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Fifth Philosopher’s Song

“A million million spermatozoa

All of them alive;

Out of their cataclysm but one poor Noah

Dare hope to survive.

...

And among that billion minus one

Might have chanced to be

Shakespeare, another Newton, a new Donne—

But the One was Me.

...

Shame to have ousted your betters thus,

Taking ark while the others remained outside!

Better for all of us, froward Homunculus,

If you’d quietly died!”

- Aldous Huxley





Summary

Hot stamping is a technology widely used in the automotive industry to

produce ultra-high strength steel parts. This method combines traditional heat

treatment and cold stamping technologies. The coated sheet is first heated in a

roller hearth furnace, after which the blank is simultaneously formed and

quenched by forming tools. Every stage of hot stamping determines the quality

and integrity of the final product. The heating stage ensures full austenitization

of steel, the deformation stage gives shape to the blank sheet with low forming

loads and quenching generates martensite in steel. Consequently, the final

product consists of a high strength sheet material with good geometrical

tolerances. One of the pre-conditions of performing hot stamping is the need

for a coating layer, which not only protects the base material from high

temperatures but also ensures good surface quality.

To avoid surface oxidation of steel at high temperatures, aluminium-based

coated steel sheets are generally used. These Al-based coatings prevent surface

oxidation, decarburization and enhance the corrosion resistance of the

hot-stamped parts. The ability of such a coating layer to form intermetallic

compounds increases its melting point above 1000 ◦C, enabling such a coating

to operate at high temperatures without melting. The diffusion of iron from

steel to the coating transforms the aluminium-rich coating into layers of

iron-rich intermetallic compounds, which change the overall mechanical and

fracture responses of the coating layer. Despite such enhancement of the

coating, localized cracking and delamination are its major problems during

forming at high temperatures. Furthermore, the coating fracture releases debris,

which not only exposes the steel but also damages the tool surface. Therefore, it
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is important to know how the coating evolves throughout the hot stamping

process, leading up to the point when coating fracture occurs. This also enables

to understand the mechanics of AlSi coating on steel at elevated temperatures

and provides a guideline to the hot stamping industrial process such that the

coating fracture is prevented.

After the standard hot stamping cycle, the coating layer is found to sustain

fracture. It is not clear when these coating fractures occur, as the coated sheet is

visually inaccessible inside the furnace. Hence, a method of thin layer

inspection inside the furnace is necessary. In such a scenario, acoustic emission

sensors are a suitable candidate for continuous inspection of sheet materials.

Therefore, with proper signal threshold, the acoustic sensors can be used to

acquire an in-situ visualization of coating fracture events, even at high

temperatures. Apart from detecting the acoustic signals, it is also possible to

trace the location of every individual signal. In this way, a continuous method of

inspection is proposed to precisely monitor coating cracking events during the

heating, deformation and cooling stages of the hot stamping process.

In this thesis, a novel hot tensile experimental setup with acoustic emission

sensors is realized to monitor the AlSi coating fracture at high temperatures.

The results indicate that there is a strong correlation between coating fracture

and deformation temperature. Meanwhile, to understand the crack initiation

and propagation events in the AlSi coating, finite element analyses are

performed. According to simulation results, the coating fracture is minimized

when the content of Fe-rich compounds is increased or when the number of

voids is reduced in the coating. Based on these simulation predictions, hot

tensile experiments are performed by modifying the heating parameters such

that different coating microstructures are generated. According to the

experimental results, an inverse correlation between the content of Fe-rich

compounds and coating crack density is observed. Finally, the AlSi coating

fracture is investigated for component level hot stamping experiments. The

results show that the coating fracture pattern is in accordance with the direction

of principal strain vectors while the coating removal is associated with contact

pressure and blank–tool relative sliding.



Samenvatting

Heet dieptrekken is een veelvoorkomend vervormingsproces in de

auto-industrie voor de productie van ultra hoge sterkte staal onderdelen. Deze

methode combineert een traditionele warmtebehandeling met een standaard

dieptrekproces. De gecoate plaat wordt eerst verwarmd in een oven, waarna het

gelijktijdig wordt gevormd en afgeschrikt in het vervormingsgereedschap. Elke

fase van heet dieptrekken bepaalt de kwaliteit en integriteit van het

eindproduct. De verwarmingsfase zorgt voor volledige austenitisering van het

staal, de vervormingsfase geeft vorm onder lage vervormingskrachten en het

afschrikken zorgt voor een martensitische fasetransformatie. Op deze manier

bestaat het eindproduct uit een ultra hoge sterkte staal met goede geometrische

toleranties. Een van de voorwaarden voor het uitvoeren van heet dieptrekken is

de aanwezigheid van een coatinglaagje, die niet alleen het basismateriaal

beschermt tegen hoge temperaturen maar ook zorgt voor een goede

oppervlaktekwaliteit.

Om oppervlakte-oxidatie op staal bij hoge temperaturen te voorkomen,

worden doorgaans op aluminium gebaseerde lagen gebruikt. Dit soort lagen

voorkomen oxidatie van het oppervlak, ontkoling en verbeteren de

corrosieweerstand van de diepgetrokken onderdelen. Het vermogen van een

dergelijke laag om intermetallische verbindingen te vormen verhoogt het

smeltpunt tot boven 1000 ◦C waardoor een dergelijke laag geschikt is voor hoge

temperaturen kan bereiken. De diffusie van ijzer in staal naar de coating

transformeert de aluminiumrijke coating verder in lagen van Fe–Al

intermetallische verbindingen die de algehele mechanische en

breukeigenchappen van de coating veranderen. Ondanks een dergelijke
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verbetering zijn plaatselijke scheurvorming en delaminatie de belangrijkste

problemen, die van invloed zijn op procesfactoren zoals het wrijvingsgedrag

van de coatinglaag. Bovendien komt er door het breken van de coating vuil vrij

dat niet alleen het staal blootlegt maar ook het gereedschap beschadigt.

Daarom is het belangrijk om te weten hoe de coating verandert tijdens het heet

dieptrekken proces, in de aanloop naar het punt waarop de coating breekt. Op

deze manier kan ook de mechanica van AlSi-coating op staal bij verhoogde

temperatuur begrepen worden en kan er een richtlijn gegeven worden voor het

industriële proces van heet dieptrekken, zodat breuk van de coating wordt

voorkomen.

Na het heet dieptrekken blijken er in de coating scheurtjes te zijn ontstaan.

Het is niet duidelijk wanneer deze scheurtjes ontstaan, aangezien de coating

visueel ontoegankelijk is tijdens het proces van heet dieptrekken. Een andere

methode voor inspectie van de coating is noodzakelijk. In een dergelijk scenario

zijn akoestische emissiesensoren een geschikte kandidaat voor continue

inspectie van plaatmaterialen. De piezo-elektrische transducers werken door

veranderingen in druk te meten die worden veroorzaakt door interferentie in de

buurt. De drukveranderingen worden versterkt tot elektrische signalen, welke

de kenmerken van inkomende interferentie aangeeft. In het bijzonder zijn de

signalen die worden ontvangen door scheurvorming of delaminatie

fundamenteel verschillend van signalen door materialbelasting of uitrekken.

Daarom kunnen de akoestische sensoren worden gebruikt voor een in-situ

detectie van het breken van de coating, zelfs bij verhoogde temperatuur. Naast

het detecteren van akoestische signalen, is het ook mogelijk om de locatie van

de bron van elk afzonderlijk signaal te traceren. Op deze manier wordt een

continue inspectiemethode voorgesteld om de scheurvorming in de coating

tijdens de verwarmings-, vervormings- en afkoelingsfasen van het heet dieptrek

proces nauwkeurig te volgen.

In dit proefschrift wordt een nieuwe akoestische emissie geïntegreerde

trekproefopstelling gerealiseerd om de AlSi coatingbreuk bij hoge temperaturen

te volgen. De resultaten geven aan dat er een sterke correlatie is tussen de breuk
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van de coating en de vervormingstemperatuur. Om de scheurinitiatie en

propagatie in de AlSi coating te begrijpen, worden eindige-elementenanalyses

uitgevoerd. Volgens simulatieresultaten wordt de coatingbreuk verminderd

wanneer de hoeveelheid Fe-rijke verbindingen wordt verhoogd of wanneer het

aantal gaten in de coating wordt verminderd. Op basis van deze

simulatievoorspellingen worden trekexperimenten uitgevoerd door de

verwarmingsparameters te wijzigen. Volgens de experimentele resultaten wordt

een omgekeerde correlatie waargenomen tussen de hoeveelheid Fe-rijke

verbindingen en de scheurdichtheid van de coatinglaagje. Ten slotte wordt de

AlSi-coatingbreuk onderzocht voor heet dieptrekken experimenten in de

industrie. De resultaten laten zien dat het breukpatroon van de coating

gerelateerd is aan de richting van de hoofdspanningen, terwijl het verwijderen

van de coating geassocieerd is met contactdruk en relatieve verschuiving van

het gereedschap.





Nomenclature

Greek symbols

ε macroscopic strain [-]

ε̇ strain rate in bulk material [s−1]

µ coefficient of friction [-]

σy yield strength [MPa]

εf fracture strain [-]

ε
eq
p equivalent plastic strain [-]

εeq equivalent total strain [-]

ε1 first principal strain [-]

ε2 second principal strain [-]

ε3 third principal strain [-]

ρ density [kg/m3]

ν Poisson’s ratio [-]

∆tsig acoustic signal time difference [s]

σ standard deviation [-]

µ mean location of AE signal [mm]

ρc average crack density [cracks/mm]

∆T temperature difference [◦C]

τµ shear stress due to friction [MPa]



Roman symbols

LAE distance between acoustic sensors [mm]

xloc acoustic signal location [mm]

VAE effective signal velocity [m/s]

t time [s]

E Young’s modulus [GPa]

K strain hardening coefficient [MPa]

n strain hardening exponent [-]

Q activation energy [kJ/mol]

vs relative sliding velocity [m/s]

Fvoid average void fraction [-]

Acr average crack surface area [%]

WP plastic strain energy density [N/mm2]

WF specific friction energy [N·m]

PN contact normal force [N]

Sq root mean square surface height [µm]

Abbreviations

AE acoustic emission

AlSi aluminium with 10wt.% silicon

Fe–Al iron-aluminide

AOI area of interest

FE finite element

UHSS ultra high strength steel

PHS press hardening steel

SEM scanning electron microscope

EDS energy-dispersive spectroscopy

EBSD electron back-scatter diffraction

COF coefficient of friction

RMS root mean square
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”When kids look up to great scientists the way they do to great musicians and

actors, civilization will jump to the next level.”

- Brian Greene
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1 | Introduction

1.1 Hot Stamping

Hot stamping is a press forming process performed at very high temperatures.

This forming operation involves a heat treatment, which is an essential process

to produce press hardening steels (PHS) and provide desired shapes with low

forming loads and negligible springback. Due to its compatibility in the hot

stamping process, the demand for PHS has risen substantially. Figure 1.1 shows

the current usage of PHS in comparison with other types of steel at a typical car

body forming application. The chemical composition of this steel provides a

robust process window of cooling rates for quenching, during which the steel

transforms into martensite. After quenching, the formed component attains a

tensile strength of up to 1500 MPa, which aids in the prospect of reducing fuel

consumption and improving the crashworthiness of automotive vehicles.

