at 1030 nm wavelength
ablates bulk polycrystalline zinc in air under normal temperature and pressure when the
incident beam fluence exceeds 0.21 J/cm2. The energy penetration depth for a single pulse
was found to equal 104 ± 40 nm. The strength of incubation in threshold fluence and en-
ergy penetration depth was found to equal 𝜁 = 1.02 ± 0.04 and 𝜁𝛿 = 0.99 ± 0.1 respec-
tively, both of which were verified quantitatively with the ablated depth as a function of
fluence. In the context of our work, picosecond laser processing of zinc in air results in a
melt-dominated ablation process. For certain functionalities, such as applications involv-
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ing tribology (roughness, friction), optics (visual appearance) or adhesion (paint, glue,
lubricant), molten features might not necessarily be detrimental.

b i b l iography

[1] D. Zhang and L. Guan. Laser Ablation. In S. Hashmi, G. F. Batalha, C. J. van Tyne, and B. S. Yilbas,
editors, Comprehensive Materials Processing, volume 4, chapter 4.06, pages 125–169. Elsevier, 2014.

[2] H. L. Costa and I. M. Hutchings. Some innovative surface texturing techniques for tribological pur-
poses. Proceedings of the Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology,
229(4):429–448, 2015.

[3] R. Fang, A. Vorobyev, and C. Guo. Direct visualization of the complete evolution of femtosecond
laser-induced surface structural dynamics of metals. Light: Science & Applications, 6(3), 2017.

[4] A. Klini, P. A. Loukakos, D. Gray, A. Manousaki, and C. Fotakis. Laser induced forward transfer of
metals by temporally shaped femtosecond laser pulses. Optics Express, 16(15):11300–11309, 2008.

[5] J. M. Liu. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Optics Letters,
7(5):196–198, 1982.

[6] S. Preuss, A. Demchuk, and M. Stuke. Sub-picosecond UV laser ablation of metals. Applied Physics A:
Materials Science & Processing, 61(1):33–37, 1995.

[7] G. Raciukaitis, M. Brikas, P. Gecys, and M. Gedvilas. Accumulation effects in laser ablation of metals
with high-repetition-rate lasers. In High-Power Laser Ablation 2008, pages 70052L–70052L. Interna-
tional Society for Optics and Photonics, 2008.

[8] L.M. Cabalin and J. J. Laserna. Experimental determination of laser induced breakdown thresholds of
metals under nanosecond Q-switched laser operation. Spectrochimica Acta Part B: Atomic Spectroscopy,
53(5):723–730, 1998.

[9] A. V. Ravi Kumar, G. Padmaja, P. Radhakrishnan, V. P. N. Nampoori, and C. P. G. Vallabhan. Evalu-
ation of laser ablation threshold in polymer samples using pulsed photoacoustic technique. Pramana,
37(4):345–351, 1991.

[10] N.Hosoya, I. Kajiwara, T. Inoue, andK. Umenai. Non-contact acoustic tests based on nanosecond laser
ablation: generation of a pulse sound source with a small amplitude. Journal of Sound and Vibration,
333(18):4254–4264, 2014.

[11] E. G. Gamaly, N. R. Madsen, M. Duering, A. V. Rode, V. Z. Kolev, and B. Luther-Davies. Ablation of
metals with picosecond laser pulses: evidence of long-lived nonequilibrium conditions at the surface.
Physical Review B, 71(17):174405, 2005.

[12] K.-H. Leitz, B. Redlingshöfer, Y. Reg, A.Otto, andM. Schmidt. Metal ablationwith short and ultrashort
laser pulses. Physics Procedia, 12:230–238, 2011.

[13] B. Neuenschwander, B. Jaeggi, M. Schmid, and G. Hennig. Surface structuring with ultra-short laser
pulses: basics, limitations and needs for high throughput. Physics Procedia, 56:1047–1058, 2014.

[14] J. Byskov-Nielsen, J.-M. Savolainen, M. S. Christensen, and P. Balling. Ultra-short pulse laser ablation
of metals: threshold fluence, incubation coefficient and ablation rates. Applied Physics A: Materials
Science & Processing, 101(1):97–101, 2010.

[15] Y. Jee, M. F. Becker, and R. M. Walser. Laser-induced damage on single-crystal metal surfaces. Journal
of the Optical Society of America B, 5(3):648–659, 1988.

[16] M. Hashida, A. F. Semerok, O. Gobert, G. Petite, and J.-F. Wagner. Ablation thresholds of metals with
femtosecond laser pulses. In Nonresonant Laser-Matter Interaction (NLMI-10), pages 178–185. Interna-
tional Society for Optics and Photonics, 2001.

[17] P. T. Mannion, J. Magee, E. Coyne, G. M. O’connor, and T. J. Glynn. The effect of damage accumula-
tion behaviour on ablation thresholds and damage morphology in ultrafast laser micro-machining of
common metals in air. Applied Surface Science, 233(1):275–287, 2004.

[18] B. Neuenschwander, G. Bucher, G. Hennig, C. Nussbaum, B. Joss, M. Muralt, S. Zehnder, U. W. Hun-
ziker, and P. Schuetz. Processing of dielectric materials and metals with ps laser pulses. In Proceedings
of the 29th International Congress on Applications of Lasers & Electro-Optics (ICALEO), Anaheim, California,
2010.

[19] B.Neuenschwander, B. Jaeggi,M. Schmid, V. Rouffiange, and P.-E.Martin. Optimization of the volume
ablation rate for metals at different laser pulse-durations from ps to fs. In SPIE LASE, pages 824307–



58 p i co s econd - pul s ed la s er ablat ion of z inc

824307. International Society for Optics and Photonics, 2012.
[20] F. Di Niso, C. Gaudiuso, T. Sibillano, F. P. Mezzapesa, A. Ancona, and P. M. Lugarà. Role of heat

accumulation on the incubation effect in multi-shot laser ablation of stainless steel at high repetition
rates. Optics Express, 22(10):12200–12210, 2014.

[21] F. C. Porter. Zinc handbook: properties, processing, and use in design. CRC Press, 1991.
[22] F. C. Porter. Corrosion resistance of zinc and zinc alloys. CRC Press, 1994.
[23] S.-S. Wellershoff, J. Hohlfeld, J. Güdde, and E. Matthias. The role of electron–phonon coupling in

femtosecond laser damage of metals. Applied Physics A, 69(1):S99–S107, 1999.
[24] M. Hase, K. Ishioka, J. Demsar, K. Ushida, and M. Kitajima. Ultrafast dynamics of coherent optical

phonons and nonequilibrium electrons in transition metals. Physical review B, 71(18):184301, 2005.
[25] M. Z. Butt. Laser ablation characteristics of metallic materials: role of debye-waller thermal parameter.

In IOP Conference Series: Materials Science and Engineering, volume 60, page 012068. IOP Publishing,
2014.

[26] B. Qian and Z. Shen. Fabrication of superhydrophobic surfaces by dislocation-selective chemical etch-
ing on aluminum, copper, and zinc substrates. Langmuir, 21(20):9007–9009, 2005.

[27] T. H. Muster, W. D. Ganther, and I. S. Cole. The influence of microstructure on surface phenomena:
rolled zinc. Corrosion Science, 49(4):2037–2058, 2007.

[28] J. Scheers, M. Vermeulen, C. De Mare, and K. Meseure. Assessment of steel surface roughness and
waviness in relationwith paint appearance. International Journal of Machine Tools andManufacture, 38(5-
6):647–656, 1998.

[29] M. B. Agranat, S. I. Ashitkov, V. E. Fortov, A. V. Kirillin, A. V. Kostanovskii, S. I. Anisimov, and P. S.
Kondratenko. Use of optical anisotropy for study of ultrafast phase transformations at solid surfaces.
Applied Physics A: Materials Science & Processing, 69(6):637–640, 1999.

[30] A. Y. Vorobyev and C. Guo. Enhanced energy coupling in femtosecond laser-metal interactions at
high intensities. Optics Express, 14(26):13113–13119, 2006.

[31] L. P. Mosteller Jr and F. Wooten. Optical Properties of Zn. Physical Review, 171(3):743, 1968.
[32] D. R. Lide. Handbook of Chemistry and Physics. CRC Press, 1994.
[33] M. Querry. Optical constants of minerals and other materials from the millimeter to the ultravio-

let. Technical report, Chemical Research Development And Engineering Center Aberdeen Proving
Groundmd, 1987.

[34] W. L. Bond. Measurement of the refractive indices of several crystals. Journal of Applied Physics,
36(5):1674–1677, 1965.

[35] H.-J. Hagemann, W. Gudat, and C. Kunz. Optical constants from the far infrared to the X-ray region:
Mg, Al, Cu, Ag, Au, Bi, C, and Al2O3. Journal of the Optical Society of America, 65(6):742–744, 1975.

[36] J. Hohlfeld, S.-S. Wellershoff, J. Güdde, U. Conrad, V. Jähnke, and E. Matthias. Electron and lattice
dynamics following optical excitation of metals. Chemical Physics, 251(1):237–258, 2000.

[37] T. Delgado, D. Nieto, and M. T. Flores-Arias. Soda-lime glass microlens arrays fabricated by laser:
comparison between a nanosecond and a femtosecond IR pulsed laser. Optics and Lasers in Engineering,
86:29–37, 2016.

[38] J. V. Oboňa, V. Ocelík, J. C. Rao, J. Z. P. Skolski, G. R. B. E. Römer, A. J. Huis in’t Veld, and J. Th M.
De Hosson. Modification of Cu surface with picosecond laser pulses. Applied Surface Science, 303:118–
124, 2014.

[39] J. V. Oboňa, V. Ocelík, J. T. M. Hosson, J. Z. P. Skolski, V. S. Mitko, and G. R. B. E. Römer. Surface
melting of copper by ultrashort laser pulses. In Surface effects and contact mechanics X : computational
methods and experiments. WIT Press, 2011.

[40] A. Miloshevsky, S. S. Harilal, G. Miloshevsky, and A. Hassanein. Dynamics of plasma expansion and
shockwave formation in femtosecond laser-ablated aluminum plumes in argon gas at atmospheric
pressures. Physics of Plasmas, 21(4):043111, 2014.

[41] M. Tanski, M. Kocik, K. Barbucha, R.and Garasz, and J. Mizeraczyk. Time-resolved observation of
the ablation plasma plume dynamics during nanosecond laser micromachining. In Symposium on
Photonics and Optoelectronics (SOPO), 2012, pages 1–4, Shanghai, China, 2012. IEEE.

[42] W. L. Falke, A. E. Schwaneke, and R. W. Nash. Surface tension of zinc: the positive temperature coef-
ficient. Metallurgical and Materials Transactions B, 8(1):301–303, 1977.

[43] J. Bonse, K.-W. Brzezinka, and A. J. Meixner. Modifying single-crystalline silicon by femtosecond
laser pulses: an analysis by micro raman spectroscopy, scanning laser microscopy and atomic force



3.4 conclus ion 59

microscopy. Applied Surface Science, 221(1-4):215–230, 2004.
[44] S. Evans. Correction for the effects of adventitious carbon overlayers in quantitative XPS analysis. Sur-

face and Interface Analysis: An International Journal devoted to the development and application of techniques
for the analysis of surfaces, interfaces and thin films, 25(12):924–930, 1997.

[45] S. Feliu Jr and V. Barranco. XPS study of the surface chemistry of conventional hot-dip galvanised
pure Zn, galvanneal and Zn–Al alloy coatings on steel. Acta Materialia, 51(18):5413–5424, 2003.

[46] J. F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben. Handbook of X-Ray Photoelectron Spectroscopy.
Perkin-Elmer Corporation, 1992.

[47] D. R. Baer, M. H. Engelhard, A. S. Lea, P. Nachimuthu, T. C. Droubay, J. Kim, B. Lee, C. Mathews, R. L.
Opila, and L. V. Saraf. Comparison of the sputter rates of oxide films relative to the sputter rate of
SiO2 . Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, 28(5):1060–1072, 2010.

[48] G. Raciukaitis, M. Brikas, P. Gecys, B. Voisiat, and M. Gedvilas. Use of high repetition rate and high
power lasers in microfabrication: how to keep the efficiency high? JLMN Journal of Laser Micro/Nano-
engineering, 4(3):186–191, 2009.

[49] B. Neuenschwander, B. Jaeggi, M. Schmid, A. Dommann, A. Neels, T. Bandi, and G. Hennig. Fac-
tors controlling the incubation in the application of ps laser pulses on copper and iron surfaces. In
Proceedings of SPIE, volume 8607, page 86070D, 2013.

[50] Z. Sun,M. Lenzner, andW. Rudolph. Generic incubation law for laser damage and ablation thresholds.
Journal of Applied Physics, 117(7):073102, 2015.

[51] B. Jaeggi, B. Neuenschwander, M. Schmid, M. Muralt, J. Zuercher, and U. Hunziker. Influence of the
pulse duration in the ps-regime on the ablation efficiency of metals. Physics Procedia, 12:164–171, 2011.

[52] C. W. Cheng, S. Y. Wang, K. P. Chang, and J. K. Chen. Femtosecond laser ablation of copper at high
laser fluence: modeling and experimental comparison. Applied Surface Science, 361:41–48, 2016.

[53] D. Bergström. The absorption of laser light by rough metal surfaces. PhD thesis, Luleå Tekniska Universitet,
Sweden, Luleå, Sweden, 2008.

[54] N. W. Ashcroft, N. D. Mermin, and S. Rodriguez. Solid State Physics. American Association of Physics
Teachers, 1998.

[55] G. P. Motulevich and A. A. Shubin. Optical constants of Zinc. Soviet Physics–Journal of Experimental
and Theoretical Physics, 29(1):24–26, 1969.

[56] R. Pohl, C. W. Visser, G. R. B. E. Römer, C. Sun, and D. Lohse. Imaging of the ejection process of
nanosecond laser-induced forward transfer of gold. JLMN Journal of Laser Micro/Nanoengineering,
10(2):154, 2015.



Those who are unacquainted with the details of scientific investigation have no idea of the amount of labour expended in

the determination of those numbers on which important calculations or inferences depend. They have no idea of the

patience shown by a Berzelius in determining atomic weights; by a Regnault in determining coefficients of expansion; or

by a Joule in determining the mechanical equivalent of heat.

John Tyndall

Tyndall, J. Sound: A course of eight lectures delivered at the Royal Institution of Great Britain (1869)

Backsca# ered electron image of crosssection of a crater. Black bar denotes 10 µm.



4
SHORT AND ULTRASHORT PUL SED LASER PROCE S S ING OF
Z INC : R E SOL ID I F I CAT ION MORPHOLOGY OF ABLATED
CRATER S

H. Mustafa, M. Jalaal, W. Ya, N. Ur Rahman, D. T. A. Matthews, and G. R. B. E. Römer. Short and ultrashort pulsed laser processing of

zinc: resolidification morphology of ablated craters. Journal of Laser Micro/Nanoengineering, 13(3):178-188, 2018.

ab stract Laser surface texturing of polycrystalline zinc in bulk form and
as galvanized coatings is performed with single, as well as multiple nanosec-
ond and picosecond laser pulses at a wavelength of 1030 nm. By varying the
laser fluence over a wide range, as well as varying the number of pulses on the
same location, thousands of ablated craters can be fabricated and their mor-
phology studied. From the analysis thereof, it can be concluded that, within
the boundaries of our experimental (laser) conditions, ablated craters always
show molten features. Depending on the pulse fluence and duration, the fi-
nal solidified morphology can feature jets with meso- and micro scale spher-
ical endings, micro rims and protrusions, as well as nano-roughness or a rim
around the ablated crater. If the laser fluence is high, one observes the evidence
of surface waves and finger formation, resulted from different types of hydro-
dynamic instability In contrast to nanosecond laser processing, it is found that
craters formed using picosecond pulses deviate significantly from the Gaus-
sian shape of the laser intensity distribution at high laser intensity, due to dif-
ferent temperature gradients in the electronic and lattice subsystems.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

4.1 in troduct ion

Zinc (Zn) is a widely used metal in galvanizing and alloying, primarily for its excellent
cathodic protection and corrosion resistance properties [1]. To improve surface function-
ality, (ultra) short pulsed laser-surface texturing can be used to add functionalities like
superhydrophobicity, oleophilicity, and/or improve functionalities like corrosion perfor-
mance and visual appearance to the Zn layer on steel [2, 3]. Short and ultrashort pulsed
laser processing of Zn is mainly aimed at nanoparticle generation [4, 5], whereas the re-
sulting surface morphology and properties are of more interest than the ablated material
for surface texturing applications.

If the time between consecutive pulses is long enough during multi-pulse processing,
the laser irradiated surface undergoes rapid solidification after the laser pulse. However,
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the solidified features depend on the pulse duration of the laser source because of the ab-
lation processes associatedwith nanosecond (ns) and femtosecond (fs) laser pulses. In ul-
trashort (𝜏 < 1ps) pulsed laser material interaction, thematerial undergoes absorption of
laser light, ballistic electron generation, lattice thermalization, subsequent phase changes
through spallation, phase explosion, evaporation and finally residual energy dissipation
[6]. On the other hand, the difference in the temperature gradients in electronic and lattice
subsystemvanishes in short (𝜏 > 1ns) pulsed lasermaterial interaction [7]. This results in
vaporization of the material, generation of plasma plume and subsequent hydrodynamic
motion of the melt exerted by the recoil pressure of the plasma plume[8]. Thus, the solid-
ification time of the molten volume in ultrashort pulsed laser irradiation is shorter than
short pulsed laser irradiation. This results in different resolidified surface structures re-
sulting either from local hydrodynamic instabilities (e.g. Kelvin - Helmholtz instability
[9]) or from overall thermocapillary motion of the liquid (e.g. Marangoni flow).

In this paper, we investigate the resolidified surface structures of laser-textured surfaces
of polycrystalline Zn in bulk form and as galvanized coatings irradiated by single and
multiple picosecond and nanosecond laser pulses at a wavelength of and around 1030
nm over a wide range of laser fluence levels. Surface morphology of thousands of ablated
craters is studied in depth with confocal laser microscopy, atomic force microscopy and
scanning electron microscopy.

4.2 ex p er imental s e tup

4.2.1 Laser setup

The ablation experiments were performed under atmospheric conditions in a cleanroom
environment using two different laser sources as listed in Table 4.1. Both the laser sources
show a nearly Gaussian power density profile (𝑀2 < 1.3). A galvo-scanner (IntelliScan14
of ScanLab GmbH, Germany), equipped with a telecentric flatfield F-theta-Ronar lens
(Linos GmbH, Germany) of 80 mm focal length, was used to scan the focus of the laser
beam over the surface of the sample. The sample was placed in the focal plane. The fo-
cal spot radius of both the sources were measured using a charge-coupled device (CCD)
sensor-based, beam diagnostic system (MicroSpot Monitor of Primes GmbH, Germany).
The beam was impinging perpendicular to the sample surface. The laser energy supplied
to the surface was varied by using a combination of a half-wave plate and a linear po-
larizer. A pyroelectric detector (PM30 with FieldMax II of Coherent, USA) was used to
measure the average laser power incident on the sample. The laser-induced surface pro-
files are referred to as ‘craters’in the forthcoming sections. At a repetition rate of 8 kHz
and a beam scanning velocity of 1 m/s, time between consecutive pulses on the same loca-
tion was at least 3.9 ms. The geometrical pulse-to-pulse distance was at least 125 µm and
the number of pulses varied from 𝑁 = 1 to 50. A minimum of 21 craters were created per
laser setting to get statistically sound values.
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Table 4.1: Laser sources used in this work.

Parameter
Trumpf

TruMicro 5050
SPI

redEnergy G4
Pulse duration 6.7 ps 3 to 500 ns

Wavelength [nm] 1030 1060
Output power instability [%] < 2 < 5

Focal spot radius [µm] 14.6 ± 1.6 15.2 ± 1.6
Ellipticity of focal spot 0.89 0.81

4.2.2 Material

Typical zinc (99.7%𝑤𝑡 Zn, 0.3%𝑤𝑡 Al) used for coating on steel products, was melted in
a crucible at 460∘C and cast by gradual cooling in a ceramic crucible. Then the sample
was sectioned followed by compression mounting in phenolic resin for metallographic
analysis. Preparation procedures included grinding with SiC emery paper (18 µm and 10
µm grit size), polishing with 1 and 3 µm diamond suspension and final polishing with
colloidal silica (0.04 µm) suspension. After polishing, an average roughness (𝑅𝑎) lower
than 30 nm was measured by confocal laser microscopy. The polished polycrystalline
zinc sample had a minimum grain size of about 200 µm. The coated samples (galvanized
steel) with a surface roughness (𝑅𝑎) of 0.3 𝜇m was commercially produced according to
European standard EN10346:2015 and has a nominal Zn layer thickness of 10 µm. These
samples were cleaned using Ammonia (< 5%) solution prior to and after the ablation
experiments.

4.2.3 Analysis tools

Craters were measured by means of Confocal Laser Scanning Microscopy (CLSM), (VK-
9700 of Keyence Corporation, Japan). The lateral and vertical resolution of CLSM mea-
surements were 276 nm and 1 nm, respectively. The crater morphology was also analyzed
by means of a field emission Scanning Electron Microscope (SEM), (JSM-7200F of Jeol,
Japan) as well as Atomic Force Microscopy(AFM), (NX10 of Park Systems Corporation,
South Korea). The energy-dispersive X-ray spectroscopy (EDS), (X − MaxN of Oxford In-
struments, USA) analysis was conductedwith the same SEMwith an accelerating voltage
of 3 kV for an X-ray generation volume close to the surface.

4.3 r e sult s & d i scu s s ions

First, this section describes the evolution of the ablated crater morphology with the inci-
dent number of pulses ranging from 1 to 50 and laser fluences ranging from 0.98 J/cm2 to
40.8 J/cm2. Fig. 4.1 shows the SEM images of craters produced at 𝑁 = 1, 5 and 25 with in-
creasing fluence levels ranging from 𝐹0 = 0.98 J/cm2 to 40.8 J/cm2 with 6.7 ps laser source.
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In general, the diameter of a crater increaseswith increasing fluence indicating that the tail
of the Gaussian pulse becomes intense enough to cause material modification. This effect
is intensified if the number of pulses at the same location increases. As shown schemati-
cally on the top-right image of Fig. 4.1, each subsequent pulse arrives after about 3.9ms.
Therefore, the laser irradiated area is resolidified before the next pulse arrives, because
the typical lifetime of melt from ultrashort pulse irradiation is in µs time period [10]. The
absorption of consecutive laser pulses by the sample depends on the resolidified surface
structures after previous pulses. As a result, similar type of surface morphology domi-
nates with increasing number of pulses at low fluence values as can be seen from Fig. 4.1
for 𝐹0 = 0.98 J/cm2 and 3.6 J/cm2. At high fluence values (𝐹0 > 10 J/cm2), crater morphol-
ogy is determined mainly by the hydrodynamic motion of the melt. Craters produced at
high fluence levels appears more melty in form of frozen splashes as shown in Fig. 4.1 for
𝐹0 = 40 J/cm2.

Although we do not observe the well-known saturation limit of depth and diameter of
the ablated craters [11] within our experimental conditions, we see that the dimension of
craters depends both on the laser fluence and the applied number of pulses and increases
with increasing 𝐹0 and 𝑁. Fig. 4.2 shows the contour plots of the diameter, maximum
depth and volume of the ablated craters as a function of 𝐹0 and 𝑁. As can be concluded
from this figure, the rate of increase in depth and volume is rapid up to 𝐹0 = 10 J/cm2

and slows down afterwards with increasing 𝐹0 or 𝑁. On the other hand, the diameter is
affected more by the change in 𝐹0 than the change in 𝑁. However, the aim of the paper is
about investigating resolving crater morphology, not about crater dimensions. Therefore,
only changes observed in the morphology with 𝐹0 and 𝑁 is described in the remaining of
the paper.

Fig. 4.3(a) shows the evolution of different surface structures at different laser fluence
levels for 𝑁 = 1. At the lowest fluence level and single pulse processing, evident signs
of melting and phase explosion are visible in terms of exploding bubbles and jets with
spherical endings (see also Fig. 4.11(a)). Outside the boundary of the actively modified
area (i.e. outside the ”cell like structures” in Fig. 4.3(a)), some form of ”cleaning” is ob-
served within a radius of 4 µm. With increasing fluence, a flat modified area bounded
by ”ripples” increases at the center of the crater and ”cell like structures” agglomerate
at the edge, see Fig. 4.3(a). These ripples develop crests towards the edge of the crater
with increasing fluence indicating melt expulsion by recoil pressure exerted by the abla-
tion plume, see Fig. 4.1 bottom-left image and Fig. 4.10(a). For single pulse processing,
depth of the ablated crater lies within 250 nm to 650 nm for a forty fold increase in laser
fluence, stemming mainly from the melt expulsion rather than the ablation itself. On the
other hand, the diameter of themodified area increases from about 20 µm to about 47 µm
with increasing laser fluence. Presence of liquid droplets and redeposited metal particles
around the crater is not common for 𝑁 = 1 and submicron droplets, if any, lie within 4
µm and 7 µm around the crater edge for lowest and highest fluence respectively. The com-
plete picture of above mentioned feature evolution is shown schematically in Fig. 4.3(a).

At the lowest fluence with increasing number of pulses, we see both the evolution of
depth and diameter of the craters as shown in Fig. 4.3(b). It is observed that the mean
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Figure 4.1: Laser beam cross-section (top-left) and SEM images (top view) of zinc surface irradi-
ated at different laser peak fluence 𝐹0 levels at 𝑁 = 1, 5 and 25 for 7 ps laser pulses
(bottom). All images are in same scale. White bar in the SEM images denotes 5 µm.

size of the microprotrusions gets larger and becomes more sparsely distributed in the
spot center with increased pulse numbers. Within the crater, nanometric particle redepo-
sition is higher for lower number of pulses than for higher number of pulses. On the other
hand, redistribution of submicron andmicroparticles around the laser spot becomesmore
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Figure 4.2: Contour plots of crater dimension on Zn for 𝜏 = 7 ps as a function incident number of
laser pulses 𝑁 and peak fluence 𝐹0; (a) diameter, (b) maximum depth, (c) volume.

prominent with increasing pulse number and redeposits as far as ≈ 17 µm from the edge
of the crater for𝑁 = 50, see e.g. SEM image in Fig. 4.3(b) for𝑁 = 25. This suggests that the
plasma plume expands in greater speed for higher number of pulses than in low number
of pulses. This results in less nanoparticle redeposition inside the crater. The microrims
also gets thicker and shows evident expulsion and redistribution ofmelt towards the edge.
At 𝑁 = 5, peripheral nano-roughness starts to appear in the form of stretched marks and
extends up to 6 µm from the crater boundary as shown by the ”nano-roughness” annular
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Figure 4.3: Schematic representation ofmorphological features observed after single andmultiple
7 ps laser pulse processing along with the SEM image of the corresponding representa-
tive craters at the bottom. (a) 𝑁 = 1, 𝐹0 = 0.98−40 J/cm2 with a SEM image (tilted 70∘)
of a representative crater processed at 𝐹0 = 6.87 J/cm2, (b) 𝑁 = 1 − 50, 𝐹0 = 0.98 J/cm2

with a SEM image (tilted 70∘) of a representative crater processed at 𝑁 = 25 and (c)
𝑁 = 1 − 50, 𝐹0 = 40 J/cm2 with a SEM image (tilted 50∘) of a representative crater
processed at 𝑁 = 20. All schematic diagrams are in same scale.

ring in Fig. 4.3(b). High velocity particles from the ablation process impact onto this area
resulting in features similar to bubble bursts within the crater. In Fig. 4.3(c), the surface
feature evolution is shown for highest fluence value used in this work, as the number of
pulses in the same spot increases. Similar to lower fluences, particle redeposition occurs
outside the crater boundary. The bigger sized particles fall closer to the crater periphery
and the smaller sized particles redeposit further as shown in Fig. 4.3(c). Also the shapes of
the craters become asymmetric as they tend to deviate from the Gaussian shape. Features
like erosion, hump, waves and splashes, as seen in the SEM image of Fig. 4.3(c) around
and in the crater respectively, are discussed in details in Section 4.3.1, 4.3.2 and 4.3.3.

In general, the roughness at the bottom of the crater decreases as the number of pulses
increases for a given laser fluence. The roughness, at the bottom of the crater, can be mea-
sured from CLSM data and is shown in Fig. 4.4. Since the crater depth increases with
increasing number of pulses, we use kurtosis roughness according to JIS B 0601: 2001
(ISO 4287: 1997) standard, which is a dimensionless quantity. It is calculated by divid-
ing the average of the fourth power of the height of each point by the root mean square
height within the region of interest (ROI). In this figure, each data point is an average
of 10 craters. The limit for decreasing the roughness would be - when a uniform melt has
been pushed away from the center of the crater to the edge by the ablation plume, creating
a flat crater bottom.
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Figure 4.4: Evolution of kurtosis roughness 𝑅𝑘𝑢 in the crater as a function of number of pulses 𝑁
on Zn for 𝜏 = 7 ps.

For ns pulse processing, the variations in surface structures, when varying 𝐹0 and𝑁, are
less than ps pulse processing as illustrated in Fig. 4.5. In this case, the surface structures
are ”only” micrometric jet and a well defined rim. Although the ablation threshold en-
ergy is much higher for ns pulses than for ps pulses, the depths of the craters are higher
and the craters are Gaussian shaped with a flat crater bottom irrespective of 𝐹0 and 𝑁.
For longer pulse durations (𝜏 >1 ns), the target material heats up to melting point and to
vaporization point following classical heat transfer equation [7]. Significant evaporation
of the target material takes place as soon as the incident laser fluence is larger than the
specific heat of evaporation. This results in plasma plume formation. At the same time,
energy loss through heat conduction to solid creates a molten region. The plasma pushes
the melt away from the center of the crater towards the edge. Details of the features like
jets and rim, as seen in the SEM image of Fig. 4.5, are discussed in Section 4.3.4 and 4.3.5.

In the following, we focus on the specific features and structures we observed in the
short (ns) and ultrashort (ps) laser irradiation of zinc and zinc coated (galvanized) steel
surfaces. For 𝑁 = 1, as received galvanized steel sample (𝑅𝑎 = 0.3 µm) is comparable
to the pure zinc block. This is because, optical heating is a surface phenomenon and the
effect of the substrate can be neglected for a coating thickness of about 8 µm or larger.
However, the substrate effect becomes prominent for multiple pulses. Therefore, only re-
sults of galvanized steel for 𝑁 = 1 is discussed in the following subsections.

4.3.1 Erosion

It has been discussed in the previous section that surface modification in form of ”clean-
ing” is observed outside the boundary of active modified area at 𝑁 = 1, see Fig. 4.3(a).
Also, at low fluence values but 𝑁 ≥ 5, nano-roughness starts to appear outside the bound-
ary of the actively modified area as an evident sign of stress from rapid solidification, see
Fig. 4.3(b). Figure 4.6 shows the sample surface outside the crater for 𝑁 = 20 at the high-
est fluence level used in this work. It appears as if melting and its subsequent liquid has
taken place beneath a hard top surface layer, which leaves this hard top surface stretched
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Figure 4.5: SEM images (top view) of zinc coated surface irradiated at different laser peak fluence
𝐹0 levels at 𝑁 = 1 for 30, 100 and 241 ns laser pulses. White bar in the SEM images
denotes 10 µm.

and shattered in places. This is analogous to riverbank erosion where softer rock under-
neath is eroded ahead of the harder rock on top. AFM measurements show that the this
possible ”eroded” area indeed has a depth difference compared to the reference surface
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Figure 4.6: Erosion around the crater at 𝑁 = 20, 𝐹0 = 40.8 J/cm2 on Zn for 𝜏 = 7 ps. Lower image
corresponds to AFMheight image of the areamarkedwith black rectangle in the upper
SEM image.

and increases towards the crater, being as deep as 100 nm. Fig. 4.7 shows laser beam cross-
section at representative fluence levels alongwith the theoretical melting and evaporation
threshold calculated as [12]

𝐹𝑒
𝑡ℎ =

𝛿.𝜌. ((𝑇𝑚 − 𝑇0) ⋅ 𝐶𝑝 + 𝐻𝑚 + 𝐻𝑣)
𝐴 , (4.1)

where, 𝜌, 𝐻𝑚, 𝐻𝑣, 𝐶𝑝, 𝑇𝑚, 𝑇0, 𝛿 and 𝐴 represent the density of the solid (7140 kg ⋅ m−3

[13]), the enthalpy of fusion (111 × 103 J ⋅ kg−1 [14]), the enthalpy of evaporation (1748 ×
103 J ⋅ kg−1 [14]), specific heat (0.382 × 103 J ⋅ kg−1 ⋅ K−1 [13]), melting point (692.68 K
[13]), room temperature (300K), the energy penetration depth and absorption coefficient,
respectively. The total penetration depth, including optical and ballistic electron penetra-
tion depth, of about 50 nm is taken as the energy penetration depth in Eq. (4.1). Left inset
of Fig. 4.7 shows the zoomed image of the tail of the Gaussian profile indicating the extent
of the surface features like cleaning, nano-roughness and erosion. These features appear
when the laser fluence crosses the melting threshold. Right inset in Fig. 4.7 is a schematic
representation of native oxide layers. X-ray photoelectron spectroscopy (XPS) analysis
on the virgin sample revealed the presence of native oxide layers as thick as 50nm. Both
ZnO and Al2O3 are transparent to infra-red wavelength. Thus the laser beam penetrates
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through the oxide layer without significant absorption in the oxides. Moreover, both these
oxide layers are considerably harder and possess higher melting point than Zn. Therefore,
the tails of Gaussian beam at high fluence level becomes intense enough to melt Zn but
not the corresponding oxides. This results in surface erosion as depicted in Fig. 4.6.
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Figure 4.7: Laser beam cross-section for different laser fluence levels along with theoretical melt-
ing and evaporation threshold according to Eq. (4.1). Left inset shows the zoomed
image of the tail of the Gaussian profile. Right inset is a schematic representation of
native oxide layers on bulk zinc, where red line indicates laser beam at 1030 nm.

4.3.2 Hump

It has been observed from the cross-sections of ablated craters, obtained from CLSMmea-
surement (see Fig. 4.1 bottom-right image and Fig. 4.3(c)), that the craters are Gaussian-
shaped for all 𝑁 for fluence level up to 𝐹0 ≤ 10 ∶ J/cm2, but start to deviate from this shape
at higher fluence levels. At themaximumfluence value used in this work, the crater shape
differs significantly from a Gaussian profile, showing a ”hump” in the center surrounded
by a groove (see Fig. 4.8(a)). A similar bulging shape was also observed for Si [15]. At
𝑁 = 50, for example, the hump extends over 1/𝑒2 beam diameter from the center of the
crater. The height difference is ≈ 10 µm from the deepest point.

The hump formation may be attributed to the segregation of aluminum from the solid
solution (Zn-Al) during ablation. There is no intermetallic formation in the Zn-Al solid
solution, which means the interaction between Al and Zn atoms is weak [16]. Comparing
the thermal and physical properties of Zn and Al in Table 4.2, Zn ablation rate is expected
higher than Al. Melting of the zinc is expected with the fluence levels applied in this
study. As the zinc is ablated, the aluminum tends to be clustered and supersaturated in
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Figure 4.8: (a) Ablated crater at 𝑁 = 20, 𝐹0 = 40.8 J/cm2 with ‘hump ’in the center and surface
modification (erosion) around the crater (tilted 60∘) on Zn for 𝜏 = 7 ps. (b) Backscat-
tered electron (BSE) image of cross-section of a similar crater ablated at 𝑁 = 50,
𝐹0 = 40.8 J/cm2. (c) EDS layered image of a crater ablated at 𝑁 = 50, 𝐹0 = 40.8 J/cm2

and (d) EDS layered image of the area marked with white rectangle in (c).

the remaining molten Zn resulting in a new thin Zn-Al solid solution layer. This process
is repeated as the number of the laser pulse increased since Al is highly reflective at 1030
nm wavelength. As a result, the accumulation of new Zn-Al solid solution may become
a layer as shown in Fig 4.8(a) and (b). This also leads to lower ablation rate than the low
fluence regime (𝐹0 < 10 J/cm2) [17]. Figure 4.8(b) shows a cross-section of the crater pro-
cessedwith 50 laser pulses with 𝐹0 = 40.8J/cm2. From this figure, themelt layer thickness
is estimated to be around 3 µm with higher aluminum content.

Table 4.2: Thermo-physical properties of Zinc [13] and Aluminum [18].

Parameter Zn Al
Latent Heat of Melting [J/g] 100.9 388

Latent Heat of Vaporization [J/g] 1782 10800
Absorptance @ 1030 nm [%] 42.11 4.03

Optical Penetration depth @ 𝜆 =1030 nm [nm] 25.4 8.45
Theoretical evaporation threshold (Eq.(4.1)) [J/cm2] 0.09 0.67



4.3 re sult s & d i scu s s ions 73

A 3D transient thermal FEM analysis was performed in ANSYS 19.0 as shown in Fig.
4.9. For analysis, a 30∘ symmetric model was meshed with solid187 element type. An ini-
tial temperature boundary condition of 900∘C (Tevap) was applied to the Zn melt of a
thickness of 3 µm, see Fig. 4.9(c). The cooling rate was calculated by taking into account
the heat conduction to the surrounding material, and combined heat loss due to convec-
tion and radiation. It was found that Zn melt cooled down to 54∘C in 100 µs as shown
in Fig. 4.9(b) and (d). Since zinc has a positive temperature coefficient of surface tension
[15], this hump could result from the thermocapillary flow of the superheatedmolten Zn.

Subsequent EDS analyses were performed, and the results are shown in Fig. 4.8(c), in
which the green denotes the presence of Zn and pink denotes the presence of Al. The
groove around the hump is too deep for the EDS detector to detect any elemental compo-
sition. Therefore, area marked in white rectangle is analyzed for retrieving a better com-
positional map as shown in Fig. 4.8(d). From these two images, it can be concluded that,
Zn is present in the hump whereas Al is segregated from the melt and deposited in the
groove around the hump.
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Figure 4.9: (a) Schematic diagram of the ANSYS model representing a liquid melt within bulk
Zn. (b) Cooling rate of Zn obtained from ANSYS model where (c) initial boundary
condition at 5 ns and (d) temperature at 100 µs.

4.3.3 Waves and instabilities

Although the craters are disc-shaped at low fluence, they becomemore splash-dominated
with increasing 𝐹0 and 𝑁, see Fig. 4.1. Ripples with crests for 𝑁 = 1 (Fig. 4.10 (a)) turns
into splats with “fingers” (Fig. 4.10 (b)) for higher number of pulses at the center of the
crater. At 𝐹0 < 10 𝐽/𝑐𝑚2 and 𝑁 ≥ 1, splash fingers do not develop completely. However,
for 𝐹0 ≥ 10𝐽/𝑐𝑚2, these fingers ”stack” over each other in an alternatingmanner as shown
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in Fig. 4.3(b). Also, these melt splash fingers do not develop radially, but rather randomly,
around the crater center. The spherical finger-tip detaches from the finger and redeposits

(a) (b)

Figure 4.10: (a) Ablated crater at 𝑁 = 1, 𝐹0 = 40.8J/cm2 (tilted 70∘) on Zn for 𝜏 = 7 ps. (b) Splash
fingers over the crater rim at 𝑁 = 25, 𝐹0 = 40.8 J/cm2 (top view). White bar in the
SEM images denotes 10 µm.

as micrometric spheres around the crater. Eventually by melt expulsion, stacked splash
fingers form a rim around the crater at high fluence levels and/or number of laser pulses.

Increasing the laser fluence results in a transition to a molten region with waves and
fingers (see e.g. the single pulse results in Fig. 4.1). The final morphology features solid-
ified layers of the ablated materials with clear azimuthal instabilities. In such a regime,
a part of the laser energy absorbed by the material leads to a solid-liquid phase change.
Meanwhile, the plasma formation generates a pressure gradient on the surface of the thin
molten film. This results in a flow towards the edge of the crater. We hypothesize the
”layered” morphology is a consequence of Kelvin-Helmholtz instability [19], due to the
shear at the interface of themoltenmaterial and the plasma/vapor. The Kelvin-Helmholtz
waves grow in the radial direction, which leads to azimuthal transverse modulations due
to the Rayleigh-Taylor instabilities [19], i.e. the edge of the accelerating waves become un-
stable and forms finger-like jets. These finger-like jets further stretch and in some cases
break up because of Rayleigh-Plateau instability [20], redepositing micrometric spheres
around the crater. A similar phenomenology has previously been observed in spray for-
mation [21] and deformation of a droplet in a gas stream [22]. Nevertheless, a direct ex-
perimental observation is yet to be provided in the future studies, using ultra-high speed
imaging.