Figure 1.1 – Application of press hardening steels in a car body in white [1].

In hot stamping, the blank is first heated in a furnace, at a temperature of

900 ◦C for 6 minutes to transform the steel material to an austenitic phase.
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Subsequently, the blank is transferred to a stamping tool, where forming and

quenching occur simultaneously (Fig. 1.2). Contrary to forming at room

temperature, the hot stamping provides better formability of sheet material,

with negligible springback upon tool removal.

Figure 1.2 – Schematic of a hot stamping operation.

There are several downsides to forming steels at high temperatures. The

austenitic grains in steel are prone to being coalesced at elevated temperatures,

due to Ostwald ripening, increasing the average grain size of the blank [2]. This

results in a drop in tensile strength and in elongation limit of the steel to be

formed (Table 1.1). Meanwhile, during the cooling stage, austenite transforms

into various phase fractions, each portraying different thermo-mechanical

characteristics. For example, in the case of boron steel, a full martensitic

microstructure is obtained if the cooling rate above 25 K/s is maintained [3]; a

lower rate would generate bainite and/or ferrite, both of which display lower

strengths than martensite.

Table 1.1 – Effect of heating temperature on 22MnB5 steel [4].

Heating
temperature

(◦C)

Austenite
grain size

(µm)

Yield
strength

(MPa)

Tensile
strength

(MPa)

Elongation
to rupture

(%)

920 3.6 1250 1625 6.83
950 12.3 1230 1616 6.80

1000 20.7 1210 1610 6.10
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Coating layer

At high temperatures, the uncoated steel is prone to decarburization and surface

oxidation. That is why sheet materials are usually coated before heating. In

particular, the coating of aluminium with 10 wt.% silicon (AlSi) is usually applied

on the sheet materials prior to the hot stamping process. Besides, hot-dip

aluminizing has proved to be a cost-effective method of applying aluminide

layers over steel sheets.

Aluminide surface treatment is widely used for making coating layers. By

generating a dense alumina scale on the surface, an oxidation-resistant surface

is produced. Right after skin-pass rolling, bare steel strips are dipped in liquid

Al-bath at 600 ◦C to have a uniform coating layer on the steel sheet. However,

the hot-dip aluminizing process with pure Al results in an Al-rich coating layer,

which is brittle and unsuitable for forming. In particular, the non-uniform

intermetallic layer, which exists mainly at the interface between the coating and

steel, acts as a stress concentration site, resulting in coating rupture immediately

after aluminizing [5]. Interestingly, adding 10 wt.% silicon to the Al-bath inhibits

the formation of a brittle interfacial layer [6]. As shown in Figure 1.3, the presence

of silicon creates FexAlySiz intermetallics at the interface, preventing coating

damage and growth of intermetallic layers in the substrate.

Figure 1.3 – Through-thickness cross-section view of the AlSi coating layer after hot-dip
aluminization of press hardening steel.

Upon heating the coated steel for the hot stamping process, the AlSi coating

shows good corrosion resistance and strong adhesion to the steel substrate.

However, due to the similar electrochemical potentials of Al and Fe, a sacrificial
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or cathodic protection by this coating layer is not possible [7]. With aluminide-

based coatings, a barrier-type layer separates the steel surface from air at high

temperatures in order to prevent thermal oxidation and decarburization. In

addition, the Al-10 wt.% Si coating, which has a near eutectic composition,

usually melts at ∼600 ◦C. However, during the hot stamping cycle, diffusion of

substrate-Fe into the coating layer creates an amalgam of Fe–Al–Si intermetallics

throughout the coating, which has a relatively higher melting point [8].

1.2 AlSi coating microstructure

The hot stamping process consists of three stages: heating, deformation and

quenching. In the case of AlSi coating, the heating stage defines its overall

mechanical behaviour for the imminent forming and quenching stages [9].

During heating, high diffusivity of iron in aluminium causes iron enrichment of

the coating layer, eventually transforming it into several Fe–Al intermetallic

compounds [10], with silicon dissolved mainly in Fe-rich compounds [11]. The

growth and distribution of these intermetallics depend on the temperature and

dwell time of the heating stage. Among all possible Fe–Al intermetallics, Al-rich

compounds (e.g. FeAl2, Fe4Al13, Fe2Al5) predominate in the coating layer at

temperatures below 900 ◦C and short dwell times (< 6 minutes) whereas Fe-rich

types (e.g. FeAl, Fe3Al) prevail at relatively higher temperatures and longer dwell

times [4]. Comparing the mechanical properties of the Fe–Al intermetallics,

Fe-rich compounds are preferred to Al-rich ones in the coating layer, due to

their higher formability and fracture toughness properties [12]. In addition to

the intermetallics, a diffusion zone is formed along the coating–substrate

interface (Fig. 1.4). This Fe-rich layer starts to generate at heating temperatures

above 900 ◦C, especially along the coating–substrate interface. Similar to

Fe-rich intermetallics, the growth of this layer is also positively correlated to

heating temperature and dwell time [13]. Besides, for a typical stamping

operation, this type of interfacial layer is favoured as it minimizes the

microstructural discontinuity between the coating and substrate [14].
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Figure 1.4 – (a) Evolution of the AlSi coating microstructure; (b) chemical composition of
the AlSi coating after heating at 920 ◦C for a dwell time of 6 minutes.

Degradation of AlSi coating

During hot stamping process, microstructural evolution of the AlSi coating,

including the formation of brittle intermetallics and voids, increases the risk of

coating fracture [4]. The formation of Fe–Al intermetallic compounds, which are

denser than virgin AlSi coating [5], generates empty space (voids) throughout the

coating layer [15]. The formation of diffusion zone also generates voids along the

coating–substrate interface (known as Kirkendall voids) [16]. The average void

size mainly depends on the heating temperature and time, i.e. after a long dwell

time small Kirkendall voids coalesce to form large cavities [6]. Consequently,

when this void-inflicted coating layer is subjected to tensile deformation, the

voids act as crack nucleation sites [17]. During quenching, the residual stress

build-up due to thermal expansion mismatch between the Fe–Al intermetallics

and substrate [18] generates large strain localization around the Kirkendall

voids, which can lead to coating fracture [19]. Figure 1.5 shows a hot-stamped

component as well as the cross-section view of the coating fracture.

During hot stamping, the AlSi coating fractures before it occurs in the steel

because the forming limit of coating is significantly lower than that of the

substrate steel [20]. Tool pollution (wear), substrate oxidation and unstable

friction between the contacting surfaces are some of the main adverse effects of
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Figure 1.5 – The cross-die component after hot stamping.
The SEM image on the right shows coating fracture along its wall.

coating fracture in hot stamping [21, 22]. In particular, the tool wear

significantly reduces the tool life as it requires frequent cleaning or

replacing [23]. As a result, the efficiency of the hot stamping cycle is reduced.

Depending on the Fe–Al intermetallics present in the coating, different types of

tool wear are observed. Although abrasive wear is expected with brittle Al-rich

intermetallics, adhesive wear predominates with Fe-rich ones in the

coating [21]. In particular, the adhesive wear (also known as galling) of the tool

is highly temperature dependent, a possible explanation for which is the

temperature dependent fracture behaviour of AlSi coating [24].

1.3 Motivation

In the sheet metal forming industry, the primary goal is to minimize the

production cost, which can be achieved only by a complete understanding of

the process. In a typical forming process, where contact locations are critical

regions of damage, lubrications or coatings are taken into consideration. At

elevated temperatures, a coating layer is preferred as it not only reduces friction

between the contacting surfaces but also protects the base material from

oxidation and decarburization. However, due to coating fracture or debris

resulting from it, the tool surface gets severely damaged and therefore requires

frequent refurbishing. Moreover, the exposed regions of steel are prone to

oxidation, which degrades the quality of the hot-stamped product. This leads to

a significant rise in the production cost. To tackle these problems, it is
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important to understand the evolution of AlSi coating at every stage of the hot

stamping operation. In this research, the heating, deformation and quenching

stages of hot stamping cycle is investigated and their effect on the integrity of an

AlSi coating layer on steel is observed.

1.4 The objective of this research

The aim of this research is to characterize the initiation and propagation of

AlSi coating fracture at hot stamping conditions. Using experimental and

numerical tools, fracture of different AlSi coating microstructures is

investigated. The results will be used to propose guidelines for the hot stamping

process such that coating fracture is reduced.

The notable aspects of this work can be summarized as follows:

• A novel hot tensile experimental setup with acoustic emission

sensors is designed to monitor the state of AlSi coating during

heating, deformation and quenching stages of the hot stamping

process.

• A coating–substrate finite element model is formulated, taking the

realistic distribution of intermetallics, voids and surface roughness

into account. By numerically defining coating microstructure and

comparing the extent of its fracture, the direction towards minimizing

coating fracture is achieved.

• The aforementioned numerical description of different AlSi coating

microstructures is replicated in the experiments by modifying the

heating stage parameters. In this way, process parameters which

prevent coating fracture are proposed for hot stamping.

• Coating fracture is investigated for an industrial hot stamping

process. Based on microscopy techniques and numerical analyses,

the initiation and propagation of different coating fracture patterns

are characterized for the hot-stamped components.
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1.5 Overview

In Chapter 2, the evolution of AlSi coating fracture as a function of heating

temperature, deformation temperature, strain level and strain rate is analyzed.

For this purpose, a novel tensile setup with acoustic emission sensors is

designed and realized.

In Chapter 3, a coating–substrate FE model is built, taking the micro-

structural aspects (i.e. voids, intermetallics and surface roughness) of the

AlSi coating into consideration. After replicating the temperature-dependent

cracking behaviour of hot tensile experiments, as shown in Chapter 2, the

FE model is utilized to conduct sensitivity analyses of different

AlSi microstructures to fracture.

In Chapter 4, the effects of different heating parameters (i.e. heating rate,

heating profile, heating temperature and dwell time) are studied experimentally

in order to investigate the evolution of AlSi coating microstructure and also of

its fracture. The effect of different heating techniques (i.e. furnace heating vs.

resistance heating) on coating fracture is also investigated.

In Chapter 5, the effect of different cooling rates on the formation of coating

micro-cracks is investigated. For this purpose, heating and quenching tests are

conducted in presence of acoustic emission sensors. After the test, the samples

are inspected under the microscope to correlate with the sensor activity leading

to the formation of micro-cracks.

Finally, in Chapter 6, the evolution of AlSi coating cracks is characterized for an

industrial hot stamping process. For this purpose, B-pillar and cross-die hot

stamping experiments are performed. After the experiment, critical regions of

AlSi coating fracture are inspected under the microscope. To understand the

nature of coating cracks, FE simulation of the actual hot stamping process is

performed and later correlated with the experimental data.





”I hope that every person at one point in their life has the opportunity to have
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existence that if they lose it they won’t feel human anymore, to be proved wrong

because that’s the liberation science provides.”

- Lawrence Krauss
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In this chapter, the effect of heating and deformation stage parameters on the

cracking behaviour of AlSi coating is investigated experimentally. For this

purpose, tensile experiments are conducted as a function of heating

temperature, deformation temperature, strain level and strain rate. Acoustic

emission sensors are incorporated in the experimental setup to detect coating

fracture. After the test, the distribution of coating cracks is examined via

microscopy techniques.

Section 2.1 introduces the fundamental concepts of acoustic emission

sensors and their feasibility in detecting fracture in thin coating layers.

Section 2.2 describes the experimental setup and the approach to monitoring

the state of coating at high temperatures. Section 2.3 presents the experimental

results of heating stage followed by uniaxial tensile experiment. Also, the

distribution of coating cracks acquired from optical inspection is correlated

with the acoustic sensor data.

This chapter is based on the manuscript: S.B. Zaman, J. Hazrati, M.B. de Rooij,
D.T.A. Matthews & A.H. van den Boogaard, “Investigating AlSi coating fracture at high
temperatures using acoustic emission sensors”, Surface & Coatings Technology, (2021): 127587.
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2.1 Introduction

For high temperature stamping operations, press hardening steels (PHS) with

AlSi coating are generally used. The coating physically protects the base metal

from corrosion, oxidation and decarburization. However, due to film-like

thickness and lower forming limits than the substrate steel, the AlSi coating

undergoes severe fracture during the hot stamping cycle, resulting in debris,

tool wear, unstable friction coefficient and oxidation of the steel

substrate [22, 24]. Thus, it is important to know when these coating cracks are

initiated.

In a hot stamping process, the heating stage delineates the mechanical and

thermal properties of AlSi coating layer [9, 12]. As iron diffuses into the virgin

coating, the heating temperature and dwell time are crucial parameters in

defining the distribution of various FexAly intermetallics. If the heating stage is

altered, a different coating microstructure is generated; thus, the overall

mechanical response of AlSi coating is altered.

The aim of this chapter is to investigate experimentally the structural

condition of AlSi coating during heating, followed by uniaxial tensile

deformation. This involves heating the coated steel at 920 ◦C, dwell time of

6 minutes, uniaxial tensile deformation at isothermal conditions (at 400–800 ◦C)

and then quenching to room temperature. The effect of strain rate on coating

fracture is also investigated by maintaining the same heating stage followed by

deforming the coated PHS at a constant deformation temperature of 700 ◦C.

Furthermore, the effect of different AlSi coating microstructures is investigated

by varying the heating temperature from 750 to 1000 ◦C, followed by uniaxial

tensile deformation at 700 ◦C. After the experiment, the distribution of coating

cracks is examined via acoustic, optical and scanning electron microscopy

measurements. The effect of quenching on the AlSi coating is discussed later in

Chapter 5.

Coating fracture

In general, as coating layers are thinner than the substrate, coating fracture

cannot be determined from the stress-strain curve of a uniaxial tensile

experiment of the coated sheet material. That is why the coating fracture is
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usually inspected under the microscope. For instance, to observe the evolution

of Zn coating fracture, Song et al. deformed Zn-coated steels uniaxially under

the scanning electron microscope [17]. For high temperature inspection of AlSi

coating fracture, Wang et al. equipped a laser confocal microscope with a

heating element and a tensile unit to obtain a dynamic appearance of the

coating surface; with an appropriate wavelength threshold, the evolution of AlSi

coating fracture is observed as a function of uniaxial tensile strain [25]. It is

important to point out that during in-situ visualization of the coating layer, the

sample is always heated via electrical resistance heating technique. However, to

investigate the coating fracture under forming tools or inside a closed industrial

furnaces, a live microscopic inspection method has not yet been realized. In a

scenario where the specimen is visually inaccessible, acoustic emission sensors

can be used as a tool to inspect the sample.

Application of acoustic emission measurements

Acoustic emission (AE) sensors are well known for their ability to monitor the

structural integrity of materials. Piezo-electric transducer inside an AE system

can detect stress waves through a solid medium. Upon material deformation,

the built-in piezo-electric transducer converts incoming strain energy waves

into electrical signals, which can be analyzed in terms of amplitude, strength,

rise time, counts or frequency (Fig. 2.1). In particular, the AE strength envelope

parameter is associated with the intensity of cracking events [26]. Therefore, the

area under voltage–time graph, as shown in Figure 2.1 is considered a suitable

parameter to detect coating cracks. In the case of deformation, the output AE

signals usually consist of a variety of different waveforms such as background,

continuous, burst and reflective waveforms [27]. Low intensity AE signals usually

represent uninterrupted events such as plastic deformation, while burst-type

high intensity signals represent a unique event, like fracture or delamination [28].

The burst-type AE activity is usually accompanied by relatively low strength

reflection waves, which along with background noise can be ignored via an

appropriate voltage threshold [27]. Consequently, the output AE signals can

be exploited to characterize different fracture types: Koshimizu and Otsuka

examined ductile to brittle fracture transitions via AE sensors and noticed higher
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activity at brittle fracture events than at ductile ones [29]. Therefore, the AE

sensors are capable of examining not only the structural condition but also

different fracture types in sheet materials, especially under loading conditions.

Apart from crack detection, the AE technique is capable of accurately capturing

plastic strain localization and crack distribution in bulk metallic alloys [30].

Figure 2.1 – Typical representation of an AE waveform and its quantified parameters.

Several studies are conducted with AE sensors to detect failure in thin

films/coatings. Sause et al. utilized AE sensors in a four-point bending setup to

successfully evaluate fracture in a 50 µm copper layer [31]. Based on burst-type

AE signals, Foutouhi et al. observed the delamination of thin teflon coatings

during bending analysis. The AE wave pattern can also be distinguished to

detect various fracture types; for instance, mode-I (vertical) and mode-II

(interface) coating fractures in a coating–substrate system (Fig. 2.2) [32].

Mao et al. correlated mode-I coating cracks to high AE counts and mode-II to

low counts for a coated steel subjected to bending [33]. In addition to predicting

coating failure, multiple AE sensors can be utilized to pin-point the location of

every cracking event and yield a space–time distribution of different failure



2

2.1 Introduction 15

modes. Yang et al. employed a pair of AE sensors during a tensile test to

accurately detect and project mode-I and mode-II coating fractures along the

gauge section of coated sheet [34]. However, when it comes to very high

temperatures (i.e., > 600 ◦C) material inspection, the conventional AE sensors

are not suitable. In particular, the commercially available high temperature AE

sensors are limited to an operating temperature as high as 550 ◦C [35], above

which the piezo-electric element (lead zirconate titanate) inside the sensor is

susceptible to a loss in its electric properties [36]. Although few studies have

proposed temperature-resistant piezoelectric crystals [37] the

room-temperature piezoelectric sensors can still be used to monitor specimens

at elevated temperatures (Fig.2.2). By means of a waveguide for instance,

although a considerable drop in AE output signal strength is observed, the

essential attributes of each waveform are preserved [38]. To sum up, although

AE sensors are extensively used to detect delamination of fibers in composite

materials, applying them to utilize AE sensors and investigate fracture in

metallic coatings at high temperatures is a novel approach.

Figure 2.2 – Different coating fracture modes during tensile straining
of a coating–substrate system.
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2.2 Hot tensile experimental setup

Sheet samples & test procedures

In this study, AlSi-coated PHS is used. The chemical composition of steel

substrate is presented in Table 2.1. Prior to hot tensile experiments, the

thickness of the AlSi coating layer is 25–30 µm while that of the coated sheet

is ≈1.5 mm. Uniaxial tensile dog-bone samples are machined by laser cutting;

the ratio of gauge length to its width is maintained at 4:1, as per the ASTM E8

standard. To measure the specimen temperature during the experiment, a pair

of teflon-coated k-type thermocouple wires (∅ 0.25 mm chromel and alumel)

are welded at three locations of the sample.

Table 2.1 – Chemical composition of PHS substrate (wt.%).

C Mn Cr Al Fe

0.2 2.20 0.65 0.04 Bal.

In order to conduct high temperature experiments, a 500 mm long

vertical-split tube furnace, with the capability of reaching 1200 ◦C, is employed.

This tubular furnace is equipped with induction heating coils, embedded in a

thermally insulated matrix. Figures 2.2 and 2.4 show the hot tensile

experimental setup. Additional clamps are manufactured to hold the tensile

sample at the centre of furnace. The fixture components are produced from

stainless steel (SS310), which is able to withstand temperatures up to 1200 ◦C.

Glass-ceramic bushes are used as thermal barriers between the fixture and

temperature-sensitive load cells. Before each test, the fixture bolts, which are

exposed to high temperatures, are lubricated with temperature-resistant

graphite and zirconium dioxide thread paste.
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Figure 2.3 – Schematic of the hot tensile fixture with waveguide and AE sensor.
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Figure 2.4 – Experimental setup with AE sensors and waveguides under operation
at a temperature of 920 ◦C.
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A Zwick Z100 tensile machine is used to conduct the uniaxial tensile

experiments. A NI-DAQ (National Instrument) data acquisition interface is used

to acquire a synchronized transmission of load cell, AE sensor and

thermocouple data as a function of time. To measure sample gauge straining

quantitatively during the deformation stage, heat-resistant paint (VHT

Flameproof) is applied to create a grid-like pattern at the sample

gauge (Fig. 2.5(a)). The displacement of paint dots before and after the test is

measured under an optical microscope to evaluate the average strain

distribution along the gauge. For a particular sample subjected to a

macroscopic strain of 10% , Figure 2.5(c) shows that the strain map depicts

reasonably homogeneous strain distribution.

Figure 2.5 – Heat-resistant paint dots (a) before and (b) after the uniaxial tensile
deformation at 600 ◦C. (c) Overall strain field based on the displacement of paint dots

after 10% macroscopic strain.