The hydrodynamical phenomena explained above are damped by surface tension and
the viscosity of the melt and are eventually ceased due to re-solidification. A simple scal-
ing reveals that the heat conduction time scale (𝐿2𝜌𝐶𝑝/𝑘, where 𝐿, 𝜌, 𝐶𝑝, and 𝑘 are the
characteristic length scale, density, heat capacity, and heat conductivity, respectively) is
smaller or comparable to the visco-capillary time scale (𝐿𝜇/𝜎 , where 𝐿, 𝜇, and 𝜎 are a
characteristic length scale, viscosity, and surface tension, respectively) as well as the flow
time scale (𝜇𝐿2/𝑃𝑎𝑣𝑒ℎ𝑚𝑒𝑙𝑡, where 𝑃𝑎𝑣𝑒 and ℎ𝑚𝑒𝑙𝑡 are the plasma pressure and themelt thick-
ness, respectively). Therefore, the melt instabilities are retarded while developing due to
the solidification, as is clear in the SEM pictures of the final morphologies (Fig. 4.10).
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Increasing the pulse number results in a more complicated final morphology. On the
one hand, the crater depth grows and on the other hand, a larger number of fine spherical
residuals (solidified droplets) are created around the crater. The latter might be due to
the complex initial shape of the target for the subsequent pulses.

4.3.4 Jets

Two types of jets can be observed for picosecond and nanosecond pulsed processing,
which only occurs for 𝑁 = 1 and was not observed for higher number of pulses, see
Fig. 4.11. In ps laser irradiation, jets with spherical endings cover the laser irradiated zone
at low fluence values as shown in Fig. 4.11(a). Similar features were observed by Oboña et
al. for Cu surfaces processedwith the same ps-pulsed laser source [23, 24]. These jets pro-
trude from the reference surface 780 nm on average. This results in a subsequent minima
or valley as low as 480 nm from the reference surface. Of course, this is neither ablated
nor removed material. Rather these maxima and minima are a consequence of the rapid
solidification of the displaced melt due to inertia, viscous and capillary forces acting dur-
ing the formation of the bubble in the propagating thin liquid layer [23]. The size of the
spherical tip is bigger in the center of the crater than on the edges.

(b)

(a)

Figure 4.11: SEM images of (a) crater processed at 𝑁 = 1, 𝐹0 = 0.99 J/cm2 with 7 ps laser pulse
featuring jets with spherical endings in the center of the crater and micrometric rede-
position (tilted 60∘), and (b) crater processed at 𝑁 = 1, 𝐹0 = 19.7 J/cm2 with 30 ns
laser pulse showing jet with micrometric spherical ending (tilted 65∘) on Zn coated
sample.

The second type of jet is observed in ns laser processing for relatively short pulse dura-
tion (< 50 ns). Longer pulse duration in ns regime results in a complete melt redistribu-
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tion towards the edge of the crater creating rims as high as 1 µm. In Fig. 4.11(b), such a jet
is shown on galvanized steel sample, which resembles a wheel with spokes. The jet rises
more than 2 µm over of the reference surface. The ellipsoidal tip is extended over 5 µm
along themajor axis and 2.5 µm along theminor axis. The total number of spokes is seven
and the height of the spokes from the crater bottom is more than 0.5µm. This may result
from the increasing surface tension of Zn with temperature as mentioned earlier. Similar
kind of micrometric jet was also observed for gold and was attributed to the liquid mate-
rial being “sucked up” into the crater center due to the drop of ablation pres-sure behind
the ablation plume [25].

a)

b)

5 µm

10 µm

Figure 4.12: SEM image of (a) crater processed at 𝑁 = 50, 𝐹0 = 40.8 J/cm2 (tilted 70∘) on Zn
for 𝜏 = 7 ps, (b) crater (tilted 65∘) processed on a Zn coated sample by a 100 ns laser
pulse at 𝑁 = 1, 𝐹0 = 19.2 J/cm2 .

4.3.5 Rim

Ablation of the material results in an ablation plume with a melt layer as a result of the
residual heat energy within the target during and/or after the pulse but prior to reso-
lidification. This plume is associated with internal and external shock waves [26]. These
shock waves, i.e. plasma pressure pushes the melt outwards as the pressure gradient is
extremely high at the plasma-air interface. If the lifetime of the melt layer is longer than
the plasma pressure generation time, the melt is pushed outwards more strongly [27].
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Figure 4.12(a) shows a crater processed with 50 laser pulses of 7 ps duration. It can be
seen that the rim formed around the crater has evident signs of melt expulsion with each
new pulse arriving on the same location. On the other hand, Fig. 4.12(b) shows a typical
rim around a ns pulsed laser processed crater analogous to a Napoli pizza. Themaximum
depth of this crater is about 2.3 µm, whereas the rim height is about 1.6 µm. Within the
boundary of our experimental conditions, ns laser pulses always results in a crater with
a rim. At low fluence levels, there is either transient surface melting and resolidification
or formation of a crater with a rim. As the fluence and/or number of pulses is increased,
the rim height increases.

241 ns

100 ns

30 ns

6.7 ps

τ

Figure 4.13: 3D confocal image (height magnification 250%) for different pulse durations at 𝑁 =
1, 𝐹0 ≈ 20 J/cm2 on samples with 𝑅𝑎 = 0.5 µm.

The height of the rim ℎ𝑟𝑖𝑚 can be estimated as [28]

ℎ𝑟𝑖𝑚 ≈
𝑝𝑎𝑣𝑔 ⋅ ℎ𝑚𝑒𝑙𝑡

𝜇 ⋅ 𝐷2 , (4.2)

where 𝑝𝑎𝑣𝑔 is the average plasma pressure, ℎ𝑚𝑒𝑙𝑡 is themelt layer thickness, 𝐷 is the ablated
crater diameter and 𝜇 is the viscosityAs the laser fluence is increased, the plasma pressure
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and temperature also increases with the melt temperature. Therefore, an increase in the
rim height is observed with increasing fluence both in ps and ns pulse durations. As can
be observed in Fig. 4.2, the depth of the crater also increaseswith fluence. This implies that
the rim height increases with increasing crater depth. This is found to be true for ns laser
processing of Zn. Figure 4.13 shows the height image of ablated craters on galvanized steel
at similar processing conditions, but at different laser pulse durations. The rim around
the crater is more pronounced in longer pulse durations than shorter ones because of the
slower decrease of temperature, as well as higher initial velocity of the ns plume than
ultrashort pulse plumes [26]. Thus, the rim around the crater gets higher as the laser
material interaction time increases.

4.4 conclus ion

Within the boundaries of our experimental conditions, laser ablation of Zn is a melt dom-
inated process. In spite of that, the crater morphology of ps- and ns-ablated craters differ
substantially. The shorter lifetime of the plasma plume as well as liquid melt makes the
difference. Three different microscopy techniques were utilized to investigate the result-
ing surface structures.

• At the lowest fluence in the ps regime, the laser irradiated zone is covered with jets
with spherical endings. In contrast, ns laser pulsesmodify the surface either through
transient melting and resolidification or by creating a crater with a well defined rim.

• There is a limit of laser peak intensity, below which the shape of the crater follows
the Gaussian shape of the incoming beam intensity profile. If the intensity is high
enough, the composition of the Zn alloy changes locally due to supersaturation of
Al at the surface.

• As the number of pulses increases, the previously formedmicrostructures affect the
later formed surface structures in an accumulative manner.

Therefore, depending on the requirements of the surface texture for a given application,
either ps- and/or ns-pulsed laser sources can generate different kinds of textures resulting
from resolidification.
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It is absolutely paradoxical; we cannot understand it, and we don't know what it means, but we have proved it, and

therefore we know it must be the truth.

Benjamin Peirce

Kasner, E., and Newman., J. R. Mathematics and the Imagination (1940)

SEM micrograph (left) and EBSD mapping (right) of a laser ablated crater. Black bar denotes 2 µm.
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I NVE ST IGAT ION OF THE ULTRASHORT PUL SED LASER
PROCE S S ING OF Z INC AT 5 1 5 NM : MORPHOLOGY,
CRYSTALLOGRAPHY AND ABLAT ION THRE SHOLD

H. Mustafa, D. T. A. Matthews, and G. R. B. E. Römer. Investigation of the ultra-short pulsed laser processing of zinc at 515 nm:

Morphology, crystallography and ablation threshold. Materials & Design, 169:107675, 2019.

ab stract Bulk polycrystalline pure zinc is ablated in air using a picosecond
laser source to perform single pulse and multi-pulse processing at a wave-
length of 515 nm. The geometries and surface morphologies of the resulting
craters are determined by confocal laser scanning microscopy and scanning
electron microscopy. Further, the ablation threshold and its corresponding in-
cubation coefficient is determined from the ablated volume for multiple laser
pulses. Two different thermal ablation regimes are identified. The single pulse
ablation thresholds are found to equal 0.1 J/cm2 and 0.68 J/cm2 respectively
for the two regimes. It is found that the incubation coefficients are larger than
unity, indicatingmaterial removal becomes energy expensive formultiple pulse
laser irradiation. It is also found that an irradiated area undergoes laser in-
duced preferential crystal orientation.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

5.1 in troduct ion

Ultra short pulsed laser sources can be used to texture the surface of materials precisely
and accurately via laser ablation [1].When a laser beamwith sufficiently high intensity im-
pinges on a metal surface, structural modification occurs as a result of photo-thermal and
photo-mechanical processes [2]. Alongside material removal, the laser irradiated surface
morphology can result in improved surface functionalities e.g. for tribological and opti-
cal applications [3]. Generally, laser irradiation conditions vary depending on the goal
of the processing. That is, different processing parameters, e.g. pulse duration, pulse en-
ergy, pulse repetition rate, wavelength, polarization, fluence, angle of incidence, intensity
profile, ambient medium, sample thickness etc., result in qualitatively different ablation
mechanisms [4]. In the case of Laser Induced Breakdown Spectroscopy (LIBS), the ab-
lated plume and plasma is of interest and therefore, the associated processing parameters
are generally non-normal angle of incidence (AOI) and nanosecond pulse durations, con-
ducted in a vacuum atmosphere [5]. Thereby, the resulting surface structure becomes
asymmetric. As another example, for synthesizing different kinds of nanoparticles, laser
processing is done under liquid environment such that particles are formed by ablation
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and hydrodynamic processes involved in Pulsed Laser Ablation in Liquid (PLAL) [6].
As such, the resulting surface structures are not well defined. In contrast, functional sur-
face texturing negates ablated mass as debris and focuses only on the resulting surface
structures both in size and shape, where the most primitive geometric shape is essentially
a point or a spot. Moreover, a recent work highlights the complexities of laser-induced
crater formation and morphology as well as the application to understand the formation
and evolution of celestial bodies [7].

Zinc is one of the most widely used metals in modern applications [8]. Among other
metals, zinc stands out as having a low melting point and, high vapor pressure as well as
a hcp crystal structure with high c/a ratio [8]. Short and ultrashort pulsed laser process-
ing of zinc is mainly studied in the framework of nanoparticle generation under liquid
film [9–11]. Due to the low melting point of Zn, most work in ultrashort pulse regimes is
focused at 800 nm wavelength, where the absorptivity of Zn is at its maximum, to study
fundamental aspects of laser material interaction [12–14]. However, (ultra) short pulsed
laser irradiation of Zn, with pulse durations ranging from fs to ns, is mainly reported
in literature dealing with LIBS due to the abundant presence of zinc in nature as alloys
and compounds. For example, Cabalin et al. reported the plasma threshold fluence to be
0.91 J/cm2 for a 5 ns pulse at a wavelength of 532 nm. The laser treated surface of Zn has
been reported in connection to a variety of material properties, such as electrical resistiv-
ity [15], crystallite size [16], lattice defects [17] and hardness [18], up to a certain number
of pulses at a fixed fluence value for 6 ns laser pulses at a wavelength of 532 nm in vac-
uum. Only Butt et al. [17] processed in focus with a normally incident beam (97.2 J/cm2),
while others [15, 16, 18] processed at 2.5 cm below the focus with an AOI of 45∘ to the
target normal at a fluence value of 4.24 J/cm2. The latter is common in LIBS [19]. More-
over, Butt et al. found that crystallography plane < 002 > and < 004 > are preferentially
orientated under multiple laser pulse irradiation [16]. While longer wavelengths result
in higher rates of nanoparticle generation for metals [20], it lowers the ablation rate from
a material processing point view [21]. Further, in the case of Zn, both ablation rate and
nanoparticle generation has been reported to scale down with a decrease in wavelength
[20]. Generally for metals, this phenomenon is attributed to the optical penetration depth
and absorption of the laser energy by laser-induced plasma, both of which are functions
of laser wavelength [21]. However, the results of LIBS and PLAL cannot be easily trans-
lated for surface texturing because the size and shape of the ablated area is non-uniform
and/or lacks symmetry.

With the aim of determining an understanding of laser material interaction for surface
texturing of Zn, in this work, we present the laser ablation fluence threshold and incuba-
tion in the thermal ablation regime of polycrystalline zinc processed with a picosecond
pulsed laser source at a wavelength of 515 nm in air. We investigate the ablated surface
morphology in order to identify possible ablation mechanisms responsible for the result-
ing surface structures at different fluence levels and/or number of pulses. Furthermore,
the threshold fluence is derived for multiple laser pulse irradiations at a 515 nm wave-
length in the picosecond regime with the associated incubation coefficient in energy pen-
etration depth and threshold fluence. In addition, we report, for the first time, laser in-
duced preferential crystal orientation of polycrystalline zinc by a picosecond laser source
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at a wavelength of 515 nm.

5.2 ex p er imental s e tup

5.2.1 Laser setup

Laser ablation, without gas shielding or extraction, was conducted under ambient condi-
tions using a TruMicro 5050 diode pumped thin disc Yb:YAG pulsed (𝜏 =6.7 ps) laser
source (Trumpf GmbH, Germany). A maximum average power of 50 W at a maximum
pulse frequency of 400 kHz characterizes the set-up and the beam shows a nearly Gaus-
sian power density profile (𝑀2 ≤ 1.3). The second harmonic wavelength of 515 nm gen-
erated by frequency doubling (SHG) was used in this work. The laser processed areas
were achieved by manipulating the focused laser beam (fixed focal length of 100 mm rel-
ative to the original surface) normally across the sample surface with an IntelliScan14
galvo-scanner (ScanLab GmbH, Germany), equipped with a telecentric F-theta-Ronar
lens (Linos GmbH, Germany). The pulse repetition rate was 8 kHz. The focal spot (1/𝑒2)
radius 𝜔0 is 11.9 ± 1.6 µm, with an ellipticity ≈ 0.78, as measured using a MicroSpot
Monitor (Primes GmbH, Germany). A half-wave plate and a polarizing beam splitter
were used to control the laser energy irradiating the sample surface. For these studies,
the laser pulse energy was maximum 74.0 µJ and minimum 2.25 µJ, as measured with a
PM30 with FieldMax II pyroelectric detector (Coherent, USA) with an accuracy greater
than 92%. The individual pulse energy was calculated by dividing the measured average
power by the pulse repetition rate. For ensuring statistical significance, 21 craters were
created for each set of laser parameters. In the case of multiple pulse ablation, the delay
between sequential pulses for a given crater location equals 4.65 ms, at the given repeti-
tion rate and a beam scanning velocity of 1 m/s. Geometrically this translates to a spacing
between pulses (and thus craters) greater than 125 µm. This ensured enough time for the
sample to “cool down” before the next pulse impinges on the surface. Single andmultiple
pulses (up to 40) were performed. No thermal effects from the surrounding craters were
visible in post analysis of the samples.

5.2.2 Material

Cast zinc ingots having a composition 99.7%wt Zn, 0.3%wt Al, as typically used for gal-
vanizing processes, were used in this study. The ingots were sectioned and mounted in
a conductive Bakelite resin prior to the laser ablation experiments to ensure the samples
were flat. Thereafter, the samples were grinded and polished following standard prepa-
ration procedures [22]. The microstructure of the material can be characterized as being
equiaxed at around 200 µm. The polished surface prior to laser processing was charac-
terized by confocal laser microscopy and found to have an average roughness (𝑆𝑎) not
greater than 30 nm.
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5.2.3 Analysis tools

The laser-induced surface profiles (“craters”)weremeasuredusing aConfocal Laser Scan-
ning Microscopy (CLSM), (VK-9700 of Keyence Corporation, Japan). The resolution of
CLSMmeasurements was 276 nm laterally and 1 nm vertically. The sample after laser pro-
cessing was inspected using an optical microscope (Leica DMRX, Leica Microsystems,
Germany) in reflected polarized light microscopy mode. The morphologies of the ab-
lated areas (craters) were analyzed by a field emission Scanning Electron Microscope
(FE-SEM), (JSM-7200F of Jeol, Japan). The electron backscatter diffraction (EBSD) mea-
surements were performed with the same SEM at an accelerating voltage of 20 kV using
an EBSD system from HKL (Oxford Instruments, UK) with a Nordlys II EBSD camera.
Zinc hcp (space group 194, 6/mmm) with a lattice parameter of 2.664 Å was used for
indexing the crystallographic phase. Post-processing of the EBSD maps were performed
using an open-source toolbox “MTex” for MATLAB [23].

5.3 r e sult s and d i s cu s s ion

In the following, the morphological study of the ablated crater is discussed, followed by
a calculation of the fluence ablation threshold and incubation coefficient based on CLSM
measurements of the ablated craters. Where appropriate, the results of this work using a
wavelength of 515 nm are compared with the results of Zn processed at the fundamental
wavelength of 1030 nm as reported elsewhere [22]. Finally, observations on the crystal-
lography of ablated craters, based on EBSD measurements, are presented.

5.3.1 Morphological analyses

Fig. 5.1 shows SEM micrographs of the resulting craters for a range of peak laser fluence
levels ranging from 𝐹0 = 1.05 J/cm2 to 34.38 J/cm2 (row-wise) and for a varying number
of pulses for 𝑁=1, 10 and 40 (column-wise). The laser beam radius at 86% and 99% of
peak intensity is shown by the dashed and dotted curves respectively. With the exception
of the angular orientation of the elliptical beam, the same elliptical beam profile is used
in all micrographs. Although melty surface features are omnipresent within the range of
our experimental conditions, the extent of surface modification strongly depends on the
applied fluence and/or number of pulses. At the lowest fluence and number of pulses
(column 1, row 1), jets with spherical endings dominate the crater center, with micro-
and nano- protrusions at the edge (see also Fig. 5.2 (a)). This indicates “foaming” of the
molten surface, leading to complex structures like jets and protrusions as explained by
Ionin et al [24]. At the edge of the crater, the presence of bubble bursts indicates that
phase explosion, as well as explosive boiling happens at these conditions [25] (see also
Fig. 5.2 (a)). Moreover, nano-roughness analogous to striae (stretch marks) surrounds
the crater boundary as can be observed in Fig. 5.2 (a). These striae result from the subsur-
face melting of Zn underneath the naturally formed oxide layer on top of bulk zinc [26].
Pores within the region of nano-roughness suggests subsurface boiling. At the lowest flu-
ence 𝐹0 = 1.05 J/cm2 , the surface modification occurs within the 1/𝑒2 beam radius with
micro and nano protrusions. For single pulse processing (𝑁 = 1), increasing the pulse
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Figure 5.1: Bird’s-eye SEM micrographs of zinc surfaces irradiated under different process con-
ditions. The rows reveal a series of craters generated at a constant peak fluence 𝐹0,
while the columns show different pulse numbers (𝑁 = 1 (left), 10 (middle) and 40
(right)). The dimensions of the craters (diameter, 𝑑 and maximum depth, ℎ) corre-
spond to CLSM measurements on the same craters. The dashed curve represents 86%
beam diameter, while the dotted curve depicts 99% beam diameter. All images are in
same scale.
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energy causes surface modification outside the 86% beam radius and up to 99% beam ra-
dius due to the increase in intensity along the “tails” of the Gaussian profile of the laser
beam. At 𝐹0 = 1.05 J/cm2, the small flat area (disk) in the center of the crater (see Fig.
5.1 column 1, row 1), starts to grow in diameter with increasing fluence as the plasma
plume exerts a pressure over the melt. Therefore, the melt is pushed towards the edge,
resulting in ripples with crests (see Fig. 5.1 column 1, row 2, 3 and, 4). At 34 J/cm2, the
plume grows big enough to demonstrate melt expulsion within 1/𝑒2 beam radius (see Fig.
5.1 column 1, row 4), see also Fig. 5.2(b). In this figure, it can be observed that the thin
molten film over the surface experiences a pressure gradient from the plasma driving the
melt towards the edge of the crater. The shear at the interface between the molten film
and plasma causes Kelvin-Helmholtz instability [16, 26]. Since the heat conduction time
scale1 is smaller or comparable to the visco-capillary time scale2 as well as the flow time
scale3, the melt instabilities are solidified during the development phase as can be seen in
Fig. 5.2(b). Therefore, a flat crater bottom surrounded by ripples with crests is visible as
a result of rapid solidification of Kelvin-Helmholtz waves propagating in the radial direc-
tion. The crack visible in this figure was present on the surface prior to laser processing.
Also, redeposited nanoparticles, possibly from plume condensation [27], can be observed
at the center of the crater. Remarkably, surface structures, as seen in Fig. 5.2(a) are present
between the 86% and 99% beam radii. This suggests that the energy (density) in the laser
beam at the tail-ends of the beam profile is high enough to induce comparable surface
modification at 𝐹0 = 1.05 J/cm2 as at high fluence levels such as 𝐹0 = 34.38 J/cm2.
As can be concluded from the inset texts in Fig. 5.1, as well as from Fig. 5.3, the max-
imum depth (ℎ) and the average diameter (𝑑), determined from the CLSM measure-
ments, increases proportionally with both the applied laser fluence (𝐹0) as well as the
pulse repetitions (𝑁), without showing any saturation along the ablated diameter or
depth. Also, ellipticity in the crater shape becomes more pronounced with increasing
laser fluence and/or number of pulses, which can be attributed to the ellipticity of the
laser spot (measured as 13.23 µm and 10.36 µm along the major and minor axes respec-
tively). Melt expulsion, as shown in Fig. 5.2(b), becomes visible in the form of frozen
waves from 𝐹0 > 2.5 J/cm2. It indicates that the ablated plume is present long enough
to exert pressure on the melt, resulting in rapid solidification during melt movement, as
has also been reported for other materials and pulse durations [28, 29]. With the increase
in laser fluence and/or number of pulses, the interaction between the molten film and
the plume results in different hydrodynamic instabilities. Ripples with crests for 𝑁 = 1
(Fig. 5.2 (a)) evolve to splats with “fingers” (Fig. 5.2 (d)) for higher number of pulses
at the center of the crater. With increasing fluence, these fingers “stack” over each other
in an apparent alternating manner as shown in Fig. 5.2(d). As the edge of the accelerat-
ing Kelvin-Helmholtz waves becomes unstable, this results in finger-like shapes due to
Rayleigh-Taylor instability [26, 30]. The spherical finger-tips can detach from the fingers
and redeposit as micrometric spheres around the crater as a result of Rayleigh-plateau
instability [26, 31] (see Fig. 5.2 (b), (c) and (d)). It is observed empirically that, as soon
as the maximum depth of the craters exceeds 4 µm, the presence of micrometric droplets

1 𝐿2𝜌𝐶𝑝/𝑘, where 𝐿, 𝜌, 𝐶𝑝, and 𝑘 are a characteristic length scale, density, heat capacity, and heat conductivity
respectively.

2 𝐿𝜇/𝜎 , where 𝜇, and 𝜎 are viscosity and surface tension respectively.
3 𝜇𝐿2/(𝑃𝑎𝑣𝑒 ⋅ ℎ𝑚𝑒𝑙𝑡), where 𝑃𝑎𝑣𝑒 and ℎ𝑚𝑒𝑙𝑡 are the plasma pressure and the melt thickness respectively.
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Figure 5.2: SEM micrographs of various craters developed during laser processing of a polished
zinc surface. (a) Crater processed at 𝑁 = 1, 𝐹0 = 1.05 J/cm2 featuring spherically-
ended jets in the center of the crater and nano-roughness (striae) at the periphery
(tilted 70∘), (b) crater processed at 𝑁 = 1, 𝐹0 = 34.38 J/cm2 featuring flat crater
bottom and ripples with crest (tilted 70∘), (c) flat melt area around the crater rim
at 𝑁 = 20, 𝐹0 = 34.38 J/cm2 (tilted 70∘), (d) splash fingers over the crater rim at
𝑁 = 20, 𝐹0 = 34.38 J/cm2 (top view).



88 inve st i gat ion of the ultra short pul s ed la s er proce s s ing of z inc

around the crater increases with increasing crater depth (see Fig. 1 in Ref.[32]). If the
maximum depth of the craters is larger than 8.5 µm (see Fig. 2 in Ref.[32]), a drilling
effect is observed in the ablated surface (see Fig. 5.1 column 3, row 2, 3, 4 and column
2, row 4). Ultimately, a rim around the crater is formed by well defined stacked splash
fingers through melt expulsion at high number of laser pulses and/or fluence levels (see
Fig. 5.2 (d)). Similar structures were also observed by Butt et al. [16] for 𝑁 = 50 with ns
laser pulses. We show here that such surface features are also present in the ps regime for
𝑁 > 10. The crater rim is surrounded by a flat melt region around the edge (see Fig. 5.2
(c)). Particle redeposition occurs outside this flat melt area. Similar “halo” like features
were also observed for Zn processed at 1030 nm [22]. The size of the particles decreases
with the distance from the flat melt area, since bigger particles result from splat fingers,
whereas smaller particles result from the condensation of the ablation plume. Although
crater shapes are reported to deviate from the Gaussian shape at high peak fluence levels
at a wavelength of 1030 nm [22], within the boundaries of our experimental conditions,
craters are always Gaussian shaped.
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Figure 5.3: Contour plots of crater dimension as a function of incident number of laser pulses 𝑁
and peak fluence 𝐹0; (a) diameter and (b) maximum depth

5.3.2 Fluence ablation threshold

In this study, the threshold fluence, above which material removal occurs, is calculated
based on the measured ablated volume from the CLSM data. The ablated volume per
pulse, for an elliptical laser beam with Gaussian intensity distribution, is expressed as
[33, 34]

Δ𝑉 = 1
4 ⋅ 𝜋 ⋅ 𝜔𝑚𝑎𝑗 ⋅ 𝜔𝑚𝑖𝑛 ⋅ 𝛿𝑉

𝑒 ⋅ ⎡⎢
⎣
ln⎛⎜

⎝
𝐹0
𝐹𝑉

𝑡ℎ

⎞⎟
⎠

⎤⎥
⎦

2

, (5.1)
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where 𝜔𝑚𝑎𝑗 and 𝜔𝑚𝑖𝑛 are the laser beam radius (1/𝑒2) along the major and minor axes
respectively, 𝛿𝑉

𝑒 is a fit parameter for energy penetration depth and 𝐹𝑉
𝑡ℎ is a fit parameter

for threshold fluence. 𝐹0 = (2 ⋅ 𝐸𝑝)/(𝜋 ⋅ 𝜔𝑚𝑎𝑗 ⋅ 𝜔𝑚𝑖𝑛) is the peak fluence related to pulse
energy 𝐸𝑝. Figure 5.4(a) shows the ablated volume per pulse from the CLSM measure-
ments of the craters developed in this work. Each data point in this figure is an average
of 7 to 15 craters. Two different ablation regimes can be observed for fluence levels above
and below 10 J/cm2 numbered I and II. The solid and dashed curves in Fig. 5.4(a) repre-
sents the nonlinear least squared fit of Eq. (5.1) with 𝜔𝑚𝑎𝑗 = 13.23 µm and 𝜔𝑚𝑖𝑛 = 10.36
µm, which were measured using Primes FocusMonitor (see Sec. 5.2.1), for 𝐹0 ≤ 10 J/cm2

and 𝐹0 > 10 J/cm2 respectively. Data points showing higher ablation rate for 𝑁 < 5,
𝐹0 ≤ 5 J/cm2 is due to the presence of an oxide layer on the sample surface [22]. This is
also reflected in Fig. 5.4(b) and (c) for 𝑁 = 1 as a different slope is observed, especially
in the low fluence regime. Although the curves in both the regimes in Fig. 5.4(a) are
quadratic, the volume ablation rate is higher in regime II than in I. Moreover, threshold
fluences increase with increasing 𝑁 indicating damage and/or heat accumulation from
multi-pulse irradiation.
The incubation in fluence thresholds and penetration depths for both the regimes are plot-
ted in Fig. 5.4(b) and (c) respectively, using the most cited non-physical power relation
[35]

𝑁 ⋅ 𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1)𝑁𝜁 , (5.2)

where 𝜁 is the incubation coefficient. In the case of an expression for the incubation of
the penetration depth, 𝐹𝑡ℎ (in Eq. (5.2)) is replaced with 𝛿𝑒 [22]. The resulting values are
listed in Table 5.1. As can be concluded from Table 5.1, the average ablation threshold in
regime II is about 7 times higher than regime I, whereas the average penetration depth
increases three-fold for the high fluence regime.

Table 5.1: Single pulse ablation thresholds and incubation coefficients calculated empirically for
the two regimes identified within the thermal ablation regime for laser processing of
zinc with a wavelength 515 nm and pulse duration of 6.7 ps

Ablation regime 𝐹𝑡ℎ(1) 𝜁 𝛿(1) 𝜁𝛿

[J/cm2] [-] [nm] [-]

I 0.1 ± 0.03 1.06 ± 0.09 54 ± 9 1.11 ± 0.05
II 0.68 ± 0.36 1.29 ± 0.16 172 ± 80 1.33 ± 0.15

Nevertheless, both regimes retain an incubation coefficient greater than unity implying
that material removal becomes energy expensive for additional laser pulses during multi-
ple pulse laser irradiation. However, the degree of uncertainty in determining 𝐹𝑡ℎ, 𝛿𝑒 and
their corresponding incubation coefficients is remarkably higher for regime II when com-
pared to regime I. This indicates that Eq. (5.1) cannot describe the experimental data in
regime II with high degree of confidence. In comparison to the threshold values reported
for 1030 nm [22], a two-fold decrease in laser wavelength results in a proportional de-
crease in threshold fluence in regime I, while the absorptivity drops by 42% from 1030 nm
to 515 nm. However, regime II shows a striking difference when comparing 1030 nm and
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Figure 5.4: (a) Ablated volume per pulse Δ𝑉 versus peak fluence 𝐹0 for a series of craters. The
least squared fits according to Eq. (5.1) are given by the dashed and dotted lines in
regime I and II respectively. Inset shows schematics of craters processed at 𝑁 = 40,
drawn to scale, for respective regimes. (b) Logarithmic plot of accumulated threshold
fluence, 𝑁⋅𝐹𝑡ℎ versus laser pulse number (𝑁). The dashed and dotted curves represent
least squared fits of Eq.(5.2) for regime I and II respectively. (c) Accumulated energy
penetration depth versus laser pulse number, 𝑁 in a logarithmic plot. The dashed and
dotted curves depict least squared fits according to Eq.(5.2) for the regimes identified
as I (𝐹0 < 10 J/cm2) and II (𝐹0 > 10 J/cm2). The error bars are not visible since they
are masked by the size of data-points.

515 nm data. While the trend in the volume ablation rate becomes less linear in regime II
for 1030 nm, an increase in ablation rate is observed for 515 nm. The melt dynamics there-
fore play a critical role in regime II. The latter is also reflected in the rim formation around
the crater. Figure 5.5 shows the rim volume for zinc surfaces processed at wavelengths of
515 nm and 1030 nm for 10, 20 and 30 pulses. In all cases, the rim volume increases expo-
nentially with increasing fluence. It can be observed that the rim volume increases more
rapidly in regime II than regime I for both the wavelengths investigated. Empirically, it
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Figure 5.5: Volume of the rim around the crater processed at 515 nm (green) and 1030 nm (red)
as a function of peak laser fluence 𝐹0 for 𝑁 = 10, 20 and 30.

was found that the rim volume, regardless of the ablation regime, increases with peak
fluence and number of pulses as

𝑉𝑟𝑖𝑚(𝑁) = 𝑎 ⋅ 𝐹(1+𝑏⋅𝑁)
0 , (5.3)

where 𝑎 is constant and 𝑏 is a scaling factor, found to equal 0.0254 for Zn irrespective of
laser wavelength.

To verify single pulse threshold fluence, the most widely used 𝐷2− method [36–38]
was employed for 𝑁 = 1. Under the assumption of ideal ablation behavior with a perfect
Gaussian beam profile, the threshold fluence is found to equal 𝐹𝑡ℎ(1) = 0.11 ± 0.01 J/cm2

which is in good agreement with the estimated values from the ablated volume in Table
5.1. Similar conclusions, as found for the volumemethod, can also be drawn in the case of
ablated depth, where two regimes with different ablation rate and increment of required
ablation threshold per pulse are observed. The ablation depth per pulse, or ablation rate
𝐿 is given by [36, 39]

𝐿 = 𝛿𝑒 ⋅ ln( 𝐹0
𝐹𝑡ℎ

) . (5.4)

Using a similar approach employed by Hashida et al [36], the average ablation rate over
40 pulses is plotted against peak fluence in Fig. 5.6. For comparison, data for Zn processed
with 80 fs, 800 nm wavelength laser pulses, taken from [36], as well as with 6.7 ps, 1030
nmwavelength laser pulses, taken from [22], are also plotted in the same graph. Hashida
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Figure 5.6: Average ablation rate 𝐿 versus peak laser fluence at a wavelength of 515 nm (green,
circle), 800 nm (gray, square) and 1030 nm (red, diamond) in air for 𝑁 = 40. All the
dashed and dotted curves represent the least-squares fits of Eq. (5.4). Green dashed
and dotted curve represents thermal ablation regime I and II respectively at 515 nm
for 𝑁 = 40. Data for 1030 nm was taken from [22], where the red dashed curve repre-
sents thermal ablation regime I. Data for 800 nm (black data points) was taken from
[36], where the dash-dotted and dashed curves represent optical and thermal ablation
regimes.

et al. showed that there exists three regimes (only two are shown in Fig. 5.6) within their
experimental conditions and the slope for the corresponding regimes increases with in-
creasing fluence [36]. The intermediate and higher fluence regime of their work, plotted
in Fig. 5.6, shows optical (𝐿𝛿) and thermal (𝐿𝜆) penetration depth regimes for 80 fs laser
pulses for 𝑁 > 128 and 𝑁 < 128 respectively (at 𝜆 = 800 nm). In contrast, the ablation
rate at 515 nm in regime I (𝐿𝜆1) has a similar slope as 𝐿𝜆 but with half the energy require-
ment than the latter. Note that, the pulse duration in this work (6.7 ps) is two orders of
magnitude larger than the pulse duration employed by Hashida et al [36]. For the high
fluence regime 𝐿𝜆2, the higher ablation rate results from a two-fold increase in penetration
depth and a four-fold increase in threshold fluence. In contrast to processing with 1030
nm, processing Zn with 515 nm shows a two-fold increase in ablation rate in regime I and
three-fold increase in regime II. Also the ablation threshold energy increases by a factor
of 1.5 and 3.15 for regime I and II respectively. This indicates that, for 𝐹0 > 10 J/cm2 in
particular, a higher energy penetration depth and subsequently higher ablation threshold
results from the complex interaction of material properties and surface state.
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5.3.3 Crystallography

To investigate the possible influences (strongly correlated to crystal structure) of laser ir-
radiation on Zn, polarizing microscopy was performed on a series of craters. An example
shown in Fig. 5.7(a). The results indicate a possible crystal reorientation within the irra-
diated zone. Therefore, EBSD measurements were performed on the processed sample
to investigate the crystal orientation of the laser processed areas and surrounding areas
in more detail. Since the EBSD measurement is carried out at a tilt angle of 70∘, deep(er)
craters contain more zero solutions due to partial shadowing by the crater wall. Also,
shallow(er) craters with microprotrusions covering the maximum irradiated area (see
e.g. Fig. 5.2(a)) renders unreliable results. Therefore, EBSD measurements were carried
out for 𝑁=1 and 𝐹0 > 7 J/cm2 at 𝜆 = 515 nm, where the craters possess flattened crater
bottoms and shallow depths.

25 µma) b)

[0001] [1210]
__

[1100]
_

Figure 5.7: (a) Polarizing microscope image of a crater processed at 𝑁 = 1, 𝐹0 = 27 J/cm2. (b)
EBSDmapping of the same crater with grain boundaries and their corresponding crys-
tal orientation. Inset shows the inverse pole figure.

In Fig. 5.7(b), the EBSD mapping of a typical ablated crater and its surrounding is
shown. Clearly, the crystal orientation of the crater is different from its parent grain. It
was found that at a low laser fluence, resulting in a crater with a flat crater bottom, crystal
reorientation happens only at the center of the crater where the fluence is high. As the
flat melt region expands from the center of the crater with increasing fluence, so does the
area in which the crystal reorientated. It was found that for every parent grain orientation,
apart from < ̄12 ̄10 >, the laser modified area always tends to a preferential growth along
the < 0001 > plane. The reorientation angle between the modified area and parent grain
is always greater than or equal to 90∘. In cases where the parent grain is in the < ̄12 ̄10 >
plane, the reorientation angle is less than 5∘. To our knowledge, this is the first time laser
induced preferential crystal orientation (LIPCO) has been reported. However, as can be
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observed from Fig. 5.7, the polishing scratches, present on the surface prior to laser pro-
cessing, also result in directionally preferential crystallographic reorientation behavior.
Moreover, we also observed laser induced preferential crystal orientation (LIPCO) while
processing Zn and Zn-coated steel at other wavelengths (see Sec. 1.3 in Ref.[32])).
Laser material interaction is a complex phenomenon, given the large number of vari-
ables affecting the results. In our study, we found that crystal structure of the laser ir-
radiated Zn surface follows a unidirectional growth of crystals along the basal plane. To
pin-point one reason for this phenomenon or a few is hard, because the final morphol-
ogy not only depends on the growth kinetics of crystals (growth velocity along different
axes, surface/interfacial energy, supersaturation, impurity effects etc.), but also is a func-
tion of environment (thermal gradients, heat flow effect, mechanical constraints) [40]. If
the time between consecutive pulses is long enough, laser irradiated surface undergoes
rapid solidification. Rapid solidification of zinc results in preferential growth orientation
[41, 42], amorphous structures [43, 44], metastable states [45, 46] and polymorph selec-
tion [44, 47]. Lazenka and Shepelevich observed metastable phases in zinc alloys for a
cooling rate > 105 K/s [45]. While no experimental proof has been found, amorphous
structures and polymorph selection were estimated by Molecular Dynamics (MD) sim-
ulations by several other authors [43, 44, 47]. For pure zinc (> 99%), Blake and Smith
achieved rapid solidification through splat cooling in relation with other metals, and they
found that hcp metals show the greatest degree of preferred orientation [41]. Laine and
Lähteenmäki also observed preferred orientation in Cd, which has higher 𝑐/𝑎 ratio as Zn
[48]. They also observed a gradual decrease in the degree of preferred orientation from
the surface to the bulk. Akdeniz, Reid and Wood observed that textures developed dur-
ingmelt-spinning resulted in ribbons with preferential orientation related to the purity of
molten zinc [42]. All these splat-cooling experiments claim cooling rates Δ𝑇 > 105K/s. In
line with experimental results, MD simulations predict that, crystals are formed for cool-
ing rates in Δ𝑇 < 7.0×1011 K/s, metastable stages for 2.5×1012K/s > Δ𝑇 > 7.0×1011 K/s,
and amorphous structures for Δ𝑇 > 2.5 × 1012K/s [43]. Debela et al. found bond orienta-
tional ordering to be strongly correlated with the crystallization process of supercooled
Zn [44]. For laser spot heating, Shibayanagi et al. observed similar preferential orientation
in cold-rolled pure Al plates near the irradiated spots [49]. Although they could confirm
the presence of preferential orientation through Monte-Carlo simulation, no physical ex-
planation was provided. In case of high-energy beam treatment, preferential crystal re-
orientation has been observed during ion bombardment by several other authors [50, 51]
and many theories exist for this phenomenon. One of the most-referred theories is based
on minimum channeling of incident ions. Crystal orientation with low index directions
aligned parallel to the ion beam direction allow deeper penetration or channeling of ions,
whereas the non-channeling crystals are selectively removed by the impact of high en-
ergy ions on the near-surface region [50]. The resulting energy difference between the
undamaged channeling and damaged non-channeling grains leads to a recrystallization-
like process by shifting grain boundary to the damaged non-channeling side [50]. For
Cd, Marinov and Dobrev observed preferential crystal reorientation after ion bombard-
ment, corresponding to the channeling direction [51]. Since photons are massless, these
theories does not correlate with the case of laser processing. However, for laser shock
peening, Ressèguier et al. observed preferential crystal orientation for hcp Mg and was
attributed to the shock loading along axial orientation leading to spall fracture [52].
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From the above analyses, we can propose the following explanation for the possible physi-
calmechanismdriving the experimentally observedpreferential crystal orientation.When
a crystal is growing, atoms are “added”to the crystal structure and the fastest growth di-
rection depends on the crystal structure. Crystal planes with the lowest specific surface
energies form the equilibrium shape of crystals. Consequently, the most closed-packed
planes possess the lowest surface tensions, are typically flat in atomic arrangements, and
have lowMiller indices. With this in mind, the basal plane < 0001 > of Zn is energetically
favorable for “easy”crystal growth. Also, the high degree of anisotropy in Zn (𝑐/𝑎=1.856)
results in higher growth speed along the 𝑎 axis. Moreover, elastic (Young’s and shear)
moduli of Zn are lowest along basal plane and shows cylindrical symmetry along the 𝑐
axis [53], making it easier to deform under thermal and stress confinement during laser
ablation, as well as from the recoil pressure of the laser-induced plasma plume. This is
analogous to the channeling theory for processing under focused ion beams [50]. Addi-
tional driving forces like rapid solidification further help to promote the basal plane as the
final preferential orientation for grain growth morphology, through heat diffusion and
atomic mobility [54]. Therefore, it is likely that LIPCO may originate from the stress in-
duced (or relaxed) during the complex process of ablation and rapid solidification, which
might also be triggered at other laser pulse durations. Detailed analyses outside the scope
of this study are required to investigate this phenomenon further.

5.3.4 Discussion

The ablation characteristics of Zn in the picosecond regime at a wavelength of 515 nm
shows five main interesting observations namely (i) oxide layer, (ii) energy penetration
depth, (iii) plasma hydrodynamics, (iv) error estimates related to rim formation and (v)
incubation coefficients. Each of these observations are discussed in the following:
Firstly, the presence of an oxide layer affects the ablation mechanism for single pulse pro-
cessing and low repetitions (pulse numbers) in regime I as shown in Fig. 5.4. In real world
scenarios, oxide formation is unavoidable, due to rapid oxidation kinematics associated
with zinc [55]. ZnO shows over 80% transparency at a wavelength of 515 nm [56, 57].
Native oxide layers over bulk Zn thus act as a combination of transparent and partly ab-
sorbing layers. Therefore, subsequent heat transport after the absorption of the laser pulse
leads to induced laser ablation of the oxide layer rather than direct laser ablation [57]. Re-
markably, the volume ablation rate is affected by the oxide layer at low fluence levels
(𝐹0 < 3 J/cm2), especially for a low number of pulses (see Fig. 5.4(a)). It takes up to
5 pulses to overcome the effect of oxide-induced laser ablation (see Fig. 5.4(b) and (c)).
Heise et al. [57] measured the single pulse threshold fluence of ZnO at 10 ps, 532 nm
laser pulse was measured to be 0.02 J/cm2 and 4.5 J/cm2 for absorbing and transparent
substrates respectively. Since we do not observe any “chip off” of oxide layers within our
experimental conditions, we assume that the decomposition of the oxide layer happens
simultaneously with the melt of bulk Zn. Therefore, the deviation in volume ablation rate
for 𝐹0 < 3 J/cm2 at 𝑁 = 1 and 2 may be a consequence of the oxide layer.
Secondly, the total energy penetration depth (𝛿𝑡𝑜𝑡) can be expressed as the summation
of optical penetration depth (𝛿𝑜𝑝𝑡) and ballistic electron penetration depth (𝛿𝑏𝑎𝑙) [22].
Since the optical heating happens within the skin layer [58], 𝛿𝑡𝑜𝑡 can be expressed as
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𝛿𝑡𝑜𝑡 = 𝛿𝑠𝑘𝑖𝑛 + 𝛿𝑏𝑎𝑙, where 𝛿𝑠𝑘𝑖𝑛 = 2𝛿𝑜𝑝𝑡 is the skin depth. The theoretical 𝛿𝑡𝑜𝑡 of 56 nm
matches well with the calculated penetration depth 𝛿(1) in regime I (see Table 5.1). There-
fore, the ablation process in regime I is dominated by the ballistic electron generation. In
regime II, a higher ablation threshold is associated with larger energy penetration depth
(see Table 5.1). The electronic diffusion length 𝐿𝐶 is a material property and estimates the
distance an electron travels before coupling to the lattice [59]. For Zn, 𝐿𝐶 is calculated to
equal 187 nm. This indicates that, at high fluence levels (𝐹0 > 10 J/cm2), more energy is
transferred within the material over the electronic diffusion length. That is, ballistic elec-
trons are generated over a larger volume.
Thirdly, regime II is greatly affected by the plasma plume hydrodynamics. The hydrody-
namic characteristic length of the plasma is given by 𝑙ℎ𝑝 = 𝑣𝑝𝜏, where 𝜏 is a time dura-
tion (e.g. pulse duration) and 𝑣𝑝 = √𝛾𝑘𝐵𝑇𝑝/𝑀 is the plasma expansion velocity with an
adiabatic coefficient of ideal gas 𝛾, Boltzmann constant 𝑘𝐵, plasma temperature 𝑇𝑝 and
atomic mass 𝑀 [60]. During the pulse (6.7 ps), the hydrodynamic length is calculated to
equal 10 nm, which indicates that the possibility of plasma shielding of the laser beam
is unlikely. With increasing fluence, the dimensional characteristics of the plasma plume
changes from one dimensional expansion along the axial direction (along the laser beam
propagation axis) to three dimensional expansion along the axial as well as radial direc-
tions [61, 62]. For craters processed at 𝑁 = 1, 𝐹0 = 34.38 J/cm2 (see Fig. 5.1 column 1,
row 4 and Fig. 5.2(b)), the flat melt area extends over the 86% beam radius, which is at-
tributed to the recoil pressure of the plasma. At this length scale, the plasma lifetime is
estimated to be ∼ 10 ns from the hydrodynamic length of the plasma 𝑙ℎ𝑝. As the crater gets
deeperwith increasing number of pulses, plasma confinement becomesmore pronounced
[60, 61]. For instance, ablated craters become as deep as 28 µm at 𝑁 = 40, 𝐹0 = 10.6 J/cm2,
which may very well lead to enhanced material removal due to the fact that the confined
plasma plume either pushes themelt away from the center of the crater or generates more
energetic ablated plume particles that promote further etching [63].
Fourthly, the influence of plasma hydrodynamics is also reflected as large error estimates
in the determined values of 𝐹𝑡ℎ and 𝛿𝑒 for regime II (see Table 5.1). As the spread in ex-
perimental data is small (see Fig. 5.4(a)), large error estimates imply that Eq. (5.1) alone
cannot account for the ablated volume in regime II. Moreover, as the force on the melt
due to plasma hydrodynamics becomes dominant in rim formation, melt expulsion from
the center of the crater also becomes prominent and results in rim formation. For regime
II, rim volume increases sharply (see Fig. 5.5) suggesting that the interaction between the
plasma and the molten material is long-lived. Therefore, enhanced energy coupling from
the ablated plume [58] may contribute significantly in the ablated crater volume in addi-
tion to the physical phenomena described in Eq. (5.1).
Fifthly, the average incubation coefficient (𝜁) is greater than unity in both the regimes, see
Table 5.1. This means that each additional pulse on the same spot requires more energy to
ablate a similar amount of material as the previous pulse. Generally, for metals, 𝜁 is less
than unity indicating easier material removal with additional pulses [35]. To aid reason-
ing of this phenomenon, EBSD measurement of the ablated craters was performed (see
Fig. 5.7) and revealed that the molten layer of the ablated crater undergoes Laser-induced
Preferred Crystal Orientation towards the basal plane for all planes except < ̄12 ̄10 >. Also,
the bottom of the crater becomes relatively smooth as the plasma recoil pressure pushes
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the melt outwards. This would increase specular reflection of the modified surface. As
a result of these factors, a small melt depth leads to a superficial preferentially oriented
area segregated from the parent grain by a grain boundary. This indicates that the heat
transport of the absorbed part of the laser beam is affected adversely leading to a higher
energy requirement for material ablation.

The technical use of the findings can be described as follows: the morphological anal-
yses shed light on the nanoparticle generation and their size dependence with depth, as
well as provide understanding on themelt dynamics and plasma plume effect on the final
morphology of the ablated surface. The threshold fluences and incubation coefficients are
one of the fundamental parameters required for accurate processing of Zn and Zn-based
coatings. LIPCO is also a potentially important surface phenomenon when considering
various research and application sectors. To name a few, the knowledge of individual
crystals serves as the basis for understanding of the polycrystalline properties of metals.
Surface properties like extraction/ diffraction of electrons, contact catalysis, photoelectric
and thermionic emissions etc., are found to be dependent on the crystal plane of the inter-
acting surface [64]. Apart from its relevance to such fundamental research, single crystals
are also required for monochromators and electron sources. More specifically, as regards
the applications of Zn- (alloy) coated steel, the crystallographic orientation of the Zn layer
has been reported to affect themechanical and tribological (micro-cracking, friction, wear,
and galling) behavior [65–67], corrosion resistance [68, 69], oxide growth [70] and paint
and visual appearance [67], not to mention the wide-reaching application of rolled bulk
Zn products in construction; for example, as roofing where wetting and corrosion prop-
erties may be tunable through LIPCO and important for the development of self-cleaning
surfaces or enhanced corrosion resistance [68, 69, 71].

5.4 conclus ions

Picosecond pulsed processing of Zn at a wavelength of 515 nm in the thermal regime re-
veals two distinctive ablation regimes. Due to the fluence values used, the ablation process
ismainly thermally driven and results inmolten surface structures. In regime I, defined by
a fluence ranging from 1 to 10 J/cm2, zinc ablation is governed by ballistic (“hot”) electron
penetration depth and the lifetime of ablation plume is short. In contrast, regime II, de-
fined by a fluence ranging from 10 to 35 J/cm2, shows clear indications of hydrodynamic
motion of the zincmelt, indicating a (relativelymuch) longer plasmaplumepresence than
regime I. Although the ablation rate is doubled as the fluence is increased from regime I to
II, the threshold energy requirement experiences a fourfold increase. In regime I, thermal
ablation mechanism dominates the ablation process and resulting surface structures. On
the other hand, additional effects from plasma hydrodynamics enhance the rate of abla-
tion in regime II at the cost of surface quality. In comparison with the earlier published
work using 1030 nm wavelength, the ablation rate of Zn increases with decreasing wave-
length. Formultiple laser pulse irradiations, the incubation coefficient in both the ablation
depth and energy penetration depth is found to be greater than unity. This indicates that
each additional laser pulse at 515 nmwavelength requires more energy to ablate a similar
amount of volume than the previous pulse. EBSD measurements revealed that the laser
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irradiated surface undergoes laser induced preferential crystal orientation towards the
basal plane. This creates additional grain boundaries within the parent grain and leads
to a higher degree of incubation and subsequently more energy requirement for ablation.
Nevertheless, from a surface modification point of view, Laser-induced Preferential Crys-
tal Orientation (LIPCO) may open doors to many interesting applications and warrants
further research.
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Figure 5.8: SEM micrographs (top view) of zinc surface irradiated at different laser peak fluence
𝐹0 levels (rows) and at different number of laser pulses 𝑁 (columns). Yellow and blue
lines mark the regions with prominent micrometric droplets around the crater and
drilling effect respectively. All images are in same scale.
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Figure 5.9: Maximum depth of the ablated craters as a function of peak fluence 𝐹0 for different
number of pulses 𝑁.

sup p l ementary in format ion3

Crater morphology

The micro- and nano- particle deposition around the crater is found to be a function of
ablated depth. Figure 5.8 shows representative craters at all the experimental conditions.
The yellow line separates the craters around which remarkable particle redeposition hap-
pens, while the blue line demarcates the craters that show a so-called ”drilling effect”. In
the context of this work, when the ratio between the depth and the diameter of the crater
ℎ𝑐𝑟𝑎𝑡𝑒𝑟/𝐷𝑐𝑟𝑎𝑡𝑒𝑟 ≥ 0.2 and the ratio of crater diameter to beam diameter 𝐷𝑐𝑟𝑎𝑡𝑒𝑟/2𝜔0 ≥ 1.5, the
crater morphology is said to demonstrate this drilling effect. Also in this case, the maxi-
mum depth of the craters is greater than 8.5 µm. This is shown in Fig. 5.9 with the dashed
horizontal line. The solid horizontal line at 4 µm represents the depth above which mi-
crometric particle redeposition becomes prominent.

Chemical composition

Both EDS and XPS measurements have been performed on laser-induced craters. How-
ever, no significant difference in the chemical composition of Zn, Al, C and O was ob-
served. For XPS measurements, the average carbon concentration for all laser process-
ing conditions is approximately 50%, with C1s binding energy of 284.8 eV, which is at-
tributed to adventitious carbon [72]. Figure 5.10 shows the elementwise concentration
of Zn, Al and O by offsetting the C concentration. In this figure, the graph on the left is

3 This supplementary information is published as:
H. Mustafa, M.P. Aarnts, L. Capuano, D.T.A. Matthews, G.R.B.E. Römer, Data on laser induced preferential
crystal (re)orientation by picosecond laser ablation of zinc in air, Data in Brief, 24:103922, 2019.
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Figure 5.10: Atomic concentration of Zn, Al and O, (a) for different number of pulses, 𝑁 at 𝐹0 =
2.4 J/cm2, and (b) for different fluence levels, 𝐹0 at 𝑁 = 1.

1030 nm 515 nm 343 nm

Figure 5.11: SEM image and EBSD mapping of zinc orientation with corresponding crystal shape
at different laser wavelengths.

for 𝐹0 = 2.4 J/cm2 for number of pulses ranging from 𝑁 = 1 to 50, while the graph on
the right shows the atomic concentration for single pulse (𝑁 = 1) at fluence levels up to
35 J/cm2. [!htpb]

Crystallography

For Zn, laser induced preferential crystal orientation (LIPCO) is not limited to the laser
wavelength of 515 nm, for picosecond laser pulses. Similar reorientation of the modified
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area was also observed for laser wavelengths of 1030 and 343 nm as shown in Fig. 5.11.
Though, for 1030 nm, the degree of preferential orientation is not as strong as for wave-
lengths of 515 and 343 nm. This suggests that this physical phenomenon does not strongly
depend on laser wavelength.

Figure 5.12: EBSDmapping of zinc orientation of picosecond pulsed laser induced craters on galva-
nized steel processed with 𝑁 = 1 at a wavelength of (a) 1030 nm with 𝐹0 = 40 J/cm2,
and (b) 515 nm with 𝐹0 = 30 J/cm2. Inset shows the inverse pole figure.

It appears that the flatter the crater bottom gets by melt expulsion, the higher the de-
gree of preferred orientation is observed. More details of LIPCO and proposed physical
driving mechanism are discussed in Sec. 5.3.3.

Crystal (re)orientation, i.e. re-orientating from any crystallographic plane to < 0001 >,
was also observed for Zn coated steel (i.e. galvanized steel) processed at a wavelength of
515 nm as shown in Fig. 5.12. However, we did not observe this phenomenon (LIPCO) for
craters produced with a wavelength of 1030 nm (see Fig. 5.12). At this wavelength, it is
difficult to observe LIPCO, because of the surface roughness (non-indexed points [73])
and crater depth (shadowing effect [74]). Moreover, the surface chemical composition
of galvanized steel is different than pure Zn due to the presence of an Al rich oxide film,
which results from precipitation during the hot dip galvanizing process [75]. Therefore,
slight differences in surface chemistry or stress in the Zn crystals might also have an in-
fluence on the degree of crystal (re)orientation. In any case, more research is required to
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study whether LIPCO also occurs (to which extend, or not) at other wavelength, other
laser-conditions and for other Zn-based alloys.
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CONCLUD ING REMARKS ON PART i

Part i studied the laser ablation of optically-flat bulk zinc surfaces in terms of morphol-
ogy, fluence ablation threshold, chemical composition and crystallography. It was found
that the morphology is melt dominated at picosecond timescales regardless of the wave-
length used. Itwas also found that the laser fluence ablation threshold scaleswith the laser
wavelength and shows two distinctive ablation regimes resulting from the ablation plume.
Analysis of the chemical composition showed that the oxide of zinc affects the morphol-
ogy and material ablation rate. Moreover, Laser Induced Preferential Crystal Orientation
(LIPCO) was discovered in the course of experimental investigation.



Part i i

LA S ER PROCE S S ING OF Z INC -COATED STEEL

The previous part focused on processing of bulk Zn samples. This part focuses
on the laser ablation of galvanized steel using femto-, pico- and nanosecond
laser at a wavelength of 343, 515 and 1030 nm in order to investigate the laser
material interaction in coated zinc. As such it addresses the research objective
#2 of this thesis (see Sec. 1.2), that is - to identify the effect of surface roughness
on the process window of micro-structuring and material removal rate of Zn-
coated steel surface by (ultra) short pulsed laser sources.



Everything is roughness, except for the circles. How many circles are there in nature? Very, very few. The straight

lines. Very shapes are very, very smooth. But geometry had laid them aside because they were too complicated. And

physics had laid them aside because they were too complicated. One couldn't even measure roughness. So, by luck,

and by reward for persistence, I did found the theory of roughness, which certainly I didn't expect, and expecting to

find one would have been pure madness.

Benoit Mandelbrot

In an i ofnterview by Austin Allen Yale University on February 17, 2010

Confocal height image of non-skin passed galvanized steel surface. Black bar denotes 10 µm.
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E F F ECT OF SURFACE ROUGHNES S ON THE ULTRASHORT
PUL SED LASER ABLAT ION FLUENCE THRE SHOLD OF Z INC AND
STEEL

H. Mustafa, M. Mezera, D. T. A. Matthews, and G. R. B. E. Römer. Effect of surface roughness on the ultrashort pulsed laser ablation

fluence threshold of zinc and steel. Applied Surface Science, 488:10-21, 2019.

ab stract The single and multiple pulse laser ablation threshold of zinc and
steel at picosecond laser pulse duration is studied as a function of initial sur-
face roughness at laser wavelengths of 515 and 1030 nm. The initial surface to-
pographies and the resulting crater morphologies are analyzed using confocal
laser scanning microscopy (CLSM) and scanning electron microscopy (SEM).
Reflectivity measurements of the initial surfaces show increased absorptivity
with increasing surface roughness. It was found that the single pulse ablation
threshold increases with increasing effective surface area; the latter resulting
from surface roughness. Rougher surfaces tend to have a higher degree of in-
cubation aswell. From the experimental and simulation results, it appears that
the absorbed energy contributes more to residual heat than to material abla-
tion when effective surface area increases.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

6.1 in troduct ion

Laser ablation is a substractive micromachining technique, which can be employed to im-
prove the surface functionality of a product by applying a laser-induced texture to the
surface [1]. It is a flexible and precise manufacturing process compared to other tech-
niques, such as electric discharge texturing, chemical etching, shot blasting and electron
beam texturing [2]. The absorption of laser light and subsequent heating of the material
being processed depends not only on the optical properties of the material, but also on
its initial surface condition [3]. This means features such as roughness, oxidation, impu-
rities, defects etc., of the targeted material play a major role in the efficiency of material
removal and ultimately the resulting quality of the machined surface. A higher surface
roughness typically results in higher absorption of optical (laser) energy through scatter-
ing related phenomena from surface irregularities and asperities, such as multiple reflec-
tion, shadowing, and back and side scattering [4–6]. Although for continuous wave (cw)
laser processing, e.g. during laser welding, no dependency between the surface rough-
ness and process efficiency is observed for wavelengths in the far IR regime (≥ 10 µm)
[7, 8], weld penetration depth is found to increase with increasing surface roughness for
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NIR wavelengths (≤ 1.5 µm) [8]. A higher degree of optical heating is also reported for
increasing roughness [5]. Moreover, absorption is a function of temperature of the mate-
rial, and generally increases with increasing temperature until structural transformation
of the rough surface takes place [9]. In the case of ultra short laser pulses, with pulse
durations in the picosecond regime, or shorter, the absorption of laser energy (photons)
andmodification of the material, such as ablation, take place at different time scales. That
is, absorption of photons typically takes place on the femto- to picosecond time scale,
whereas modification of material takes place on the hundreds of picoseconds to nanosec-
ond timescale or longer [10]. From the perspective of light absorption, surface roughness
can be interpreted as the deviations in local angle of incidence (AOI, 𝜃𝑖 [deg]) from ideal
flat surface. This geometric change in local AOI (𝜃𝑅) decreases the amount of absorbed
fluence proportional to cos(𝜃𝑖 ± 𝜃𝑅), which in turn, results in nonuniform temperature
distributions over local surfaces [11]. For laser intensities < 1014 W/cm2, collisional ab-
sorptionmechanism, such as inverse Bremsstrahlung (IB), dominates for smooth surfaces;
whereas, with increasing surface roughness, the absorption is affected by the micro and
nano scale surface irregularities through plasmonic absorption [12]. From atomistic mod-
eling, surface roughness is found to lower effective thermal conductivity, due to increase
in surface area to volume ratio [13]. Variations in the temperature distribution result in a
decrease in ablation efficiency with increasing surface roughness [14], as well as false sig-
nal increase in laser-induced breakdown spectroscopy (LIBS) [15]. Until a well-defined,
stable structure, like an ablated crater, is formed, the ablation rate [11] as well as ablation
plume deflection [11, 16, 17] varies with increasing number of pulses. For optical surfaces,
laser induced damage threshold is found to decrease with increasing atomic level (Å)
roughness [18, 19]. In other words, surface roughness becomes a critical factor for laser
processingmaterials with a low number of pulses. However, for engineering surfaces, the
influence of surface roughness (at the µm scale) on the laser ablation threshold, as yet,
has not been well-quantified.

Therefore, in this work, the effect of surface roughness on the fluence threshold (that
is, the fluence level above which ablation occurs) in metallic materials in the ultrashort
pulse regime is studied. Since there is a substantial difference in laser processing results
between metals in pure and coated form, three different metallic materials namely, bulk
metal (zinc), metallic coating (galvanized steel) and metallic alloy (forming steel), are
chosen to identify the effect of surface roughness on fluence ablation threshold. Abla-
tion of bulk zinc, galvanized steel and forming steel is performed with single, as well as
multiple, picosecond laser pulses at wavelengths of 1030 nm and 515 nm and at different
preliminary surface roughness (Ra) values ranging from 0.02 µm to 1.3 µm. Absorptivity
of different unprocessed surfaces is measured prior to laser processing. From the laser
processed surfaces, the ablation thresholds and incubation coefficients are calculated. In
addition, one dimensional ray tracing and heat accumulation models are presented in
relation to different surface roughnesses.
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6.2 ex p er imental s e tup

6.2.1 Laser setup

The laser ablation experiments were performed under atmospheric conditions in a clean-
room environment, using a diode pumped thin disc Yb:YAG pulsed laser source (Tru-
Micro 5050 of Trumpf GmbH, Germany). This source emits 6.7 ps laser pulses of lin-
early polarized light and shows a nearly Gaussian power density profile (𝑀2 < 1.3).
In this work, 𝑝−polarized light at both the central (1030 nm) and the second harmonic
(515 nm) wavelengths was used. A galvo-scanner (IntelliScan14 of ScanLab GmbH, Ger-
many), equipped with a telecentric flatfield F-theta-Ronar lens (Linos GmbH, Germany)
was used to scan the focused laser beam over the surface of the sample. The sample was
placed in the focal plane. The focal spot radius was measured from the fluence profile
using a charge-coupled device (CCD) sensor-based, beam diagnostic system (MicroSpot
Monitor of Primes GmbH, Germany). The setup related parameters are listed in Table 6.1.

Table 6.1: Laser setup parameters

Parameters Laser wavelength [nm]
1030 515

Focal length [mm] 80 100
Focal spot radius [µm] 14.6 ± 1.6 12.0 ± 0.5
Ellipticity @ focus 0.89 0.81
Max. pulse energy [µJ] 135 62
Min. pulse energy [µJ] 3 1

The beam impinges perpendicular to the sample surface. The focus position was fixed
for all the experiments and coincided with the original surface. An exhaust system was
used to extract debris from the laser material interaction zone during processing. The
laser energy supplied to the surface was varied by using a combination of a half-wave
plate and a polarizing beam splitter. A pyroelectric detector (PM30 with FieldMax II of
Coherent, USA)was used tomeasure the average laser power incident on the samplewith
an error less than 8%. The energy of the individual pulseswas determined by dividing the
measured average laser power by the pulse frequency applied. The power instability of
the laser source is less than 2%. At a repetition rate of 8 kHz and a beam scanning velocity
of 1 m/s, time between consecutive pulses on the same location equals at least 3.9 ms. The
geometrical pulse-to-pulse distance was at least 125 µm and the number of pulses varied
from 𝑁 = 1 to 50. A total of 21 craters were created per laser setting to ensure statistically
sound values in measured quantities.
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6.2.2 Material

Three different materials were used in this work namely - (𝑖) bulk polycrystalline zinc
(Zn), (𝑖𝑖) galvanized steel (GI) and (𝑖𝑖𝑖) forming steel (FS). The galvanized steel consists
of a zinc coating on forming steel, having an average thickness of 8 ± 2 µm, deposited
by Hot Dip Galvanizing (HDG) process according to European standard EN10346:2015.
The forming steel, in this work, is Titanium Stabilized Ultra Low Carbon (TiSULC) steel.
The chemical composition of these materials are listed in Table 6.2. To achieve different
surface roughnesses, these sampleswere subjected to different surface treatments as listed
in Table 6.3. After surface treatments, Zn, GI and FS samples were cleaned with ethanol
(> 99%), ammonia (< 5%) and acetic acid (< 20%) respectively and dried with a stream
of cold air. Material specific thermal properties of these materials are listed in Table 6.4.

6.2.3 Analysis tools

In order to obtain the optical constants, i.e. the refractive index n and extinction coef-
ficient k, of the polished samples, spectroscopic ellipsometry measurement (M-2000UI
ellipsometer from Woollam, USA) was carried out on the untreated surface over a wave-
length range from 245 to 1690 nm at 65∘, 70∘, 75∘ incident angles. The reflection spectra of
the unprocessed samples were measured using an integrating sphere (UPB-150-ART of
Gigahertz-Optik, Germany). Broadband light (300-2500 nm) from a Tungsten-Halogen
Light Source (AvaLight-HAL-S of Avantes, the Netherlands) is guided by fiber optic, fo-
cused by an achromatic doublet lens on the sample and subsequent reflection spectrum
is collected by a spectrometer (HR-4000 of Ocean Optics, USA). Ba2SO4 was used as a
reference standard.
The roughness of samples after surface treatments, as well as the laser-induced surface
profiles (the latter referred to as ‘craters ’here), were measured by means of Confocal
Laser Scanning Microscopy (CLSM), (VK-9700 of Keyence Corporation, Japan). The lat-
eral and vertical resolution of CLSM measurements was 276 nm and 1 nm respectively.
Laser-induced crater morphology was analyzed by means of a field emission Scanning
Electron Microscope (SEM), (JSM-7200F of Jeol, USA). In order to determine the peri-
odicity of laser-induced periodic surface structures (LIPSS), SEM micrographs were ana-
lyzed with the help of a 2D Fast Fourier Transform (FFT) algorithm including normaliza-
tion into the laser wavelength using aMATLAB script. This algorithm converts the spatial
image information (periodicity of LIPSS) into the frequency domain to allow robust de-
termination of the periodicity of LIPSS. The script allows filtering of noise to increase the
accuracy at which the LIPSS periodicity is determined.

6.3 r e sult s

In the following, we discuss the results of the samples prior to, and after laser process-
ing. We start with surface metrology to analyze and quantify surface roughness related
parameters before laser processing in Sec 6.3.1. This lays the foundation for analyzing the
effect of different surfaces and their corresponding features (e.g. peaks, valleys, depres-
sions etc.) on subsequent laser ablation. Since laser processing involves optical energy,
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the reflectivity/absorptivity of the sample surfaces primarily determines the amount of
available energy for material removal. Therefore, we measured the optical reflectivity of
all 9 samples prior to laser processing in Sec. 6.3.2. These two subsections, i.e. Sec. 6.3.2
and 6.3.2, describe the surface characteristics before laser processing. After the laser pro-
cessing, we analyze the ablated crater morphology in Sec. 6.3.3. Next, we calculated the
ablation thresholds and incubation coefficients from the dimensional measurements of
the ablated craters in Sec. 6.3.4. Finally, in Sec. 6.4, we present our possible explanations
for observed phenomena and discuss the results described in this section.

( )I

(c)

(f)

(a)

(d)

(g)

(b)

(e)

(h)

Zn1 Zn2

F 2S G 1I

FS1

G 2I

G 4I G 5IG 3I

x

y

Figure 6.1: 3D height profiles, as measured from CLSM, of different material surfaces for an area
of 200 × 200 µm2 after surface treatment. The color scale is in µm and the 𝑥 and 𝑦 axis
shown in (a) applies to all the graphs.

6.3.1 Surface topography

In this section, surface topography of different material surfaces after surface treatments,
such as mechanical polishing, abrasive blasting or chemical etching (see Table 6.3), are
discussed. These surfaces act as the reference surface before laser processing. In the ma-
jority of the literature dealing with laser processing, surface irregularities are character-
ized by two amplitude parameters, namely average (𝑅𝑎 = 1/𝑙 ∫𝑙

0 |𝑧(𝑥)|𝑑𝑥) and root mean square
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(𝜎 = √1/𝑙 ∫𝑙
0{𝑧(𝑥)}2𝑑𝑥) roughness, to specify the initial surface roughness [5, 14, 15, 22–24].How-

ever, the height distributions alone cannot describe the surface completely, and spatial
parameters like the autocorrelation length is required to completely characterize a sur-
face [25, 26]. Absorption of laser light is reported to increase with the RMS slope 𝜎/𝜏,
where 𝜎 is RMS roughness and 𝜏 is autocorrelation length [4]. In Fig. 6.1, representative
3D height profiles of all the surface conditions used in this work are shown, see also Table
6.5. As can be observed, different surfaces have different kinds of surface textures. Pres-
ence of micro and nano scale scratches from polishing can be observed in Fig. 6.1(b) in
comparison to Fig. 6.1(a). Wavy appearance in Fig. 6.1(c) results from vibrations in the
polishing tool. The rolling direction is visible on the pickled forming steel sample in Fig.
6.1(d). The as received hot dipped galvanized steel surface features dendritic structures,
analogous to depressions, over the surface as shown in Fig. 6.1(g). Polishing these den-
dritic structures results in lower surface roughness (see Fig. 6.1(e), 6.1(f) and Table 6.5).
Sand blasting of the galvanized surfaces also results in removing dendritic structures and
increasing roughness through depressions of different sizes due to a different sandblast-
ing pressure (see Fig. 6.1(h) and (i)). For all the samples, surface related parameters are
listed in Table 6.5. Due to the non-isotropic nature of the surfaces, the autocorrelation
length 𝜏 is different along the 𝑥 and 𝑦 direction. Compared to a flat surface, any surface
roughness does increase the actual surface area (𝑆𝐴) within a projected area (𝐴). The
projected area (A) is the two dimensional plane resulting from the field of view of the
confocal microscope. In our case, working at a magnification of 50X results in a projected
area of 200 × 200µm2. Since optical heating of the material mainly happens at the surface,
the ratio 𝑆𝐴/𝐴 of the actual surface area over a projected area is alsomentioned in Table 6.5
for an area of 200×200µm2 . This ratio 𝑆𝐴/𝐴 is 1 for a perfectly flat surface. The increase in
actual surface area compared to projected area is calculated as Δ𝑆𝐴/𝐴 = (𝑆𝐴/𝐴 − 1) × 100%.
It can be concluded from Table 6.5 that, with increasing average roughness (𝑅𝑎), all other
surface parameters increase as well. However, effective surface area, which is the area ex-
posed to laser beam, plays a dominant role for material ablation [19]. Moreover, Δ𝑆𝐴/𝐴 is a
dimensionless quantity and, therefore, is independent of scale. For this reason, the results
of the subsequent sections are compared with respect to Δ𝑆𝐴/𝐴.

Table 6.5: Surface roughness parameters

Specimen Material 𝑅𝑎 𝜎 𝜎/𝜏𝑋
𝜎/𝜏𝑌

𝑆𝐴/𝐴

[µm] [-]

Zn1 Zn 0.03 ± 0.004 0.03 ± 0.004 0.0015 ± 0.0002 0.0021 ± 0.0003 1.0016 ± 0.0003
Zn2 0.02 ± 0.006 0.03 ± 0.007 0.1087 ± 0.0254 0.1087 ± 0.0254 1.0061 ± 0.0028

GI1

GI

0.09 ± 0.02 0.12 ± 0.03 0.0051 ± 0.0015 0.0071 ± 0.0021 1.0205 ± 0.0022
GI2 0.21 ± 0.03 0.26 ± 0.03 0.0264 ± 0.0031 0.0417 ± 0.0048 1.047 ± 0.0121
GI3 0.22 ± 0.03 0.28 ± 0.03 0.0426 ± 0.0043 0.0465 ± 0.0047 1.0641 ± 0.0133
GI4 0.62 ± 0.05 0.81 ± 0.08 0.0697 ± 0.0069 0.0733 ± 0.0073 1.1027 ± 0.0162
GI5 1.04 ± 0.05 1.32 ± 0.07 0.0855 ± 0.0047 0.0887 ± 0.0049 1.2784 ± 0.0196

FS1 FS 0.15 ± 0.01 0.19 ± 0.02 0.0099 ± 0.001 0.008 ± 0.0008 1.0009 ± 0.0002
FS2 1.26 ± 0.2 1.49 ± 0.24 0.0459 ± 0.0072 0.0444 ± 0.007 1.0357 ± 0.0139
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The amplitude (height) density function (ADF) and inclination angle distribution (IAD)
of these surfaces reveals additional information about the surface features for estimating
the geometric change in local AOI (𝜃𝑅). For example, ADFs of nearly all the samples ex-
hibit depressions and scratches rather than peaks and spikes, which implies that 𝜃𝑅 will
be nonzero (see Supplementary material on page 127 Fig. 6.10 (see page 128) and 6.11
(see page 128)). Moreover, in spite of having almost similar 𝜎 , the wider IAD for GI5 in-
dicates that the transitions between local peaks and valleys are more steep for sample FS2
than for sample GI5 (see Supplementary material Fig. 6.11 on page 128). This implies that
grazing incidence will be dominant for FS2.

6.3.2 Surface reflectivity

In order to investigate the effect of surface roughness on optical absorption, reflectivity of
different surfaces prior to laser processing are measured and modeled. The absorptivity
𝐴 of a material surface is the reminder after transmission 𝑇, reflection 𝑅 and scattering 𝑆.
Since 𝑇 = 0 for metals with sufficient thickness (≥ 100 nm), absorptivity 𝐴 is given by
𝐴 = 1−𝑅−𝑆 [5]. In other words, specular and diffuse reflectance ends up as 𝑅 and 𝑆. Fig-
ure 6.2(a)-(c) shows the reflectivity of our samplesmeasured using an integrating sphere
setup at the 8/d configuration. Optical constants 𝑛 and 𝑘 of pure zinc and galvanized steel
were measured by ellipsometry and the calculated reflectivity 𝑅 from these optical con-
stants are also shown in these figures. Reflectivity of zinc surfaces are shown Fig. 6.2(a). It
can be concluded from this figure that, for a fourfold increase in effective surface area (see
Table 6.5), the reflectivity drops by approximately 13% maintaining a similar trend as the
polished surface. The reflectivity spectra of the polished samples matches well with the
ellipsometry measurements (dashed curves). This indicates that the reflection is specu-
lar in nature for Zn1 and becomes more diffused for Zn2 due to micro and nano scratches
from polishing. In Fig. 6.2(b), the reflectivity of forming steel surfaces are shown. The
trend in reflectivity of polished forming steel, as function of 𝜆, is quite the opposite of
polished zinc. Generally, two kinds of oxides namely, 𝛼 − Fe2O3 (hematite) and Fe3O4
(magnetite), are formed over low carbon steel samples in layered structures [28, 29]. Af-
ter pickling, the samples start to rust and, over time, a visual coloration of oxides are
observed [29]. Therefore, in Fig. 6.2(b), the reflectivity of two surfaces with the same
surface roughness are shown. A clean sample shows more reflectivity than the oxidized
sample, which is in agreement with the literature [28]. For comparison, the reflectivity
𝑅 calculated from 𝑛 and 𝑘 of Fe [27], carbon steel [30], hematite and magnetite [29] are
also shown in Fig. 6.2(b). The polished forming steel sample shows high reflectivity and
follows a similar trend as Fe and carbon steel. Fig. 6.2(c) shows the reflectivity 𝑅 of galva-
nized steel samples. The effect of coating thickness reduction during surface preparation
is easily observed. The polished surface resembles with the ellipsometry measurement,
indicating specular reflectivity. With increasing roughness, the reflectivity drops, except
for as received galvanized steel sample (GI3). For shorter wavelengths, GI3 reflects more
than the polished sample (GI1). Since GI3 surfaces are platykurtic (see Supplementary
material Fig. 6.10 on page 128), this indicates an increased specular reflection from the
surface due to fewer “hills” and “valleys” over the surface. In Fig. 6.2(d), a Fresnel plot
calculated from 𝑛 and 𝑘 of different metals at laser wavelength of 515 and 1030 nm is
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Figure 6.2: Reflectivity 𝑅 as a function of wavelength 𝜆 of different material surfaces measured
using the integrating sphere setup, namely (a) zinc (b) forming steel and (c) galva-
nized steel. (d) Fresnel plot of absorptivity 𝐴 for the three materials irradiated at 515
and 1030 nm wavelength as a function of angle of incidence 𝜃𝑖 relative to the surface
normal. Data for Fe is taken from [27].

shown for 𝑝−polarized light. All the curves show an absorption maxima around an an-
gle of incidence of 75∘ − 85∘. This means that absorption will be considerably higher at
local surface points where the transition between local peaks and valleys are steep. In
line with the experiments, 1D ray tracing simulation also suggests that reflection is domi-
nantly specular for surfaceswith a small RMS slope (see Supplementarymaterial Fig. 6.12
on page 129). This specular nature of reflection broadens with increasing surface rough-
ness in a similar manner as IAD, which indicates more diffuse reflection. Therefore, once
a stable crater is formed, the slope of the crater acts as the surface inclination angle and
reduces the effect of initial surface roughness (see Supplementary material Fig. 6.13 on
page 129).

6.3.3 Crater morphology

In order to investigate the effect on different surfaces on the laser-induced craters, the
morphologies of the laser ablated craters are analyzed using SEM. The crater morphol-
ogy depends on the applied laser fluence level and the number of laser pulses on the
same location. Typically, the crater diameter and depth increase with increasing fluence
and/or number of pulses. Since surface impurities, adsorbates and oxides are present
on the sample surfaces, the morphology of the craters processed with single pulse are



118 e f f ec t o f sur face roughne s s

more affected due to these surface conditions than craters which are the result of more
pulses. Fig. 6.3 shows the SEM images of laser irradiated surfaces of the different sam-
ples with low and high initial surface roughness for single laser pulse (𝑁 = 1) and a
peak fluence of 𝐹0 = 2.1 J/cm2 at 1030 nm laser wavelength. As can be observed from
Fig. 6.3 for galvanized steel and zinc, crater diameter decreases with increasing rough-
ness, which indicates that threshold fluence for detectable surface modification increases
with increasing 𝑅𝑎 (see also Supplementary material Fig. 6.17 on page 131). Furthermore,
the exact boundary between the processed and unprocessed area becomes increasingly
difficult to distinguish for low number of pulses for increasing initial surface roughness.
The presence of scratches on the surface prior to processing results in higher scattering
and/or absorption of the laser beam. That is because the surface modification happens
outside the irradiated zone along the scratches, see Fig. 6.3(a). It can also be observed
that, with increasing roughness, the crater becomes more melt dominated. For the form-
ing steel sample, the crater diameter increases with increasing roughness, see Fig. 6.3(c)
and 6.3(d). Thewhite spots in Fig. 6.3(c) are due to dust particles. On the rougher sample,
periodic melt structures form over the crater area along the rolling scratches, whereas on
the smoother sample, the crater appears to be a clean modified area. A similar morphol-
ogy of forming steel samples is observed at a laser wavelength of 515 nm (as shown in
Supplementary material Fig. 6.14(a) and (b) on page 130).
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Figure 6.3: SEM images (top view) of samples irradiated with a single pulse at a peak fluence
of 𝐹0 = 2.1 J/cm2 and a wavelength of 1030 nm. Diameter, d of the modified surface
and average surface roughness, 𝑅𝑎 of the unprocessed surface are derived from CLSM
measurements. All images are in the same scale.
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Figure 6.4: SEM micrographs of LIPSS on laser processed forming steel surface at 𝑁 = 50, 𝐹0 =
2.1 J/cm2 at two different laser wavelengths and surface roughnesses.