Acoustic emission measurement system

To acquire signals from the coated sample, a pair of conical-type wideband

AE sensors (Physical Acoustics Corporation) with a bandwidth of 1-1000 kHz

and a resonant frequency of 125 kHz are employed. The sensors consist of

piezoelectric transducers, which are sensitive to incoming stress waves from the
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experimental setup. The sensors are connected to a PCI-based 2-channel data

acquisition system, with a sampling rate of 1 million samples per second, a

pass-through filter in the range of 100–400 kHz and a signal amplitude with a

range of 0–100 dB. To record threshold-based AE activity, peak definition time,

hit definition time and hit lockout time are set to 200, 800 and 1000 µs

respectively [39]. To amplify the voltage output from the sensors, all incoming

signals pass through a 2/4/6 voltage pre-amplifier, with the maximum

selectable gain (60 dB). As the AE sensors are susceptible to noise and vibration,

a differential amplifier is used, which minimizes the probability of noise

amplification [40]. To prevent large AE signals being registered multiple times

due to reflection of stress waves, both the AE sensors are allocated a dead time

of 1000 µs. This means that, after detection of a peak activity, the AE sensors do

not record any signal for the next 1000 µs. Meanwhile, as it is impracticable to

operate these types of AE sensors at high temperatures, a pair of 500 mm long

cylindrical steel rods (∅6 mm), also known as waveguide, are welded to the

setup. The so-called waveguide connects the AE sensors to the setup and allows

continuous monitoring of the coated sample, which is being inspected at high

temperatures (Fig. 2.4). With two AE sensors located at a distance LAE away

from each other, it is possible to locate the source of AE signals by taking the

signal time difference (∆tsig), also known as the method of arrival time

difference [27]. In this setup, the AE sensors, situated at two opposite ends, are

assumed to be connected via a 1-dimensional signal framework, with each

sensor digitally located at LAE= 0 and 1.7 m (Fig. 2.6). According to this

arrangement, the AE signal location (xloc) can be measured in terms of LAE and

effective signal velocity (VAE),

xloc =
1

2

(
LAE −VAE ·∆tsig

)
(2.1)

At room temperature, assuming that the Young’s modulus E= 210 GPa,

density ρ= 7800 kg/m3, and Poisson’s ratio ν= 0.3, the longitudinal, transverse

and surface (Rayleigh) wave velocities in steel at room temperature are 5400,

3200, and 3000 m/s respectively. To estimate the acoustic velocity (VAE) of

coating cracks for this experimental setup, Hsu-Nielson tests are conducted,



2

2.2 Hot tensile experimental setup 21

which involves breaking ∅0.5 mm graphite lead on different locations of the

tensile sample (Fig. 2.6(a)). Such a test is commonly used to obtain

representative wave speed through a particular structure [41]. The effective

signal velocity is obtained when the pencil lead break locations on the sample

are accurately represented. The results, as shown in Figure 2.6(b), show that,

with VAE= 1350 m/s, it is possible to accurately trace the source of each AE

signal at room temperature. Since the acoustic sensors are used to monitor the

sample at high temperatures, the aforementioned test is also performed at

temperatures up to 800 ◦C, at intervals of 100 ◦C. Even at high temperature

levels, similar accuracy in determining xloc is maintained. Besides, although the

wave velocity in steel decreases slightly with rising temperatures [42], the AE

signal tracing approach is not greatly hampered at elevated temperatures. The

AE output signal distribution at 400–800 ◦C is shown in Appendix A (Fig. A.1).

Figure 2.6 – (a) Hsu-Nielson tests on a sample, denoting the pencil-lead break locations
and repetitions (×). (b) AE output signal distribution (•) of pencil-lead breaks over the

sample length.

During uniaxial tensile testing, the AE sensors are usually prone to

vibrational noises from crosshead and clamps of the tensile machine. To

prevent such noises from being registered, voltage threshold is imposed, such

that signals with amplitudes <50 dB are disregarded. It should be noted that the
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choice of such a high threshold is dependent on the complexity of the

experimental setup and the material through which the signal traverses. In this

setup, a threshold amplitude of 50 dB is the minimum value at which zero AE

signals are registered when the setup is assembled and standing still. Since our

objective is to detect burst-type AE signals (i.e. material separation signals)

from the sample, setting such a threshold only eliminates continuous and

reflection-type AE signals. To disregard signals coming from the fixture, the

output signals need to be further refined. In such a situation, the filter condition

is determined prior to each tensile experiment via Hsu-Nielson tests on the

sample gauge, as shown in Figure 2.6(a). The output signals from Hsu-Nielson

tests mark the region of interest, within which the AE signals are extracted.

Based on graphite lead breaks, the AE signals within the range of -20 ms≤
∆tsig ≤20 ms correspond to signals originating from the gauge section.

Although this procedure is repeated prior to each testing, the aforementioned

∆tsig is found to be unchanged in all the presented experimental data. The

Hsu–Nielson test reveals that AE signals can be located with fair accuracy; the

mean location (µ) standard deviation (σ) of the test upon repetition (×) is

shown in Figure 2.6(b). The signal scatter along the gauge section is not due to

any flaw in the setup but mainly to user error while manually repeating the test

on an assembled setup. Interestingly, fillet sections of the dog-bone sample

exhibit a scatter twice as large as that along the gauge (• markers in Fig. 2.6(b)).

The large spread across both shoulders is expected because the pencil lead

break tests are carried out across the vertical width of the sample (Fig. 2.6(a)).

Therefore, the approximation of a three-dimensional setup into a

one-dimensional signal trajectory contributes mainly to such a spread in signal

distribution along the sample fillet section. In contrast, the AE sensor data

along the gauge is more reliable than along the fillet. The gauge AE signals are

able to locate precisely the centre of the sample (µ= 830.7 in Fig. 2.6(b)), which

is also the centre of the experimental setup (∼ 1
2 LAE).

Experimental plan

The evolution of AlSi coating fracture is investigated at deformation

temperatures ranging from 400 to 800 ◦C, with a 100 ◦C interval. In addition, the
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tensile experiments are interrupted at several strain levels to observe the

intermediate condition of AlSi coating. The effect of heating temperature and

strain rate on coating fracture are also studied at a constant deformation

temperature of 700 ◦C and a macroscopic strain of 20%. The strain rate is varied

by adjusting the crosshead velocity of tensile machine. Furthermore, the

fracture behavior of three distinct AlSi coating microstructures are tested at

700 ◦C after heating the AlSi-coated steel samples at 750, 920 and 1000 ◦C. After

the test, the deformed AlSi coated samples are inspected under the microscope

for optical and SEM-EDS measurements.

Post-processing steps

During the tensile deformation of AlSi-coated PHS, the stress waves from the

sample is detected by the AE sensors. The output signals are synchronized such

that distribution of AE activity is obtained with a rise in macroscopic tensile

strain. In order to have a discrete representation of AE signals per unit time, the

AE activity is reproduced in the form of a histogram, with a fixed time interval of

0.5 second. In the histogram, each AE bar is a cumulation of all the AE signals

registered in a 0.5 second interval (Fig. 2.7). Furthermore, for each strain level,

an average AE bar is calculated by taking the mean of two different samples.

Afterwards, the average AE intensity is plotted against true strain to give an

average AE response during tensile deformation. Although the scatter of these

AE bars at the onset of deformation is high (max. 32 V·µs), the scatter drops

to ∼2.5 V·µs with continued straining (Fig. 2.12).

The output AE signals consist not only of signals from the coating layer but

also of those from the substrate, including oxides along the machined edges

of the sample. To detect and ignore these AE signals,the same experiment is

performed on identical samples of the uncoated PHS. The AlSi coating layer is

removed chemically by immersing the sample in an aqueous solution of NaOH

(20g/100 mL of water). The hot tensile experimental results of uncoated PHS are

shown in Figure A.4 of the Appendix. The uncoated tensile test result at 700 ◦C

indicates that the maximum AE signals corresponds to 30 V·µs. This suggests

that the AE signals which are greater than 30 V·µs are generated from the AlSi

coating layer.
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After the tensile test, the samples are cooled and the average crack density is

measured under the optical microscope (Keyence VHX-7000 series). The crack

density is determined firstly by drawing a total of six imaginary lines (1 at the

centre line and 2 near the edges) along the gauge section, secondly by counting

the total number of cracks based on the intersection of these lines with coating

cracks, and finally normalizing the total number of cracks by undeformed gauge

length. The average crack density (ρc) is then obtained by repeating the

aforementioned steps on another tested sample. Prior to measuring the crack

density, all the optical images are binarized in MATLAB. As the cracked region

has different grey values than the coating fragments, the cracks are easily

distinguished from the coating fragments.

For cross-sectional analysis of the AlSi coating, the central gauge section

of tested samples is first ground on abrasive SiC with water and then polished

with diamond particles in an automated polishing machine (Streurs Tegramin).

Every grinding and polishing step is accompanied by an intermediate cleaning

step inside an ultrasonic bath. After the final polish, the samples are kept inside

a vacuum oven at 50 ◦C for at least eight hours before inspecting them under the

SEM (JEOL JSM-7200F). Furthermore, by means of an X-ray detector in SEM, the

atomic composition of Al, Si and Fe along the coating cross-section is obtained.

Validating AE signals to detect AlSi coating fracture

In this section, the capability of AE sensors to detect not only the strain to

coating fracture but also its location on the sample is demonstrated. A dog-

bone specimen, which usually consists of a constant cross-sectional gauge

area, cannot effectively exhibit the correlation between AE signals and coating

crack location. Due to constant strain distribution along the dog-bone gauge,

coating cracks are free to initiate anywhere throughout the gauge. Therefore, a

tapered-gauge tensile sample, consisting of changing gauge width, is employed

for this investigation (Fig. 2.7(a)). With such a sample, the location of initial

cracking is expected to occur at the region of minimum cross-section. After

heating at 920 ◦C followed by a dwell time of 6 minutes, the sample is cooled

to 700 ◦C for the uniaxial tensile loading. The output AE signals during the

tensile deformation are plotted in terms of sample gauge length. As shown in
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Figure 2.7(b), the tapered gauge is situated along the location of 0.81–0.85 m in

the AE location profile, with the minimum cross-sectional area existing between

0.81–0.82 m. As expected, during tensile straining, the highest AE activity is

observed at the location of minimum cross-section. In Figure 2.7(b), the output

AE signals are also projected along the loading axis of the sample, which shows

cracking throughout the tapered gauge section. Furthermore, looking at the AE

activity with respect to time and location, the highest AE intensity is observed

at the onset of straining (i.e., at ∼10 second), particularly from the region of

minimum cross-section (Fig. 2.7(c)). With continued straining, as the strain

builds up across the tapered section, more AE signals are observed, suggesting

additional cracking events along the tapered gauge section. To ensure that these

AE signals originated from the coating layer, the experiment is repeated with an

uncoated tapered sample and the corresponding signals are labeled as "other

signals" in Figures 2.7(b) and (c). With uncoated PHS, only low intensity signals

are observed upon straining at 700 ◦C. This further supports the relationship

between coating cracks and AE activity. In addition to detecting coating cracks,

this investigation with a tapered gauge sample proves that such an experimental

configuration can be utilized to locate the initiation of AlSi coating cracks at

high temperatures.
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Figure 2.7 – (a) Tapered sample geometry.
(b) AE signal distribution as a function of sample location and crack morphology.

(c) Spatio–temporal distribution of AE intensity during tensile straining.
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2.3 Hot tensile experiments

In order to mimic the hot stamping conditions, the coated steel is heated to

920 ◦C followed by a dwell time of 6 minutes, then cooled to testing temperature,

deformed at isothermal conditions and finally quenched via forced air flow.

The entire cycle is monitored via two AE sensors and three thermocouples. To

ensure the reliability of the presented data, every test is repeated to ensure that

similar experimental output is observed. The complete set of experimental data,

including the repetitions, can be found in Appendix A (Fig. A.2).

Heating stage

Figure 2.8 shows the temperature profile and evolution of coating microstructure

during the heating stage. As the thermocouples are attached at both ends of the

gauge section, a maximum temperature difference (∆T) of 30 ◦C is recorded. To

check the temperature along the gauge section, a 3rd thermocouple is welded

to confirm that the temperature at the sample centre is within the range of

∆T. Regarding the heating rate, although a typical industrial heating stage is

much faster than that observed in the tube furnace, the atomic composition,

as shown in Figure 2.8(e), shows that the prolonged heating duration does not

significantly affect the coating microstructure [25]. The typical AlSi coating

microstructure after standard heating condition is shown in Chapter 1 (Fig 1.4).