It was found that the dimensional increase of the craters becomes material dependent
withmultiple laser pulses. Shapes of the craters in both zinc and galvanized steel areGaus-
sian in nature and become increasingly melt dominated with increasing fluence and/or
number of pulses (see Supplementarymaterial Fig. 6.15 on page 131). This deviation from
the Gaussian shape happens as the complete zinc layer, within the laser irradiated area,
is ablated from galvanized steel and the steel is “exposed”. Zinc surfaces get more melt
dominated and similar craters was also observed in [31]. For forming steel, multiple pulse
irradiation at 𝐹0 > 10J/cm2 results inmicrocapillary channels similar to the “randomwalk
of the drilling laser beam” as reported in [32]. For 𝐹0 < 10 J/cm2, increasing number of
pulses results in laser-induced periodic surface structures (LIPSS) formation [33, 34] as
shown in Fig. 6.4. LIPSS appear on forming steel when processed, either with a wave-
length of 1030 nm or 515 nm, and for 5 to 50 pulses processing the spot. For a wavelength
of 1030 nm, high spatial frequency LIPSS (HSFL) [35] are found after 5 subsequent pulses
parallel to the 𝐸-field of the laser polarization direction with a periodicity of 360 ± 54 nm.
On the contrary, the HSFL periodicity could not be determined accurately since the HSFL
transit smoothly into grooves [36]when processedwith awavelength of 515 nm. Low spa-
tial frequency LIPSS (LSFL) [35] start to form after 10 subsequent pulses at the same spot
perpendicular to the direction of the 𝐸-field of the laser polarization and “erase” theHSFL.
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The periodicity of the LSFL decreases with increasing number of pulses from 925±20 nm
for N=10 to 840 ± 90 nm for 𝑁 = 50 when processed with a wavelength of 1030 nm and
for a wavelength of 515 nm from 440 ± 55 nm to 380 ± 20 nm. This results are consistent
with literature [34, 35, 37]. On Zn on the other hand, polarization direction independent
LSFL appear at one pulse per spot at a wavelength of 1030 nm and peak fluence levels
up to 3 J/cm2 at surface defects on the sample surface (see Supplementary material Fig.
6.16 on page 131). Here, surface defects initialize excitations of surface plasmon polaritons
(SPP), which interfere with the incoming laser beam and form LSFL [36, 38]. But since
the melting threshold of Zn is below the melting threshold of steel (see Table 6.4) , LIPSS
on Zn will be “destroyed” due to melting at lower fluence levels and less pulses per spot
than on steel. Occurrence of LIPSS on different sample at different processing conditions
is summarized in Table 6.6 of the supplementary document (see page 132).

6.3.4 Ablation threshold

Several methods have been used in the literature for determining the fluence ablation
threshold of materials from the geometric features of the ablated crater, namely diame-
ter [39, 40], depth [41, 42] and volume [43–45]. Among these parameters, the “volume
method”is considered to result in the most accurate threshold determination [31]. How-
ever, determining the crater depth and the ablated volume, with respect to the reference
surface, becomes increasingly error-prone with increasing surface roughness. That is, as
the initial surface roughness increases, determining the diameter of the laser ablated zone
is relativelymore accurate than depth and volume. This is an additional benefit of the 𝐷2−
method to the benefits mentioned in [31]. Therefore, we employed the most widely used
𝐷2− method [14, 22, 39, 40, 42, 46–49] to determine the ablation threshold of materials
at difference surface roughness values.
Given that the laser fluence profile is Gaussian shaped, the ablated crater diameter 𝐷 is
related to the laser peak fluence 𝐹0 and the ablation fluence threshold 𝐹𝑡ℎ as [39]

𝐷2 = 2𝜔2
0 𝑙𝑛 ( 𝐹0

𝐹𝑡ℎ
) . (6.1)

If the squared diameter 𝐷2 measured from the confocal data is plotted as a function of
peak fluence 𝐹0 in a semi-logarithmic graph, the fluence threshold 𝐹𝑡ℎ can be determined
from the intersection of the linear extrapolation of the fitted curve with the horizontal
axis, so at 𝐷2 = 0. This graph can also be used to determine the beam diameter from the
slope of the curves [39]. However, the beam diameter calculated from the slope does not
necessarily reflect the actual beam diameter, due to the change in absorptivity within the
irradiated zone after multiple pulses [49, 50]. In Fig. 6.5(a), the squared diameters 𝐷2

of ablated craters on forming steel sample (FS1) is plotted against the peak fluence for
different number of pulses. In this figure, each data point is based on a minimum of 9
craters up to a maximum value of 15 craters. The observed nonlinearity at high peak flu-
ence values is due to the surfacemodification by the adequately intense “tails”of Gaussian
intensity profile of the laser beam at higher fluence levels. Extrapolating the fitted curve
to 𝐷2 = 0 results in 𝐹𝑡ℎ for a given number of laser pulses. It is apparent from Fig. 3.10
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Figure 6.5: (a) Squared diameter 𝐷2 of the ablated crater for different number of pulses 𝑁 as a
function of the peak laser fluence 𝐹0 for forming steel sample (FS1) with 𝑅𝑎=0.15 µm.
The linear curves represent least squared fits according to Eq. (6.1). (b) Accumulation
in the fluence ablation threshold , 𝑁 ⋅𝐹𝑡ℎ(𝑁) as a function of laser pulse number 𝑁. The
solid curve represents a least squared fit according to Eq. (6.2).

that the threshold fluence decreases as the applied number of pulses increases, which in-
dicates an accumulative behavior, i.e. incubation. To account for this incubation behavior,
a power law relating the ablation threshold fluence 𝐹𝑡ℎ(𝑁) for 𝑁 pulses to single pulse
𝐹𝑡ℎ(1) through the incubation coefficient 𝜁 as exponent, is given by [51]

𝑁 ⋅ 𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1) ⋅ 𝑁𝜁 . (6.2)

Threshold fluences resulting from the extrapolation of the fitted curves according to Eq.
(6.1) (see Fig. 6.5(a)) are plotted against the number of laser pulses in Fig. 6.5(b). That is,
the incubation in threshold fluences, i.e. 𝑁 ⋅𝐹𝑡ℎ(𝑁), is shown as a function of 𝑁 and a non-
linear least-square fit along the data points is plotted according to Eq. (6.2) in Fig. 6.5(b).
The fit results in a single pulse threshold fluence of 0.55 ± 0.09 J/cm2 and an incubation
coefficient of 0.66 ± 0.18 with a 𝑅2 value of 98.7%. Similar calculations were performed
for other samples mentioned in Table 6.5. The corresponding threshold fluences and in-
cubation coefficients for all the samples are shown in Fig. 6.6 and 6.7 respectively.

As mentioned in Sec. 6.3.3, apart from initial surface roughness, the initial surface con-
ditions, such as oxides, affect the ablation threshold for 𝑁 = 1. In multi-pulse irradiation,
the energy of the first laser pulse contributes not only to material ablation, but also to
surface “cleaning”[12, 31]. Therefore, 𝐹𝑡ℎ(1) from Eq. (6.1) for 𝑁 = 1 and Eq. (6.2) dif-
fers depending on the initial surface condition of the sample. This can be observed in Fig.
3.10(b), where the estimated threshold fluence from the fit of Eq. (6.2) is greater than 𝐹𝑡ℎ
for 𝑁 = 1. For this reason, in the following, single pulse threshold fluence from Eq. (6.1)
and (6.2) will be referred to as 𝐹𝑡ℎ(1) and 𝐹𝑡ℎ(𝜁) respectively. In Fig. 6.6, both 𝐹𝑡ℎ(1) and



122 e f f ec t o f sur face roughne s s

2.05 4.69 6.41 10.27 27.84

SA/A
[%]

0

0.2

0.4

0.6

0.8

1

1.2

1.4
F

th
[J

/c
m

2
]

GI

F
th

1030
( )ζ F

th

1030
(1)

Zn

0.16 0.61 6.41

SA/A
[%]

0

0.2

0.4

0.6

0.8

F
th

[J
/c

m
2
]

F
th

1030
( )ζ F

th

1030
(1) F

th

515
( )ζ F

th

515
(1)

FS

0.09 3.57

SA/A
[%]

0

0.2

0.4

0.6

0.8

1

F
th

[J
/c

m
2
]

F
th

1030
( )ζ F

th

1030
(1) F

th

515
( )ζ F

th

515
(1)

(a) (b)

(c)

Figure 6.6: Threshold fluences 𝐹𝑡ℎ(1) and 𝐹𝑡ℎ(𝜁) as a function of increase in surface area Δ𝑆𝐴/𝐴 for
(a) galvanized steel (GI), (b) zinc (Zn) and (c) forming steel (FS).

𝐹𝑡ℎ(𝜁) are shown for all the samples under consideration against the increase in actual sur-
face area (𝑆𝐴) to projected area (𝐴), Δ𝑆𝐴/𝐴. In Fig. 6.6(a), threshold fluences calculated
from the fit of Eq. (6.1) and (6.2), namely 𝐹𝑡ℎ(1) and 𝐹𝑡ℎ(𝜁), are shown for galvanized
steel samples processed at a wavelength of 1030 nm. For GI5, the craters for 𝑁 = 1 were
not observable under optical microscope. Therefore, only 𝐹𝑡ℎ(𝜁) is plotted for GI5 in Fig.
6.6(a). In this figure, both 𝐹𝑡ℎ(1) and 𝐹𝑡ℎ(𝜁) increase linearly with the increase in surface
area as 0.03⋅(Δ𝑆𝐴/𝐴)+0.13. Hence, it can be concluded that the threshold fluence increases
with the increase in effective surface area for galvanized steel at 1030 nm. However, this
is not the case for zinc and forming steel samples, processed at a wavelength of 1030 nm,
as shown in Fig. 6.6(b) and (c) respectively. For zinc, 𝐹𝑡ℎ at a wavelength of 1030 nm first
decreases with increasing Δ𝑆𝐴/𝐴 with a negative slope of 0.115 and then increases again
as shown in Fig. 6.6(b). This trend is more pronounced for 𝐹1030

𝑡ℎ (1) than 𝐹1030
𝑡ℎ (𝜁) (see

Fig. 6.6(b)). On the other hand, threshold fluence of forming steel decreases for increas-
ing Δ𝑆𝐴/𝐴 with a negative slope of 0.009 as shown in Fig. 6.6(c). Again, the trend is more
pronounced for 𝐹1030

𝑡ℎ (1) and 𝐹1030
𝑡ℎ (𝜁) stays nearly constant. Since the correlation between

the increase in effective surface area and the threshold fluences of Zn and FS at a wave-
length of 1030 nm is weak, we performed ablation experiment on Zn and FS samples at a
wavelength of 515 nm. In this case, the aspect ratio between the surface features and the
laser wavelength of 515 nm increases by twofold than of 1030 nm. As can be seen in Fig.
6.6 (b) and (c), both 𝐹515

𝑡ℎ (1) and 𝐹515
𝑡ℎ (𝜁) increases with increasing roughness with a pos-

itive slope of 0.144 and 0.026 for Zn and forming steel respectively. Also, for a decrease in
laser wavelength by half, the threshold fluence reduces by half for smooth surfaces, and
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Figure 6.7: Incubation coefficients 𝜁 as a function of increase in surface area Δ𝑆𝐴/𝐴 for (a) galva-
nized steel (GI), (b) zinc (Zn) and (c) forming steel (FS).

by a quarter for rough surfaces (see Fig. 6.6 (b) and (c)).

Incubation coefficients 𝜁 resulting from the fit of Eq. (6.2) are shown in Fig. 6.7. Incu-
bation coefficient indicates the degree of damage accumulation within the irradiated area
with respect tomaterial removal bymultiple laser pulses. The incubation coefficient is less
than 1 if the accumulated damage (i.e. crystal defects, lattice strains, heat accumulation
etc) is conducive to material removal by the subsequent laser pulses, whereas the incu-
bation coefficient is greater than 1 if the damage accumulation hinders material removal
[51]. In Fig. 6.7(a), 𝜁 decreases from about 0.8 to 0.5 with increasing Δ𝑆𝐴/𝐴 for galvanized
steel indicating higher degree of damage accumulation. For Zn and FS, 𝜁1030 stays almost
constant while 𝜁515 decreases with increase in effective surface area. From Fig. 6.6 and
6.7, it can be concluded that, while threshold fluence 𝐹𝑡ℎ increases with the increase in
effective surface area Δ𝑆𝐴/𝐴, incubation coefficient 𝜁 decreases with Δ𝑆𝐴/𝐴, showing ten-
dencies towards higher damage accumulation effect with increasing surface roughness.
As a result, the difference in threshold fluence with increasing Δ𝑆𝐴/𝐴 becomes smaller for
𝑁 > 1 (see Supplementary material Fig. 6.18 on page 132). Moreover, a decrease of the in-
cubation coefficient with increasing initial surface roughness is more pronounced in soft
(Zn) than relatively hard (forming steel) material.
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6.4 d i s cu s s ion

From the perspective of laser material processing, the effective surface area (roughness)
is known to affect the absorptivity of the laser beam and, consequently, the fluence abla-
tion threshold. Although both the absorptivity and ablation threshold depend on the laser
wavelength and on thematerial properties, it would be interesting to see if there is any de-
pendency of these properties on the increase in effective surface area, irrespective of laser
wavelength andmaterial, at a pulse duration of 7 ps. Figure 6.8 shows a scatterplot matrix
with all the results of Sec. 6.3.2 and 6.3.4 in order to estimate the plausible relationships
between the three variables namely, increase in effective surface area Δ𝑆𝐴/𝐴, absorptivity
(𝐴) and threshold fluence 𝐹𝑡ℎ(𝜁). In this figure, the variable names are shown diagonally
and each of the variables is plotted against each other. The plot boxes above and below
the diagonal are mirror images with inverted X and Y axis. In this scatterplot, there is a
positive correlation between Δ𝑆𝐴/𝐴 and 𝐹𝑡ℎ(𝜁) for most of the data points (see Fig. 6.8 (c)
and (g)). On the other hand, Δ𝑆𝐴/𝐴 and 𝐴 as well as 𝐹𝑡ℎ(𝜁) and 𝐴 seems to correlate expo-
nentially (see Fig. 6.8(b), (d) and (f), (h)). In the context of this work , optical absorption
𝐴 of the surface increases with an increase in surface roughness, be it 𝑅𝑎, 𝜎 , 𝜎/𝜏 or 𝑆𝐴/𝐴
(see Fig. 6.8 (b)) and (d). This confirms the existent relationship between optical absorp-
tion and surface roughness [5, 6, 52, 53]. The presence of oxides and surface contaminants
further promotes this behavior. However, may be counter-intuitively, it appears that, the
threshold fluence 𝐹𝑡ℎ(𝜁) increases exponentially with the increase in absorptivity 𝐴 (see
Fig. 6.8 (f) and (h)), whereas it increases linearly with the increase in surface roughness
Δ𝑆𝐴/𝐴 (see Fig. 6.8 (c) and (g)) for most of the data points. There lies exceptions, for ex-
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Figure 6.8: Scatterplotmatrix, based on confocalmicroscopy and integrating spheremeasurement
data, relates increase in effective surface area Δ𝑆𝐴/𝐴, absorptivity 𝐴 and threshold flu-
ence 𝐹𝑡ℎ(𝜁).
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ample, 𝐹𝑡ℎ of zinc and forming steel at 1030 nm wavelength (see Fig. 6.6 (b) and (c)). For
zinc, there is first a decrease and then an increase in threshold fluence with the increas-
ing Δ𝑆𝐴/𝐴 (see Fig. 6.6(b)). First, the decrease in threshold fluences, both 𝐹1030

𝑡ℎ (1) and
𝐹1030

𝑡ℎ (𝜁), may be attributed to the presence of micro and nano scratches on the surface
(see Fig. 6.6 (b)). The threshold fluence for large scratches is higher than micro and nano
scratches [14, 54]. Also the material heats up more in the peaks of the surface roughness
than in the valleys, because of higher heat diffusion in the valleys [3]. Therefore, a 30%
drop in 𝐹𝑡ℎ is seen as Δ𝑆𝐴/𝐴 is increased by a factor of 4 for Zn2 compared to Zn1 (see Fig.
6.6 (b)). The degree of damage accumulation, i.e. incubation, is also higher for the sam-
ple with scratches (Zn2) than Zn1 (see Fig. 6.7(b)). Since Zn2 heats up more than Zn1,
relatively less pulse energy is required to ablate. This is also reflected in multi-pulse pro-
cessing (see Supplementary material Fig. 6.18 on page 132), where the threshold fluence
of Zn2 reduces by about 50% over 10 pulses compared with 30% drop over single pulse
than Zn1. Secondly, an increase in 𝐹𝑡ℎ(1) is observed for Δ𝑆𝐴/𝐴 = 6.41%. For 𝑁 = 1, the
as received galvanized steel sample (𝑅𝑎 < 0.3 µm) is comparable to the pure zinc sample.
This is because, optical heating is a surface phenomenon and the effect of the substrate
can be neglected for a coating thickness of 8 µm or larger. However, the substrate effect
becomes prominent for multiple pulses. Initial surface of hot-dipped galvanized steel fea-
tures dendrites. The width and depth of these dendritic arms are much larger than the
micro scratches present in surfaces of Zn2 (see Sec. 6.3.3). As a result, the target material
surface does not heat up as fast asmicro-scratched surfaces and, consequently, an increase
in 𝐹𝑡ℎ(1) as well as 𝜁 is observed for Zn sample with Δ𝑆𝐴/𝐴 = 6.41% (see Fig. 6.6 (b) and
6.7 (b)). In the case of forming steel, trend in 𝐹𝑡ℎ vs Δ𝑆𝐴/𝐴 at 1030 nm may be attributed
to an enhanced absorption by the oxides. When applying multiple pulses, this effect is
overcome and 𝐹𝑡ℎ(𝜁) of the smooth and rough surface is almost equal (see Fig. 6.6 (c)).
It can be concluded from Fig. 6.8 that all three parameters - absorptivity, threshold flu-
ence and effective surface area increase mutually with respect to each other. For example,
an increase of 27% in effective surface area results in 45% increase in absorptivity and
380% increase in threshold fluence compared to the smooth surface for galvanized steel.
Moreover, the incubation coefficient decreases with increasing surface roughness (see Fig.
6.7). As the surface roughness increases, an increased absorption of laser beam, resulting
in higher threshold fluence and lower incubation coefficient, indicates a heat and/or de-
fect accumulation with increasing surface roughness.

To study the increase in threshold fluence with increasing absorbed energy, we mod-
eled the one dimensional heat accumulation behavior of Zn over multiple pulse irradi-
ation (see Supplementary material page 133). For multiple pulses, the sample heats up
from the residual heat of the previous pulse. The degree of heat accumulation, apart from
beingmaterial-dependent property, also depends on the time between consecutive pulses
on the same location. Figure 6.9(a) shows the simulation result of the model (see Supple-
mentarymaterial Eq. (6.4)) for 𝑁 = 10, time between pulses, 𝑡𝑝−𝑝 = 3.9ms, incident pulse
energy 𝐸𝑝 = 30 µJ and laser wavelength of 1030 nm for different surface roughnesses. As
can be observed, with increasing sample roughness, sample heating increases. This is in
agreement with [55, 56]. In Fig. 6.9(b), the threshold fluence and residual heat is plotted
against increase in surface area (Δ𝑆𝐴/𝐴) for galvanized steel samples. In this figure, the
as received GI sample (GI3, Δ𝑆𝐴/𝐴 = 6.4%) having low 𝜂𝑟𝑒𝑠 is due to higher reflectivity of
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Figure 6.9: (a) Simulation of the difference of the maximum temperature increase induced by a
stationary laser beam using 𝑡𝑝−𝑝 = 3.9 ms, 𝜔0= 14.5 µm, 𝐸𝑝= 30 µJ, 𝑁=10 andmaterial
parameters for galvanized steel (Zn-coated) according to Table 6.4. (b) Evolution of
threshold fluence and residual heat coefficient with increase in effective surface area
for galvanized steel at a wavelength of 1030 nm.

GI3 sample, resulting from the presence of higher amount of Al on the HDG steel surface
[57–59]. On the whole, an increase in residual heat and threshold fluence is positively
correlated with the increase in effective surface area.
From the above discussions, we propose the following explanation. With increasing sur-
face area, more energy is required to ablate materials. This extra energy requirement is
expected to bemet by increased absorption. During ultrashort pulse processing, a thin sur-
face layer is heated up to a nonuniform temperature distribution due to surface irregulari-
ties. For thin films, the surface roughness locally increases sheet resistance through 𝑒− scat-
tering [60]. As a result, preferential ablation becomes dominant as roughness increases.
Rather than ablating the material, most of the absorbed energy ends up as residual heat.
This observation is further confirmed from Fig. 6.3; more melt dominated structures are
visible for higher roughness samples. When applyingmultiple pulses, residual heat leads
to a higher degree of incubation. Therefore, for a given material, the difference between
multiple-pulse threshold fluences (𝐹𝑡ℎ(𝑁)) for different surface roughnesses becomes less
pronounced than the difference between single-pulse threshold fluences (𝐹𝑡ℎ(1)).

6.5 conclus ion

Zinc, galvanized steel and forming steel surfaces showing different roughness characteris-
tics were investigated for picosecond pulsed laser ablation at wavelengths of 515 and 1030
nm. A close look at the surfaces revealed that the average roughness value 𝑅𝑎 does not
properly describe the different kinds of surface features present on the surfaces from the
framework of absorption of laser energy. That is because these features lead to different
local angle of incidence for a normally incident beam, as well as an increase in effective
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surface area. Reflectivitymeasurements of the surfaces showed increased absorptionwith
increasing effective surface area, which is in agreement with the existing literature. How-
ever, threshold energy requirement for laser ablation is also found to increasewith increas-
ing effective surface area. The presence of surface impurities and oxidation may reverse
this effect in the case of single pulse processing. Decreasing laser wavelength by half re-
sults in a proportional decrease in threshold fluence, while the rate of decline is higher for
rough surfaces than smooth surfaces. From a 1D ray tracing simulation, the scattering an-
gle is found to increase with increasing effective surface area which leads to a nonuniform
temperature distribution due to the absorbed laser energy. A heat accumulation model
showed that, as the effective surface area increases, most of the absorbed energy is left as
residual heat in the laser irradiated zone. For multiple laser pulses, this leads to higher de-
gree of incubation for surfaces with larger effective surface area. Therefore, when surface
roughness is concerned, increased laser absorption does not necessarily imply increased
material ablation if the number of laser pulses is low. For high ablation efficiency with
low number of pulses, the initial surface roughness should be low.

supp l ementary in format ion

Surface topography

Figure 6.10 shows the amplitude (height) density function (ADF) of the surfaces shown
in Fig. 6.1 in Sec. 6.3.1. The skewness parameter of sample Zn2 indicates more scratches
on the surface than sample Zn1. All the treated GI samples are leptokurtic while the as
received sample (GI3) is platykurtic. The ADF of FS1 has similar trend as FS2 but at a
smaller height scale. From the skewness parameters, it can be concluded that nearly all
the samples exhibit depressions and scratches rather than peaks and spikes.
The inclination angle distribution (IAD) of the surfaces are shown in Fig. 6.11. These local
inclination angles determine the angle of incidence (AOI) of the incoming laser beam at
each local surface point. The smoother the surface, the sharper the distribution in these
graphs. Although samples FS2 and GI5 exhibit almost similar 𝑅𝑅𝑀𝑆, the IAD is wider for
GI5 than FS2. This indicates that the transitions between peaks and valleys are more steep
for sample FS2 than for sample GI5.

Surface reflectivity

In geometric optics approximation, the angular distribution of scattered light is quantified
using the directional reflection coefficient (DRC), which is the ratio of scattered light to
incoming light at all scattering angles 𝜃𝑠 and is given by [52]

𝜌′′(𝑐𝑜𝑠(𝜃𝑠)) = 𝑑Φ𝑠/𝑑Ω𝑠
𝑑Φ𝑖/𝑑Ω𝑖

, (6.3)

where Φ and Ω are radiant powers and solid angles respectively, and the subscripts 𝑖
and 𝑆 denote the incident and the scattered ray respectively. In Fig. 6.12, surface scatter-
ing plots of galvanized steel surfaces at different laser wavelengths are presented. The
simulation results represent 40 surface realizations defined by 100000 points using 75000
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Figure 6.10: Amplitude density function (ADF) of different material surfaces with corresponding
statistical parameters skewness and kurtosis.

0 20 40 60 80
0

2

4
10

5

mean
=0.98

°
Zn1

0 20 40 60 80
0

2

4

10
4

mean
=2.01

°
Zn2

0 20 40 60 80
0

5

10

15
10

4

mean
=0.63

°
FS1

0 20 40 60 80
0

2

4

6

In
c

li
n

a
ti

o
n

 a
n

g
le

 d
is

tr
ib

u
ti

o
n

10
4

mean
=6.57

°
FS2

0 20 40 60 80
0

5

10
10

4

mean
=3.84

°

GI1

0 20 40 60 80
0

5

10

15
10

4

mean
=4.37

°
GI2

0 20 40 60 80
0

2

4

6

8
10

4

mean
=7.70

°
GI3

0 20 40 60 80

Angle of inclination (deg)

0

2

4
10

4

mean
=10.54

°
GI4

0 20 40 60 80
0

1

2

10
4

mean
=17.27

°
GI5

Figure 6.11: Inclination angle distribution (IAD) function of different material surfaces. 𝜃𝑚𝑒𝑎𝑛 de-
notes the average inclination angle of the distribution.

first reflection points. In all the cases, the number of scattering events was singular, as
expected for normal incidence light [52]. Reflection is dominantly specular for surfaces
with a small RMS slope as the DRC follows a delta function for 𝜎/𝜏𝑥 = 0.005. This specu-
lar nature broadens with increasing surface roughness indicating more diffuse reflection.
For 𝜎/𝜏𝑥 = 0.03 and 0.04, the scattered light distribution is bimodal in nature. The DRC
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Figure 6.12: Surface scattering plots for galvanized steel with different average surface roughness
levels for light at normal incidence at a wavelength of (a) 1030 nm and (b) 515 nm.
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Figure 6.13: Slope of the ablated craters - (a) galvanized steel at two different roughness, (b) zinc
and forming steel polished surface.

for 𝜎/𝜏𝑥 = 0.07 and 0.09 resembles to the mean inclination angle shown in Fig. 6.11. This
means that the local angle of incidence plays the primary role in surface irregularity based
absorption changes. However, geometric optics approximation is complimentary to exact
wave-theoretical model for 𝜎 cos(𝜃0)/𝜆 > 0.17 and 𝜎/𝜏 < 2.0 [61]. Although, the latter
restriction is fulfilled by the surfaces studied in this work, the former restriction makes
the first two curves in Fig. 6.12(a) and only the first curve in Fig. 6.12(b) less valid for
normal incidence (𝜃0 = 0∘).

With increasing fluence and/or number of pulses, dimensions of the ablated craters
increase. This implies that the local angle of incidence is not normal for incoming light,
rather it follows the slope of the ablated crater. Figure 6.13 shows the polar histogram
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plot of the crater slopes at different number of pulses. The scatter for a given 𝑁 is a result
of peak fluence difference. For a given material, increasing roughness does not affect the
crater slope significantly. The difference observed for 𝑁 = 50 in Fig. 6.13(a) is due to the
reduction of coating thickness, which results in a shift from zinc to forming steel ablation.
As can be observed from Fig. 6.13(b), the increment in the crater slope with increasing 𝐹0
and 𝑁 is insignificant for forming steel when compared to zinc. Therefore, the ablation
rate of forming steel is less than of zinc. This results in a slower increase or saturated be-
havior in the development of crater slope in Fig. 6.13(a). As the slope increases, a change
in local angle of incidence results in higher absorption (see Fig. 6.2(d)) through diffuse
reflection from laser induced structures on the crater wall as well as multiple-reflections
[12, 55].

10 µm

d = 20.4

Ra = 1.26
µm

10 µm
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Ra = 0.15
µm
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Ra = 0.03
µm
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b) d)

Figure 6.14: SEM images (top view) of (a)-(b) forming steel and (c)-(d) zinc samples irradiated
at a wavelength of 515 nmwith 𝑁 = 1 and 𝐹0 = 2.1 J/cm2. Diameter, d of the modified
surface and average surface roughness,𝑅𝑎 of the unprocessed surface are derived from
CLSM measurements. All images are in same scale.

Crater morphology

For Zn, the surfacemodification is strongly affected by the initial surface roughness for 515
nm than 1030 nm.While there is melt movement observable on the smoother sample (see
Fig. 6.14 (c)), on the rougher sample random bubble bursts within the laser irradiated
zone can be observed (see Fig. 6.14(d)).
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Figure 6.15: SEM images (top view) of (a) GI, (b) Zn and (c) FS samples irradiated with 𝑁 = 50
and 𝐹0 = 40 J/cm2.

5 µm

Figure 6.16: SEM micrographs of LIPSS on laser processed Zn surface at a wavelength of 1030 nm
and 𝑁 = 1, 𝐹0 = 2.75 J/cm2 .

(a) (b)

Figure 6.17: Evolution of crater diameter with laser peak fluence for different initial surface rough-
ness at a wavelength of 1030 nm in (a) galvanized steel and (b) bulk zinc.
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Table 6.6: Occurrence of LIPSS on different sample at different processing conditions. Tick and
cross marks indicate presence and absence of LIPSS respectively.

Fluence 𝐹0 < 10 J/cm2 𝐹0 > 10 J/cm2

Wavelength 1030 nm 515 nm 1030 nm + 515 nm

Number of pulses 1 5 10 15 20 50 1 5 10 15 20 50 1-50

FS1, FS2 7 ✓ ✓ ✓ ✓ ✓ 7 ✓ ✓ ✓ ✓ ✓ 7

Zn1 ✓ 7 7 7 7 7 7 7 7 7 7 7 7

Zn2, GI1-5 7 7 7 7 7 7 7 7 7 7 7 7 7

Ablation threshold

The effect of initial surface roughness and resulting incubation is also reflected in multi-
pulse irradiation as shown in Fig. 6.18. Here, a similar trend as for 𝑁 = 1 in Fig. 6.6
is observed for 𝑁 = 10. However, the difference in threshold fluence requirement with
increasing Δ𝑆𝐴/𝐴 becomes smaller for 𝑁 > 1. This is because of intensity redistribution
through multiple and diffuse reflection, as a well defined crater is formed [12, 55].
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Figure 6.18: Threshold fluence 𝐹𝑡ℎ(𝑁) for 𝑁 = 10 as a function of increase in surface area Δ𝑆𝐴/𝐴.
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Heat accumulation model

The temperature distribution for a spatial Gaussian shaped stationary beamafter𝑁 pulses
is given by [62],

𝑇(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁

∑
𝑛=0

𝑇𝑠.𝑝.(𝑥, 𝑦, 𝑧, 𝑡 + 𝑛Δ𝑡𝑝−𝑝) , (6.4)

where 𝑡𝑝−𝑝 is the time between laser pulses and 𝑇𝑠.𝑝. at the surface (𝑧 = 0) is given by
[62],

𝑇𝑠.𝑝.(𝑥, 𝑦, 𝑧 = 0, 𝑡) = 2𝐸𝑟𝑒𝑠

𝜋𝜌𝐶𝑝√𝜋𝜅𝑡(8𝜅𝑡 + 𝜔2
0)

𝑒
(𝑥−𝑥𝑐)2+(𝑦−𝑦𝑐)2

4𝜅𝑡 (
𝜔2

0
8𝜅𝑡+𝜔2

0
−1)

, (6.5)

where (𝑥𝑐, 𝑦𝑐) are center coordinates of the laser spot, 𝜌, 𝐶𝑝, 𝜅 and 𝜔0 are density, spe-
cific heat capacity, thermal diffusivity of the material and beam radius respectively. The
residual energy 𝐸𝑟𝑒𝑠 is the product of incident pulse energy 𝐸𝑝 and residual rate of single
pulse energy 𝜂𝑟𝑒𝑠 given by [14],

𝜂𝑟𝑒𝑠 =
𝐴𝐸𝑝 − 𝜌Δ𝑉𝐿𝑣𝑎𝑝

𝐸𝑝
× 100% , (6.6)

where 𝐿𝑣𝑎𝑝 is the latent heat of vaporization, 𝐴 is the absorptivity and Δ𝑉 is the volume
ablation rate per pulse. From the confocal data, Δ𝑉 is calculated as [63, 64]

Δ𝑉 = 1
4𝜋𝜔2

𝑡𝑜𝑡𝛿𝑒
⎡⎢
⎣
ln⎛⎜

⎝

𝐸𝑝/(𝜋𝜔2
𝑡𝑜𝑡)

𝐹𝑡ℎ
⎞⎟
⎠

⎤⎥
⎦

2

, (6.7)

where 𝜔𝑡𝑜𝑡 = 𝜔0 + (𝑆𝐴/𝐴 − 1) ⋅ 𝜔0 and 𝛿𝑒 is energy penetration depth.
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It is sometimes said that scientists are unromantic, that their passion to figure out robs the world of beauty and mystery.

But is it not stirring to understand how the world actually works—that white light is made of colors, that color is the way

we perceive the wavelengths of light, that transparent air reflects light, that in so doing it discriminates among the

waves, and that the sky is blue for the same reason that the sunset is red? It does no harm to the romance of the sunset to

know a li$ le bit about it.

Carl Sagan

Sagan, C. Pale blue dot: A vision of the human future in space (1997)

Optical microscope image of cross section of laser textured galvanized steel. White bar denotes 200 µm.
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ab stract Ablation of galvanized steel in air was performed with single and
multiple picosecond laser pulses at a wavelength of 343, 515 and 1030 nm.
The relationships between the characteristics of ablated craters and process-
ing parameters were analyzed. Morphological changes of the ablated craters
were characterized by means of confocal laser scanning microscopy and scan-
ning electron microscopy. Chemical compositional changes were analyzed by
energy-dispersive X-ray spectroscopy. Three ablation regimes were identified
in the ablation process of galvanized steel. Ablation rates are found to increase
with decreasing laser wavelength. Analyzing the crater shape and the cross-
sectional chemical composition, three possible applications are identified for
three different wavelengths when processing galvanized steel with ultrashort
pulse lasers, namely coating removal, surface texturing and micro-drilling.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

7.1 in troduct ion

Ultrashort pulsed laser ablation offers precise and accurate material removal from the
laser-material interaction zone [1]. Due to ultra-short pulse duration, typically 𝜏 ≤ 10−11

s, the local interaction zone can be controlled from a single atomic layer to hundreds of
nanometers by adjusting the laser processing parameters, such as pulse duration, energy
and pulse-to-pulse delay, as well as the radius and intensity profile of the laser beam [2–
4]. Nanometric depth resolution makes ultrashort pulsed laser micromachining an ideal
manufacturing technique for processing not only bulkmaterials but also coated andmulti-
layeredmaterials with accuracy and precision. Although the commercially available laser
sources can provide very high peak powers, the energy efficiency of ultrashort pulsed
laser processing is reported to increase when processing with a peak power close to the
ablation threshold energy of a givenmaterial [5]. This implies that, for creatingmeso- and
micro-scale structures and/or textures, the processing parameters should combine both
very low fluence (energy per unit area) and multiple number of laser pulses on the same
spot [4]. Due to the complex nature of laser ablation, much work has been focused on
the optically flat and well characterized bulk and coated metals [6, 7]. In contrast, metal-
lic (coated) engineering surfaces deviate from ideal surface conditions, because of surface

139
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Air

Zn
ZnZn

Air

FS

Zn Zn

Zn-Fe Zn-Fe

Air

FS

Zn Zn

Zn-Fe Zn-Fe

Laser beam

Substrate

Coating

Oxide

Interfacial layer

Figure 7.1: Schematic diagram of the cross-section of laser material interaction of galvanized steel,
showing zinc coating (Zn) on forming steel (FS) substrate.

defects, such as roughness and oxidation, present both at the coating and substrate surface.
Figure 7.1 illustrates schematically the cross-section of an engineering-grade coatedmetal.
Apart from individual surface roughnesses of the coating and the substrate, there typically
exists a thin layer of oxides on the surface, as well as an interfacial layer at the coating-
substrate interface. Absorption of the incident laser beam energy by the coating surface
is greatly affected by such surface defects [8]. Moreover, as the ablated morphology gets
deeper after each laser pulse, material exposed to the incident laser beam changes from
coating to intermediate to substrate material. On top of the complexity of the physical
laser ablation mechanisms, a layered specimen, such as Fig. 7.1, induces further complica-
cies in the thermodynamic pathways to phase changes and resulting surfacemorphology.

At present, the surface aspect of galvanized steel is highly demanding and requires
quality-critical development within the steel-making industry [9]. Current steel strip pro-
duction uses the temper rolling or skin pass process to attain desired product surface
topology as well as correct shape, and mechanical properties of the strip [9]. Properties
like formability [10], paint appearance [11] and end-user paint usage [12] is directly re-
lated to the surface finish of galvanized steel sheet. Consequently, surface texturing tech-
niques, such as electric discharge texturing, chemical etching, shot blasting, laser texturing
and electron beam texturing [13, 14], are employed to enhance the surface functionality
alongwith the tribological performance [14]. In comparison to other techniques, laser sur-
face texturing offers higher efficiency, more flexibility and cleaner process with relatively
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higher accuracy in surface control. Short and ultrashort pulsed laser processing of coated
materials has been performed for micro-patterning [15], as well as for Laser-induced
Breakdown Spectroscopy (LIBS) [16]. Galvanized steel has been extensively studied over
the last 20 years for depth profiling of coating layer using LIBS [2–4, 17–21] with depth
resolution varying from 2 to 50 nm/pulse. However, for the purpose of surface texturing
to improve surface functionality, no work on direct laser surface texturing has been re-
ported for hot-dip galvanized steel.

Therefore, in this paper, picosecond laser surface ablation of galvanized steel in infrared
(IR), visible (VIS) and ultraviolet (UV) wavelengths is presented for the purpose of high
speed surface texturing with low number of pulses at thermal ablation fluence regime.
Wavelength of the incident laser beam generally controls the absorption of laser energy
in the target material resulting in a photochemical and/or photophysical decomposition
of the material surface. The absorption of the available laser energy is governed either by
the optical penetration depth in the target material, or by the excitation of ablation plume
(plasma shielding) aswell as themolecules of surroundingmedium (laser-induced break-
down ofmedia) [22]. The goal of this paper is to investigate the cratermorphology aswell
as the ablation rate of galvanized steel at different wavelengths for a picosecond pulse du-
ration. The minimum fluence value used in this work corresponds to formation of visible
surface modification observable by an optical microscope for single laser pulse over a
surface with submicron average roughness. First, optical reflectivity of the surfaces prior
to laser processing was measured. Next, crater morphology after laser irradiation with
single and multiple pulses over a fluence range is analyzed by the help of confocal laser
scanning microscopy and scanning electron microscopy. Afterwards, ablation rate and
energy efficiency was derived for multiple laser pulse irradiation at 343, 515 and 1030
nm wavelength and ps-pulse duration. Also, chemical composition of untreated coating
surface and ablated craters were analyzed.

7.2 ex p er imental s e tup

7.2.1 Laser setup

The ablation experiments were performed under atmospheric conditions using a diode
pumped thin disc Yb:YAG pulsed laser source (TruMicro 5050 of Trumpf GmbH, Ger-
many). This source emits 6.7 ps laser pulses of linearly polarized light at a central wave-
length of 1030 nm (maximum average power of 50W at a maximum pulse frequency of
400 kHz) and shows a nearly Gaussian power density profile (𝑀2 < 1.3). Along with
the fundamental wavelength, the second harmonic wavelength of 515 nm, generated by
frequency doubling (SHG), and third harmonic wavelength of 343 nm, generated by fre-
quency tripling (SFG), were used in this work.
A galvo-scanner (IntelliScan14 of ScanLab GmbH, Germany), equippedwith a telecentric
flatfield F-theta-Ronar lens (Linos GmbH, Germany) was used to scan the focused laser
beam over the surface of the sample. The sample was placed in the focal plane. The focal
spot radius was measured from the fluence profile using a charge-coupled device (CCD)
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sensor-based, beam diagnostic system (MicroSpot Monitor of Primes GmbH, Germany).
The setup related parameters are listed in Table 7.1.

Table 7.1: Laser setup parameters

Parameters Laser wavelength [nm]
1030 515 343

Focal length [mm] 80 100 103
Focal spot radius [µm] 14.4 ± 1.6 10.0 ± 0.9 7.4 ± 0.5
Ellipticity @ focus 0.93 0.85 0.86
Rayleigh length [mm] 0.56 0.513 0.425
Divergence angle [mrad] 51.5 39.0 35.2
Max. pulse energy [µJ] 119.25 62 31.6
Min. pulse energy [µJ] 6 1.1 1.4

The laser beam impinges perpendicular to the sample surface. The focus position was
fixed for all the experiments and coincided with the original (unprocessed) surface. An
exhaust systemwas used to extract debris from the laser material interaction zone during
processing. The laser energy supplied to the surface was varied by using a combination of
a half-wave plate and a polarizing beam splitter. A pyroelectric detector (PM30with Field-
Max II of Coherent, USA) was used to measure the average laser power incident on the
samplewith an error less than 8%. The energy of the individual pulses was determined by
dividing the measured average laser power by the pulse frequency applied. The power
instability of the laser source is less than 2%. At a repetition rate of 8 kHz and a beam
scanning velocity of 1 m/s, time between consecutive pulses on the same location on the
surface equals at least 7 ms, depending on the beam deflection velocity. The geometrical
pulse-to-pulse distance was at least 125 µm and the number of pulses varied from 𝑁 =
1 to 70. A total of 36 craters were created per laser setting to ensure statistically sound
values in measured quantities.

7.2.2 Material

Galvanized steel, having a Zinc coating (99.7% Zn, 0.3% Al) weight of 70 g/m2 (aver-
age thickness of 8 ± 2 µm), deposited by Hot Dip Galvanizing (HDG) process on Tita-
nium Stabilized Ultra Low Carbon (TiSULC) steel substrate, was used. The samples are
commercially produced according to European standard EN10346:2015 [23] with a sur-
face roughness (𝑅𝑎) of 0.5 𝜇m. Samples were cleaned using Ammonia (< 5%) solution
(𝑁𝐻3(𝑎𝑞)) prior to and after the laser ablation experiments.
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7.2.3 Analysis tools

In order to obtain the optical constants - i.e. the refractive index n and extinction coeffi-
cient k, of polished samples (𝑅𝑎 ≤ 0.03 µm), spectroscopic ellipsometry measurement
(M-2000UI ellipsometer from Woollam, USA) was carried out on the untreated surface
over a wavelength range from 245 to 1690 nm at 65∘, 70∘, 75∘ incident angles. Further,
the reflection spectra of the unprocessed samples were measured using an integrating
sphere (UPB-150-ART of Gigahertz-Optik, Germany). Broadband light (300-2500 nm)
from a Tungsten-Halogen Light Source (AvaLight-HAL-S of Avantes, the Netherlands)
is guided by fiber optic, focused by an achromatic doublet lens on the sample and subse-
quent reflection spectrum is collected by a spectrometer (HR-4000 of Ocean Optics, USA).
Ba2SO4 was used as a reference standard.
The roughness of samples after surface treatments, as well as the laser-induced surface
profiles (the latter referred to as ’craters’ here), were measured by means of Confocal
Laser Scanning Microscopy (CLSM), (VK-9700 of Keyence Corporation, Japan). The lat-
eral and vertical resolution of CLSM measurements was 276 nm and 1 nm respectively.
Laser-induced crater morphology was analyzed by means of a field emission Scanning
ElectronMicroscope (SEM), (JSM-7200F of Jeol, USA). The Energy-dispersive X-ray spec-
troscopy (EDX) measurements were performed with the same SEM at an accelerating
voltage of 7 and 20 kV using a 20 mm2 silicon drift detector system (X − MaxN of Oxford
Instruments, UK).
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Figure 7.2: Reflection coefficient 𝑅 of galvanized steel as a function of wavelength measured us-
ing the integrating sphere setup, as well as calculated from the 𝑛 and 𝑘 values from
ellipsometry measurement. Data for Zn, Al and Fe are taken from [24], [25] and [26].
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7.3 r e sult s & d i scu s s ions

In the following subsections, first the optical reflectivity of the sample prior to laser pro-
cessing is assessed in comparison with Zn, Al and Fe. The polished galvanized steel sam-
ple is used to act as a reference in comparison to as-received rough sample. Then the
morphology of the surface before and after laser irradiation is discussed. Next, the abla-
tion rate and energy efficiency of three wavelengths are presented. Finally, we evaluate
the chemical composition of the craters at different depth levels to investigate possible
chemical changes due to laser processing of the galvanized steel.

7.3.1 Surface reflectivity

As a reference, the reflection coefficient calculated from 𝑛 and 𝑘 value obtained from ellip-
sometry measurement for the polished galvanized steel sample (𝑅𝑎 ≤ 0.03 µm) is shown
in Fig. 7.2 (dashed curve). Reflectivity information for as received galvanized steel (𝑅𝑎 =
0.3-0.6 µm) was not readily available in the literature and thus was measured using the
integrating sphere setup.

Fig. 7.2 also represents the reflectivity of Zn [24], Al [25] and Fe [26] for comparison.
The reflectivity of GI (blue, solid curve) follows a similar trend as Zn at longer wave-
lengths (≥ 650 nm) and behaves more like Fe for shorter wavelengths. Although the
coating is made of nearly pure Zn, the optical penetration depth 𝛿0, calculated from the
extinction coefficient 𝑘 as 𝛿0 = 𝜆/4⋅𝜋⋅𝑘, of Zn at 1030, 515 and 343 nm is 25.4, 13.4, 13.3
nm respectively, whereas for GI the values are increased to 34.3, 14.4 and 14.4 nm re-
spectively. The as received GI sample (𝑅𝑎 = 0.6 µm) shows higher reflectivity for shorter
wavelengths (≤ 800 nm) than the polished GI sample (𝑅𝑎 = 0.03 µm) on which ellipsom-
etry measurements were performed. This might be attributed to the higher scattering of
shorter wavelengths by surface asperities, as well as to the presence of Al on the surface
[27], which shows the highest reflectivity among all the curves in Fig. 7.2. Therefore, the
absorbance of laser energy for GI samples (polished and rough) is lower than pure Zn
at all wavelengths, but the surface roughness reduces the absorbance of as received GI
sample further than polished GI sample.

7.3.2 Morphology

The surface of non skin passed galvanized steel features different kinds of surface de-
fects/ asperities [28]. Although no spangle (snowflake-like six-fold pattern) is visible to
the naked eye, primary and secondary dendrite arms, grain boundaries and micromet-
ric scratches mainly constitute the surface defects present prior to laser processing. These
surface defects vary in length and depth. Primary and secondary dendritic arms spread
within 500 µm laterally and are 0.3-1 µm deep. The depth of grain boundaries lies within
1-2 µm. Random scratches over the surface are less than 100 µm deep. Together these de-
fects result in a surface roughness 𝑅𝑎 of 0.5 µm. The optical penetration depth, as derived
above, is an order of magnitude smaller than the reference surface roughness. Therefore,
surface modification with low number of pulses at low laser fluence values are highly
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Figure 7.3: Confocal laser scanningmicroscope images (top view) of galvanized steel surface irra-
diated at different laser wavelengths 𝜆 and different pulse energies 𝐸𝑝, but at constant
fluence 𝐹0 = 1.8 J/cm2 for 𝑁 = 1, 20 and 50. All images are in the same scale. The
diameter 𝑑 and depth ℎ of the craters are indicated in each graph.

affected to surface defects. Consequently, with multiple number of pulses at higher laser
peak fluence, the cratermorphology becomesmore deterministic, as can be observed from
Figs. 7.3-7.6 for 1, 20 and 50 pulses at three laser wavelengths for low, mid and high flu-
ence values used in this work.

Fig. 7.3 shows confocal images of craters processed at 𝐹0 = 1.8 J/cm2 with single (𝑁 =
1) and multiple (𝑁 = 20 and 50) laser pulses. For single pulse processing at low fluences,
the crater diameter follows the beam diameter (1/𝑒2) and the depth of the craters are
negligible compared to the reference surface roughness (𝑅𝑎 = 0.5 µm). Presence of laser
induced periodic surface structures (LIPSS) are visible for 𝜆 = 1030 and 515 nm (see Fig.
7.4). In the context of this work, we found that LIPSS is strongly dependent on the pres-
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5 µm5 µm

a) b)

Figure 7.4: Scanning electron microscopy images of LIPSS on galvanized steel surface irradiated
with single laser pulse at 𝐹0 = 1.8 J/cm2 and at a laser wavelength of (a) 1030 nm and
(b) 515 nm.

ence of scratches with submicron depth as is a known feature in LIPSS formation [29].
On the other hand, flat non-scratched surface demonstrates barely visible LIPSS, whereas
deep surface defects, such as grain boundaries and micrometric scratches, induces local
surface modifications (bubble-bursts, splashes) and hydrodynamic instabilities that ad-
versely affect the formation of LIPSS [30].

With increasing fluence, the diameter of the crater increases for single pulse process-
ing (see Fig. 7.5 and 7.6). Further, increasing fluence and 𝜆 = 1030 nm, the morphology
of the craters becomes increasingly melt dominated and shows negligible depth forma-
tion up to 10 J/cm2 (see also Fig. 7.7). At mid fluence levels (𝐹0 ≈ 10 J/cm2), LIPSS like
structures form along the periphery of the crater, while the center is dominated by bubble-
bursts and random melt movement (see Fig. 7.5). For shorter wavelengths, the center of
the crater shows a flat melt like solidified surface. For all three wavelengths, well defined
melt movement structures (e.g. splashes with fingers, ripples with crests) are formed for
high fluence, as shown Fig. 7.6. However, with increasing fluence, a drastic increase in
the depth of the ablated crater is observed as the laser wavelength gets shorter (see Fig.
7.7). It is known that increasing fluence increases thermal ablation [31]. Therefore, this
observation indicates that melt and plasma hydrodynamics becomes a dominating phe-
nomenon, after a certain threshold fluence is crossed, for UV and visible wavelengths,
while for infra-red, it stays the same.

For multiple pulses, i.e. 𝑁 > 1, both the diameter and the depth of the crater start to
increase for all three wavelengths. Evidence of melt is visible in all cases (see Fig. 7.3-
7.7), especially for 1030 nm. Once the coating layer of Zn is removed, so for crater depth
> 8 ± 2 µm, the beam impinges on the steel substrate. Regardless of the laser wavelength,
exposing the steel substrate results in an observable heat affected zone (HAZ) around
the crater on the coating surface. A ”saturation” in depth is observed for all wavelengths
when the ablation depth reaches the coating-substrate interface. The HAZ is clearly vis-
ible at this point (see Fig. 7.3 (c), (f), (i), Fig. 7.5 (c), (e), (h) and Fig. 7.6 (c), (e)). For
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Figure 7.5: Confocal laser scanning microscope images of galvanized steel surface irradiated at
different laser wavelengths and different pulse energies 𝐸𝑝 at 𝐹0 = 10 J/cm2 for 𝑁 = 1,
20 and 50. All images are in the same scale. The diameter 𝑑 and depth ℎ of the craters
are indicated in each graph.

343 and 515 nm, laser pulses drill further through the steel, but as mentioned above, the
ablation depth saturates along the coating-substrate interface for 1030 nm. However, the
HAZ diameter, as well as the cylindricity of the crater, increase with multiple pulses at
high fluence regime for 1030 nm,while drilling inside the steel substrate reduces theHAZ
for 515 and 343 nm. This observation indicates that heat diffusion along lateral direction
becomes more pronounced as the ablation depth saturates along the coating substrate
interface.
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Figure 7.6: Confocal laser scanning microscope images of galvanized steel surface irradiated at
different laser wavelengths and different pulse energies 𝐸𝑝 at 𝐹0 = 36 J/cm2 for 𝑁 = 1,
20 and 50. All images are in the same scale. The diameter 𝑑 and depth ℎ of the craters
are indicated in each graph.

7.3.3 Ablation rate and depth

Using CLSM, the three-dimensional morphologies of the craters were measured, and the
dimensions (diameter, depth, volume and surface area) of the craters are extracted from
the measurement data using a shape detection algorithm [24]. The CLSM measurements
are compromised by the surface irregularities at low fluence levels and low number of
pulses, resulting in a spread in the quantities. In the context of this work, the ablation
rate is defined as the amount of material removed per laser pulse. It can be calculated
either from the ablated depth, or from the ablated volume. As sketched in Fig. 7.1, the
coating layer has a varying thickness over the rough substrate. The minimum coating
layer thickness is about 4 µm (see Sec. 7.2.2). Therefore, pure Zn layer extends up to 4
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µm along the depth of the sample from the surface, followed by a Zn-rich intermediate
layer extending up to the coating-substrate interface. Figure 7.7 (a), (b) and (c) show
the maximum ablated depth as a function of laser peak fluence for different number of
pulses at laser wavelengths of 1030, 515 and 343 nm respectively. In these figures, the
horizontal dashed and dashed-dotted lines represent the boundary of the pure Zn layer
and the coating-substrate interface respectively. The maximum ablated depth appears to
be separated along these two horizontal lines for 1030 nm (see Fig. 7.7(a)), whereas the
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Figure 7.7: Maximum ablated depth as a function of laser peak fluence for different number of
pulses at a laser wavelength of (a) 1030 nm, (b) 515 nm and (c) 343 nm. Note the
different vertical scales of these graphs. The horizontal dashed anddashed-dotted lines,
at 4 µm and 8 µm, represent the boundary of pure Zn layer and the coating-substrate
interface respectively.
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transition from pure Zn coating to intermediate layer to substrate becomes smoother as
the laser wavelength shortens (see Fig. 7.7(b) and (c)). In the case of multiple pulses, the
shorter the wavelength, the higher the ablated depth. The maximum ablated depth satu-
rates for craters processed with 𝑁 > 20 at a laser wavelength of 1030 nm (see Fig. 7.7(a)).
Saturation in depth is also observed for data points within a depth range of 6-10 µm in
the case of 515 and 343 nm (see Fig. 7.7(b) and (c)). This observation is consistent with
the average coating thickness of 8 ± 2 µm (see Sec. 7.2.2).
For a laser beam with Gaussian energy distribution in polar coordinates (𝑟, 𝑧, 𝜙), the spa-
tial fluence profile, 𝐹(𝑟, 𝜙) [J/cm2] is given by,

𝐹(𝑟, 𝜙) = 𝐹0𝑒
−( 2𝑟2

𝜔2
0

)
, (7.1)

where, 𝐹0 = (2 ⋅ 𝐸𝑝)/(𝜋 ⋅ 𝜔0) is the peak fluence related to pulse energy 𝐸𝑝 and the
beam spot radius (1/𝑒2) 𝜔0. At ℎ𝑚𝑎𝑥(𝑟 = 0), the relation between ablation depth per pulse
𝐿, peak fluence 𝐹0 and threshold fluence 𝐹𝑡ℎ can be expressed with an effective energy
penetration depth 𝛿𝑒 as [32]

𝐿 = 𝛿𝑒 ⋅ ln( 𝐹0
𝐹𝑡ℎ

) . (7.2)

If the maximum depth ℎ𝑚𝑎𝑥 is plotted as a function of number of pulses 𝑁 for a given
peak fluence, the crater depth per pulse, or the ablation rate at that fluence level, can be
determined from the slope of the curve, under the assumption of linear dependence of
ℎ𝑚𝑎𝑥 on 𝑁. Since the trend in ablated depth or volume changes for 𝑁 ≥ 20 compared to
𝑁 < 10, the ablation rate 𝐿 at any fluence level is calculated separately for craters pro-
cessed with 𝑁 = 1 to 10 and with 𝑁 = 20 to 70. In Fig. 7.8, the ablation rate 𝐿 is plotted
against the peak fluence for 𝑁 ≤ 10 and 𝑁 ≥ 20 at all three wavelengths, represented
by the colored solid and dashed lines respectively. As mentioned above, the ablation rate
indicated by the solid curves (𝑁 ≤ 10) is different than the dashed curves (𝑁 ≥ 20) in
this figure. Therefore, Fig. 7.8 is divided into three parts indicated by the black dashed
curve, where the upper part corresponds to direct ablation of Zn (only), the lower left
part corresponds to the ablation of both Zn and the substrate, and the lower right part
corresponds to the ablation of forming steel (FS). At all wavelengths, the ablation rate for
𝑁 ≤ 10 (see Fig. 7.8 upper part) follows Eq. (7.2) with an energy penetration depth 𝛿𝑒 of
0.1 ± 0.06 µm, 0.22 ± 0.04 µm and 0.25 ± 0.06 µm for 1030, 515 and 343 nm respectively.
However, the ablation rate for 1030 nm saturates around 0.3 µm/pulse for 𝐹0 > 5 J/cm2 in
contrast to the other wavelengths. In the lower-left part of Fig. 7.8 (𝑁 ≥ 20), the ablation
rate decreases exponentially (𝐿 = 𝑎1 ⋅ exp(𝑎2 ⋅ 𝐹0) + 𝑎3; 𝑎1 = 0.14 − 0.18, 𝑎2 = 0.4 − 0.5)
up to 𝐹0 ≤ 10 J/cm2 for all three wavelengths. The ablated depth per pulse decelerates to-
wards saturation with increasing 𝐹0, because the substrate steel increasingly becomes the
exposed surface for incident laser pulses. When the peak fluence value exceeds 10 J/cm2,
the ablation rate stays almost constant for 1030 nm, while it increases linearly for 515 and
343 nm.

This observation indicates that the absorbed part of the laser beam energy contributes
more towards ablating laterally, rather than vertically, along the beam propagation axis,
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Figure 7.8: Average ablation rate 𝐿 of galvanized steel in air for three different wavelengths as a
function of peak laser fluence. The dashed black curve indicates ablation in the coating,
interface and substrate layers.

as the steel substrate becomes more exposed towards the incoming laser beam. Therefore,
the shape of the crater, as well as the ablated volume, should also experience similar trend
when the ablated depth reaches the coating-substrate interface. In the following subsec-
tions, namely Sec. 7.3.3.1 and 7.3.3.2, we discuss the effect of these regime changes on the
ablated volume and crater shape.

7.3.3.1 Ablated volume

Since the beam diameter decreases with decreasing wavelength (see Table 7.1), the ab-
lated volume for same laser processing parameters (𝑁 and 𝐹0) at different laser wave-
lengths cannot be readily compared. To compare ablated volume at different laser wave-
lengths, the ablated volume (𝑉) is divided by the laser spot area (𝜋𝜔2

0) and plotted
against the laser peak fluence in Fig. 7.9 (a)-(c). Unlike the maximum ablated depth ℎ𝑚𝑎𝑥
at 1030 nm shown in Fig. 7.7(a), no saturation with increasing 𝐹0 is observed for the ab-
lated volume per irradiated area as shown in Fig. 7.9(a). This indicates that the craters
become more cylindrical, rather than Gaussian, in shape for 𝑁 > 20 at 1030 nm. In the
case of 515 and 343 nm, increase in volume along with an increase in maximum ablated
depth indicates that ablation of Fe or Fe-Zn compound takes place at shorter wavelengths,
when the ablated depth ℎ𝑚𝑎𝑥 is greater than 8 µm (see Fig. 7.7 and 7.9). In anywavelength,
it takes up to 20 pulses to ablate deeper than the pure Zn layer, at which a different trend
in ablation rate is observed for both the ablated depth and volume. Rearranging the ex-
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Figure 7.9: Ablated volume per pulse Δ𝑉 per irradiated area as a function of laser peak fluence
for different number of pulses at a laser wavelength of (a) 1030 nm , (b) 515 nm and
(c) 343 nm. (d) Energy penetration depth 𝛿𝑒 as calculated from the fit of Eq. (7.3)

pression of the ablated volume per pulse as proposed by Raciukaitis et al. [7] and Neuen-
schwander et al. [33], the quadratic relationship between the ablated volume per pulse
Δ𝑉 per irradiated area and peak fluence 𝐹0 reads as

Δ𝑉
𝜋𝜔2

0
= 1

4 ⋅ 𝛿𝑒 ⋅ ⎡⎢
⎣
ln⎛⎜

⎝
𝐹0
𝐹𝑉

𝑡ℎ

⎞⎟
⎠

⎤⎥
⎦

2

. (7.3)

From the non-linear fit of Eq. (7.3), for the data points of Fig. 7.9 (a)-(c), the energy pen-
etration depth 𝛿𝑒, as shown in Fig. 7.9(d), can be derived. The solid and dashed line rep-
resents the curve fit for 𝐹0 ≤ 10 J/cm2 and 𝐹0 > 10 J/cm2 respectively. The vertical dotted
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line indicates 𝑁 = 10, below which the ablation is confined within the pure Zn layer. As
soon as the ablated depth reaches the intermediate layer, energy penetration is adversely
affected. That is, unlike 1030 nm, 𝛿𝑒 increases significantly for 𝐹0 > 10 J/cm2, 𝑁 ≤ 10 at
a laser wavelength of 515 and 343 nm. This observation indicates that energy penetrates
deeper within the material for shorter wavelengths than 1030 nm if the peak laser fluence
exceeds 10 J/cm2. The energy efficiency can be calculated from the instantaneous slope of
Eq. (7.3). In agreement with literature [34], it is found that the process becomes energy
efficient for low fluence values and multiple number of laser pulses.
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Figure 7.10: Cross-sections of craters (obtained fromCLSMmeasurements) processed at different
wavelengths and at 𝐹0 = 21 J/cm2 with (a) 𝑁 = 7, (b) 𝑁 = 20 and (c) 𝑁 = 40.
The horizontal black dotted line represents the interface between Zn coating and steel
substrate.

7.3.3.2 Crater shape

The cross-sections of the ablated craters further illustrate the effect of the wavelength on
laser ablation of galvanized steel. In Fig. 7.10, the evolution in the crater shape for a given
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fluence (𝐹0 = 21 J/cm2) is shown for three different number of pulses corresponding to
ablation in pure Zn layer, intermediate layer and steel substrate. As can be observed from
these graphs, the crater shapes are Gaussianwhen ablation is confinedwithin the pure Zn
layer, as shown in Fig. 7.10 (a). Although 1030 nm shows amore “basin”-like crater shape
at 𝐹0 = 21 J/cm2, the Gaussian shaped craters are only observed for 𝐹0 < 10 J/cm2, which
is in agreement with our previous work [24]. As discussed previously, the ablation rate is
significantly higher for 343 and 515 nm when 𝐹0 > 10 J/cm2. This observation is reflected
in Fig. 7.10 (a), where the craters extend to the intermediate layer for 343 and 515 nm,
while craters at 1030 nm are within Zn layer. If the number of pulses is increased further,
the difference between the craters processed at different laser wavelength becomes more
pronounced as shown in Fig. 7.10(b) for 𝑁 = 20. Craters at 1030 nm maintain their basin-
like shape with a hump at the center of the crater. Similar features were also observed for
Zn [24, 35] and Si [36]. For 515 nm, the crater shows a slight saturation with increasing 𝑁
along the coating-substrate interface indicated by the dotted horizontal line in Fig. 7.10(b).
In contrast, craters processed at 343 nm appear to be unaffected by the change of ablat-
ing material at the coating-substrate interface andmaintain their Gaussian shapes. For an
even higher number of pulses (𝑁 = 40), the craters deepen further within the material,
as shown in Fig. 7.10(c). As seen for lower number of pulses, craters processed at 1030
nm maintain their basin-like shape, but this time, along the coating-substrate interface.
Both 515 and 343 nm drill through the substrate steel with the latter having higher rate
of ablation than the former. The basic shape equation (BSE) of a crater processed with a
Gaussian pulse can be derived from Eq. (7.1) and expressed as

ℎ𝐵𝑆𝐸(𝑟) = 𝛿𝑒 ⋅ ln( 𝐹0
𝐹𝑡ℎ

) − 2𝑟2

𝜔2
0

. (7.4)

For 343 and 515 nm, the shapes of the craters processed at any laser condition in the
context of this work is found empirically to equal

ℎ(𝑟) = ℎ𝐵𝑆𝐸(𝑟) + 𝑐1𝑟4 + 𝑐2𝑟6 , (7.5)

where, 𝑐1 and 𝑐2 are fitting parameters.The second and third term on the right hand side
accounts for the slope of the crater wall and the bottom part of the crater, respectively.
However, Eq. (7.5) cannot describe the crater shapes for 1030 nm and thus, was modified
for this wavelength as follows

ℎ(𝑟) = ℎ𝐵𝑆𝐸(𝑟) + 𝑐1𝑟4 + 𝑐2𝑟6 − 𝑐3𝑟2 . (7.6)

The additional term on the right side in Eq. (7.6) comes into play when the crater depth
saturates along the coating-substrate interface and craters become cylindrical in shape
with steep crater wall. In the presence of a substrate, the crater shape on a coated material
deviates from ideal Gaussian as described by Eq.(7.4) towards Eq. (7.5) and (7.6).

From these analyses, it can be concluded that hot-dipped galvanized steel is very sen-
sitive to the chosen laser wavelength allowing to tune ablation rates, as well as surface
morphologies, to the need of application. For example, the wavelength of 1030 nm may
be suitable for removing the Zn layer from a coated steel surface without affecting the
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Figure 7.11: (a) SEMmicrograph of an ablated crater processed with 𝑁 = 20 and 𝐹0 = 10 J/cm2 at
a laser wavelength of 1030 nm. The horizontal solid line indicates the linescan of EDX
measurement. (b) EDX spectrum (left 𝑦 axis) and depth profile (right 𝑦 axis) of the
laser processed crater. The horizontal black dashed line at 4 µm demarcates pure Zn
and intermediate layer in the coating.

substrate steel. For functional surface texturing, 515 nm seems to be an ideal candidate in
terms of controllable depth and interaction with substrate steel. The wavelength of 343
nm is suitable for micro-drilling, being less sensitive to a change of ablating material at
the coating substrate interface.

7.3.4 Chemical composition

In order to investigate the possible effect of the laser processing of galvanized steel on the
chemical composition of Zn and Fe, energy-dispersive X-ray spectroscopy (EDX) analysis
was performed over a line along the center of the crater extending up to the unprocessed
surface, as shown in Fig. 7.11, with an accelerating voltage of 7 kV. For craters processed
with 𝑁 ≤ 10, the crater depth is within the pure Zn layer and the EDX measurement
confirms this observation. As regards the intermediate layer, the effect of intermetallic
formation by Fe and Al is visible along the depth of the crater. Fig. 7.11 shows the SEM
image and EDX spectra of a crater processed at a laser wavelength of 1030 nmwith 𝑁 = 20
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Figure 7.12: Cross-sectional EDX mapping of galvanized steel - (a) SEM image of unprocessed Zn
layer over steel, the EDX mapping of Zn and Fe is shown below; (b) SEM image of
ablated crater processed with single pulse at 𝐹0 = 39 J/cm2 and a laser wavelength of
515 nm. EDX mapping of the area indicated by the black dashed rectangle is shown
below with layered image (left) and elemental compositional map (right).

and 𝐹0 = 10 J/cm2. Zn is predominantly present within 4 µm depth. As the crater gets
deeper, the presence of Al and Fe is observed, which may come from Fe-Al intermetallics
formed during the HDG process. Moreover, the geometrical ”flatness” in the bottom of
the crater can be correlated with the presence of different materials apart from Zn.

Generally, the intermetallic formed by Fe, Zn and Al during the solidification of Zn
coating over forming steel surface in the HDG process is less than 0.2 µm [27]. The inter-
metallic is mainly of Fe-Al which prohibits Fe-Zn inhibition layer [27]. The cross-sectional
composition also confirms the presence of Zn in the coating layer with a sharp interface
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with Fe (forming steel) as shown in Fig. 7.12(a). During the laser processing of galva-
nized steel at high peak laser fluence levels and multiple number of pulses, first the coat-
ing layer is removed, followed by the removal of the intermetallic and substrate material.
A cross-section of such a crater processed at a laser wavelength of 515 nm with 𝑁 = 50
and 𝐹0 = 39 J/cm2 is shown in Fig. 7.12(b). The lower part of this figure shows the EDX
mapping of the crater wall and its surrounding, indicated by the black dashed rectangle,
performed with an accelerating voltage of 15 kV. Presence of Fe-Zn intermetallic in steel
substrate and Zn-Fe compound in the coating layer is estimated to form around the crater
from the compositional analysis.

7.4 conclus ion

Ultrashort pulsed laser processing of galvanized steel at three laser wavelengths of 343,
515 and 1030 nm was studied to investigate the morphological evolution, due to laser flu-
ence levels and number of laser pulses, of the ablated craters, as well as the wavelength
dependence of ablation rates and energy efficiency of material removal. Unexpectedly,
reflection measurements of the unprocessed surface was found to be unaffected by the
surface roughness. The morphological study of laser-induced craters revealed that a heat
affected zone occurs in the coating layer when the crater depth saturates near the coating-
substrate interface. Three regimes of ablation were found, namely removal of pure Zn,
of the intermediate layer and of the substrate, as the craters become deeper. The maxi-
mum depth of the ablated crater was found to saturate along coating-substrate interface
for 1030 nm, and the craters became more cylindrical in shape. For 343 and 515 nm wave-
lengths, no saturation in crater depth with increasing fluence and/or number of pulses
was observed. It was also found that the shorter the wavelength, the higher the ablation
rate. Ablation energy efficiency was found to increase for lowest fluence value used in
this work with multiple number of pulses. The difference in ablation rate and energy ef-
ficiency became prominent for shorter wavelengths, when the peak laser fluence exceeds
10 J/cm2. Chemical compositional analysis supported the above mentioned three phase
ablation scheme revealing the presence of intermetallic compounds within the ablated
area. The shapes of the craters are different for three wavelengths, which can be exploited
for possible application-specific processing regimes ranging from coating removal (1030
nm) to surface texturing (515 nm) to micro-drilling (343 nm).
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My PhD project was actually doing something that required a high-intensity laser. It was supposed to work in a way that -

many, many photons of light would interact with an atom, all at the same time.And to do that you need to have all of your

photons squeezed into small volume, and that means you focus it with the lens down, and you also squeeze in time. ....

Well we wanted to interact with atoms in new ways, and this type of laser can now have a force on an electron that’s

bigger than the force that holds the electron to the atom. Also, it can be done very shortly, so the electrons simply fly off

the atoms when they’re inside these laser fields.

Donna Strickland

Gibney, E. Nobel laureate Donna Strickland talks lasers and gender, Nature Podcast (2018)

Polarizing microscope image of laser textured zinc surface. Black bar denotes 50 µm.
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I N F LUENCE OF THE PUL SE DURAT ION AT NEAR- IN FRARED
WAVELENGTHS ON THE LASER- INDUCED MATER IAL REMOVAL
OF HOT-D I P P ED GALVAN IZED STEEL

H.Mustafa, D. T. A.Matthews, andG. R. B. E. Römer. Influence of the pulse duration at near-infraredwavelengths on the laser-induced

material removal of hot-dipped galvanized steel. In preparation, 2019.

ab stractHot-dipped galvanized steel is processedwith short and ultrashort
pulsed lasers in air at near infra-red wavelengths with pulse durations rang-
ing from 350 fs to 241 ns. The morphology of the ablated craters (processed
over a range of laser fluence levels and number of laser pulses) are analyzed
by confocal laser scanning microscopy and scanning electron microscopy. The
ablation threshold of galvanized steel is found to increase with laser pulse du-
rations following a simple power 𝐹𝑡ℎ = 𝐴.𝜏𝐵 law. Longer pulse durations in
the ns regime, as compared to pulse durations in ps and fs regime, results in
higher ablation efficiency and energy penetration depth at the cost of surface
quality.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

8.1 in troduct ion

Surface texturing offers ways to improve functionality of the surface [1]. Short and ultra-
short pulsed lasers are used extensively for this purpose, since it offers accurate removal of
material [2]. The duration of each laser pulse determines how long the intense laser pulse
interacts with the target material. Consequently, different kinds of surface morphologies
result from the laser-material interaction when applying different pulse durations. Fur-
thermore, the processing quality and the material removal rate also depends on the laser
pulse duration [3–6]. In order to use (ultra)short-pulsed lasers for the purpose of surface
texturing, knowledge of material response at different laser pulse durations is one of the
fundamental requirements.

Material removal by laser ablation typically follows a two temperature model, which
demarcates the temperature distribution in the electron and lattice subsystem [2, 7–10].
In this case, part of the incident laser energy is absorbed, at first, by the electron in metals
[7]. The high intensity of the laser beam perturbs the electron equilibrium and creates
ballistic electrons. The collision of the electrons results in a thermalization of the elec-
tron subsystem within times of the order of 1

𝜔𝑝
[11]. Then, the temperature gradient be-

tween the electron (𝑇𝑒) and lattice (𝑇𝑙) subsystem leads to the thermalization of the lattice,
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through thermal diffusion, within the electron-phonon coupling time (𝜏𝑒−𝑝ℎ). The lattice
heats up after 𝜏𝑒−𝑝ℎ. If the pulse duration is longer than the lattice heating time, 𝑇𝑒 and 𝑇𝑙
are in equilibrium by the end of the pulse diminishing the dependence of e-ph coupling
strength. If the pulse duration is short enough to facilitate stress confinement, a strong
compressive stress is built up at the target surface resulting in a surface to bulk tensile
stress upon relaxation [10]. On the other hand, the degree of superheating, which also de-
pends on the laser pulse duration, beyond the thermodynamic stability results in phase
explosion (thermal confinement), overshadowing photomechanical stress relaxation [10].
These photomechanical and photothermal processes result in ejection of single and/or
multiple layers as well as large liquid droplets and vapor atoms, and forms an ablation
plume [10]. In any case, the laser fluence has to exceed the melting threshold, and the
morphology of the laser irradiated zinc surface is always associated with the presence of
melt, regardless of femto- [12], pico- [13] or nanosecond [14] pulse duration. Due to the
presence of the melt and recoil pressure from the ablated plume, flow and visco-capillary
timescales of the melt also comes into play [15]. A material-dependent critical pulse du-
ration determines whether the damage mechanism is governed by electronic or thermal
diffusion length [9]. Duration of the aforementioned complex ablation process can be es-
timated from the latent heat of vaporization and for a given depth [16]. The cooling of
the superheated material is mainly determined by the heat conduction [11, 17] and rapid
solidification leads to hydrodynamic instabilities in the melt flow [15]. All these material
dependent timescales are shown in Fig. 8.1 for zinc along with the investigated pulse du-
rations in this work. The associated equations and material properties can be found in
the supplementary information (see page 173). Together, these timescales determine the
evolved surface morphology for processing with multiple pulses at different fluence lev-
els.

Zinc is one of the most used metals and almost half of it finds its use in galvanizing
[18]. Galvanized steel (GI) is extensively used in transportation, construction, chemical,
oil and gas industries among others [19]. Galvanized steel is typically processed with (ul-
tra)short pulsed lasers for characterizing its coating thickness using laser induced break-
down spectroscopy (LIBS) [20–27].Studies of depth profiling using single [21], double
[22] and multiple [20] laser pulses to achieve high depth resolution and signal sensitiv-
ity for Zn-coated steel have been reported. However, the surface chemical composition,
microstructures and surface roughness of Zn-coated steel are susceptible to the Zn depo-
sition process [28, 29]. Therefore, not all reported literature on LIBS can be directly cor-
related for surface texturing. The improvement of functionality of the zinc coating on gal-
vanized steel has been performed either chemically and/or mechanically [30–32]. Laser
surface texturing has the potential to achieve mainstream functional properties involving
tribology (roughness, friction) [33], optics (visual appearance) [34] or adhesion (paint,
glue, lubricant) [35].

In this work, laser ablation of hot-dipped galvanized steel is presented at near IR wave-
lengths from 350 fs to 241 ns in order to investigate the influence of laser pulse duration
on the laser induced material removal with a three-fold purpose. First, the laser irradi-
ated surface morphologies are analyzed to describe the surface structures and to identify
possible occurring physical phenomena. Secondly, the dependence of fluence ablation
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Figure 8.1: Theoretical timescales of different physical mechanisms associated with laser ablation
of Zn. The vertical red solid lines indicate pulse duration of the laser sources used in this
work, whereas the vertical black dashed lines indicate limitations on pulse durations
with different mechanisms.

threshold and ablation efficiency on laser pulse duration is investigated for single and
multiple laser pulse irradiation. Thirdly, laser micromachining using different laser pulse
duration as a surface texturing process is evaluated in terms of depth resolution and pro-
cessed surface quality.

8.2 ex p er imental s e tup

8.2.1 Laser setup

The ablation experiments were performed under atmospheric conditions in a cleanroom
environment using three different laser sources, see Table 8.1. All the laser sources emit at
near infra-redwavelengths and show a nearly Gaussian power density profile (𝑀2 < 1.3).
A galvo-scanner (IntelliScan14 of ScanLab GmbH, Germany), equippedwith a telecentric
flatfield F-theta-Ronar lens (Linos GmbH, Germany) was used to scan the focused laser
beam over the surface of the sample. The sample was placed in the focal plane. The focal
spot radius was measured from the fluence profile using a charge-coupled device (CCD)
sensor-based, beam diagnostic system (MicroSpot Monitor of Primes GmbH, Germany).
The laser beam impinges perpendicular to the sample surface. The focus position was
fixed for all the experiments and coincided with the original surface. An exhaust system
was used to extract airborne debris from the laser-material interaction zone during pro-
cessing. The laser energy supplied to the surface was varied by using a combination of a
half-wave plate and a polarizing beam splitter. A pyroelectric detector (PM30 with Field-
Max II of Coherent, USA) was used to measure the average laser power incident on the
sample with an error less than 8%. The energy of the individual pulses was determined
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Table 8.1: Laser sources used in this work.

Parameter
SPI

redEnergy G4
Trumpf

TruMicro 5050
KMLabs

Y-Fi

Wavelength [nm] 1060 1030 1040
Output power instability [%] < 5 < 2 < 2
Pulse duration 241 ns 100 ns 30 ns 6.7 ps 350 fs
Focal spot radius [µm] 15.2 ± 1.6 14.6 ± 1.6 14.2 ± 1.6 14.4 ± 1.6 9.6 ± 1.6
Ellipticity of focal spot 0.83 0.82 0.81 0.9 0.67
Time between consecutive

laser pulses [ms] < 7.1 < 7.1 < 7.1 < 7.1 0.001
Number of pulses 1-50 1-50 1-50 1-50 50 ⋅ 103 - 1 ⋅ 106

by dividing the measured average laser power by the pulse frequency applied. The geo-
metrical pulse-to-pulse distance was at least 125 µm. The number of pulses on the same
location varied from 𝑁 = 1 to 50 for the ps and ns laser sources. At a repetition rate of 8
kHz and a beam scanning velocity of 1 m/s, time between consecutive pulses on the same
location equals at least 7 ms. For the fs laser source, the number of pulses varied from
𝑁 = 50 ⋅ 103 to 1 ⋅ 106 and the time between consecutive pulses equals 1 µs. A total of
30 craters were created per laser setting to ensure statistically sound values in measured
quantities.

8.2.2 Material

Galvanized steel, having a Zinc coating (99.7% Zn, 0.3% Al) weight of 70 g/m2 (aver-
age thickness of 8 ± 2 µm), deposited by an industrial, continuous Hot Dip Galvanizing
(HDG) on Titanium StabilizedUltra LowCarbon (TiSULC) steel substrate, was used. The
samples are commercially produced according to European standard EN10346:2015 with
a surface roughness (𝑅𝑎) of 0.5 𝜇m. Samples were cleaned using Ammonia (< 5%) solu-
tion (𝑁𝐻3(𝑎𝑞)) prior to and after the laser ablation experiments.

8.2.3 Analysis tools

The laser-induced surface profiles (the latter referred to as ‘craters ’in the remainder of
this paper), were measured by means of Confocal Laser Scanning Microscopy (CLSM),
(VK-9700 of Keyence Corporation, Japan). The lateral and vertical resolutions of CLSM
measurements were 276 nm and 1 nm respectively. Laser-induced crater morphologywas
analyzed bymeans of a field emission Scanning ElectronMicroscope (SEM), (JSM-7200F
of Jeol, Japan).
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8.3 r e sult s

To identify the effect of laser pulse duration on thematerial removal, first themorphology
of the craters, processed at different pulse durations with different number of pulses and
fluence levels, are investigated in Sec. 8.3.1. Next, the ablation thresholds and ablation
efficiency are discussed in Sec. 8.3.2.

8.3.1 Crater morphology

In Fig. 8.2, CLSM images of craters processed at 𝐹0 = 20 J/cm2 with 𝑁 = 1 and 10 are
shown for laser pulse durations of 6.7 ps, 30 ns, 100 ns and 241 ns. In these graphs, the
laser beam diameter at 1/𝑒2 is shown by the dotted circle. For single pulses (𝑁 = 1) at this
fluence level, the surface modification also happens outside the 1/𝑒2 laser beam diameter
as the pulse duration gets shorter (see also Fig. 8.3).
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Figure 8.2: Confocal laser scanning microscope images of galvanized steel surface irradiated with
laser pulses of different pulse durations at 𝐹0 = 20 J/cm2 for 𝑁 = 1 and 10. The dotted
black circle indicates the laser beam diameter (1/𝑒2). Diameter, 𝑑 andmaximumdepth,
ℎ of themodified surface are derived fromCLSMmeasurements. All images are in same
scale.

In Fig. 8.2(e) and (g), the crater diameter is well within the 1/𝑒2 laser beam diameter,
with a smooth central modification zone followed by a rim at the edge of the crater. On
the other hand, the central modified zone of the crater showsmelt instabilities in the form
of protrusions at 30 ns (see Fig. 8.2(c)), and the rim around the crater forms outside 1/𝑒2

laser beam diameter. For an even shorter pulse duration (6.7 ps), the surface modifica-
tion outside the 1/𝑒2 laser beam diameter gets larger with significant melt instability in
the center of the crater (see Fig. 8.2(a)). Contrary to the crater diameter, the depth of
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Figure 8.3: Confocal laser scanning microscope images of galvanized steel surface irradiated with
laser pulses of different pulse durations at 𝐹0 = 36 J/cm2 for 𝑁 = 1 and 10. The dashed
circle indicates the laser beam diameter (1/𝑒2). Diameter, 𝑑 and maximum depth, ℎ of
the modified surface are derived from CLSM measurements. All images are in same
scale.

the craters increases with increasing pulse duration for 𝑁 = 1 (see Fig. 8.2(a),(c),(e) and
(g)). Analogously, the central part of the craters, in these figures, gradually develops from
”splashes with crowns” towards a ”splash with primary vortex ring” for 𝑁 = 1 [36]. This
observation indicates that the intensity of the tails of the Gaussian beam becomes high
enough to cause material modification in case of (ultra) short(er) pulses, whereas the re-
coil pressure from the ablated plume digs deeper into the bulk by expelling the molten
material towards the edge of the crater for longer pulses. With multiple pulses (𝑁 = 10),
the mesoscale surface modification outside the crater becomes more prominent (see Fig.
8.2(b)) for ps laser pulses, and a rim around the crater is formed for ns laser pulse (see Fig.
8.2 (d),(f),(h)). At 𝑁 = 10, the redeposited particles around the crater for ps pulsesmight
result from the Rayleigh-plateau instability of the accelerating crowns (see Fig. 8.2(d)),
whereas the stacking of primary vortex rings around the crater results in a well defined
rim (see Fig. 8.2 (d),(f),(h)).