To check whether coating cracks are generated, the AE sensors are kept active

to monitor the sample during heating. As no AE activity is observed during

heating and also during 6 minutes of dwell time, it is concluded that the coating

is crack-free during the heating stage. In this experimental procedure, since the

sensors are heavily configured to detect material separation signals from thin

coating layers, other supplementary events such as thermal expansion of the

sample or void formation in the coating went undetected.
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Figure 2.8 – (a) Cross-section and (b) chemical composition of the as-coated AlSi coating
layer. (c) Temperature profile during the heating stage. (d) Cross-section and (e) chemical

composition of AlSi coating after heating at 920 ◦C and a dwell time of 6 minutes.
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Effect of deformation temperature

After the heating stage, the specimen temperature is reduced to the desired

deformation temperatures. Uniaxial tensile tests are conducted at every 100 ◦C

intervals, from 400 ◦C to 800 ◦C, with different samples in each case. The strain

rate of all the tensile experiments is kept constant at 0.005 /s. The flow stress

and the corresponding AE signals are presented in Figure 2.9. As mentioned

earlier, the AE signals can be categorized into continuous and burst types, the

latter representing materials separation events. The hot tensile experiments at

400 and 500 ◦C show signs of coating removal, along with dispersed

cracking (Figs. 2.9(a),(b)). During deformation at 500 ◦C, two AE peak activities

are registered: one at the beginning of straining (∼3%) and another at ∼13%

strain. The initial AE signals up to ∼3% strain might be due to the formation of

coating micro-cracks while the second batch of signals around 13% strain is

perhaps due to coating removal events. Meanwhile, during deformation at

600 ◦C, peak AE signals are observed at 1% macroscopic strain whereas at

700 ◦C, those are detected at 2% strain. Regarding the AE activity, the peak

intensity at 600 ◦C is almost twice as high as that at 700 ◦C; this is likely due to

the temperature-dependent cracking behaviour of AlSi coating. Furthermore,

the number of AE signals and optical images at 600 and 700 ◦C show that

coating becomes ductile with a rise in deformation temperature. Interestingly,

at 800 ◦C, only low intensity AE activity is detected with no observable coating

cracks (Fig. 2.9(e)). Upon repeating the experiment at 800 ◦C without the

strain-grid, no AE signals are observed. This confirms that the delamination of

paint, which makes up the strain grid, releases detectable surface waves.

Fortunately, these signals are < 1 V·µs whereas the burst-type AE signals are in

the order of double digits.
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Figure 2.9 – Measured flow curves, corresponding AE activity and optical images of the
coating surface after uniaxial tensile deformation at

(a) 400, (b) 500, (c) 600, (d) 700 and (e) 800 ◦C.
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In addition to the deformation temperature, the cracking behaviour of AlSi

coating layer is largely dependent on the formation of Fe–Al intermetallics

(mainly Fe2Al5 and FeAl) during heating [43]. It is possible that the temperature

dependent crack patterns, as shown in Figure 2.9, are due to the presence of

different Fe–Al intermetallics in the coating. To check this, the chemical

composition of the coating in all the tested samples is examined via SEM-EDS

measurements. The line spectroscopy results show that the intermetallic

distribution of all the deformed samples is similar to that already shown in

Figure 2.8(e). For more information on the spectroscopy results, the atomic

compositions of all samples are displayed in Appendix A (Fig. A.3). Since the

AlSi coating microstructure of all tested samples is similar, the coating fracture

pattern in Fig 2.9 is attributed to the temperature-dependent mechanical and

fracture behaviour of the Fe–Al intermetallics present in the coating. Figure 2.10

shows the cross-sectional visualization of AlSi coating after uniaxial tensile

deformation at different temperatures. Regarding crack spacings, the coating

fragments at 600 and 700 ◦C show average crack widths of ∼20 and 80 µm

respectively, after 20% macroscopic strain. It is likely that the initiation of

coating cracks alleviates further stress build up in the remaining coating

fragments, resulting in widening of the existing cracks upon straining. Looking

at Figure 2.10, the coating layer demonstrates a brittle fracture at low

deformation temperatures (i.e., 400–600 ◦C) and a ductile fracture at high

temperatures (i.e., 600–800 ◦C). Interestingly, above 800 ◦C, no cracks are

observed. These results further confirm that the mechanical behaviour of

intermetallics present in the AlSi coating is highly dependent on temperature,

corroborating with the earlier findings on the mechanical behaviour of Fe–Al

intermetallics [19]. As mentioned by several authors, the hardening and fracture

properties of intermetallic compounds are significantly altered in the

400–800 ◦C temperature range [44, 45].
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Figure 2.10 – Through thickness optical micrographs of the AlSi coating at
(a) 400, (b) 500, (c) 600, (d) 700 and (e) 800 ◦C

after 20% uniaxial tensile deformation.
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Effect of strain level

In order to study the evolution of coating cracks, the samples are first uniaxially

deformed and interrupted at different strain levels, after which the sample

is quenched and examined under the microscope. In order to have a better

representation of the AE signals per sample, the AE signals are represented in

the form of a histogram, as already discussed in the previous section. To discard

AE signals emerging from the substrate, hot tensile tests are also conducted on

uncoated PHS samples. More information about the tensile experiment with

uncoated PHS can be found in Appendix A (Fig. A.4). After the tensile test, the

sample is quenched and the average crack density (ρc) is calculated.

During deformation at 400 ◦C, no visible cracks are observed as the coating

is peeled off, exposing a considerable amount of the substrate (Fig. 2.9(a)). As a

result, the crack density could not be quantified at this deformation temperature.

Also during deformation at 500 ◦C, coating cracks are dispersed throughout

the surface, thus making it unreliable to measure the average crack density.

Figure 2.11 shows the flow stress, AE activity and surface damage morphology of

the coated sample with rise in tensile strain at 500 ◦C. Looking at the binarized

surface profiles, only dispersed-type coating fracture is observed until 10% strain,

above which coating spallation occurs (Fig. 2.11(b)). The AE signal distribution

also suggests a similar trend: the first batch of signals corresponds to diffused

cracking while the second coincides with the spallation events.

During deformation at 600 ◦C, according to the AE activity and coating

micrographs, most of the macro-cracks are generated within 1.5% macroscopic

strain (ε) (Fig. 2.12). At the onset of straining (ε=1%) high AE activity is observed,

after which only low intensity signals prevail until 30% macroscopic strain.

Looking into the surface profiles in Figure 2.12(b), there is a significant upsurge

in crack density until 1.5% strain, followed by a saturation in the number of

cracks. After 20% strain, there are clearly more cracks near the edges than along

the centre line of the sample, thus contributing to a rise in the crack density.

Besides, the interrupted tensile tests are conducted on different samples, which

is the main cause of large standard deviation (σ) in coating crack density values.
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Figure 2.11 – (a) True stress–strain curve of AlSi-coated PHS at 500 ◦C, including the AE
intensity; (b) Evolution of the surface topography after 2 interrupted strain levels (ε).
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Interrupted tensile tests at 700 ◦C are also performed in a similar

fashion (Fig. 2.13). As per the AE activity, high strength AE signals are observed

at 2% macroscopic strain. Looking into the micrographs in Figure 2.13(b), no

cracks are observed until 1.5% strain, which is in agreement with the AE signal

distribution. At 10% strain, the crack density reaches a plateau of ∼1 crack/mm,

which is maintained until 30% strain. At high strain levels, although the average

crack density is unchanged, the crack width keeps increasing. According to the

AE activity, since no material separation events occur after 5% strain, no high

intensity AE signals are generated until 30% strain. The unusually large crack

density at 7% strain is mainly because each interrupted test is repeated with a

different sample.

Comparing the average crack density data with respect to AE activity, a direct

correlation is observed at different deformation temperatures. Figure 2.14 shows

the evolution of average crack density and cumulative AE activity as a function

of temperature and strain levels. Neglecting AE activity of the substrate, the

summation of AE signals shows excellent agreement with the average crack

density at both 600 and 700 ◦C until 30% macroscopic strain. Note that the

error bar in crack density values tends to be large at high strain levels; this is

expected due to the formation of edge cracks along the sample gauge. At 700 ◦C,

a relatively low crack density of ∼1 crack/mm is an indication of the coating

layer exhibiting ductile fracture behaviour. That is why the AE signals at 700 ◦C

are found to level off at a lower cumulative intensity than at 600 ◦C, at which

the coating fracture is relatively brittle. It is likely that such a difference in AE

activity is due to the nature of different coating fracture types [29]. According to

the raw AE activity in Figure 2.9, the coating fracture events during deformation

at 600 ◦C releases more high intensity AE signals than that at 700 ◦C. Also, the

number of AE signals at 600 ◦C is higher because of a larger number of cracks

than at 700 ◦C. Overall, according to the AE and crack density results, a direct

correlation between AE signals and crack density is observed; a significant rise in

crack density is observed at the onset of straining, after which the crack density

is independent of strain.
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Figure 2.12 – (a) True stress–strain curve of the AlSi-coated PHS at 600 ◦C, including the
distribution of AE intensity and average crack density (ρc).

(b) Evolution of ρc after 6 interrupted strain levels, including standard deviation (σ) of ρc.
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Figure 2.13 – (a) True stress–strain curve of the AlSi-coated PHS at 700 ◦C, including the
distribution of AE intensity and crack density (ρc).

(b) Evolution of ρc after 4 interrupted strain levels, including standard deviation (σ) of ρc.
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Figure 2.14 – Evolution of the average crack density (markers) and total AE intensity
(lines) as a function of macroscopic true strain at 600 and 700 ◦C.

After the initiation of coating cracks at 600 and 700 ◦C, the existing cracks

continue to expand until the end of straining. As the crack density

measurement technique does not take the width of each coating crack into

account, its value stays constant when no new cracks are formed. Therefore, to

demonstrate post-cracking behaviour of coating fragments, the crack widths are

also taken into consideration. The crack area is measured by first binarizing the

sample gauge section, such that the cracked region is represented by black

pixels while the coating fragments are represented by white pixels. Then the

number of black pixels is divided by the total number of pixels, to obtain the

fraction of sample gauge representing coating cracks. The aforementioned

technique is applied on four optical images to obtain the average crack surface

area (Acr) in percentage. Figure 2.15 shows the average crack area from uniaxial

tensile samples deformed at several strain levels at 600 and 700 ◦C. The error

margin represents the variation from repeated samples. As expected, the crack

area increases steadily with a rise in macroscopic true strain. At the onset of

deformation, since more cracks are generated, the average crack area is greater

at 600 ◦C than at 700 ◦C. Interestingly, after 20% strain, the average crack area is

similar for samples deformed at both 600 and 700 ◦C. This indicates that the
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amount of exposed substrate becomes independent of the deformation

temperature with a rise in tensile strain level.