If the laser peak fluence is increased further, these observations are further confirmed.
In Fig. 8.3 craters processed at 𝐹0 = 36 J/cm2 are shown for laser pulse duration of 6.7 ps,
100 ns and 241 ns At this fluence level, the melt displacement becomes increasingly stable
with increasing pulse duration. This observation suggests that the lifetime of the plasma
and its subsequent recoil pressure increases with increasing pulse duration.
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As number of pulses increases on the same location, rim formation gets severe with
increasing laser pulse. As shown in Fig. 8.4, the deeper crater at 241 ns is associated with
a rim as high as 6 µm, while for 6.7 ps pulses, the rim is absent. Also at 6.7 ps, the crater
depth saturates, but increases along its diameter. Therefore a heat affected zone is ob-
served around the crater.
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Figure 8.4: Scanning electron microscopy images of laser processed galvanized steel surface irra-
diated with 50 laser pulses having a pulse duration of (a) 6.7 ps, (b) 30 ns and (c) 241
ns.

The increase of geometrical dimensions (diameter, depth and volume) of the craters
with increasingfluence and/or number of pulses is prevalent in all pulse durations.Within
our experimental conditions, saturation in depth, with increasing fluence and number of
pulses, is only observed for ps laser processed sample (see Fig. 8.7(a)). In spite of that,
the increasing volume indicates that the material removal happens rather laterally than
vertically [6] as shown in Fig.8.5.

8.3.2 Ablation threshold and ablation efficiency

The ablation laser fluence threshold of materials can be determined using variety of meth-
ods [5, 37–42]. Out of them, the semilogarithmic relationship between the ablated crater
diameter squared 𝐷2 and the laser peak fluence 𝐹0 is the most used method [38] and re-
sults in more reliable threshold determination for rough surfaces than depth or volume
method [13, 43]. For a Gaussian fluence profile, the ablated crater diameter, 𝐷 and the
peak laser fluence, 𝐹0 is expressed as [38]

𝐷2 = 2 ⋅ 𝜔2
0 ⋅ ln( 𝐹0

𝐹𝑡ℎ
) . (8.1)

where, 𝜔0 denotes the beam spot radius (1/𝑒2), 𝐹𝑡ℎ is the threshold fluence and 𝐹0 is
the peak fluence which is related to the pulse energy, 𝐸𝑝 as 𝐹0 = (2 ⋅ 𝐸𝑝)/(𝜋 ⋅ 𝜔2

0) . In
experiments, 𝐹0 is varied and the resulting crater diameter 𝐷 is measured. Afterwards, 𝐷2

is plotted against 𝐹0 in a semilog scale and fitted according to Eq. 8.1. The extrapolation of
this curve to 𝐷2 = 0 results in threshold fluence 𝐹𝑡ℎ for respective number of pulses (see
Fig. 8.6(a)). If single pulsemeasurements are not possible, threshold fluence for𝑁 = 1 can
be estimated from the incubation over multiple pulses given by 𝑁 ⋅ 𝐹𝑡ℎ(𝑁) = 𝐹𝑡ℎ(1) ⋅ 𝑁𝜁
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Figure 8.5: Contour plots of volume of the ablated craters as a function of incident number of laser
pulses 𝑁 and peak intensity 𝐼0 at different pulse durations.

[44]. In Fig. 8.6(b), threshold fluence for 𝑁 = 1 is plotted against their corresponding
pulse durations. For galvanized steel, there appears to be a power relationship between
threshold fluence and pulse duration as

𝐹𝑡ℎ = 𝐴 ⋅ 𝜏𝐵 . (8.2)

where 𝐴= 0.2 W/cm2 and 𝐵𝐹𝑡ℎ
= 0.6 are material dependent parameters. To check the

extent of applicability of Eq. (8.2) to othermaterial systems, the equationwas fitted for Cu,
stainless steel, barium borosilicate glass (corning 7059), fused silica as well as biological
tissues, such as corneal stroma. As can be observed from Fig. 8.6, this power relationship
appears to be valid for any material with a 𝑅2 > 80% .

Typically, ablation efficiency is defined as the amount of ablated material (depth, vol-
ume,mass) for an unit of laser pulse energy or number of pulses [6, 48]. For coatedmetals,
such as galvanized steel, a change of material at the coating-substrate interface affects the
maximum ablated depth (see Fig. 8.7 (a)). Since ablated volume is less affected by the
coating-substrate interface, ablation efficiency 𝜂𝑎𝑏𝑙, in this work, is defined as ablated vol-
ume per laser pulse energy 𝐸𝑝. Figure 8.6(c) shows the ablated volume for 𝑁 = 1 for all
the laser pulse durations, except for 350 fs where 𝑁 = 50 ⋅ 103. Clearly, the longer the
duration of the pulse, the higher the ablated volume. A linear fit through the data points
at different pulse durations in Fig. 8.6(c) results in ablation efficiency 𝜂𝑎𝑏𝑙. In Fig. 8.6(d),
𝜂𝑎𝑏𝑙 and is plotted against laser pulse duration. Similar to threshold fluence, the ablation
efficiency also follows a power law with an exponent value of 𝐵𝜂 = 0.29, which is about
half of 𝐵𝐹𝑡ℎ

. This trend indicates that 𝜂𝑎𝑏𝑙 is more affected by the thermal processes, such
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Figure 8.6: (a) Squared diameter 𝐷2 of the ablated crater for different number of pulses as a func-
tion of the peak laser fluence (log scale) at a pulse duration of 350 fs. The solid curves
represent the least squared fit according to Eq. (8.1). (b)Dependence of ablation thresh-
old fluence 𝐹𝑡ℎ on the laser pulse duration 𝜏 for galvanized steel. Data for Cu, stainless
steel, corning 7059, fused silica and corneal stromawere taken fromRef. [45], [4], [46],
[47] and [47], respectively. (c) Ablated volume per pulse Δ𝑉 as a function of pulse en-
ergy 𝐸𝑝 for 𝑁 = 1 at all laser pulse durations except 350 fs (𝑁 = 50 × 103). The dashed
lines represent linear fit through the data points. Inset shows the dependence of Δ𝑉 on
𝐸𝑝 for 350 fs laser pulses. (d) Dependence of ablation efficiency 𝜂𝑎𝑏𝑙 and energy pene-
tration depth 𝛿𝑒 on the laser pulse duration for galvanized steel. 𝛿𝑒 was calculated from
the fit of Eq. (8.3).

as melting and evaporation, that requires more fluence to initiate material removal than
photomechanical and photothermal processes, such as spallation and phase explosion.
This is in accordance with reported values of several metals [6]. However, once the ap-
plied peak fluence exceeds the threshold fluence at longer pulses, the amount of removed
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material surpasses the energy requirement that is required to initiate material removal in
the first place.
However, within the boundary of our experimental conditions, the ablated volume of a
laser induced crater always increases with number of pulses 𝑁 and peak fluence 𝐹0. The
ablated volume per pulse Δ𝑉 increases quadraticallywith peak laser fluence 𝐹0 as [42, 49]

Δ𝑉 = 1
4 ⋅ 𝜋(𝜔𝑚𝑎𝑗 ⋅ 𝜔𝑚𝑖𝑛) ⋅ 𝛿𝑒 ⋅ [ln( 𝐹0

𝐹𝑡ℎ
)]

2
. (8.3)

where, 𝜔𝑚𝑎𝑗 and 𝜔𝑚𝑖𝑛 are the major and minor radius of the elliptical beam at 1/𝑒2, 𝛿𝑒 is
the energy penetration depth and 𝐹𝑡ℎ is the threshold fluence. A quadratic fit according
to Eq. (8.3) results in energy penetration depth 𝛿𝑒. In Fig. 8.6(d), 𝛿𝑒 is also plotted against
laser pulse duration along with 𝜂𝑎𝑏𝑙. In this figure, the positive correlation between the
ablation efficiency and energy penetration depth indicates that the higher 𝜂𝑎𝑏𝑙 at longer
pulses results in deeper penetration of the laser energy, making laser-material interaction
a thermally dominating mechanism at longer pulse durations.

8.4 d i s cu s s ions

Heat transport is essentially a time dependent phenomenon. After the absorption of the
laser energy, the rest of the physical mechanisms depend on how the target material re-
sponds to the absorbed optical energy. However, the underlying laser-material interaction
changes depending on the laser pulse duration. For ns pulses, the time between electron
and lattice heating is indifferent and the absorption of laser pulses follows classical heat
transport equations. This leads to lattice heating and eventual vaporization of the liquid
melt. Due to the high temperature of the vapor plume, it forms a plasma [50]. Presence of
background gases, such as air, creates a plasma confinement close to target surface. This
plasma exerts recoil pressure over the melt and expels it towards the edge of the crater as
the primary wave. Due to the high pressure gradient within the expanding plume, a sec-
ondary, even a tertiary, molten waves might also be generated [51]. The hydrodynamic
characteristic length of the plasma is given by 𝑙ℎ𝑝 = 𝑣𝑝𝜏, where 𝜏 is a time duration (e.g.
pulse duration) and 𝑣𝑝 = √𝛾𝑘𝐵𝑇𝑝/𝑀 is the plasma expansion velocity with an adiabatic co-
efficient of ideal gas 𝛾, Boltzmann constant 𝑘𝐵, plasma temperature 𝑇𝑝 and atomic mass
𝑀 [2]. Therefore, the longer the pulse duration, the more the material heats up, leading
to ”mature” formation of the plasma. This is reflected in Fig. 8.2 for 𝜏 > 30 ns. The thin
molten layer has been pushed outwards from the center of the crater, resulting in rim for-
mation for 𝑁 = 1 at 𝜏 = 100 ns and 241 ns. As the plasma lifetime shortens with reducing
laser pulse duration, the expanding plasma creates a background pressure drop over the
molten surface [51]. If the thickness of melt is sufficient, it might get sucked up by the
background pressure drop. This can be observed for 𝑁 = 1 at 𝜏 = 30 ns in Fig. 8.2. As the
pulse duration shortens towards picoseconds, the hydrodynamic length 𝑙ℎ𝑝 of the plasma
shortens as well. Therefore, the primary wave cannot reach to the edge of the crater and
solidifies in splash shape due to hydrodynamic instabilities [15]. As a result, no rim forms
around the crater for ps pulses (see Fig. 8.4). In case of fs pulses, the electron subsystem
heats up long before the lattice, which results in absence of liquid phase during the laser-
material interaction. Therefore, laser pulse is long gone before phase change of the target
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takes place resulting in non-thermal ablation.

Nevertheless, the ablation efficiency increases with increasing pulse duration. This can
be attributed to the hydrodynamicmotion of ablated particles thatmoves the vaporization
front more towards the bulk from the surface [3, 4, 6]. This explanation is reflected in the
energy penetration depth calculated from the fitting of Eq. (8.3) for different laser pulse
durations (see Fig. 8.6(d)). Therefore, both the volume and ablated depth increases with
increasing pulse duration (see Fig. 8.6(c) and Fig. 8.7(a)). Since galvanized steel has a
thin Zn coating on top of forming steel, the ablation front changes from one material to
another as the coating layer is gradually removed pulse by pulse. The change of ablating
material slows down the ablation rate (see Fig. 8.7(a)) because of the change in material
properties, e.g. melting point, density, thermal diffusivity etc.
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Figure 8.7: (a) Ablation rate 𝐿 = ℎ𝑚𝑎𝑥/𝑁 of galvanized steel at near infrared wavelengths in air
for ℎ𝑚𝑎𝑥 ≤ 6 µm as a function of peak laser fluence at laser pulse durations of 6.7 ps
(𝑁 = 10), 30 ns (𝑁 = 5), 100 ns (𝑁 = 2) and 241 ns (𝑁 = 1). Inset shows 𝐿 for
laser pulse duration of 350 fs (𝑁 = 50 × 103). (b) Rim height ℎ𝑟𝑖𝑚 around the ablated
crater as a function of laser fluence 𝐹0 at 𝑁 = 10 for different laser pulse durations. (c)
Cross-sections (obtained from CLSM measurements) of ablated craters with a depth
of 4 µm. The craters were processed at different 𝐹0 and 𝑁 at 350 fs (𝐹0 = 0.2 J/cm2,
𝑁 = 50 × 103), 6.7 ps (𝐹0 = 5.5 J/cm2, 𝑁 = 10), 30 ns (𝐹0 = 13 J/cm2, 𝑁 = 5), 100
ns (𝐹0 = 23 J/cm2, 𝑁 = 5) and 241 ns (𝐹0 = 38 J/cm2, 𝑁 = 1). The shaded regions
indicate rim. The axes are in equal length scale.
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8.5 s e l ec t ion of pul s e durat ion as a proce s s ing tool

In the context of material processing, (ultra)short-pulsed laser processing with different
laser pulse durations results in different processing resolutions and product quality. Al-
though the ablation efficiency increases with increasing pulse duration, this effectively re-
duces the resolution for ablated depth. In Fig. 8.7(a), average ablation rate of galvanized
steel for 𝑁 = 50 is plotted against peak fluence. As can be observed, the increment in ab-
lated depth gets steeper as pulse duration increases. Within our experimental conditions,
only picosecond laser pulses experience a saturation in ablated depth, if the maximum
ablated depth reaches the coating substrate interface. On the other hand, saturation in ab-
lated depth, due to change in ablating material, was not observed when processing with
fs nor with ns laser pulses. The depth resolution is higher for shorter pulse durations than
the longer ones.

(a)

6.7 ps

h = 6 µmc

R = 1.38 µma

(b)

241 ns

h = 4 µmc

R = 1.32 µma

Figure 8.8: 3D height profile of galvanized steel surfaces processed for identical surface roughness
(𝑅𝑎 = 1.3 µm) with (a) 6.7 ps laser pulses at 𝐹0 = 5 J/cm2, 𝑁 = 20 resulting in a crater
depth ℎ𝑐 of 6 µm and (b) 241 ns laser pulses at 𝐹0 = 40 J/cm2, 𝑁 = 1 resulting in a
crater depth ℎ𝑐 of 4 µm and a rim height ℎ𝑟𝑖𝑚 of 2 µm.

As the laser pulse duration increases, the volume of both the recast and ablatedmaterial
increases as well. The recast/redeposited material accumulates around the edge of the
crater, forming a corona/rim. Figure 8.7(b) shows the rim height as a function of peak
fluence for different pulse durations. For 𝜏 < 1 ns, the rim height ℎ𝑟𝑖𝑚 (and consequently
the rim volume) depends more on the increasing number of pulses 𝑁 than increasing
peak fluence 𝐹0. In contrast, the dependence of ℎ𝑟𝑖𝑚 on 𝐹0 becomes more pronounced for
𝜏 > 1 ns. In Fig. 8.7(c), the cross-sections of the ablated craters with a depth of 4 µm is
shown for different pulse durations. The shaded area above ℎ = 0 represents rim around
the crater, which is only visible for ns pulses. For fs and ps pulses, the craters do not
show a rim. The rim increases the surface roughness as shown in Fig. 8.8. However, the
number of pulses required to produce craters per unit depth increases with decreasing
pulse duration at the cost of higher peak fluence.

8.6 conclus ion

The influence of laser pulse duration on the ablation threshold and ablation efficiency of
galvanized steel at near infra-redwavelengthswas investigated. Themorphological analy-
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sis revealed the effect of laser-induced plasma on the final shape of the crater. The ablation
threshold fluence was found to increase with the laser pulse duration, following a simple
power lawwith an exponent of 0.6. The ablation efficiency also increased in a similar trend
as the threshold fluencewith increasing pulse duration, butwith a smaller exponent value
of 0.29. The increment in ablation efficiency is due to higher energy penetration depth at
longer pulse durations, resulting in relatively higher amount of melting and evaporation
of the material. As a consequence, the depth resolution decreases with increasing pulse
duration. On the other hand, the volume of both the ablated and recast material increases
with laser pulse duration. Also, rim formation around the crater increases with longer
pulse durations. Hence, for processing galvanized steel, shorter pulses (𝜏 < 10 ps) are
better for precise surface texturing, due to higher depth resolution, while longer pulse
durations (𝜏 > 1 ns) are better for material removal due to higher ablation efficiency.

sup p l ementary in format ion

Equations for calculating timescales

• The electron relaxation time can be approximated by 𝜏𝑒−𝑒 = 𝜔−1
𝑝 , where 𝜔𝑝 is

plasma frequency [11].

• Electron-phonon coupling time can be calculated as 𝜏𝑒−𝑝ℎ == ( 8
𝜋 )1/4√ 𝐴𝑒.𝑇𝑚.𝐶𝑙

𝑔2
𝑒−𝑝ℎ

,
where 𝐴𝑒, 𝑇𝑚, 𝐶𝑙 and 𝑔𝑒−𝑝ℎ are the electron specific heat constant, melting point,
lattice heat capacity and electron-phonon coupling constant respectively [8].

• The heat conduction happens on a timescale given by 𝜏ℎ𝑒𝑎𝑡 = 𝐿2𝜌𝐶𝑙
𝐾𝑙

, where 𝐿, 𝜌,
and 𝐾𝑙 are the characteristic length scale, density, and lattice thermal conductivity,
respectively [15]. 𝐿 is taken as 40 nm.

• Pulse duration for stress confinement is given by 𝜏𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐿𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛
𝐶𝑠

, where 𝐿𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 =

( 128
𝜋 )1/8( 𝐾2

𝑙 .𝐶𝑙
𝐴𝑒.𝑇𝑚.𝑔2

𝑒−𝑝ℎ
)1/4 is the electronic diffusion length, and 𝐶𝑠 is the velocity of

sound in the material [10].

• Pulse duration for thermal confinement is given by 𝜏𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛿2
𝑡𝑜𝑡𝑎𝑙
𝐷 , where 𝐷 = 𝐾𝑙

𝐶𝑙
is

thermal diffusivity and 𝛿𝑡𝑜𝑡𝑎𝑙 is the total (maximum) penetration depth of photons
𝛿𝑜𝑝𝑡 and electrons 𝛿𝑏𝑎𝑙 [10].

• Visco-capillary timescale can be calculated as 𝜏𝑣𝑖𝑠−𝑐𝑎𝑝 = 𝐿𝜇
𝜎 where 𝜇, and 𝜎 are

viscosity, and surface tension, respectively [15]. 𝐿 is taken as 40 nm.

• Flow timescale can be calculated as 𝜏𝑓 𝑙𝑜𝑤 = 𝜇𝐿2

𝑃𝑎𝑣𝑒ℎ𝑚𝑒𝑙𝑡
, where 𝑃𝑎𝑣𝑒 and ℎ𝑚𝑒𝑙𝑡 are the

plasma pressure and the melt thickness, respectively [15]. 𝐿 and ℎ𝑚𝑒𝑙𝑡 are taken as
40 nm and 1 µm respectively.

• Critical pulse duration is given by 𝜏𝑐 = ( 8
𝜋 )1/4√ 𝐶3

𝑙
𝐴𝑒.𝑇𝑚.𝑔2

𝑒−𝑝ℎ
[9].
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• Duration of the ablation process can be estimated as 𝜏𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐿∗

√Σ𝑣𝑎𝑝
, where Σ𝑣𝑎𝑝 is

the latent heat of vaporization and 𝐿∗ is taken as 1 µm [16].

• Time for conventional heat diffusion is calculated as 𝑡ℎ𝑒𝑎𝑡 = 2.𝑐.𝜆𝑙𝑎𝑠𝑒𝑟
𝜔𝑝.𝐷 , where 𝑐 and

𝜆𝑙𝑎𝑠𝑒𝑟 are the speed of light and laser wavelength respectively [11].

Material properties

Table 8.2: Material properties of zinc

Parameter Symbol Value Unit Ref.
Plasma frequency 𝜔𝑝 10.1 eV [52]
Lattice thermal conductivity 𝐾𝑙 116 W.m−1.K−1 [53]
Lattice heat capacity 𝐶𝑙 2.76 J.cm−3.K−1 [54]
Electron specific heat constant 𝐴𝑒 68.382 J.m−3.K−1 [55]
Melting point 𝑇𝑚 692.68 K [56]
Electron-phonon coupling coefficient 𝑔𝑒−𝑝ℎ 6.4 × 1016 W.m−3.K−1 [57]
Density 𝜌 7140 kg.m−3 [56]
Latent heat of vaporization Ω𝑣𝑎𝑝 1748 × 103 J.kg−1 [53]
Velocity of sound at 300 K, rolled 𝐶𝑠 3850 m/s [58]
Viscosity at 700 K 𝜇 3.737 × 10−3 Pa.s [59]
Surface tension at 700 K 𝜎 0.83 N/m [60]
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CONCLUD ING REMARKS ON PART i i

Part i i investigated the process windows for (ultra)short pulsed laser surface texturing of
galvanized steel. The parameters studied in this part were surface roughness, laser wave-
length and laser pulse duration. It was found that the initial surface roughness of the
sample increases the absorption of laser energy throughmultiple reflection by the surface
features (i.e. peaks and valleys), as well as increases the fluence ablation threshold due
to the selective ablation of peaks over valleys. The fundamental (1030 nm), second har-
monic (515 nm) and third harmonic (343 nm)wavelengthswere found to be beneficial for
application-specific usage namely, coating removal, surface texturing and micro-drilling
respectively. It was found that the increase in fluence ablation threshold and ablation effi-
ciency follows a power lawwith respect to increasing pulse duration, while the processing
quality, in terms of recast and/or redepositedmaterial, reduces as the laser pulse duration
gets longer.
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Part i i i

I NCREAS ING MATER IAL REMOVAL RATE

This part focuses on the laser ablation of bulk and coated zinc under differ-
ent processing environments, as well as pulse repetition rate, both in order to
investigate the possible upscaling pathways to material removal. As such it
addresses the research objective #3 of this thesis (see Sec. 1.2), that is - to eval-
uate the effect of processing environment and pulse repetition rate in order to
upscale material removal rate (i.e. increasing ablation rate) of bulk and coated
zinc surface irradiated by ultrashort pulsed laser.



Optical microscope image of laser textured zinc surface under water. White bar denotes 10 µm.

A scientist in his laboratory is not a mere technician: he is also a child confronting natural phenomena that impress him as

though they were fairy tales.

Marie Curie

Curie Labouisse, E. Madame Curie. A biography (1937)
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LASER ABLAT ION OF Z INC UNDER D I F F ERENT PROCE S S ING
ENV IRONMENTS

H.Mustafa, S. van der Linden, R. Hagmeijer, D. T. A.Matthews, andG. R. B. E. Römer. Laser ablation of zinc under different processing

environments. In preparation, 2019.

ab stract Laser ablation of bulk zinc with a picosecond laser source at a
wavelength of 1030 nm was performed under various processing conditions
- in vacuum, covered by gases (air and helium) at several pressures and vac-
uum) and covered by liquids (deionized water, ethanol and ammonia). Mor-
phological changes of the processed surface were characterized by scanning
electron microscopy and confocal laser scanning microscopy. The quality of
the ablated craters depends primarily on the laser fluence, partitioned at 10 J/cm2,
due to the formation of laser-induced plasma plume. In the context of our ex-
perimental work, the faster the plasma expands in ambient environment, the
higher the maximum achievable ablation depth.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

9.1 in troduct ion

Ultra-short pulsed laser micromachining is a substractive material processing technique
for manufacturing engineered surfaces aiming at optical [1], mechanical [2], tribologi-
cal [3] and bioengineering [4] applications, to name a few. When an ultrashort pulsed
laser beam of sufficiently high intensity is incident on the sample surface, the absorbed
part of the laser light thermalizes the lattice through two temperature model involving
‘hot’electrons and ‘cold’lattice, which results in phase change and removal of target ma-
terial [5]. Material removal by laser ablation is not only affected by the pulse properties
and material properties (e.g. pulse duration, pulse energy, pulse repetition rate, wave-
length, polarization, beam waist, angle of incidence, intensity profile, sample thickness,
reflectivity, thermal diffusivity etc.) but also on the ambient medium [6]. Ceteris paribus,
the influence of the ambient medium on the laser-induced material removal is fourfold
namely,

• on the beam delivery to the target [7, 8],
• as a cause of heat loss, through conduction, convection and radiation [9, 10],
• on the generation and expansion of ablation plume [11, 12],
• on surface chemistry [9, 13].

Therefore, the understanding of the laser-material-ambient interaction becomes a prereq-
uisite in order to maximize the ablation rate, control the re-condensed particles/contam-
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ination and minimize the health-related hazards associated with the ablated particles
[14]. E.g. for high intensity femtosecond laser pulses, filamentation in the medium leads
to distorted beam fluence profile on the surface. Although for equilibrium conditions,
heat losses to the ambient is negligible compared to the peak intensity of the femto- or
nanosecond laser pulses, a temperature jump along the solid-gas interface opens up a
non-equilibrium pathway for thermal evaporation in the picosecond pulse regime [10].
Perhaps the most significant contribution of the ambient medium on the laser ablation
is the interaction of the medium with ablated plume. The ambient medium is respon-
sible for many plasma related phenomena like free expansion, hydrodynamic instability,
plume splitting and sharpening, stagnation etc. [15]. And finally, the chemical interaction
between the molten layer (if any) and the ambient mediummolecules results in chemical
transformation of the surface, for example, oxidation, nitridation, reduction etc. [6].

Zinc has been studied extensively both in vacuum and under liquid media for spectro-
scopic applications and nanoparticle generation respectively [16–25]. Investigation of the
effect of background gas and pressure on the average ablation rate and emission inten-
sity of pure Zn and Zn coated steel was investigated by many authors for Laser Induced
Breakdown Spectroscopy (LIBS) [16–20]. Valdillo et al. [16] concluded that the reduced
pressure results in higher ablation rate due to the reduction of redeposited particle in the
ablated area. These authors also reported that He is conducive for ablation rate in com-
parison with air and Ar [17]. By analyzing the Zn and Fe emission lines in air, He and Ar,
Novotny et al. [18] inferred that the temporal behavior of Zn signal is critically affected
by the surrounding gas and the ablation rate is lowest in air in comparison with He and
Ar. On the other hand, Liquid Assisted Laser Ablation (LALP) of zinc has been studied
even more extensively [21–25] aiming at the production of Zn and Zn-based nanoparti-
cles of varied size, shape and productivity. However, from the point of surface texturing,
no work has been reported so far for zinc.

In this work, we present the effect of both gaseous and liquid media on the picosecond
pulsed laser ablation of bulk polycrystalline zinc at a wavelength of 1030 nm, due to the
highest absorption of laser energy of zinc at the aforementioned wavelength [26]. We in-
vestigated the morphology of the laser ablated craters, processed at different number of
pulses and/or fluence levels, in seven different media, by Scanning electron microscope
and confocal laser scanning microscope. In addition, we analyzed the geometric features
and calculated the ablation rate in the seven different media for similar irradiation condi-
tions.

9.2 ex p er imental s e tup

9.2.1 Laser setup

The ablation experiments were performed in a cleanroom using a diode pumped thin disc
Yb:YAG pulsed laser source (TruMicro 5050 of Trumpf GmbH, Germany). This source
emits 6.7 ps laser pulses of linearly polarized light at a central wavelength of 1030 nm
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Figure 9.1: Schematics of experimental setup in (a) ambient air, (b) gaseous media and (c) liquid
media.

and shows a nearly Gaussian power density profile (𝑀2 < 1.3). The laser energy was var-
ied by using a combination of a half-wave plate and a linear polarizer. A galvo-scanner
(IntelliScan14 of ScanLab GmbH, Germany), equipped with a telecentric flatfield F-theta-
Ronar lens (Linos GmbH, Germany) of 80 mm focal length, was used to scan the focus of
the laser beam over the surface of the sample. The focal spot radius of the focused laser
beam in air was measured using a charge-coupled device (CCD) sensor-based, beam di-
agnostic system (MicroSpot Monitor of Primes GmbH, Germany) and found to equal
𝜔0 = 14.6 ± 1.6µm, (ellipticity ∼ 0.89). In this work, seven different processing environ-
ments namely, ambient air (1 atm), vacuum (< 0.2 mbar), He at two different pressure
levels (1 and 4 atm), deionized water, ethanol (> 99%) and ammonia (< 5%), was used
to investigate the laser ablation behavior of zinc. Processing Zn in water forms its com-
pounds like oxides (ZnO) and hydroxides (Zn(OH)2), whereas Zn reacts with aqueous
ammonia and forms Zn(OH)2 that dissolves into colorless, water soluble complex upon
the addition of excessive ammonia [23]. In this aspect, three liquids used in this work acts
as oxide-friendly (DIwater), neutral (ethanol) andmild etching (ammonia)media. Some
physical parameters of these media are listed in Table 9.1. For processing at different envi-
ronments, the sample was placed in the focal plane either in ambient air (see Fig. 9.1(a)),
or in a chamber (see Fig. 9.1(b)), or in an ”aquarium” (see Fig. 9.1(c)), taking the shift
of focus, due to the difference of refractive index of air and the liquid, into consideration.
In any case, the beam was directed perpendicular to the sample surface. The focus posi-
tionwas fixed for all the experiments and coincidedwith the original, untextured, surface.
As can be observed in Fig. 9.1(a), no exhaust system was used to extract debris from the
laser material interaction zone when processing in ambient air. The glass window of the
non-ambient chamber consists of fused silica (𝑛 = 1.45) having a transmission of 86%
(see Fig. 9.1(b)). Details of the aquarium setup shown in Fig. 9.1(c) is reported in [27].
A pyroelectric detector (PM30 with FieldMax II of Coherent, USA) was used to measure
the average laser power incident on the XY stage in ambient air with an error less than 8%.
The energy of the individual pulses was determined by dividing the measured average
laser power by the pulse frequency. The power instability of the laser source is less than
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Table 9.1: Parameters of background medium.

Medium Vacuum He Air DI water Ethanol Ammonia
Medium pressure/height 0.2 mbar 1 atm 4 atm 1 atm 5 mm 5 mm 5 mm

Density, 𝜌 [kg/m3] 6.5e-27 0.164 0.656 1.225 1000 785.1 910
Refractive index, 𝑛 1 1.000034751 1.000034751 1.00027408 1.3265 1.355 1.336

Thermal conductivity, 𝐾 [W/(m2.K) at 300 K] 0.004 0.151 0.151 0.027 0.609 0.171 0.507
Breakdown intensity, 𝐼𝑏 [W/cm2] [-] 2 × 1014 [28] 2 × 1014 [28] 4 × 1014 [28] 4.5 × 1011[29] n.a. n.a.

Ionization potential [eV] [-] 24.6 [28] 24.6 [28] 14.9 [28] 12.6 [30] 10.41 [30] 10.02 [30]
Speed of sound, 𝑣𝑠 [m/s at 298 K] 0 1020 1020 346 1450 1142 1729
Diffusivity of gaseous zinc [m2/s] 3.26 × 103 1.48 0.82 0.64 - - -

2%. The energy losses due to the SiO2 window in Fig. 9.1(b) as well as the fused silica
and liquid in Fig. 9.1(c) are discussed in Sec. 9.4. In this work, the laser pulse energy was
135.6 µJmaximumand 3.3µJminimum. The laser-induced surface profiles are referred to
as ‘craters ’in the forthcoming sections. The geometrical pulse-to-pulse distance between
craters was at least 125 µm and the number of pulses varied from 𝑁 = 1 to 50. The time
between consecutive pulses on the same location equals 4 ms. A minimum of 10 craters
were created per laser setting to get statistically sound values.

9.2.2 Material

Typical zinc (99.7%𝑤𝑡 Zn, 0.3%𝑤𝑡 Al) used as a coating on steel products, was melted in
a crucible at 460∘C and cast by gradual cooling in a ceramic crucible. Then the sample
was sectioned followed by compression mounting in phenolic resin for metallographic
analysis. Preparation procedures included grinding with SiC emery paper (18 µm and 10
µm grit size), polishing with 1 and 3 µm diamond suspension and final polishing with
colloidal silica (0.04 µm) suspension. After polishing, an average roughness (𝑅𝑎) lower
than 30 nm was measured by confocal laser microscopy (see Sec. 9.2.3). The polished
polycrystalline zinc sample had a minimum grain size of about 200 µm.

9.2.3 Analysis tools

The roughness of samples after polishing, as well as the laser-induced surface profiles
(the latter referred to as ‘craters ’here), were measured by means of Confocal Laser Scan-
ningMicroscopy (CLSM), (VK-9700 of Keyence Corporation, Japan). The lateral and ver-
tical resolution of CLSMmeasurements was 276 nm and 1 nm respectively. Laser-induced
crater morphology was analyzed by means of a field emission Scanning Electron Micro-
scope (SEM), (JSM-7200F of Jeol, Japan).

9.3 r e sult s

In the following, we discuss the morphological characteristics of the laser ablated craters,
in different processing environments, irradiated at different laser pulse energies and at
different number of laser pulses in Sec. 9.3.1. Afterwards, we analyze the dimensional
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features namely, diameter, depth and volume, of the ablated craters, focusing on the ab-
lation rate and the shape of the crater in Sec. 9.3.2. The fluence values reported in this
work are calculated from the incident laser pulse energies and focus spot diameter of the
laser beam measured in ambient air. Therefore, the peak fluence is represented by 𝐹𝑎𝑖𝑟

0 .
The results in this section are discussed for three different fluence values: 𝐹𝑎𝑖𝑟

0 = 1, 10 and
40 J/cm2. These specific 𝐹0 values has been chosen because, laser processing of zinc in air
shows two distinctive thermal regimes labeled I (𝐹0 < 10 J/cm2) and II (𝐹0 > 10 J/cm2)
[26, 31].

9.3.1 Morphological analysis

With increasing number of pulses on the same location, as well as with increasing laser
pulse energy, the morphology of the ablated craters changes. In addition, it was found
that the feature size increases, irrespective of processing environment, until a saturation
is reached [32]. Figure 9.2 shows SEM images of craters processed at 1 J/cm2 with 1, 10
and 50 pulses in gaseous environments. As can be observed in this figure, the difference
in crater morphology in different media is more significant for 𝑁 = 1 than for multiple
pulses. In vacuum, the craters show evident signs of foaming and bubble bursts [33–35].
Also, the edge of the craters is sharply defined (see Fig. 9.2(a)). For He at 1 atm pressure,
the crater shape is not well defined and shows subsurface boiling [36]. Redeposited parti-
cles in the form of splats are observed outside the central modified zone (see Fig. 9.2(b)).
At 𝑁 = 1, for a fourfold increase in the background pressure of He, the size of this central
modified zone gets even smaller (see Fig. 9.2(c)). The crater morphology in air is quite
similar to vacuum except the amount of redeposited particles is higher in ambient air
than in vacuum (see Fig. 9.2(d)). As the number of pulses on the same location increases
(𝑁 = 10), the crater morphology is dominated by the micro/nano-protrusions (see Fig.
9.2 (e)-(h)). If the number of pulses are increased further (𝑁 = 50), the central modified
zone gets deeper. In any case, particle redeposition is higher in air than in the other media
(see Fig. 9.2(l)).

Fig. 9.3 shows SEM micrographs of craters processed in liquid media at a fluence value
of 1 J/cm2 after 1, 10 and 50 pulses. In liquid media, the crater morphology is drastically
different than the craters processed in gaseous environment. At 𝑁 = 1, the surface mod-
ification is barely observable with pores and bubble bursts indicating subsurface boiling
[36]. As shown in Fig. 9.3(a) and (b) for DI water and ethanol, the central modified zone
features circular pores and appears charged, i.e. white in color, indicating oxidation of
the modified surface [37], see also Fig. 9.4(a). In ammonia, the virgin surface appears
etched and the laser irradiated surface features elongated pores (see Fig. 9.3(c) and Fig.
9.4(b)). With increasing number of pulses, the crater morphology is dominated by pro-
trusions and ridges. These protrusions with spherical tips is smallest in size in DI water,
followed by ammonia and ethanol (see Fig. 9.4(c)-(e)). The distribution of protrusions is
most dense in DI water and least in ethanol. In any case, no redeposition is observed.

If the fluence is increased to 10 J/cm2, the hydrodynamic motion of the melt becomes
more visible in the resolidified crater morphology. Fig. 9.5 shows SEMmicrographs of the
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Figure 9.2: SEM images (top view) of zinc surfaces irradiated in different gaseous media (rows)
and at different number of laser pulses 𝑁 (columns) at a peak fluence of 𝐹𝑎𝑖𝑟

0 = 1 J/cm2.
Note the different scale bars in the micrographs.

craters processed at 10 J/cm2 with 𝑁 = 1, 10 and 50 pulses for both gaseous and liquid pro-
cessing media. For air and He at 1 atm pressure, the central part of the crater features flat
melt with ridges and micro/nano protrusions around the edge (see Fig. 9.5(d) and (j)).
This indicates that the recoil pressure of the ablated plume over the melt pool was strong
enough to push the melt outwards from the central modified zone, resulting in a flat melt
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area. At higher background pressures, the micro/nano-protrusions around the edge of
the crater are absent. Here, the crater morphology is dominated by flat melt with local hy-
drodynamic instabilities (see Fig. 9.5(g)). On the other hand, the central part of the crater
features micro-protrusions in vacuum, possibly due to weak recoil pressure from the fast
expanding ablation plume (see Fig. 9.5(a)). Regardless of the type of liquid, the protru-
sions are absent for 𝑁 = 1 when processed under a liquid medium (see Fig. 9.5(e)-(g)).
In DI water, the striae around the crater is analogous to compressive stress build-up from
material displacement (see Fig. 9.5(e)) [38]. Melt displacement is relatively more chaotic
in ammonia than other liquid media, with evident signs of surface etching. For increased
number of pulses (𝑁 = 10), ”splash fingers” over the whole crater appears random in the
gaseous medium (see Fig. 9.5(h)-(k)). On the contrary, in liquid media, splash fingers
spread radially in layered morphology, starting from the central modified zone to the
edge of the crater. The size of the splash fingers decreases from the center to the edge of
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Figure 9.4: SEM micrographs of characteristic surface structures (top view) on laser processed
zinc surface for 𝐹𝑎𝑖𝑟

0 = 1 J/cm2 - (a) circular pores at 𝑁 = 1 in DI water, (b) elongated
pores at 𝑁 = 1 in ammonia, protrusions and ridges at 𝑁 = 50 in (c) DI water, (d)
ammonia, (e) ethanol and (f) air.

the crater. As the central modified zone of the crater gets deeper, with increasing number
of pulses (𝑁 = 50), the surface modification outside the edge of the craters occurs over
increasingly larger area. This modified area has negligible depth compared to the average
depth of the crater. In liquid, the surface modification area is significantly bigger than the
central deep crater. As the aspect ratio (i.e. ℎ/𝑑) of the crater increases, the formation of
cavitation bubble is affected by the crater geometry [39], and subsequently, results in a
different crater morphology over multiple laser pulses.

If the fluence is increased over 10 J/cm2, at a pulse duration of 7 ps, the ablated plume
becomes significantly stronger to induce morphologically different craters in air [26, 31].
In Fig. 9.6, craters processed at 𝐹𝑎𝑖𝑟

0 = 40 J/cm2 is shown for 𝑁 = 1 processed at differ-
ent gaseous and liquid environments. In this fluence regime, the ablated plume exerts
a recoil pressure over the melt, which causes the melt to be expelled outwards. Due to
rapid solidification, wave-like ripples with crest are formed around the periphery of the
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Figure 9.5: SEM images (top view) of zinc surface irradiated in different processing environments
(rows) and at different number of laser pulses 𝑁 (columns) at peak fluence 𝐹𝑎𝑖𝑟

0 =
10 J/cm2. The scale bar in all images indicates 10 µm.
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Figure 9.6: (a)-(g) SEM micrographs (top view) of zinc surface irradiated in different processing
environments at 𝑁 = 1 and peak fluence 𝐹𝑎𝑖𝑟

0 = 40 J/cm2. Note the different scale
bars in the micrographs. (h) Central modified zone of the crater and (i) arc around the
crater processed in DI water.

craters processed in gaseous environments. At high background pressure, the plasma
plume is confined close to surface due to the reduction in the hydrodynamic length of the
plasma [40]. As a consequence, the central part of the crater shows nanoparticle redepo-
sition (see Fig. 9.6(c)). In air, the consequence of the expansion of the ablated plume can
be observed more clearly (see Fig. 9.6(d)). The number of the layers of the ripples with
crest decreases with background gas density, being 7 for vacuum and 4 for air. This ob-
servation indicates that at low background medium density, the ablated species diffuse
faster from the vicinity of the target surface, saturate the vapor pressure over the target
surface to a lesser extent and consequently, the net evaporation flux increases. In liquid
environment, the crater morphology is entirely different. In DI water, the formation of cir-
cular arcs around the ablated region features subsurface boiling (see Fig. 9.6(e) and (i)).
These arc-like structures extend over 25 µm and have a 𝑅𝑞 of 175 nm. The ablated part fea-
tures turbulent splashes in a layered formation (see Fig. 9.6(h)). On the other hand, these
arc-like structures are absent in ethanol and the splash fingers extends radially (see Fig.
9.6(f)). At the outer edge of the crater, subsurface boiling in form of pores are visible. In
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Figure 9.7: (a)-(g) SEM micrographs (top view) of zinc surface irradiated in different processing
environments at 𝑁 = 50 and peak fluence 𝐹𝑎𝑖𝑟

0 = 40 J/cm2. Note the different scale bars
in the micrographs. (h) Central modified zone of crater processed in (h) ammonia and
(i) DI water. (j) Redeposited particle size distribution in gaseous medium.

ammonia, the splash fingers may have been etched away by the liquid, making the crater
appear more exfoliational sputtering than hydrodynamic sputtering (see Fig. 9.6(g)).