Figure 2.15 – Evolution of coating cracks as a function of uniaxial tensile strain during
interrupted tensile tests at 600 and 700 ◦C.

Effect of strain rate

To investigate the effect of strain rate (ε̇) on coating fracture, tensile experiments

with ε̇= 0.005, 0.05 and 0.1 /s are performed at 700 ◦C, after which the distribution

of coating fracture is inspected under the microscope. Figure 2.16 shows the

true stress-strain, AE signal distribution and coating fracture morphology after

a tensile test with three different strain rates. Since the the strain rate of 0.1 is

20 times faster than ε̇= 0.005 /s, the difference is considered large enough to

observe any effect of strain rate on AlSi coating fracture. As expected, the sample

depicts relatively high flow stress with ε̇= 0.1 /s [46]. However, the crack density

is similar for all the tested strain rates. Furthermore, with rise in strain rate, the

deformation time becomes significantly shorter; for instance, with ε̇= 0.1 /s, the

deformation stage is 2 seconds whereas with ε̇= 0.005/s, it is 40 seconds. Since

the signal acquisition setting of AE sensors is adjusted for low strain rates (i.e.

ε̇= 0.005), the sensor reading is not reliable for testing at high strain rates. Both

the sensors are assigned with a default dead time of 1000 µs, which might be too
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long a duration to retrieve all the signals from coating during high strain rate

tests. That is why, with strain rates of 0.05 and 0.1 /s, a smaller number of AE

signals are registered than the test with ε̇= 0.005/s. A dead time less than 1000 µs

may be suitable to capture all the signals for tests with high strain rate. To sum

up, the AE and coating surface topography results indicate that strain rate does

not affect AlSi coating fracture pattern as all deformed samples show similar

crack density for the tested strain rates.

Figure 2.16 – True stress–strain curve and AE signal distribution ofthe AlSi-coated PHS as
a function of strain rate (ε̇). The top surface topography shows the evolution of average

crack density ρc, including standard deviation (σ) of ρc.
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Effect of heating temperature

As mentioned in the previous chapter, the heating stage determines the

mechanical behaviour, in particular the void fraction and intermetallic

distribution in the AlSi coating. At the end of heating stage, the evolved coating

microstructure is carried forward to the deformation stage. So far, the

temperature dependent fracture behaviour of AlSi coating has been observed

after heating at 920 ◦C for a dwell time of 6 minutes. Interestingly, different

coating microstructures and therefore fracture behaviours can be observed,

simply by changing the heating temperature while keeping the heating rate and

dwell time fixed at 0.5 K/s and 6 minutes respectively [47]. Figure 2.17 shows

three different AlSi coating microstructures generated from three different

heating temperatures. At 750 ◦C, due to insufficient Fe-diffusion, an Al-rich

coating layer predominates, whereas at 920 and 1000 ◦C there is a drastic

upsurge in the rate of Fe-diffusion, increasing not only the coating thickness but

also the content of Fe-rich intermetallics in the coating layer. According to

Figure 2.17, it is clear that the heating temperature also changes the

coating–substrate interface. After heating at 750 ◦C, no diffusion zone is seen as

the interface is discontinuous, with sharp transition in the composition of Al (in

the coating) and Fe (in the substrate) (Figs. 2.17(a)). However, as the heating

temperature is raised above 900 ◦C, the aforementioned discontinuity at the

interface is minimized. For instance, at 920 ◦C, ∼20 µm thick diffusion zone is

formed, whereas at 1000 ◦C the thickness of this zone is doubled, with a

continuous slope of increasing Fe and decreasing Al contents along the

coating–substrate interface (Figs. 2.17(b),(c)). Regarding void distribution after

heating at 750 and 920 ◦C, most of the large voids are situated near the surface

while small Kirkendall voids are situated along the interface. However, at

1000 ◦C, these Kirkendall voids are relatively larger in size than observed with

other lower heating temperatures. Regarding its distribution, they are situated

effectively at the centre of the coating, between layers of FeAl and the diffusion

zone (Figs. 2.17(c)). Due to the increased rate of Fe-diffusion, the diffusion zone

grows rapidly, transforming the 25–30 µm as-received AlSi coating into an

80 µm layer with Fe–Al intermetallics and diffusion zone.
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Figure 2.17 – The coating microstructure and atomic composition of the AlSi coating
after heating at (a) 750, (b) 920 and (c) 1000 ◦C followed by a dwell time of 6 minutes.

According to the investigation of AlSi coating microstructure, it is evident

that the amount of Fe in AlSi coating plays an important role during the

deformation stage. With more Fe-content in the coating, it is speculated that the

overall fracture behaviour of the coating layer would also change. To produce

coating microstructures of various Fe-content, only the heating temperature is

varied while the deformation and quenching stages are kept unchanged.
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Figure 2.18 shows the mechanical and fracture behaviours of AlSi-coated PHS

and the subsequent coating surface topography after heating the sample at 750,

920 and 1000 ◦C. Although the AlSi coating after heating at 750 and 920 ◦C show

mode-I coating fracture, the coating after heating at 1000 ◦C show no fracture

up to 20% macroscopic strain. According to AE signal distribution, no spike in

AE activity is observed after heating at 1000 ◦C, whereas burst-type AE signals

are observed in the other two heating temperatures. For samples heated at 750

and 920 ◦C, high intensity AE signals are observed at ∼2% macroscopic strains.

This indicates that the coating fracture is initiated at the onset of straining, after

which no more cracks are formed. Although the heating temperature of 1000 ◦C

raises the probability of increased void fraction, coating fracture is not observed,

indicating the significance of Fe-rich intermetallics and diffusion zone in the

AlSi coating. As seen in Figure 2.17(c), when the coating layer is heated at

1000 ◦C, the coating microstructure is entirely replaced by FeAl and diffusion

zone, both of which are ductile and richer in Fe-content than any other Fe–Al

intermetallics formed in the AlSi coating. As mentioned in the literature, Fe-rich

intermetallics increase the overall ductility of AlSi coating [48] and the presence

of diffusion zone aids in smooth dislocation motion from the steel substrate to

the coating layer [12]. Due to the presence of voids, it is expected that strain

localization will occur around those voids with a rise in plastic deformation.

However, due to increased coating ductility, especially after heating at 1000 ◦C,

the localizations are not severe enough to cause coating fracture, at least not

until 20% uniaxial tensile strain.

In order to further investigate the ductility of Fe-rich coating layer, the

heating profile of 1000 ◦C for 6 minutes is repeated at a reduced deformation

temperature. It is speculated that the fracture behaviour of FeAl and diffusion

zone present in AlSi coating is dependent on the deformation temperature.

Figure 2.19 shows the flow stress, AE activity and coating microstructure after

heating at 1000 ◦C followed by uniaxial tensile deformation at 600 ◦C.

Interestingly, at this deformation temperature, the AE signal peak is observed at

∼1% macroscopic strain, indicating coating fracture. Upon optical inspection

after the tensile test, mode-I coating fracture is observed to penetrate through

both the FeAl and diffusion zone. After 1000 ◦C heating, although the coating is
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Figure 2.18 – True stress–strain curves and AE signal distribution of the AlSi-coated PHS
during uniaxial tensile deformation at 700 ◦C after heating at (a) 750, (b) 920 and

(c) 1000 ◦C. The top surface and cross-sectional views of the AlSi coating after
20% macroscopic strain are also shown.
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governed by Fe-rich compounds, the presence of large voids generates strain

localization, severe enough at 600 ◦C to initiate mode-I coating fracture. This

indicates that the fracture behaviour of the Fe–Al intermetallics, including the

diffusion zone, is highly dependent on the deformation temperature. The

effects of heating stage parameters on coating micro-structure and its fracture

are further investigated in Chapter 4.

Figure 2.19 – True stress–strain curve and AE signal distribution of the AlSi-coated PHS
during uniaxial tensile deformation at 600 ◦C after heating at 1000 ◦C. The top surface

and cross-sectional views of AlSi coating after 20% strain are also shown.

2.4 Summary & Conclusions

This chapter investigates the mechanical behaviour of the AlSi coating at

different temperatures during the heating and tensile deformation. The AE

sensor-integrated hot tensile fixture allows the structural condition of coating to

be monitored during heating and tensile deformation of AlSi-coated PHS. Based

on the experimental findings, the following conclusions can be made:
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• AE sensors can be used to detect fracture in AlSi coating layer at high

temperatures.

• The evolution of coating crack density as a function of temperature

and macroscopic strain can be characterized by AE signals. A direct

correlation is found between coating crack density and AE intensity.

• After heating at 920 ◦C followed by a dwell time of 6 minutes, no

coating cracks are observed during deformation at 800 ◦C. At this

temperature, the Fe–Al intermetallics present in the coating layer are

ductile enough to sustain 30% macroscopic strain without causing

fracture.

• Uniaxial tensile deformation at 600 and 700 ◦C generates mode-I

coating fracture, with a temperature-dependent fracture pattern.

The average crack density at 600 ◦C is greater than that at 700 ◦C.

• During deformation at 400 and 500 ◦C, dispersed coating cracks are

observed followed by spallation damage.

• For the tested heating rate to 920 ◦C, no AE activity is recorded. Thus,

no coating cracks are generated during the heating stage.

• The coating fracture at 700 ◦C is independent of the tested strain

rates, from 0.005 to 0.1 /s.

• After heating at 1000 ◦C followed by a dwell time of 6 minutes, the

coating layer is fully dominated by FeAl and diffusion zone. Such

a coating microstructure shows no cracks during deformation at

700 ◦C. The same coating microstructure, however, shows mode-I

fracture during deformation at 600 ◦C.





”We are visual creatures.

Visual things stay put, whereas sounds fade.”

- Steven Pinker
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3 | Numerical study of

AlSi coating fracture

As AlSi-coated press hardening steel is heated, various Fe–Al intermetallic

compounds (mainly FeAl and Fe2Al5), voids and surface asperities are

generated throughout the coating. It is speculated that the interaction of voids

and Fe–Al intermetallics lead to coating fracture, which is investigated

experimentally in Chapter 2. The objective of the present chapter is to

investigate the underlying cause of coating fracture. For that purpose, the effect

of coating surface, void and intermetallic distributions on AlSi coating fracture

is investigated by simulating the tensile tests shown in Chapter 2.

In Section 3.2, the approach of building a coating–substrate finite element

model is presented. Section 3.3 presents the experimental results that are

utilized to calibrate the coating–substrate model. In Section 3.4 the effect of AlSi

coating microstructure on its fracture is tested numerically. The final section

proposes guidelines for the heating stage towards designing an optimal AlSi

coating microstructure that minimizes coating fracture.

This chapter is based on the manuscript: S.B. Zaman, J. Hazrati, M.B. de Rooij, A.H. van den
Boogaard, “Numerical and experimental studies of AlSi coating microstructure and its fracture at
high temperatures.”, Materials Science Engineering: A, (2021): 142067



3

50 Numerical study of AlSi coating fracture

3.1 Introduction

The AlSi coating is highly susceptible to fracture during deformation. After

SEM measurements, it is observed that the coating layer shows rise in defects,

brittle intermetallics and surface roughness. During deformation, these micro-

structural evolutions lead to strain localizations which eventually cause fracture

in the coating. Therefore, to investigate the initiation and propagation of coating

cracks at high temperatures, accurate description of coating microstructure is

necessary.

Several experimental and numerical studies are present in the literature

regarding coating fracture. However, limited knowledge is available regarding

AlSi coating fracture at high temperatures. In this section, a brief overview of

these studies is summarized. To accurately model fracture in thermal barrier

coatings, Arai [49] considered realistic distribution of voids and surface

roughness from electron microscopy images to create a plane-strain FE model

and simulate coating fracture. Due to the presence of micro-defects, the strain

localization leading to coating fracture is captured numerically. As coating

layers are usually composed of a different material than that of the substrate,

coating fracture may also occur due to critical stress distribution, mainly along

the coating–substrate interface [17]. This leads to mode-I coating fracture, with

cracks propagating at right angles to the loading direction, followed by mode-II

fracture. Ochiai et al. [50] studied mode-I coating fracture in zinc-coated steels

under thermal and tensile loads. A plane-strain FE model is used to also

investigate the effect of coating thickness on coating fracture and to account for

the crack spacing with rise in macroscopic strain. Song et al. [17] investigated

mode-I and mode-II fracture of zinc coatings using tensile test data and

plane-strain finite element analyses. The maximum stress fracture criterion

with element deletion technique is used to simulate Zn coating fracture during

tensile deformation. Meanwhile, mode-I coating cracks can also be simulated

in FEM via cohesive zone elements, as demonstrated by Nekkanty et al. [51].

With proper cohesive parameters, the coating fracture can accurately mimic the

experimental results.
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During tensile deformation with AlSi coating, mode-II coating fracture

usually occurs on the already cracked coating fragments, especially along the

coating–substrate interface [52]. Apart from the interfacial strength, this type of

coating fracture depends also on coating microstructure: crystallographic

orientation and grain size, for instance. Based on finite element analyses,

Song et al. [17] showed that mode-II coating fracture can be controlled by

modifying the size and crystallographic orientation of the grains. Regarding the

AlSi coating fracture in a hot-stamped part, surface strain data acquired from FE

simulations is correlated with the coating crack width [25]. Although severe

coating fracture is predicted at the location of highest surface strain, such a

numerical criterion does not account for different stress states or

microstructures to their fracture. In fact, during tensile deformation, coating

fracture is always found to initiate at the voids present at the grain

boundaries [17]. Due to high strain localization around the voids, cracks can

easily propagate and separate the coating layer into fragments. This indicates

that the presence and distribution of coating voids are crucial to accurately

describe the coating fracture behaviour.

Figure 3.1 – Cross-sections of the AlSi coating layer (a) as-coated
(b) after heating (920 ◦C, 10 K/s + 6 minutes) and quenching at a rate of 50 K/s.

Objective

During the heating stage, the AlSi coating evolves in terms of surface roughness,

intermetallics and void distributions. These features can be controlled by

modifying the heating rate, temperature or dwell time. The objective of this

chapter is to investigate the initiation and growth of cracks in AlSi coating

during tensile deformation. The effect of different coating microstructures is
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analyzed numerically. For this purpose, a 2D plane-strain coating–substrate FE

model is developed, taking realistic distribution of void and surface profile into

account. The model is calibrated to hot tensile experimental results already

shown in Chapter 2. The numerical model is then used to understand crack

initiation and propagation in the AlSi coating. Furthermore, the sensitivity of

coating fracture relative to voids, intermetallics and surface roughness is

analyzed.

3.2 Coating–substrate model

The heating stage modifies the microstructure of AlSi coating. Depending on the

heating parameters, surface roughness is generally increased since voids and

different types of Fe–Al intermetallics are formed in the coating. To investigate

the evolution of coating microstructure, the AlSi-coated PHS is first heated in

a furnace at a heating rate of 10 K/s to 920 ◦C for a dwell time of 6 minutes

and then quenched at a cooling rate of ∼50 K/s. The resulting sheet sample

is then inspected under the microscope and several fragments of the coating

layer are captured. A high-resolution electron image of the polished coating

layer captures all the microstructural aspects, as shown in Figure 3.1. To account

for surface roughness, voids and intermetallic distributions, a cross-sectional

micrograph is used to construct the coating–substrate FE model. Since our

focus is on replicating the coating layer prior to deformation and quenching,

the micro-cracks are not taken into account as they are formed during the

quenching stage [43].

Coating voids and surface profile acquisition

A realistic description of voids and surface profile is necessary in the FE model

to accurately capture coating deformation and fracture. Figure 3.2 describes

the steps taken to capture voids and surface profile from a coating micrograph.

With the help of image processing functions in MATLAB, an optical micrograph

of the coating is binarized based on its grey values (step 1). In this way, the

coating layer is differentiated from its defects. To identify micro-cracks from

void clusters, the coordinates of all defects (i.e. voids + micro-cracks) are first

assumed to resemble an ellipse, with the major axis being the longest possible
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distance between any two cartesian coordinates defining a defect. The minor

axis of the defect is measured by taking the distance between two points, which

constitutes a line perpendicular to the major axis and which also passes through

its midpoint. The ellipticity of each defect is then defined as the ratio of major

to minor axes. In contrast to voids, the micro-cracks have high ellipticity; they

are discarded based on an ellipticity threshold (step 4). Further refinement is

assigned to remove very small voids (i.e. major axis < 3 µm), which does not

influence the simulation result. Regarding the accuracy of such a mapping

technique, as the resolution of coating micrograph is 7 pixels/µm, the surface

profile and the void coordinates are assumed to be accurately plotted into MSC

Marc for meshing purposes.

Figure 3.2 – Surface and void detection algorithm, showing steps to extract void and
surface coordinates from an optical micrograph to an FE model.

To study coating fracture behaviour, it is essential to ensure that the coating

fragment is representative. It has been shown that a coating length of at least

0.5 mm is necessary to capture representative void fraction in the coating

layer [19]. Therefore, a random 0.75 mm long coating fragment is chosen to

create the coating–substrate model (Fig. 3.3(a)). A 1.5 mm long FE model is also

analyzed to ensure that the results with 0.75 mm are representative. For more

information regarding the 1.5 mm long coating FE model, the optical

micrograph, void and surface mapping, including the simulation results, are

presented in Appendix B (Fig. B.2). To define each void in the model, the

cartesian coordinates enclosing the voids are acquired and plotted in MSC Marc,
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using cubic spline interpolation technique. Looking closely at the micrograph

in Figure 3.3(a), it is observed that some of the micro-cracks are formed by

connecting a few voids, which are also removed by the aforementioned

algorithm. For this reason, those voids are later fictitiously mapped at the same

location in the coating layer. Regarding the surface profile, the cartesian

coordinates are acquired from the same coating fragment from which the void

coordinates are extracted. To remove very small asperities or local noises from

the raw surface profile data, median value at every 5 µm coating length is

collected to map the surface profile in MSC Marc. The resulting surface profile

is shown in Figure 3.3(b). In this way, the information about voids and surface is

procured from coating micrographs and mapped into the FE model.

Figure 3.3 – (a) A 0.75 mm long coating layer, from which (b) surface profile and void
coordinates are acquired to make a representative AlSi coating layer.

FE model description

A 1000×750 µm coating–substrate FE model is built in MSC Marc (Fig. 3.4), with

a realistic representation of surface and voids in the coating layer. The average

thicknesses of coating and substrate are 40 and 710 µm respectively. For

comparison, the original micrograph of coating–substrate, from which the

model is prepared, is also shown in Figure 3.4. The FE model consists of 201,498

plane strain linear quadrilateral elements with 406,560 degrees of freedom.

Convergence tolerance is set to 1% of the force residuals. After mesh sensitivity

analyses, an element size of 0.5 µm in the coating is selected since smaller

elements produced a similar result. The boundary conditions include constant

displacement along the x-axis and symmetry along the half-thickness of
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substrate. To reduce boundary conditions artefacts and to prevent cracks from

occurring close to the boundaries, the coating layer on both ends of the model

is extended and idealized, with no voids or surface asperities.

Figure 3.4 – Reconstruction of the coating–substrate FE model from optical micrograph,
showing the surface profile, void, intermetallic distributions and α-Fe

(α-Fe: pure Fe with solid solutions of Al and Si).

Apart from voids and surface profile, the distribution of intermetallics is also

considered in the model. Two dominant intermetallics formed in the coating,

namely Fe2Al5 and FeAl, are modelled and their respective material properties

are assigned to the elements at each region (Fig. 3.4). In the model, both Fe2Al5

and FeAl are approximated as continuous layers, including a diffusion zone at

the coating–substrate interface. The diffusion zone (α-Fe) is composed of pure

Fe with solid solutions of Al and Si [9]. Furthermore, according to the Fe–Al–Si

phase diagram, the majority of the diffusion zone (i.e. ≤ 75 at.% Fe) falls under

the FeAl regime [53]. That is why, in this coating model, α-Fe is assumed to be

governed by the same material properties as FeAl. Regarding the substrate, the

flow stress data of PHS at elevated temperatures is acquired from hot tensile

experiments performed by Abspoel et al. [46]. The temperature dependent

material properties of the Fe2Al5 and FeAl are also obtained from the literature

and summarized in Table 3.1 [21, 44, 54, 55]. To specify, the yield stresses of FeAl

and Fe2Al5 are acquired from the hardness data measured by

Windmann et al. [21], using Tabor’s relationship for metallic crystalline

solids [56, 57]. Regarding the elastic properties, the Young’s modulus of FeAl is

acquired from Harmouche and Wolfenden [54] while that of Fe2Al5 is derived by

extrapolating the elastic data of FeAl in terms of the Al-content. The strain

hardening parameters of FeAl and Fe2Al5 are taken from
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Messerschmidt et al. [55] and Hirose et al. [44] respectively. The Poisson’s

ratio (ν) for all materials is assumed to be constant and independent of

temperature: ν= 0.3. Furthermore, the Ludwik hardening rule is adopted to

describe strain hardening of both intermetallics as a function of σy, hardening

coefficient (K ) and exponent (n),

σ=σy +K ·εn
p (3.1)

Based on the literature data of Fe2Al5 at elevated temperatures, K = 84 and

n= 0.25 provides the best fit to the experimental data [44]. The FeAl is governed

by an ideal plastic behaviour at elevated temperatures until fracture [55]. Due to

insufficient literature data at other temperature levels, the slope of strain

hardening profile of Fe–Al intermetallics at 500 ◦C is assumed to be unchanged

at 600 and 700 ◦C. An equivalent fracture strain criterion is used for the coating

fracture description. Assuming negligible microstructural discrepancies, it is

already shown that the coating fracture behaviour is dependent on

temperature [43]. Therefore, different strain to fracture (εf) values of Fe–Al

intermetallics are expected at different deformation temperatures. Based on

this information, the strain-based fracture criterion is calibrated to the hot

tensile experiments already presented in Chapter 2. The peak AE activity during

the uniaxial tensile experiments at temperatures ranging from 500 to 700 ◦C are

utilized to quantify the fracture behaviour of Fe–Al intermetallics and also to

calibrate the FE model to experiments.