At 𝑁 = 50, 𝐹𝑎𝑖𝑟
0 = 40 J/cm2, the redeposition of particles around the crater is significant

in gaseous media (see Fig. 9.7(a)-(d)), when compared to liquid media. The amount of
redeposition is higher in air, where deposits have mesoscale sizes, while in vacuum and
He, the redeposited particles are micrometric in size and in significantly less amount as
shown in Fig. 9.7(e). In liquid medium, the debris is carried away by the medium and
thus no particle redeposition is seen in Fig. 9.7(f)-(h). Similar to the observations in Fig.
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9.5, the cratermorphology is dominated by the splashes starting from the centralmodified
zone to the outer edge of the crater (see Fig. 9.7(f)-(h)). Due to etching, pores and cavities
are formed in the central modified zone in ammonia (see Fig. 9.7(h)). The craters formed
in DI water and ammonia are similar in feature, having a larger surface modification area
than the central deep modified zone. In contrary, the crater formed in ethanol shows no
demarcation between surface modification and central deep modified zone, rather forms
a Gaussian depression (see Fig. 9.7(g)). The splashes creates a rim around the crater in
gaseous media, while this is absent in craters processed in liquid media.

9.3.2 Dimensional analysis

The geometrical features of the craters namely, diameter, depth and volume, were deter-
mined from confocalmeasurements. Figure 9.8 represents a bar plot of the crater diameter
as a function of number of pulses. The crater diameter is defined as the surface modifi-
cation visible under an optical microscope at 50× magnification. The diameter considers
both the surface modification zone, as well as the central modified zone, as discussed in
Sec. 9.3.1. For a given fluence, the diameter of the crater increases with the number of
pulses irrespective of the processing environment. For low fluence levels, the crater diam-
eter is smaller than the measured laser beam diameter, shown by the horizontal dashed
curve in Fig. 9.8, up to 𝑁 = 10. At 𝑁 = 50, the crater diameter is greater than the beam

Laser
beam
diameter

Laser
beam
diameter

Laser
beam
diameter

Figure 9.8: Bar graphs showing the crater diameter as a function of the number of laser pulses
on the same location, irradiated in different processing media at a peak fluence of (a)
𝐹𝑎𝑖𝑟

0 = 1 J/cm2, (b) 𝐹𝑎𝑖𝑟
0 = 10 J/cm2 and (c) 𝐹𝑎𝑖𝑟

0 = 40 J/cm2.
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diameter.With increasing fluence, the ”overshoot” in the crater diameter over the beamdi-
ameter shifts towards lower number of pulses. This phenomenon happens as the fluence
levels in the ”tails” of the Gaussian intensity profile of the laser beam becomes sufficiently
high to induce and/or accumulate surface modification. The increase in crater diameter
is largest in vacuum, followed by liquid media, He and air.
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Figure 9.9: Bar graphs showing the crater depth as a function of the number of laser pulses on the
same location, irradiated in different processing media at a peak fluence of (a) 𝐹𝑎𝑖𝑟

0 =
1 J/cm2, (b) 𝐹𝑎𝑖𝑟

0 = 10 J/cm2 and (c) 𝐹𝑎𝑖𝑟
0 = 40 J/cm2.

The maximum depth of the ablated craters is shown in Fig. 9.9 as a function of num-
ber of pulses. Similar to the crater diameter, the crater depth increases with number of
pulses for a given fluence level. The crater depth ismaximum in vacuum.Although, crater
depth is reported to increase in liquid media when compared to craters processed in air
[41], we observed the opposite trendwithin the boundary of our experimental conditions.
In that aspect, only ammonia is comparable to air at 𝐹𝑎𝑖𝑟

0 = 10 J/cm2 (see Fig. 9.9(b)).
However, a saturation along crater depth is observed for an increase in fluence level from
𝐹𝑎𝑖𝑟

0 = 10 J/cm2 to 40 J/cm2 for craters processed in air, DI water and ammonia (see Fig.
9.9(a),(b) and Fig. 9.11).

In terms of material removal, processing in vacuum results in maximum ablated vol-
ume at any fluence level within the context of this work as shown in Fig. 9.10. From 10
J/cm2, the ablated volume in gaseous media follows the density of the medium. That is,
the lower the density, the more material is ablated. The ablated volume in air is highest at
any number of pulses at 1 J/cm2 (see Fig. 9.10(a)). Material removal at 40 J/cm2 is com-
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parable when processing in ethanol and air. Saturation in ablated volume for regime II,
i.e. from 10 - 40 J/cm2, is less pronounced than for ablated depth, mainly because of the
increase in diameter with increasing fluence and/or number of pulses. Although a regime
change affects the volume ablation rate in ambient air [26, 31], it seems to be less affected
in non-ambient and liquid media.
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Figure 9.10: Bar graphs showing the crater volume as a function of the number of laser pulses
on the same location, irradiated in different processing media at a peak fluence of (a)
𝐹𝑎𝑖𝑟

0 = 1 J/cm2, (b) 𝐹𝑎𝑖𝑟
0 = 10 J/cm2 and (c) 𝐹𝑎𝑖𝑟

0 = 40 J/cm2.

The effect of background media on the shape of the crater can be observed from the
cross-section of the craters shown in Fig. 9.11 for 𝑁 = 50 pulses and 𝐹𝑎𝑖𝑟

0 = 10 and 40
J/cm2. At 10 J/cm2, the craters closely follow the Gaussian shape of the incident laser
beam intensity profile (see Fig. 9.11(a)). As the fluence is increased (see Fig. 9.11(b)), the
ablation plume affects the hydrodynamics of the laser irradiated melt. As a consequence,
the crater shape deforms significantly from theGaussian shape. Due to the faster diffusion
of ablated species in less densemedia, the crater shape is less affected in vacuum followed
by He at two different pressure values.

The ablation rate at a given fluence level can be found from the slope of the linear fit of
the ablated depth (e.g. Fig. 9.9) and number of pulses [42]. Figure 9.12 shows the abla-
tion rate of zinc in different processing media at 1, 10 and 40 J/cm2 representing regime
I, II and their intersection. In regime I, i.e. 𝐹0 ≤ 10 J/cm2, the ablation rate increases with
increasing fluence level for all media. In regime II, i.e. 𝐹0 > 10 J/cm2, the ablation rate
experiences slower increase than regime I in gaseous media, while the ablation rate de-
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as a function of peak laser fluence 𝐹𝑎𝑖𝑟
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Table 9.2: Effective pulse energy for 𝑁 = 1 in µJ.

Incident Air Vacuum & He Liquid
135.6 53.3 45.9 64.5
32.4 12.7 10.9 15.8
3.3 1.3 1.1 1.6

creases in liquid medium.

9.4 d i s cu s s ions

The differences in the morphology and dimensions of the laser ablated craters in different
media for identical processing parameters clearly demonstrates an effect of the ambient
medium on the resulting surface topography. The influence of the ambient media, as dis-
cussed in Sec. 9.1, starts from the propagation of the laser beam in the ambient medium.
Due to changes in the real and imaginary part of the refractive index, the effective pulse
energy available on the target surface changes for three different configurations shown
in Fig. 9.1. This effective pulse energy depends strongly on the surface reflectivity, which
changes over multi-pulse irradiation. Therefore, in Table 9.2, the effective pulse energy is
shown for three configurations for the first pulse, i.e. 𝑁 = 1. A drop of about 13% in the
non-ambient chamber results from the transmissivity of the fused silica window. On the
other hand, the 20% increase in liquid media results from the change in refractive index
of the medium over the sample [43]. If the pulse duration and focus spot diameter is as-
sumed to be identical for different ambient media, this corresponds to a change by ±20%
of the laser fluence and intensity in liquid and gaseous medium respectively, relative to
ambient air. This assumption is valid as long as the laser intensity does not exceed the
breakdown intensity of the medium, which would lead to a distorted intensity profile
from non-linear self-focusing and plasma defocusing [28]. By comparing the laser peak
intensity calculated from the effective pulse energy (see table 9.2) and the breakdown
intensity of the processing media (see Table 9.1), it can be concluded that the validity of
the aforementioned assumption is fulfilled for gaseousmedium, while themaximum inci-
dent pulse energy will induce optical breakdown of liquid media. This might be a reason
of the arc like features in DI water as shown in Fig. 9.6(e), resulting from the scattering
of laser light by the plasma [27]. In contrast, the absence of arcs in ethanol might be the
result of higher absorptivity of carbon plume at 1030 nm [44].

The morphology of the ablated craters in different processing media is influencedmost
by the generation and expansion of the ablated plume. Ablation plume typically consists
of charged particles, molecules and clusters [45]. At picosecond pulse duration, ablation
is a ”mixture” of non-thermal (i.e. electron heating) and thermal (i.e. lattice melting) pro-
cesses [10]. Plume generations starts from solid phase of the target. The ablation plume
then expands in the medium. In case of gaseous media, plume expansion is associated
with a shockwave, while in liquid environment, it results in the formation of a cavitation
bubble [46]. The diffusivity of zinc for gaseous media, using Gilliland’s equation [47],
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is shown in table 9.1. The diffusivity increases with decreasing pressure and density. As
a consequence, processing in vacuum results in the lowest plume confinement near the
target surface, leading to highest ablated depth. The charged particle density is higher
near the target surface, and the neutral particle density is higher at the outer edge of the
plume [48]. The increased number density of electrons near the target surface forms an
air plasma close to target surface [49]. Since time between consecutive pulses (4 ms) is
an order of magnitude longer than the maximum expected plasma lifetime (10 µs) [48],
plasma shielding of consecutive laser pulses is unlikely to happen in our case. However,
the early stage plasma may shield the sample from the incident laser beam during the
pulse at high intensity levels. The number density of electrons and plasma temperature
is proportional with laser intensity [48]. As a result, the difference in crater shape is not
significant for 10 J/cm2, but distorts the crater shape at 40 J/cm2 as the density of the
background gas increases (see Fig. 9.11). Moreover, the typical lifetime of nanoparticle
generation is in the range of 10−5 to 10−3 sec [48]. The higher the plasma temperature,
the more time the plasma takes to cool down. Even at higher background pressures (He
at 4 atm), the thermal conductivity is higher for He than air. Therefore, early stage plasma
is hotter and lasts longer in air than in vacuum and He. The lifetime of the melt also in-
creases, which results in elemental fractionation [48]. Together with laser beam shielding
by early stage plasma and redeposited particles, as well as temperature dependent sur-
face tension, the crater shape in air gets distorted with a hump at the center of the crater
as shown in Fig. 9.11(b) [26, 50]. In liquid media, the ablated plume expands in a signif-
icantly slower rate than in gaseous media. The entrapment of the plume particles leads
to the formation of cavitation bubble and its associated oscillatory collapse, resulting in
stacked splash patterns shown in Fig. 9.3, 9.5, 9.6, 9.7. However, the liquid type also has
an effect on the material removal. In organic solutions (ethanol), the crater is more evenly
sloped and the surface modification ratio between the central modified zone and surface
modification decreases. In ammonia, the etching property further increases material re-
moval.

As an energy loss route, the medium has more pronounced effect on the ablated plume
than the target surface. Apart from plausible thermal evaporation after the pulse, the heat
conduction of the surface with the bulk solid is the governing heat diffusion mechanism
in the substrate. However, depending on the thermal conductivity of the medium, the
condensation of the ablated particle takes place, which limits the lifetime of the ablated
plume. Since air has the lowest thermal conductivity (see Table 9.1), the plume ”lives”
longer and the temperature decays relatively slowly than the other media. Consequently,
particle redeposition is higher in air than any other media. On the contrary, the liquid
medium carries the ablated particles away, resulting in no particle deposition on the sur-
face.

In Fig. 9.13, the ablation rates at three different fluences are shown as a function of
medium density. The ablation rate in different media correlates with the density of the
medium in gaseous environment. The generation of ablated particles is proportional to
the incident laser fluence [6]. Hence, plume hydrodynamics becomes strong enough to
affect the material removal rate as the laser fluence increases. The medium affects the
generation, expansion and condensation of the ablated plume. The ablation rate increases
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Figure 9.13: Ablation rate of zinc as a function of the density of the processing medium.

with increasing laser fluence in gaseous medium, although the rate of increase depends
on the processing media. On the other hand, the ablation rate at a given fluence is always
lower in liquid media than gaseous medium (see Fig. 9.13). The liquid medium thickness
is known to affect the ablation efficiency [41], and in this work, we kept a fixed layer thick-
ness of 5 mm. Further investigations on the optimum liquid layer thickness on the surface
texturing are required for achieving the maximum ablation efficiency in liquid media.
Predominantly from the point of surface texturing, vacuum medium results in highest
ablation rate, highest retainment of Gaussian crater shape and highest rim formation. On
the contrary, rim is absent in liquid media.

9.5 conclus ion

Ultrashort pulsed laser ablation of zinc under gaseous and liquid media was performed
at a wavelength of 1030 nm. The morphological analysis of ablated craters showed the
dependence of surface morphology on the medium over the solid sample. Although the
diameter of the ablated craters in the substrate was not found to change with changing
medium, the depth of the craters was affected significantly by the ambient medium. The
material removal ratewas highest in vacuum irrespective of the fluence level. On the other
hand, the denser the medium, the more pronounced was the effect of plasma/plume for-
mation on the crater morphology and dimensions of the ablated craters. From surface
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texturing point of view, the crater shape and ablation rate in zinc can be improved when
processed in vacuum, or alternatively, under a flow of He gas.
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SEM micrograph of picosecond pulsed laser textured zinc surface. White bar denotes 100 µm.
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THE ROLE OF PUL SE REPET I T ION RATE ON P ICOSECOND
PUL SED LASER PROCE S S ING OF ZN AND ZN -COATED STEEL

H. Mustafa, D. T. A. Matthews, and G. R. B. E. Römer. The role of pulse repetition rate on picosecond pulsed laser processing of Zn

and Zn-coated steel. In preparation, 2019.

ab stract Zinc and zinc-coated steel is processed with a picosecond laser
source at a wavelength of 1030 and 515 nm to investigate the effect of time
between consecutive pulses, i.e. pulse repetition rate on the laser ablation effi-
ciency, in terms of maximum achievable depth of the ablated crater, material
removal rate and processing quality. With increasing pulse repetition rate up
to 40 kHz and number of pulses on the same location, material removal rate
increases due to heat accumulation, while the maximum achievable depth de-
creases due to particle shielding for both zinc and zinc coated steel. It was
found that, unlike the zinc-coated sample, both material removal rate and
achievable depth is enhanced for bulk zinc at high repetition rates, due to a
greater degree of heat accumulation than particle shielding. Using a numer-
ical heat flow model, it is shown that the difference between bulk zinc and
zinc-coated steel stems from the steel substrate that effectively acts as a heat
sink for the absorbed energy in the zinc coating, inhibiting a higher degree of
heat accumulation.

The content of this chapter is identical to the content of the published paper quoted above. Note that the
layout is adapted for consistency throughout this dissertation and only some small typographical adjust-
ments were made. Some redundancy with other chapters is unavoidable as an academic paper needs its
own introductory sections. However, this entails the advantage that the chapter can be read separately.

10.1 in troduct ion

Surface texturing using ultrashort-pulsed laser sources is an emerging industrial-scale
processing technique [1, 2]. Depending on the application, texture requirements gener-
ally incorporate shape geometry, packing density and product quality (i.e. roughness,
defects, redepositions etc.). Therefore, productivity of the laser surface texturing process
depends on achievable depth, material removal rate and ablated surface quality. Removal
rate is directly proportional to the maximum ablated depth. For a given depth, material
removal rate can be enhanced by increasing either the laser fluence 𝐹0 or the pulse repe-
tition rate 𝑓𝑝. Increasing pulse energy 𝐸𝑝 or decreasing laser beam radius 𝜔0 results in an
increase in fluence (𝐹0 = 2.𝐸𝑝/𝜋𝜔2

0). However, maximum achievable material removal
rate is limited by the threshold fluence at which ablation occurs [3, 4]. Typically, commer-
cially available ultrashort pulsed laser sources can deliver pulses with a maximum pulse
energy at kHz repetition rates, whereas 𝐸𝑝 generally decreases atMHz repetition rates [5].
Therefore, even at maximum pulse energy, fluence can be controlled by off-focus process-
ing, i.e. increasing beam radius𝜔0, while using full energy per pulse delivered by the laser
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source. Conversely, if multiple beam processing is employed, by splitting a single high en-
ergy beam into several parallel beams, the beam diameter could be adjusted at reduced
energy per pulse in the splitted beams to achieve maximum removal rate. On the other
hand, increasing pulse repetition rate 𝑓𝑝, i.e. decreasing time between consecutive pulses
𝑡𝑝 = 1/𝑓𝑝, results in lesser time for the residual heat from the previous laser pulses to dissi-
pate, as well as the ablated particles to disperse away from the laser material interaction
zone. As a consequence, heat accumulation takes place in the target material and parti-
cle shielding (partially) blocks the incident laser beam from reaching the target surface
[6, 7]. At high repetition rates, heat accumulation dominates over particle shielding [8, 9].
With increasing fluence and/or number of pulses and/or geometrical pulse-to-pulse over-
lap, the observed enhancement in heat accumulation affects the ablation threshold and
incubation coefficient [5, 10, 11]. Inevitably, heat accumulation affects the morphology
of the irradiated area through the formation of different micro-features in the ablated
crater [12, 13], rim formation around the crater [9] and heat affected zone (HAZ) [14].
As a result, the quality of processing, in terms of visual appearance, surface roughness
etc., also varies with pulse repetition rate, depending on the target material [15–17]. To re-
duce the thermal load on the sample, fast beam deflection and/or multiple beam-splitting
(e.g. diffractive optical elements (DOE), spatial light modulators (SLM)) becomes a pre-
ferred processing route, however, technical limitations like maximum achievable beam
deflection velocity, flexibility and damage threshold of beam-splitting elements imposes
a bottleneck [18–20].

Ultrashort-pulsed laser processing of zinc is mainly performed in the framework of
pulsed laser ablation in liquid (PLAL) in order to produce nanoparticles, laser induced
breakdown spectroscopy (LIBS), pulsed laser deposition (PLD) and laser induced for-
ward transfer (LIFT) [21, 22]. Generally, low repetition rates are preferred for LIBS, PLD
and LIFT for better control over the end result. Substantial increase in the productivity
of nanoparticle generation with increasing repetition rate was reported for a number of
metals (Pt, Au, Ag, Al, Cu, Ti, Steel) in PLAL [23, 24]. Also, the effect of pulse repetition
rate in air has been studied substantially [5, 8, 9, 14–20, 25, 26] for a variety of materials.
However, no work regarding the role of pulse repetition rate has been reported for zinc
or zinc-coated steel in air.

In this work, we present the effect of pulse repetition rate on the maximum achievable
depth, material removal rate and processing quality of Zn and Zn-coated steel using a
picosecond pulsed laser source at its fundamental (1030 nm) and second harmonic (515
nm) wavelengths. The morphology and the dimensional features are analyzed by means
of confocal laser scanning microscopy. Ablation fluence threshold and energy penetra-
tion depth are determined for low number of laser pulses at different pulse repetition
rates. The material removal rate, achievable depth and processing quality in terms of rim
formation is assessed in order to determine the optimum processing parameters at the
maximum pulse energy of the laser source. Moreover, a numerical heat flow model is
presented to account for the changes induced by pulse repetition rate in the picosecond-
pulsed laser ablation of zinc and zinc-coated steel.
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10.2 ex p er imental s e tup

10.2.1 Laser setup

The laser ablation experiments were performed under atmospheric conditions in a clean-
room environment, using a diode pumped thin disc Yb:YAG pulsed laser source (Tru-
Micro 5050 of Trumpf GmbH, Germany). This source emits 6.7 ps laser pulses of lin-
early polarized light and shows a nearly Gaussian power density profile (𝑀2 < 1.3).
In this work, 𝑝−polarized light at both the central (1030 nm) and the second harmonic
(515 nm) wavelengths was used. A galvo-scanner (IntelliScan14 of ScanLab GmbH, Ger-
many), equipped with a telecentric flatfield F-theta-Ronar lens (Linos GmbH, Germany)
was used to scan the focused laser beam over the surface of the sample. The sample was
placed in the focal plane. The focal spot radius was measured from the fluence profile
using a charge-coupled device (CCD) sensor-based, beam diagnostic system (MicroSpot
Monitor of Primes GmbH, Germany). The setup related parameters are listed in Table
10.1.

Table 10.1: Laser setup parameters

Parameters Laser wavelength [nm]
1030 515

Focal length [mm] 80 100
Focal spot radius [µm] 14.6 ± 1.6 12.0 ± 0.5
Ellipticity @ focus 0.89 0.81
Max. pulse energy [µJ] 135 62
Min. pulse energy [µJ] 3 1

The beam impinges perpendicular to the sample surface. The focus position was fixed
for all the experiments and coincided with the original surface. The experiments were
performed in percussion drilling mode. The number of pulses at a given pulse repeti-
tion rate was controlled by electronically gating the laser source using real time interface
with a switching delay of 10 µs. The emitted number of pulses within the gating time
was verified using a high-speed Si photodiode (DET10A/M of Thorlabs, USA) in combi-
nation with a GHz oscilloscope (LeCroy WavePro 7000A of Teledyne Technologies, Inc.,
USA). Apart from a transverse air flow to protect the F-theta-Ronar lens, no shielding gas
was used to suppress/extract debris from the laser material interaction zone during pro-
cessing. The laser energy supplied to the surface was varied by using a combination of a
half-wave plate and a polarizing beam splitter. A pyroelectric detector (PM30 with Field-
Max II of Coherent, USA) was used to measure the average laser power incident on the
sample with an error less than 8%. The energy of the individual pulses was determined
by dividing themeasured average laser power by the pulse frequency applied. The power
instability of the laser source is less than 2%. The pulse repetition rate was varied from 40
Hz to 400 kHz. Therefore, the time between consecutive pulses on the same location was
varied between 2.5 µs to 25 ms. The geometrical pulse-to-pulse distance was at least 125
µm and the number of pulses varied from 𝑁 = 4 to 40 with an uncertainty (due to the
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switching delay in the gating of the laser source) of an additional pulse, i.e. 𝑁 = 4(+1)
to 40(+1). A minimum of 10 craters were created per laser setting to ensure statistically
sound values in measured quantities.

10.2.2 Material

In this work, bulk and coated zinc samples were used. Bulk polycrystalline zinc (Zn) sam-
pleswere typical zinc (99.7%𝑤𝑡 Zn, 0.3%𝑤𝑡Al),which is typically used for coating on steel
products, and prepared as reported in [21, 22]. Coated zinc sampleswere galvanized steel,
having a Zinc coating (99.7% Zn, 0.3% Al) weight of 70 g/m2 (average thickness of 8 ± 2
µm), deposited byHotDipGalvanizing (HDG) process on TitaniumStabilizedUltra Low
Carbon (TiSULC) steel substrate. The average roughness (𝑅𝑎) of the bulk and coated sam-
ples were 0.03 and 0.5 µm respectively. Bulk and coated Zn samples were cleaned using
ethanol (> 99%) andAmmonia (< 5%) solution (𝑁𝐻3(𝑎𝑞)) prior to and after the ablation
experiments respectively.

10.2.3 Analysis tools

The roughness of samples after surface treatments, as well as the laser-induced surface
profiles (the latter referred to as ”craters” here), were measured by means of Confocal
Laser Scanning Microscopy (CLSM), (VK-9700 of Keyence Corporation, Japan). The lat-
eral and vertical resolution of CLSM measurements was 276 nm and 1 nm respectively.
CLSM images were analyzed with the help of a image processing algorithm using aMAT-
LAB script [27] to measure the dimensional features of the craters.

10.3 r e sult s

In the following, first we discuss the results obtained during processing of bulk Zn sam-
ples in Sec. 10.3.1 processed at a wavelength of 1030 nm. Next in Sec. 10.3.2, the results of
Zn-coated steel, processed at a wavelength of 515 nm, are presented.

10.3.1 Bulk zinc

Figure 10.1 shows the confocal images of the bulk zinc sample processed at a wavelength
of 1030 nm at different pulse repetition rates 𝑓𝑝 and number of pulses 𝑁. With increasing
𝑓𝑝 at any given number of pulses, the differences in crater morphology are found primar-
ily in the heat affected zone and as melt displacement. This is because the time between
consecutive pulses 𝑡𝑝 decreases with increasing pulse repetition rate (see Fig. 10.1). For a
decrease in 𝑡𝑝 by a factor of 100 (from 𝑡𝑝 = 25 ms to 0.25 ms), a heat affected zone (HAZ)
is observed around the crater (see Fig. 10.1(f)), which is not observed at lower repetition
rates around the crater (see Fig. 10.1(c)). If 𝑡𝑝 is decreased further by a factor of 1000 (from
𝑡𝑝 = 25 ms to 0.025 ms), the HAZ is almost covered by the rim formed by the displaced
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Figure 10.1: Confocal images of bulk zinc surface irradiated at 1030 nmat different pulse repetition
rates 𝑓𝑝 (rows) and at different number of laser pulses 𝑁 (columns) at a peak fluence
of 𝐹0 = 40 J/cm2.

melt (see Fig. 10.1(i)).

From the CLSMmeasurements, the ablated volume at different laser processing param-
eters were calculated along with the diameter and the depth of ablated craters. For a laser
beamwith aGaussian fluence distribution, the ablated volume per pulse can be expressed
as [3, 4]

Δ𝑉 = 1
4 ⋅ 𝜋 ⋅ 𝜔𝑚𝑎𝑗 ⋅ 𝜔𝑚𝑖𝑛 ⋅ 𝛿𝑒 ⋅ [ln( 𝐹0

𝐹𝑡ℎ
)]

2
, (10.1)

where 𝛿𝑒 and 𝐹𝑡ℎ are fit parameters for energy penetration depth and ablation threshold
fluence respectively. The peak fluence 𝐹0 is related to pulse energy 𝐸𝑝 as 𝐹0 = (2 ⋅𝐸𝑝)/(𝜋 ⋅
𝜔𝑚𝑎𝑗 ⋅ 𝜔𝑚𝑖𝑛), where 𝜔𝑚𝑎𝑗 and 𝜔𝑚𝑖𝑛 are the laser beam radius (1/𝑒2) along the major and
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minor axes respectively. The ablated volume per pulse (𝑁 = 4) for different pulse repe-
tition rates are plotted against the laser peak fluence 𝐹0 in Fig. 10.2(a). The vertical line
at 10 J/cm2 demarcates the two ablation regimes mentioned in previous works [21, 22].
The dashed curves in Fig. 10.2(a) represent nonlinear least squared fit of Eq. (10.1) for
𝐹0 ≤ 10 J/cm2. As can be observed in the inset, the data points above 10 J/cm2 cannot be
explained by Eq. (10.1) regardless of the pulse repetition rates. In regime II , a saturation
in ablated depth was reported for 𝑡𝑝 = 4.9 ms in a previous work [21]. However, this
saturation behavior of the ablated volume at high fluence levels diminishes as the time
between pulses 𝑡𝑝 decreases - i.e. as the pulse repetition rate increases (see inset of Fig.
10.2(a)). In Fig. 10.2(b), the fit parameters of Eq. (10.1), i.e. 𝛿𝑒 and 𝐹𝑡ℎ are plotted against
the pulse repetition rate. The decrease in 𝐹𝑡ℎ or the increase in 𝛿𝑒, with increasing 𝑓𝑝, is not
that significant at low number of pulses.
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Figure 10.2: (a) Ablated volume per pulse Δ𝑉 of bulk zinc processed at a wavelength of 1030
nm as a function of peak fluence 𝐹0 for 𝑁 = 4 at different pulse repetition rates. The
dashed curves represent the least squared fit according to Eq. (10.1) in regime I only.
These curves were extended into regime II. Note that the error bars are smaller than
themarkers of the data points. Inset shows the data points in regime II, where lines are
guides for the eye only. (b) Threshold fluence, 𝐹𝑡ℎ(4) and energy penetration depth
𝛿𝑒(4) as a function of pulse repetition rate 𝑓𝑝.

Material removal rate is generally determined by varying the pulse repetition rate at
maximum average power 𝑃𝑎𝑣𝑔 of the laser source used and is given by [4, 26, 28]

𝑀𝑅𝑅 =
Δ𝑉 ⋅ 𝑓𝑝
𝑃𝑎𝑣𝑔

m3/(s ⋅ W) , (10.2)

where Δ𝑉 is the ablated volume per pulse calculated from Eq. 10.1. This method is ben-
eficial for taking the full benefit of the laser source [20, 29] - i.e. when exploiting the
maximum average power. However, the (maximum) pulse energy of most laser sources
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is generally constant up to pulse frequencies in the MHz regime. For higher pulse repe-
tition rates, the pulse energy drops [5]. Therefore, at an constant average output power,
increasing repetition rate decreases the energy per pulse. Moreover, in a given time pe-
riod, it is obvious that a higher number of pulses are emitted at higher repetition rate. In
order to make a fairer comparison between the pulse energy, number of pulses and time
between consecutive pulses, the material removal rate (MRR), in this work, is defined as

𝑀𝑅𝑅 = 𝑉
𝐸𝑝 ⋅ 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠

m3/(J ⋅ s) , (10.3)

where 𝑉 is the ablated volume, 𝐸𝑝 is the pulse energy, and the processing time 𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠 is
defined as

𝑡𝑝𝑟𝑜𝑐𝑒𝑠𝑠 = (𝑁 − 1) ⋅ 1
𝑓𝑝

+ 𝜏𝑝 , (10.4)

where, 𝑁 is number of pulses on the same location and 𝜏𝑝 is laser pulse duration and
1/𝑓𝑝 is time between consecutive pulses. Figure 10.3(a) shows the material removal rates
(MRR), according to Eq. (10.3), at the maximum available pulse energy from the laser
source. For a given number of pulses, MRR gradually increases with increasing 𝑓𝑝. As
can be observed from Fig. 10.3(b), the crater depth experiences a sharp increase at 𝑓𝑝 =
400 kHz for any given number of pulses. This observation indicates that considerable
heat accumulation takes place when 𝑡𝑝 = 25 µs. In Fig. 10.3(c), the rim volume is plotted
against the pulse repetition rate. Except for 𝑁 = 4, rim volume decreases with increasing
𝑓𝑝 up to 40 kHz and then increases steeply for increasing 𝑓𝑝. A higher rim volume indicates
that more material has been redeposited around the crater at 𝑓𝑝 = 400 kHz than any other
pulse repetition rates.

Figure 10.4 shows cross-sections of normalized (i.e. ℎ(𝑟)/ℎ𝑚𝑎𝑥) crater profiles, obtained
from CLSM measurements, at 40.75 J/cm2 at different pulse repetition rates for differ-
ent number of pulses. Figure 10.4 (a) shows that, at 𝑁 = 4, no significant difference is
observable in the depth profiles except for 𝑓𝑝 = 400 kHz. As the number of pulses in-
creases, craters processed at 𝑓𝑝 = 400 Hz result in deeper craters than craters processed
at 1 kHz < 𝑓𝑝 ≤ 40 kHz (see Fig. 10.4(b)-(d)). On the other hand, craters processed at
1 kHz < 𝑓𝑝 ≤ 40 kHz exhibit a negligible rim around the crater compared to 𝑓𝑝 ≤ 1 kHz
and 𝑓𝑝 = 400 kHz. The rim around the crater in Fig. 10.4 is marked by dashed black cir-
cles. In any case, craters processed at 𝑓𝑝 = 400 kHz have the largest ablated depth and rim
height than any other pulse repetition rates.

10.3.2 Zinc-coated steel

Figure 10.5 shows the confocal images of the zinc coated steel, i.e. galvanized steel, sam-
ples processed at a wavelength of 515 nm at the maximum pulse energy of the source.
Dendritic depressions (due to production method) and grain boundaries cover the un-
treated surface and results in an average surface roughness that is 16 times higher than of
the bulk polished zinc samples (see Sec. 10.2.2). The effect of pulse repetition rate is read-
ily observable after the surface has been irradiated with 𝑁 = 4 as shown in Fig. 10.5(a)
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Figure 10.3: (a)Material removal rate (MRR) according to Eq. (10.3) at 𝐸𝑝 = 135 µJ, (b)maximum
crater depth and (c) rim volume of bulk Zn processed at a wavelength of 1030 nm as
a function of pulse repetition rate for 𝐹0 = 40 J/cm2. Curves are a guide for the eye.

and (c). In Fig. 10.5(a), the crater morphology features a deep central modified zone sur-
rounded by a surface modification zone followed by a surface (de)coloration zone. On
the contrary, the demarcation between themelt-dominated central modified zone and the
surface modification zone is more gradual when the pulse repetition rate is increased by
three orders of magnitude from 40 Hz to 40 kHz (see Fig. 10.5(b)). At 𝑁 = 40, the central
modified zone, where the substrate steel is exposed, is the dominant feature of the crater,
whereas the Zn coating around the crater features surface modification zone followed by
surface (de)coloration (see Fig. 10.5(b) and (d)). When the time between consecutive
pulses is longer, the central part of the exposed steel substrate appears drilled (see Fig.
10.5(b)). On the other hand, the central part is melt-dominated when the time between
consecutive pulses is shorter (see Fig. 10.5(d)).

At any pulse repetition rate, the maximum ablated depth for 𝑁 = 4 was about 6±1 µm.
If the number of pulses are increased further, the crater depth is near or even exceeds the
coating thickness (see Fig. 10.7(b)). It should be noted that the heat diffusion is affected
as the coating layer thickness is reduced. However, the remaining coating layer thickness,
at a crater depth of 6 µm, is large enough to exclude it as thin film. Assuming that the
ablated material is solely zinc, the ablated volume per pulse is plotted in Fig. 10.6(a) as a
function of peak fluence for different pulse repetition rate at 𝑁 = 4. As can be seen from
this figure, data points in regime II cannot be explained by the fit of Eq. 10.1 shown by
the dashed curves. The lower fluence value for 𝑓𝑝 = 400 kHz is due to the reduction in
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Figure 10.4: Cross-sections (obtained fromCLSMmeasurements) of ablated craters on the surface
of bulk zinc normalized by corresponding number of pulses 𝑁 at 𝐸𝑝 = 135 µJ, 𝐹0 =
40 J/cm2 and awavelength of 1030 nm. The dashed circle in the graphs represents rim
around the crater.

conversion efficiency of the SHG crystal at high pulse energy and high repetition rate of
our SHG unit. Similar to the bulk zinc sample, the change in threshold fluence and energy
penetration depth with increasing pulse repetition rate is not significant, as shown in Fig.
10.6(b).

Thematerial removal rate (MRR), according to Eq. (10.3), of galvanized steel samples at
themaximumpulse energy of the laser source is shown in Fig. 10.7(a). Similar to bulk zinc
samples, 𝑀𝑅𝑅 increases with increasing pulse frequency. However, the maximum crater
depth shows opposite trend than 𝑀𝑅𝑅 (see Fig. 10.7(b)). The crater depth is maximum
when the time between pulses is longest at a given 𝑁. As can be seen from Fig. 10.7(b),
this observation is true when the crater depth is either in zinc coating (𝑁 = 4) or in the
steel substrate (𝑁 = 40). Otherwise, at the coating-substrate interface, the peak in the
maximum ablated crater depth shifts towards 400 Hz (see the curves for 𝑁 = 8 and 20 in
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Figure 10.5: Confocal images of galvanized steel surface irradiated at different pulse repetition
rate 𝑓𝑝 (rows) and at different number of laser pulses 𝑁 (columns) at peak fluence
𝐹0 = 40 J/cm2.

Fig. 10.7(b)). An increase in 𝑀𝑅𝑅, when the maximum crater depth decreases, indicates
that the crater dimensions increase laterally rather than vertically. This is expected as the
difference in melting temperature of Zn (𝑇𝑚 = 692.68 K) and forming steel (𝑇𝑚 = 1803
K) is significant.

The evolution of the crater shape in the coating and in the substrate for increasing num-
ber of pulses can be visualized from the cross-section of the crater, obtained from CLSM
measurements, as shown in Fig. 10.8. The dashed horizontal line in Fig. 10.8(b)-(d) in-
dicates the coating-substrate interface. For 𝑁 = 4, higher pulse repetition rates result in
lower crater depth (see Fig. 10.8(a)). Also, the craters are within the coating layer. As
the number of pulses are increased, the maximum crater depth is at or near the coating-
substrate interface and the differences in the crater shape are hard to distinguish (see Fig.
10.8(b) and (c)). When the crater is well within the steel substrate, the differences in the
crater shapes become apparent. As can be observed in Fig. 10.8(d), craters processed at
low pulse repetition rate are deeper, while the shape of the crater gets wider in the coating
layer as the pulse repetition rate increases. The rim around the craters is not as extensive
as the bulk zinc samples. While the maximum rim height is 10 µm for bulk Zn samples,
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Figure 10.6: (a) Ablated volume per pulse Δ𝑉 of galvanized steel processed at a wavelength of 515
nm as a function of peak fluence 𝐹0 for 𝑁 = 4 at different pulse repetition rates. The
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Threshold fluence, 𝐹𝑡ℎ(4) and energy penetration depth 𝛿𝑒(4) as a function of pulse
repetition rate 𝑓𝑝.
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Figure 10.7: (a) Material removal rate (MRR) according to Eq. (10.3), (b) maximum crater depth
and (c) rim volume of galvanized steel processed at a wavelength of 515 nm as a func-
tion of pulse repetition rate for 𝐹0 = 40 J/cm2
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the rims are less than a micron high in galvanized steel samples, resulting in two order of
magnitude lower rim volume than bulk zinc (compare to Fig. 10.7(c)).
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Figure 10.8: Cross-sections (obtained fromCLSMmeasurements) of ablated craters on galvanized
steel surface processed at 𝐹0 = 40 J/cm2 and a wavelength of 515 nm with different
number of pulses 𝑁. The dashed horizontal line in the graphs represents the nominal
interface between the Zn coating and steel substrate.

10.4 d i s cu s s ion

As the pulse repetition rate increases, time between consecutive pulses on the same lo-
cation decreases to such an extent that each additional pulse reaches the target surface
before full dissipation of residual heat into the bulk [30] and/or before the lifetime of the
ablation plume, present within the beam path, ends [7]. As can be observed from Fig.
10.3(b), the reduction in maximum crater depth around 40 kHz gets pronounced with in-
creasing number of pulses indicating an increased degree of shielding of the laser beam
by the particles. At 400 kHz, the achievable depth increases drastically, indicating heat
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accumulation overcomes particle shielding [8]. Bauer et al. modeled the spatial and tem-
poral temperature distribution 𝑇(𝑥, 𝑦, 𝑧, 𝑡) in a solid material due to a spatial Gaussian
shaped stationary laser beam after 𝑁 pulses [6],

𝑇(𝑥, 𝑦, 𝑧, 𝑡) =
𝑁

∑
𝑛=0

𝑇𝑠.𝑝.(𝑥, 𝑦, 𝑧, 𝑡 + 𝑛Δ𝑡𝑝−𝑝) , (10.5)

where 𝑡𝑝−𝑝 is the time between consecutive laser pulses and 𝑇𝑠.𝑝. is given by [6],

𝑇𝑠.𝑝.(𝑥, 𝑦, 𝑧, 𝑡) = 2𝐸𝑟𝑒𝑠

𝜋𝜌𝐶𝑝√𝜋𝜅𝑡(8𝜅𝑡 + 𝜔2
0)

⋅ 𝑒
(𝑥−𝑥𝑐)2+(𝑦−𝑦𝑐)2

4𝜅𝑡 (
𝜔2

0
8𝜅𝑡+𝜔2

0
−1)

⋅ 𝑒− 𝑧2
4𝜅𝑡 , (10.6)

where (𝑥𝑐, 𝑦𝑐) are center coordinates of the laser spot, 𝜌, 𝐶𝑝, 𝜅 and 𝜔0 are density, specific
heat capacity, thermal diffusivity of the material and beam radius respectively. Here, the
residual energy 𝐸𝑟𝑒𝑠 is the product of incident pulse energy 𝐸𝑝 and the residual rate of
single pulse energy 𝜂𝑟𝑒𝑠 [31]. In this paper, we model this 𝜂𝑟𝑒𝑠 as

𝜂𝑟𝑒𝑠 =
𝐴𝐸𝑝 − 𝜌Δ𝑉𝐿𝑣𝑎𝑝

𝐸𝑝
× 100% , (10.7)

where 𝐿𝑣𝑎𝑝 is the latent heat of vaporization and Δ𝑉 is the volume ablation rate per pulse.
From the confocal data,Δ𝑉 is calculated as the ablated volume at a given number of pulses
divided by the number of laser pulses. The maximum ablated depth per pulse measured
from the confocal data serves as 𝑧 values in Eq. (10.6). For galvanized steel, material pa-
rameters in Eq. (10.6) were adopted for zinc when 𝑧 ≤ 10 µm, and for forming steel when
𝑧 > 10 µm. The interface between the coating and the substrate was assumed to be con-
tinuous, i.e. 𝑇𝑍𝑛(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇𝑆𝑡𝑒𝑒𝑙(𝑥, 𝑦, 𝑧, 𝑡) at 𝑧 = 10 µm. Note that, this numerical heat
flow model is simplified extensively, i.e. (a) except for Eq. (10.7), latent heat of melting
and vaporization were not taken into account during the temperature rise, (b) heat flow
is unidirectional, i.e. no heat flows from the substrate to the Zn coating layer, nor from the
surface to the surrounding, and (c) ablated depth is removed as a plane without follow-
ing the actual curvature of the crater. These simplifications result in higher estimation of
𝑇(𝑥, 𝑦, 𝑧, 𝑡) than the actual temperature.

Fig. 10.9 shows simulation results of 𝑇(0, 0, 𝑧, 𝑡) for bulk and coated zinc samples. As
can be concluded from Fig. 10.9(a) for Zn sample at 𝑁 = 40, the sample temperature in-
creases as the time between consecutive pulses decreases due to the residual energy of the
previous pulses. In this figure, the rise in residual temperature is shown for the surface
without compensating for ablated depth per pulse, i.e. 𝑧 = 0 in Eq. (10.5). The temperature
increase is negligible, and below 80Kup to 𝑓𝑝 = 40 kHz (all curves except the green curve).
However, at 400 kHz, zinc heats up to melting temperature after 4 pulses (shown by the
dashed horizontal line) and exceeds vaporization temperature after 20 pulses (shown by
the dashed-dotted horizontal line) for 𝑁 = 40 as shown in Fig. 10.9(a). A closer view at
400 kHz and 40 Hz with compensation for ablated depth per pulse, shown in Fig. 10.9(b)
and (c) respectively, shows the build up of temperature at different depths over time. As
can be observed from these figures, the temperature increase at different depths is neg-
ligible when the time between consecutive pulses is long i.e. longer than 1 ms (see Fig.
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Figure 10.9: Simulation of the difference of the maximum temperature increase induced by a sta-
tionary laser beam at different pulse repetition rates for bulk and coated zinc samples
processed at a wavelength of 1030 nm and 515 nm respectively, and at 𝐸𝑝 = 135 µJ
and 𝑁 = 40.
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10.9(c)). Also a saturation in Δ𝑇 over time can be observed. On the contrary, the differ-
ences in Δ𝑇 at subsequent depth levels become significant at 400 kHz and the saturation
in Δ𝑇 is absent for 𝑁 = 40 (see Fig. 10.9(b)). Although a crude approximation, it follows
from Fig. 10.9(a) that the ablation process of zinc is significantly affected by the presence
of melt layer in multiple pulse processing, when the time between consecutive pulses is
less than 25 µs. This approximation is further backed by the presence of rim around the
crater at 400 kHz (see Fig. 10.1(i)) over the HAZ at 4 kHz (see Fig. 10.1(f)). Generally, it is
known that the reflectivity of metals decreases with increasing temperature [32]. There-
fore, absorption as well as energy penetration depth increases as the sample temperature
increases. The latter is not incorporated in our model. Since the sample temperature dif-
ference at 𝑁 = 4 is not as high as 𝑁 = 40, the increase in energy penetration depth is not
significant, as is shown in Fig. 10.2(b). With increasing number of pulses on the same lo-
cation, a higher recoil pressure (from the ablated species) on the molten zinc pushes melt
outwards, creates a deeper crater as well as higher rim at 400 kHz than other repetition
rates (see Fig. 10.4).

In case of Zn-coated steel, i.e. galvanized steel, the effect of substrate on the coating
layer is significant; although, a coating layer thickness of about 10µm is sufficiently thick
to exclude it as a thin film. Moreover, optical penetration depth of zinc at a wavelength of
515 nm is about 15 nm, which is two order of magnitude smaller than the coating thick-
ness. Figure 10.9(d) and (e) illustrates the simulation results of Eq. (10.5) for galvanized
steel samples. As can be observed from Fig. 10.9(e), substrate steel heats up 4 times more
(quickly) than the zinc coating, whereas the heating behavior of the zinc coating is similar
to bulk zinc as shown in Fig. 10.9(c). The effect of substrate on the temperature becomes
prominent at higher repetition rate as can be observed in Fig. 10.9(d). In this figure, the
dashed and dashed-dotted horizontal lines represent the melting and vaporization tem-
perature 𝑇𝑣 of zinc (black) and iron (red) curve. Unlike bulk Zn, the zinc coating does
not heat up above 𝑇𝑣. This might result from lower absorptivity of Zn at 515 nm than 1030
nm. Moreover, the considerably higher degree of heating in substrate steel indicates that
the substrate acts as a heat sink for the heat in the coating. Therefore, less melt is formed,
which results in little to no rim around the crater (see Fig. 10.5).
Since galvanized steel is an engineering material, the (relatively) high surface roughness
of the coating layer (𝑅𝑎 < 0.5 µm) and the substrate steel (𝑅𝑎 < 1.6 µm) also affects the
laser processing at a wavelength of 515 nm [22]. As a consequence, the differences in Δ𝑉
at low number of pulses is not that significant and the uncertainty in fit parameters (𝐹𝑡ℎ
and 𝛿𝑒) is larger (see Fig. 10.6). Since substrate steel acts as a heat sink, the dominance of
heat accumulation over particle shielding is not observed in the maximum crater depth
in Zn-coated steel (see Fig. 10.7(a)). In spite of lower crater depth, MRR increases with
increasing pulse repetition rate (see Fig. 10.7(a)), because the crater wall gets steeper in
coating layer with increasing 𝑓𝑝 (see Fig. 10.8).

In general, as the time between consecutive pulses gets shorter with increasing pulse
frequency, heat accumulation becomes conducive tomaterial removal rate, while themax-
imum achievable depth gets limited by particle shielding of the laser beam. In the case of
processing bulk zinc at 1030 nm, heat accumulation subjugates particle shielding at high
repetition rate, resulting in significant increase in ablated depth and volume, while being
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detrimental to processing quality. On the contrary, the maximum achievable depth in gal-
vanized steel, processed at 515 nm, with increasing repetition rate is restricted by particle
shielding, since the steel substrate hinders heat accumulation in the coating layer by acting
as a heat reservoir. Also, Zn-coated steel exhibits imperceptible differences in processing
quality at the investigated repetition rates, with higher MRR for higher repetition rates.
Therefore, from a process upscaling point of view, high repetition rate for processing gal-
vanized steel is preferred. For processing bulk zinc, a balance between processing quality
and MRR is required.

10.5 conclus ion

Within the boundary of the experimental conditions in this chapter, bulk and coated zinc
behaves differently with increasing pulse repetition rate. However, in both cases, material
removal rate increases with increasing pulse frequency, and the differences in threshold
fluence and energy penetration depth at low number of pulses is negligible. The maxi-
mum achievable depth decreases with increasing pulse repetition rate due to shielding
of the laser beam by ablated particles. For bulk zinc, heat accumulation at high repetition
rate (400 kHz) dominates over particle shielding, resulting in higher ablated depth and
volume at the cost of lower processing quality. A numerical heat flow model revealed a
high degree of sample heating from the residual energy of previous pulses. In the case
of a zinc coating on steel, the steel substrate acts as a heat sink preventing higher degree
of heat accumulation in the coating layer, when compared to bulk zinc. Taking the maxi-
mum achievable depth, material removal rate and processing quality into consideration,
a trade-off between quality and removal rate is required for processing bulk zinc, whereas
high repetition rate is preferred for processing zinc-coated steel.
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CONCLUD ING REMARKS ON PART i i i

Part i i i evaluated the routes for increasing material removal rate of bulk and coated zinc
surfaces, irradiated with ultrashort laser pulses, by assessing the effect of the processing
environment and pulse repetition rate on the material removal rate. The highest material
removal rate was found in vacuum, compared to gaseous and liquid media. With increas-
ing pulse repetition rate in air, it was found that shielding of the incoming laser beam,
by ablated particles, reduces the maximum achievable ablated depth, both in bulk zinc
and Zn-coated steel up to tens of kHz. In the sub-MHz pulse repetition rates, heat accu-
mulation dominates over particle shielding in case of bulk zinc, while the steel substrate
below the zinc coating acts as heat sink and hinders heat accumulation to take over parti-
cle shielding.
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Part i v

OUTLOOK ON POTENT IAL APPL I CAT IONS AND
INDUSTR IAL IMPLEMENTAT IONS

This part focuses on the potential applications of laser textured surfaces of
bulk and coated zinc and implications for industrial upscaling. As such it ad-
dresses the research objective #4 of this thesis (see Sec. 1.2), that is - to explore
the possible applications of laser surface texturing of bulk zinc and Zn-coated
steel surfaces, and means to industrial implementation of the technique.



No category of sciences exists to which one could give the name of applied sciences. There are science and the

applications of science, linked together as fruit is to the tree that has borne it.

Louis Pasteur

Asimov, I., and Shulman, J. A., eds. Isaac Asimov's book of science and nature quotations (1988)

SEM micrograph of nanosecond pulsed laser textured zinc surface. White bar denotes 10 µm.
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POTENT IAL APPL I CAT IONS

This chapter presents preliminary results of functionality testing of the laser textured zinc
and galvanized steel surfaces. 1

11.1 la s er t ex tured sur face s

To address the micro-nano manufacturing gap [1] present in non-silicon material pro-
cessing, laser material processing is an emerging trend to meet the requirements of qual-
ity, productivity and efficiency with minimal environmental impact in comparison with
other fabrication techniques such as chemical wet etching, electro-erosion, etc. [2]. Laser
surface texturing (LST) exploits laser ablation to produce functional surface textures for
improved surface properties that can result in self-cleaning [3], anti-icing [4], super hy-
drophobicity [5], anti-reflecting [6], lubricant trap [7], and low friction with particles
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Figure 11.1: Schematics of texture definition with different packing densities by varying the pitch
and offset of the craters as a fraction of the crater diameter 𝑑𝑐.

1 Parts of this chapter are published as:
• G. R. B. E. Römer, H. Mustafa and D. T. A. Matthews. Wetting behavior of laser textured zinc and zinc-coated samples. In

preparation, 2019.
• T. Misra, H. Mustafa, G. R. B. E. Römer, D. T. A. Matthews andM.B. de Rooij. Effect of texture geometry and texturing process

on galling behavior in single-asperity ploughing of galvanized steel sheets. In preparation, 2019.
• J. Whiteside, H. Mustafa, A. Malla , E. Sackett, G. R. B. E. Römer and D. T. A. Matthews. Corrosion analysis of laser textured

Zn-coated steels. In preparation, 2019.
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[8] or fluids [9] etc. In general, besides chemistry, the functionality of a surface texture,
or surface finish can be characterized by four geometrical parameters namely, lay, form,
roughness and waviness [10, 11].

Laser processing permits accurate control of the ablation location. This means that the
ablation craters/ dimples/ depressions can be positioned at different texturing configura-
tions resulting in different surface topographies (see Fig. 11.1). Varying the amplitude (di-
ameter, depth), spacing (overlap, packing fraction) and/or hybrid (closed void volume)
parameters of a texture, different kind of surface textures can be made. Figure 11.2 shows

250 µm

a)

500 µm 500 µm

b)

c) d)

300 µm

300 µm300 µm

e) f)

Figure 11.2: Examples of laser textured galvanized steel surfaces showing (a) regular array of
holes, (b) array of pillars, (c) lines, (d) hatches, (e) random texturing and (f) quasi-
deterministic texturing.
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examples of different surface textures created on galvanized steel using a picosecond laser
source during the course of the research presented in this thesis. As can be observed, sur-
face textures resulting in different surface roughness andwaviness can be generated. This
is achieved by simply changing the laser processing conditions. In the remainder of this
chapter, initial explorations on the effects of surface textures (not the laser) on thewetting,
wear and corrosion properties of Zn and Zn-coated steel by changing the pitch between
the craters and/or crater depth are discussed.

Hydrophilic

Hydrophobic

(a)

(b) (c) (d) (e)

(f) (g)

100 µm 100 µm 100 µm 100 µm

20 µm 20 µm

Figure 11.3: (a) Comparison of contact angles on textured and untextured surfaces with DI water.
(b)-(e) SEM micrographs (top view) of different textures indicated by arrows. The
zoomed SEMmicrographs (f) and (g) are taken at an angle of 55° and 70° respectively.
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11.2 wet t ing

Assessment of the wetting behavior of the laser textured surfaces were carried out by
means of apparent contact angle (APCA)measurements using anOCA-20 ofDataPhysics
Instruments GmbH, Germany. The APCAwasmeasured using de-ionizedwater droplets
of 5 µL, dispensed at 1 µL/sec, at a room temperature of 21 ∘C and relative humidity of
23 ± 2 %. Figure 11.3 shows the measured APCA of some selected bulk zinc samples. The
APCA of the untextured surface was found to equal 81° ± 0.8°. Surface condition plays
an important role in the wetting behavior of the surfaces and thus, surface cleaning is
required prior to APCA measurements. As can be concluded from Fig. 11.3(a), cleaning
the sampleswith ethanol or ammonia has a drastic effect on theAPCAof both the textured
and untextured sample. Moreover, as can be concluded from the SEMmicrographs of the
textured surfaces in Fig. 11.3(b)-(e), increasing the pitch between the craters decreases
the APCA of the surface, i.e. compare Texture-1 (see Fig. 11.3 (b) and (d)) to Texture-2
(see Fig. 11.3 (c) and (e)) for both ps and ns laser textured samples, regardless of the
cleaning solution.

Untextured Textured

Θ

Θ ~ 65°

Θ

Θ ~ 140°

Figure 11.4: Contact angle measurement (top) using DI water of 5 µL in ambient air (𝑇𝑟𝑜𝑜𝑚 =
21.7∘C and relative humidity of 21.4%) of untextured and textured galvanized steel
surfaces and their corresponding confocal height images (bottom).

In Fig. 11.4, the effect of the surface texturing on the wetting behavior of galvanized
steel is shown. In this figure, the textured surface features craters of 4 µmdepth and < 5%
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overlap, resulting in pillar-like structures. These types of pillar structures are reported to
enhance the hydrophobic behavior [4].

11.3 wear

Wear is a type of mechanical failure mode that results in damage, deformation or removal
of solid surfaces [12]. Different kinds of wear, including, but not limited to, adhesive, abra-
sion, fretting, fatigue, erosion and oxidation, can take place on the surface depending on
the tribosystem [12].

Galling is a severe form of adhesive wear that occurs from the friction and adhesion of
the relative motion of metallic surfaces, resulting in material transfer from one surface to
another [12]. Figure. 11.5 demonstrates the effect of the surface texturing on the galling
performance in single-asperity sliding on galvanized steel. In this figure, laser textured
galvanized steel surface (LT) is compared to untextured (HDG) and current benchmark
surfaces prepared by Electrical Discharge Texturing (EDT) rolls. EDT is typically used to
texture the surface of temper rolls that, in turn, transfers the texture (i.e. roughness) to a
moving steel strip [13]. The single-asperity sliding tests were performed with a stainless
steel pin/ball of 1 mm diameter at a load of 2, 4, 7 and 11 N respectively, sliding over a
distance of 40 mm at a sliding velocity of 1 mm/sec. The laser textured samples feature
craters of 5 µm depth. Figure 11.5 shows the confocal images of the surfaces under in-
vestigation, as well as the worn pin at different loads. As can be observed from Fig. 11.5,
the amount of material transferred from the sample to the pin increases with increasing
load and creates a ”lump profile” on the pin. In comparison to the untextured and the
EDT-textured surfaces, LT demonstrates the least lump formation, while EDT-textured
surface shows the most material transfer. Hence, based on this qualitative analysis, the
laser textured surfaces can be exploited to improve the galling performance of galvanized
steel.

11.4 corros ion

The purpose of galvanizing forming steel is to protect it from corrosion [14]. Since laser
surface texturing is a subtractive material processing technique, the effect of partially re-
moving the protection layer, i.e. Zn coating, on the corrosion performance of the galva-
nized steel samples becomes of interest. Investigation of the corrosion performance of
the laser texturing in comparison to untextured and EDT textured galvanized steel plates
was carried out using the Scanning Vibrating Electrode Technique (SVET) [15]. In SVET,
time-lapse experiments of the current density distribution over time is performed to study
corrosion with the visualization of active and passive areas in the aqueous environment
[16]. In Fig. 11.6(a), the area averaged, integrated SVET-derived anodic current density is
shown over a 24-hour period in 1% NaCl electrolyte for laser textured (marked by num-
bers), untextured (marked as Non-textured) and EDT textured GI plates. In Fig. 11.6(b),
the amount of ablated zinc from the laser textured surface is shown for pillar and hole
type structures (see insets). With increasing depth and density of the craters, the amount
of ablated zinc increases. As shown in Fig. 11.6(a), samples 1, 4 and 7 show increased
levels of anodic current density due to increased amount of craters present for these sam-
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Figure 11.5: Confocal microscope images (50X magnification) of the surface of the spherical bal-
l/pin of 1 mm diameter tested at different loads (columns) on untextured (HDG),
EDT-textured and laser textured (LT) galvanized steel plates (rows).

ples. The EDT-textured sample showed best performance for SVET experiments. Among
the laser textured GI plates, sample 1a shows the least corrosion. In general, all the sam-
ples demonstrate similar corrosion performance except sample 4 and 6, which showed
increased anodic activity after 14 hours. Therefore, further investigations are needed to
confirm reason(s) for the corrosion behavior of the laser textured Zn-coated steels.
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Figure 11.6: (a) Area averaged, integrated SVET-derived anodic current density of untextured,
EDT-textured and laser textured galvanized steel plates as function of time. (b)
Amount of ablated zinc for different types of laser textures with crater depth of 2,
4 and 6 µm. The insets show the 3D confocal images of pillar and hole type textures.
Scale bar is 50 µm.

11.5 summary

This chapter demonstrated the preliminary results of the assessment of some surface func-
tionalities of the laser textured zinc and zinc-coated steel samples. These initial investiga-
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tions shine light on the potential applicability of the laser texturing of galvanized steel
to enable an industrially feasible, flexible surface processing technology for improved
surface properties. Nevertheless, texture definition affects the resulting functionality to
the greatest extent. Further investigations are needed to understand the effect of texture
design exclusively, decoupling the texture geometry from the texturing process, on the
surface functionalization of the laser textured galvanized steel surfaces.
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Great minds don't think alike. If they did, the Patent Office would only have about fifty inventions.

Sco# Adams

From Dilbert comic strip (March 10, 2005)

Optical microscope image of laser textured galvanized steel surface. White bar denotes 250 µm.
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TOWARDS INDUSTR IAL IMPLEMENTAT ION

This chapter summarizes filed patents to safeguard intellectual property for industrial
implementations of the laser surface texturing of sheet metal. A short description of the
invention along with relevant diagrams is presented for each of the patents.

12.1 pat ent i : la s er t ex tur ing of st e e l st r i p (wo2017125497)

Currently, to apply a texture to a steel strip, at least one of the temper work rolls in contact
with the steel strip is provided with a certain texture on the roll surface. In this way, an
impression of the textured roll is transferred to the surface of the steel strip when passing
through the temper mill. Since the texture on the texture transfer roll wears out, and/or
becomes fouled, the required texture has to be renewed or (re)applied again frequently.
The invention [1] solves the problem by separating the roughness texture and the elonga-
tion for mechanical properties in the strip finishing processes. In turn, the invention [1]
removes the influence of roll-wear (roughness loss) and eradicates the need for an expen-
sive roll texturing technologies, while permitting small roll fleets (collateral). The current
state-of-the-art in metal finishing is focused to the elongation of a strip - i.e. a work roll
serves solely on the attainment of mechanical properties coupled. Figure 12.1(a) shows
an arrangement with a laser source (1) which generates one or more laser beams (2), a
beam expander (3), a beam shaper (4) and a focusing element (5) to focus the laser beam
on a steel strip (6). Figure 12.1(b) shows an arrangement which further comprises a beam
splitter (7) to split the laser beam in a plurality of laser beams in order to upscale the tex-
turing process to higher throughput levels. In the arrangement shown in Figure 12.1(c) a
beam deflector (8) is included, which can be used to deflect the laser beam in one, two,
or even three dimensions. In Figure 12.1(d) control systems (9,10,11) for the arrangement
are schematically indicated for controlling the laser processing elements (1,3,4,7,8), fo-
cus elements (5) and the sample movement (6). Optimized laser processing conditions
established in Chapters 7, 8, 9 and 10 of this thesis can be exploited in these industrial
implementations.

12.2 pat ent i i : me thod and arrangement for the l iqu id as s i s t ed la s er
t ex tur ing of mov ing st e e l st r i p (wo2018054569)

As shown in Chapter 9 of this thesis, by providing a liquid on the moving steel strip over
at least the working area of the laser beam or laser beams, the material ablated from the
moving steel strip by texturing will get suspended in the liquid. The invention [2] pro-
vides methodologies for the application of a stable liquid film for use in combination with
the laser texturing technologies during high throughput processing as shown in Fig. 12.2.
This invention [2] solves the problem of maintaining relatively thick (typically 1-5 mm)
stable water film by a variety of methods. Figure 12.2(a) shows schematically a set-up

237
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Figure 12.1: Schematics of industrial implementation showing different arrangements to apply a
laser texturing to a steel strip [1]. See text for more details.

with one or more liquid supply nozzles (1) supplying a liquid (2) on a moving steel strip
(3), wherein guide means (4), comprised of an upward directed edge (7) connected to a
flat portion (6) of a transparent material, are provided to guide and/or force the supplied
liquid (2) into a liquid film of a predefined thickness between the strip (3) and guide
means (4). Directly above the guide means a laser device (5) is mounted providing one
or more laser beams (see e.g. Fig. 12.1(b)-(d)) to apply a texture on the moving steel strip
(3). A support roll (8) is provided for the steel strip guiding the steel strip (3) in a down-
ward direction. A cleaning nozzle (10) is provided to remove ablated debris from the
steel strip with a cleaning liquid to a collection container (9). In the configuration shown
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in Fig.12.2(b), spray nozzles (11) are used to spray a liquid film on moving steel strip
(3). The thickness of the liquid film is controlled by the pressure of the spray system and

Figure 12.2: Schematics of industrial implementation showing (a) an arrangement with supply
nozzles to supply a liquid on a moving steel strip, a laser source and guide means to
guide the liquid over the steel strip, (b) an arrangement with spray nozzles to spray
a liquid film on a moving steel strip, a laser source and cleaning nozzles, and (c) an
arrangement with a container filled with a liquid through which a steel strip is moved
and a laser device projecting into the container [2]. See text for more details.

size(s) of the spray nozzle or nozzles (11), in combination with the line speed of the steel
strip. The applied liquid filmwill be evaporated and/or reduced at least partly within the
working area of the laser device (5). Downstream of the working area of the laser beam
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(5), a hot air device (12) is mounted with which hot air is blown on the moving steel strip
to dry out the remaining part of the liquid film and to blow away the debris resulting
from laser ablation. In Fig.12.2(c), a watertight container (13), with entry and exit slots
for the moving steel strip (3), is provided filled with a liquid (2). Laser beam focusing
optics (14) is submerged in the liquid (2) in the container (13), eliminating the need of
liquid layer surface variation control.

In Fig. 12.2 (a), (b) and (c), the strip is processed from left to right. During the laser
processing under a liquid film, the ablation of the stripmaterial is accompanied by the for-
mation of (cavitation) bubbles. The (cavitation) bubble(s) decay in a time, during which
laser processing is not desirable at the same location. In addition, bubbles might stick to
the window (6 in Fig. 12.2(a)) and negatively affect the propagation of the laser beam.
To ensure that bubbles generated by the process escape efficiently from the laser-material
interaction zone and do not stick to the window, the set-ups as depicted in Fig. 12.2(a)
and (c) could be rotated around the axis of the support roll at any angle.

b i b l iography

[1] D. T. A. Matthews, H. Mustafa, G. R. B. E. Römer, and D. J. Wentink. Laser texturing of steel strip, July
2017. WO Patent WO/2017/125497.

[2] D. T. A. Matthews, H. Mustafa, G. R. B. E. Römer, R. Hagmeijer, and F. G. Blauw. Method and
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WO/2018/054569.





The question of relevance comes before that of truth, because to ask whether a statement is true or false presupposes that

it is relevant (so that to try to assert the truth or falsity of an irrelevant statement is a form of confusion)...

David Bohm

Bohm, D. Wholeness and the implicate order (1980)

Differential interference contrast microscope image of polished zinc surface. White bar denotes 100 µm.



13
I NDUSTR IAL RELEVANCE

This chapter draws relevant conclusions of this research work for industry and answers
the questions: What does this research mean for industry? And, how can a user select a
process window for a certain application involving zinc and zinc-coated steel?

13.1 r e s earch impl i cat ions

Typically, high power pulsed laser sources are commercially available at near infrared
wavelengths. Chapter 3 studied picosecond pulsed laser processing of bulk zinc at 1030
nm. It follows from this chapter that precision in dimple/ crater geometry lies in regime
1 defined by a fluence range of 𝐹0 ≤ 10 J/cm2. Moreover, melt dominated craters can-
not be avoided for low number of pulses. Chapter 4 discusses the crater morphology at
near infrared wavelengths at pulse durations ranging from picoseconds to hundreds of
nanoseconds. It can be concluded from this chapter that there is a limit of laser peak inten-
sity, below which the shape of the crater follows the Gaussian shape of the incident beam
intensity profile. If the intensity is high enough, the composition of the Zn alloy changes
locally due to supersaturation of Al at the surface. Different types of resulting morpholo-
gies are possible to fabricate at different laser processing conditions. Depending on the
application, the user should choose the appropriate crater morphology. In Chapter 5, the
laser processing at second harmonic wavelength in picosecond time regime was studied.
Although the absorptivity of Zn is lower at 515 nm than at 1030 nm, it is observed that
the induced plasma/ plume helps to achieve higher material removal rate. Additionally,
localized surface crystallography can be modified towards a preferentially oriented crys-
tal plane, which may provide added functionality to the textured surface.
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X

Y
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b)a)

v [m/s]

Laser beam
Laser beam

Figure 13.1: Laser surface texturing of (a) static and (b) moving sample. Black lines indicate the
scanning path of the laser beam. Gray circles depict the surface textures (craters) gen-
erated at scan speeds varying from fast (leftmost) to slow (rightmost) for a given pulse
repetition rate. Insets indicate crater shape due to sample movement.
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In real world applications, target surfaces are not optically flat. Engineering material
surfaces typically feature different kinds of asperities resulting in higher roughness com-
pared to optically flat surfaces. Chapter 6 illustrates the effect of surface roughness on the
picosecond laser ablation of bulk metal (Zn), coated metal (galvanized steel) and metal-
lic alloy (forming steel). From an industrial point of view, the results indicate that energy
efficiency decreases with increasing surface roughness, when the application is focused
for surface texturing. On the other hand, a higher roughness is beneficial for laser heating,
since the higher the roughness, the more quickly the material heats up. In Chapter 7, as
received galvanized steel sample (i.e. non-skin passed)were processedwith a picosecond
laser source at 1030 nm, 515 nm and 343 nm wavelengths to assess the efficacy of laser
wavelength in material removal. It can be implied from the results of this chapter that
different wavelengths serve different application purposes. For example, a wavelength
of 1030 nm is to be selected for de-zincing, 515 nm is to be selected for surface texturing
and 343 nm is to be selected for drilling galvanized steel samples. Chapter 8 discusses the
effect of pulse durations on the laser processing of galvanized steel at near infrared wave-
lengths. It follows from this chapter that material removal rate is proportional to the laser
pulse duration, i.e. the longer the pulse duration, the more material is removed. However,
with increasing pulse duration, depth resolution of the laser texturing process decreases,
while rim height (redeposited/recast material) increases. To further upscale the ablation
rate of zinc, laser processing was carried out under different processing environments at
a wavelength of 1030 nm in Chapter 9. Except in vacuum, presence of plasma adversely
affects the maximum achievable crater depth. For liquid assisted laser processing, crater
geometry becomes less predictable in regime II, that is fluence range of 𝐹0 > 10 J/cm2.
Therefore, a flow of He gas may help to achieve higher material removal rate. Chapter 10
presents the effect of pulse repetition rate on thematerial removal rate of bulk zinc and gal-
vanized steel. It was concluded that incubation reduces the threshold fluence for higher
pulse frequency. Moreover, the steel substrate adversely affects the maximum achievable
depth by acting as a heat sink. Also, rim height increases with increasing pulse frequency.

13.2 s e l ec t ion of proce s s w indow

To select the appropriate process window for a specific application in industry, processing
parameters have to be reviewed in terms of processing speed, quality and cost. Depend-
ing on the sample/target speed, the choice of process window varies. That is, for a static
sample, processing at a fluence level close to the ablation threshold with multiple pulses
ensures the optimum removal rate. At high pulse repetition rates, laser beam deflection
aids to bypass adverse effects of heat accumulation and particle shielding. Since the de-
flection velocity of the galvoscanner and/or polygon scanner is not as high as MHz pulse
repetition rates, overlapping craters are unavoidable and will result in line-shaped tex-
tures (see Fig. 13.1). For non-overlapping craters, either the pulse repetition rate has to be
decreased, or the beam deflection velocity has to be increased, e.g. by the use of EOD or
AOD. In this case, multiple pulses at low pulse energy have to be delivered in burst-mode
or in contiguous scanning passes. However, if the sample is alsomoving, there may be not
enough time for multiple pulse processing at the same location. Therefore, pulse energy
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Figure 13.2: Schematic of process selection window, in terms of surface quality and industrial
efficiency, as function of laser pulse duration.

as well as pulse duration has to be increased. Depending on the speed at which the sam-
ple is moving, there will be a limit on the pulse duration of the laser source below which
the crater does not elongate/ stretch towards the moving direction of the sample. Figure
13.2 displays a schematic diagram of quality, speed and cost from both the process and
product point of view, for different laser pulse durations used to ablate Zn and Zn-coated
steel.





CONCLUD ING REMARKS ON PART iv

Part i v explored the potential applications of laser textured zinc and galvanized steel sur-
faces, as well as the industrial implementation of such a technique. Laser textured sur-
faces showed promising results in functionality tests of surface properties, such as wet-
ting, galling and corrosion. Two filed patents were presented that could be employed for
industrial scale laser surface texturing of moving steel strips. Relevance of the work, de-
scribed in this thesis, towards industry was outlined to facilitate valorization of scientific
findings and to guide in selecting laser processing window for user-specific applications
of bulk and coated zinc surfaces.



Extreme light is capable of generating the largest fields, the largest accelerations, the largest temperatures and the largest

pressures on earth. It carries the best hopes and opportunities for the future of science and society. I am confident that the

best is yet to come!

Gerard Mourou

Nobel Lecture delivered on December 8th, 2018 in  Stockholm University, Sweden.

Photograph of picosecond pulsed laser surface texturing of galvanized steel plates



14
CONCLUS IONS & RECOMMENDAT IONS

In this chapter, the results found in this thesis are summarized, and conclusions are drawn
with respect to the four research objectives defined in Sec. 1.2.

14.1 conclus ions

• Objective 1: Study the morphology, ablation fluence threshold, chemical composi-
tion and crystallography of bulk zinc surfaces irradiated by (ultra)short pulsed laser
sources, for the purpose of surface texturing.

The possible surface morphologies on bulk zinc surfaces were studied using a picosecond
pulsed laser source. The goal of this studywas to investigate achievable surfacemorpholo-
gies as well as determine the fluence ablation threshold. The surface morphology was
found to be melt-dominated both at near infrared (1030 nm) and visible (515 nm) laser
wavelengths. In Chapter 3, it was found that there lies a substantial difference in deter-
mining ablation threshold using various methods (i.e. based on 𝐷2, depth and volume)
that are widely used in the literature. This difference arises primarily from the forma-
tion of oxide layer thicker than the optical penetration depth. This is because, the ther-
mal and mechanical properties of ZnO are significantly different than of Zn. Moreover,
two ablation regimes, in terms of fluence levels, were identified, which are demarcated at
10 J/cm2. Precise surface texturing is achieved in regime I (< 10 J/cm2), while the shape
of the craters distorts significantly from the Gaussian shape in regime II (> 10 J/cm2).
Although the dimensional data, i.e. ablated depth and volume, can be explained by the
equations of depth and volume method, a saturation behavior was observed in regime
II that deviates from these linear and quadratic trends respectively. With increasing flu-
ence level and number of laser pulses, the surface modification occurs over a larger area
than the 1/𝑒2 beam radius, and the crater diameter does not follow the semilogarithmic
dependence for multiple laser pulses, when the fluence value exceeds 1 J/cm2. From the
comparative analysis of different methods to establish the ablation threshold, it was con-
cluded that the volume method results in the most accurate determination of ablation
threshold, since this method considers the three dimensional effects of absorbed laser ra-
diation. Furthermore, from the comprehensive analysis of resolidified microstructures in
Chapter 4, it was found that variety of microstructures can be achieved with picosecond
pulses, while for nanosecond pulses, the crater shapes were relatively ”simpler” in shape,
with a formation of a rim around the crater. This difference arises from different compet-
ing hydrodynamic instabilities in the melt pool induced by picosecond pulses, indicating
the presence of vigorous photothermal, as well as photomechanical processes at shorter
pulse durations. For picosecond pulses, the high intensities of regime II (> 10 J/cm2)
result in compositional changes in Zn alloy due to supersaturation of Al at the surface.
Subsequently, fractionation is observed for Zn over Al, resulting in a Zn-rich hump at the
center of the crater surrounded by Al-rich trench. Due to longer duration of pulses in the
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nanosecond regime, the ablation process is dominated by classical heat transfer. There-
fore, the irradiated surface melts and evaporates. The latter forms a well-defined recoil
pressure that suppresses the complex photo-assisted material removal processes. On the
other hand, shifting towards a shorter wavelength, when using picosecond pulses, reveals
more interesting phenomena in the resulting crater dimensions and crystallography (see
Chapter 5). Although regime I and II is still clearly demarcated at 10 J/cm2, when process-
ing at a wavelength of 515 nm, both regimes can be explained by the quadratic equation
of the volume method to establish the ablation threshold and result in different ablation
threshold values for regime I and II. The higher ablation threshold value in regime II indi-
cates that the recoil pressure from the ablated material is stronger than in regime I and re-
sults in comparable surfacemorphologies that are obtainedwhen using nanosecond laser
pulses. However, the higher intensity of the laser pulses in picosecond regime results in
higher cooling rate than nanosecond laser pulses. As a consequence, laser induced prefer-
ential crystal orientation (LIPCO) in zinc and zinc coated steel was discovered. It was also
found that LIPCO gets more pronounced as the laser wavelength shortens. This opens up
a novel route of surface modification, in addition to surface texturing.

• Objective 2: Identify the effect of surface roughness on the process window ofmicro-
structuring and material removal rate of Zn-coated steel surface by (ultra) short
pulsed laser sources.

In order to investigate the effect of laser processing parameters on Zn-coated steel sam-
ples, the surface roughness, laser wavelength and pulse duration were selected as the
major parameters of interest, which affect the results of laser surface texturing and mate-
rial removal rate. Although the surface roughness increases the absorption of laser energy,
the unevenness of the surface topography results in selective ablation of peaks over the
valleys, as shown in Chapter 6. An ”effective surface area”, on the basis of surface rough-
ness was introduced in order to properly describe the different kinds of surface features
present on the surfaces from the framework of absorption of laser energy. Using this quan-
tity, it was proposed that most of the absorbed laser energy in rougher surfaces ends up as
residual heat rather than ablating the target surface. Consequently, as the number of local-
ized peaks and valleys increases, so does the effective surface area, as well as the fluence
ablation threshold, regardless of the laser processing wavelength and type of material.
In Chapter 7, the effect of laser processing wavelength on the laser induced material re-
moval of as-received galvanized steel samples were investigated. The results showed that
the steel substrate, below the Zn coating, affects the surface texturing process more at
longer wavelengths (1030 nm) than at the shorter wavelengths (343 nm). As a result, dif-
ferent applications are possible by changing the laser wavelength, ranging from coating
removal (1030 nm) and surface texturing (515 nm) to micro-drilling (343 nm). Extend-
ing the investigation at shorter (femtosecond) and longer (nanosecond) pulse durations
revealed that the pulse duration around the electron-phonon coupling time of zinc (i.e.
𝜏𝑒−𝑝ℎ,𝑍𝑛,300𝐾 = 𝜏𝑝 ≈ 7 ps) results in fundamentally different type of ablation characteris-
tics in comparison to nonthermal and thermal ablation (Chapter 8). The threshold fluence,
as well as the material removal rate, increases with increasing pulse duration. However,
the detrimental processing quality, i.e. redeposited particles and rim around the ablated
crater, reduces with decreasing pulse duration. These findings are in line with literature
for other types of materials.
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• Objective 3: Evaluate the effect of processing environment and pulse repetition rate
in order to upscale material removal rate (i.e. increasing ablation rate) of bulk and
coated zinc surface irradiated by ultrashort pulsed laser.

In pursuance of upscaling the ablation rate, investigations were carried out by changing
the processing environment and the temporal delay between consecutive laser pulses on
the same location. In Chapter 9, the surface morphology of the laser ablated craters on
bulk zinc samples in gaseous and liquid media was explored. It was found that the gen-
eration and expansion of the ablated plume is affected by the medium over the surface of
the sample, and therefore is also affecting the resulting surface textures. It was found that
vacuum, being the least dense medium, increases the material removal rate significantly
than any other medium. The more the ablated plume is confined (stay) close to the sur-
face, the higher the degree of deterioration of the resulting surface texture. Moreover, the
reactivity of the liquid medium plays a significant role on the laser ablated crater along
with the formation and collapse of cavitation bubble forming in liquid media. In Chapter
10, the effect of pulse repetition rate revealed that the steel substrate below the Zn coating
affects the ablation process of zinc adversely in comparison to the ablation of bulk zinc.
Within the limit of the experimental conditions studied in this thesis, it was shown that,
for bulk zinc, the heat accumulation starts to dominate over particle shielding at sub-MHz
pulse repetition rates. Correspondingly, the rim around the crater exhibits higher depth
and volume for bulk zinc samples, as the ablation process becomes melt-dominated due
to shorter time between the consecutive pulses at high repetition rates. In contrast, the
steel substrate acts as a heat sink, making particle shielding the dominant phenomenon
that reduces the material removal rate of galvanized steel.

• Objective 4: Explore the possible applications of laser surface texturing of bulk zinc
and Zn-coated steel surfaces, and means to industrial implementation of the tech-
nique.

With an aim to implement laser surface texturing of zinc at industry scale, first, the explo-
ration of possible applications of the laser textured zinc and zinc coated steel were carried
out in Chapter 11. It was shown that the laser surface texturing has the potential of creat-
ing versatile textures to suit different kinds of applications. Althoughmore detailed work
is required, the possibility of creating hydrophobic surfaces on zinc and galvanized steel,
using ultrashort laser pulses, is promising. The effect of texture design directly correlates
with the galling behavior of the Zn coating and shows improved wear results in com-
parison to untextured surfaces and surfaces prepared by Electrical Discharge Texturing
(EDT) rolls. Moreover, analysis of the corrosion properties of laser textured galvanized
steel indicates interesting behavior with respect of crater depth and density, and warrants
further research. For future industrial implementations of the laser surface texturing of
zinc coated steel, two patents have been filed and presented in Chapter 12 that deals with
in-line, real-time roughness transfer at industrial speed. The relevance of this research
work for industry and the selection of process window for commercial applications are
further outlined in Chapter 13. However, it depends on the user-specific application for
determining the optimal processing parameters, such as laser wavelength, pulse duration,
pulse repetition rate, pulse energy and processing medium.
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14.2 r ecommendat ions

Thiswork is first of its kind to explore experimentally themajor parameters of influence for
ultra short pulsed laser texturing of zinc and zinc coated steel. Good is not good enough,
when it can be better; better is not enough when it can be best.

An integrated understanding of the fundamental processes throughmodelingwill defi-
nitely shine light on the complex process of laser ablation of bulk and coated zinc. Hence,
as a first recommendation, it is advised to investigate the interaction of ultrashort laser
pulseswith zinc through numericalmodeling approaches. To this end, this work provides
ample experimental data for validating such a numerical model.

Further, in depth research work is needed to fully understand Laser Induced Preferen-
tial Crystal Orientation (LIPCO) (see Sec. 5.3.3), its existence in other materials than Zn
and its potential applications.

In addition, the majority of the future investigations should be aimed at upscaling the
material removal rate even further (see Part i i i). Key points are parallel processing using
multiple laser pulses and burst mode processing using ultrashort laser pulses.

More works are needed to understand the effect of liquid layer height on the laser ab-
lation of zinc (see Chapter 9). In that aspect, pitch between multiple pulses in Liquid
Assisted Laser Processing (LALP) also requires further investigations.

To circumvent the detrimental effects such as depth saturation and melt-dominated
craters (see Chapter 3, 4 and 7), the effect of focal spot diameter on processing results
could be evaluated.

The functionality of the laser textured surfaces, by decoupling texture geometry and
texturing process (see Chapter 11), becomes a prerequisite for performance testing of dif-
ferent kinds of textures.

Finally, for full-scale industrial processing, an integrated approach of texture design,
laser surface texturing and real-time evaluation of the textured surface should be realized.



By Time,
Indeed mankind is in loss,
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