3.3 Model calibration

Hot tensile experimental results

To calibrate the fracture strain data of the Fe–Al intermetallics, hot tensile

experimental results presented in Chapter 2 are used. After heating the

AlSi-coated PHS at 920 ◦C for a dwell time of 6 minutes, the samples are

uniaxially deformed at different temperatures (500–700 ◦C) in isothermal

condition. It is found that mode-I coating fractures appear during

deformation (Fig. 3.5). According to acoustic signals, the majority of coating

cracks occur at the onset of deformation, indicating that no new cracks are

formed with continued tensile straining (Fig. 3.5). After 20% macroscopic strain,
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Table 3.1 – Material properties of Fe–Al intermetallics in the AlSi coating.

FeAl
Young’s

modulus
(GPa)

Yield
stress
(MPa)

Hardening
coefficient

(MPa)

Hardening
exponent

Fracture
strain

(%)

500 ◦C 221 940 - - 5

600 ◦C 214 752 - - 9

700 ◦C 206 563 - - 16

Fe2Al5

Young’s
modulus

(GPa)

Yield
stress
(MPa)

Hardening
coefficient

(MPa)

Hardening
exponent

Fracture
strain

(%)

500 ◦C 198 2458 84 0.25 0.5

600 ◦C 196 2203 84 0.25 3

700 ◦C 192 1948 84 0.25 8

it is found that the crack density at 500 ◦C is ∼7 cracks/mm and at 600 ◦C it

is ∼4 cracks/mm, whereas at 700 ◦C, the crack density is ∼1 crack/mm [58].

More information on the experimental method can also be found in Chapter 2.

The optical images in Figure 3.5 show that the cracks are almost evenly

distributed and are always arrested along the coating–substrate interface. This

confirms that the entire intermetallic-based coating layer, including the

diffusion zone, is fractured. To obtain the chemical composition of the AlSi

coating microstructure, the cross-section of the deformed samples is ground

with abrasive SiC foils in the presence of water and then polished with

composite pads in presence of diamond particles. Prior to every polishing step,

the samples are immersed in iso-propanol and treated in an ultrasonic bath to

ensure removal of debris. Finally, after keeping the samples in a vacuum oven

for 8 hours at 50 ◦C, the samples are inspected under the SEM (JEOL

JSM-7200F) to obtain the distribution of Fe–Al intermetallics and voids in the

coating. Although the coated samples are deformed at different temperatures,

the energy-dispersive line spectroscopy measurements confirm that the

intermetallic distribution is the same, with a negligible microstructural

variation on all the samples (Fig. 3.5). This is mainly because of the identical

heating stage of the deformed samples. Therefore, the coating fracture observed

at temperatures ranging from 500–700 ◦C is due mainly to the temperature

dependent behaviour of Fe–Al intermetallics.
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Figure 3.5 – (a) Hot tensile experimental results at (a) 500, (b) 600 and (c) 700 ◦C.
Flow stress, AE intensity and crack density data (left) as a function of macroscopic true

strain; Top surface (middle), through thickness views and atomic composition (right) of
the AlSi coating layer after 20% macroscopic strain.
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FE model result after calibration

The coating–substrate FE model is built in such a way as to take the surface

profile, voids and Fe–Al intermetallics into account. In the FE model, only the

fracture strains of two intermetallics are used as a fitting parameter to replicate

the stabilized crack density during uniaxial tension. As Fe2Al5 is more brittle

than FeAl [44, 59], the temperature dependent fracture strain is adjusted

accordingly, as presented in Table 3.1. Fracture in the coating is simulated by

deactivating the elements when the equivalent plastic strain (εeq
p ) exceeds the

prescribed fracture strain (εf) in Table 3.1. Figure 3.6 shows the simulation result

of the coating–substrate model, exhibiting temperature dependent mode-I

coating fracture.

The FE model of the coating–substrate layer is analyzed during uniaxial

tension, which is simulated up to 15% macroscopic strain. However, since no

elements are deleted after 3% strain, the simulation result up to 3.5% strain is

shown. Figure 3.6 shows the tensile simulation results at 500, 600 and 700 ◦C

after 1 and 3.5% macroscopic strains. The results show that the calibrated FE

model captures the temperature dependent fracture pattern of 7 cracks/mm at

500 ◦C, 4 cracks/mm at 600 ◦C and 1 crack/mm at 700 ◦C. At the beginning of

tensile loading, strain abruptly localizes around coating voids. Consequently,

with further straining, the localization initiates a cracking process as it exceeds

the prescribed fracture strain of the intermetallics in the AlSi coating. As a result,

coating cracks occur at low macroscopic strain, showing very good agreement

with the experimental results, shown in Figure 3.5. As the coating cracks

propagate towards the interface, the resulting coating fragments are unloaded.

As the substrate is more ductile than the coating, large plastic deformation

occurs beneath the coating cracks and prevents further accumulation of strain

in the cracked coating fragments. Due to coating fracture, the plastic

deformation in the substrate is perturbed, especially beneath the cracks.

According to Figure 3.6, after 3.5% macroscopic strain at 500, 600 and 700 ◦C,

with increasing distance from the interface, those strain perturbations

disappear at a depth of ∼120, 160 and 240 µm from the interface respectively.
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Figure 3.6 – Simulation results of the coating–substrate FE model after uniaxial tensile
loading at (a) 500, (b) 600 and (c) 700 ◦C after 1% and 3.5% macroscopic strains.

A small part (80 µm) of the substrate is shown here.
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3.4 Effect of coating microstructure on its fracture

It is hypothesized that the AlSi coating fracture at high temperatures is caused

by the combined interaction of surface roughness, void and intermetallic

distributions. With the help of a sensitivity study with respect to various coating

microstructures, it is possible to investigate their effects on fracture. The results

from the sensitivity analyses can be compared with the reference model in

Figure 3.6(b). The effect of different microstructural aspects of the AlSi coating

can be investigated numerically by comparing the number of coating cracks. To

have a realistic depiction of the AlSi coating microstructure, a series of heat

treatment experiments is also performed. Rectangular samples of AlSi coated

samples are heated in a closed furnace (Nabertherm) at different heating

temperatures, dwell times and heating rates. After heating, the coated samples

are cooled at a constant cooling rate of ∼5 K/s. Afterwards, the cross-sections of

coating are inspected under the SEM to obtain the distribution of Fe–Al

intermetallics and under an optical microscope (Keyence VHX-7000 series) to

acquire surface profile and void distribution.

Effect of Fe–Al intermetallics

In order to observe the effect of intermetallic distribution on the AlSi coating

fracture, other aspects of the coating, including the surface profile and void

distribution, are kept unchanged. The first test case is to replicate the industrial

hot stamping condition. This involves heating at a rate of 10 K/s to 920 ◦C

followed by 6 minutes of dwell time. After such a heating profile, FeAl

compounds in the coating usually exist in the form of small islands. The SEM

image in Figure 3.7 shows such a coating layer. The distribution of

intermetallics in the FE model is adjusted such that the model resembles the

SEM image of the coating layer. Figure 3.7 also shows the FE simulation result of

coating–substrate model during uniaxial tensile deformation at 600 ◦C. In

comparison with the reference model in Figure 3.6(b), the crack density drops

from 4 to 3 cracks/mm. However, the coating cracks initiate earlier since the

voids in this model are located mainly at the Fe2Al5 region, which has a lower

fracture strain (i.e., 3% at 600 ◦C) than FeAl. The early initiation of coating

cracks results in unloading and less strain concentration on the other
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neighbouring voids, all of which may lead to a reduced crack density of

3 cracks/mm. Therefore, the distribution of FeAl present in the AlSi coating

plays an important role in the initiation and saturation of coating cracks.

Figure 3.7 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with small islands of FeAl compounds. The FE model is based on the

SEM image of the coating layer heated at 920 ◦C for a dwell time of 6 minutes.

According to the literature, it is found that the dwell time determines the

volume content of FeAl islands and thickness of α-Fe layer in the AlSi coating [4].

As shown in the SEM image in Figure 3.8, after heating at 920 ◦C for a dwell

time of 10 minutes, large islands of FeAl are observed. As the Fe-content in AlSi

coating rises, the majority of voids are situated within these Fe-rich islands. The

uniaxial tensile deformation of such an FE model shows that crack density drops

even further to 2 cracks/mm (Fig. 3.8). Unlike in Case 1 (Fig. 3.7), the majority

of voids in Case 2 reside within the FeAl islands and there are therefore fewer

voids in the Fe2Al5 regime. Furthermore, since the equivalent strain to fracture

for FeAl elements is 8% at 600 ◦C as opposed to 3% for Fe2Al5, fewer cracks are

initiated in FeAl. That is why cracks are initiated on the voids that are present in

Fe2Al5. The element deletion starts in Fe2Al5 and propagates around the FeAl

islands to reach the coating–substrate interface. As the cracks reach the interface,

no more element deactivation occurs as crack widening predominates. With
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further plastic deformation, the substrate beneath the crack expands locally. To

summarize, large FeAl islands reduce the crack density in the AlSi coating layer.

Figure 3.8 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with large FeAl islands and α-Fe layer. The FE model is based on the

SEM image of the coating layer heated at 920 ◦C for a dwell time of 10 minutes.

Since the rate of Fe-diffusion increases with the rise in heating temperature,

it is possible to acquire a coating layer that is fully transformed to FeAl.

Interestingly, when the AlSi-coated PHS is heated at 1000 ◦C followed by

6 minutes of dwell time, the resulting coating is composed mainly of

FeAl (Fig. 3.9). In this case, all the voids are situated in the FeAl layer. During the

tensile experiment simulation of such a coating model, the coating crack

density after 3.5% strain stands at 2 cracks/mm, as shown in Figure 3.9.

Although the strain localization perturbations are quite different from what is

observed in Case 2, the resultant saturated crack density is the same. At the

onset of straining in Case 3, strain around large voids causes high strain

concentration. As the cracks reach the coating–substrate interface, the coating

fragments (i.e. the central part of the model in Fig. 3.9) undergo negligible

deformation, indicating inhomogeneous substrate deformation.
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Figure 3.9 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with full FeAl. The FE model is based on the SEM image of the coating

layer heated at 1000 ◦C for a dwell time of 6 minutes.

In contrast to a full FeAl-based coating, the heating stage can also be adjusted

to have a full Fe2Al5 intermetallic coating layer. The SEM image in Figure 3.10

shows that it is possible, after heating the AlSi-coated PHS at 700 ◦C followed

by 6 minutes of dwell time, to obtain an Al-rich coating layer. Although such

a heating temperature is not practical for austenitic transformation in steel,

the objective of heating at 700 ◦C is to observe the evolution of AlSi coating

microstructure. As the rate of Fe-diffusion is low at this heating temperature,

no α-Fe or FeAl compounds are formed in the coating. Figure 3.10 shows the

simulation result of an Fe2Al5 dominated coating layer during uniaxial tensile

deformation at 600 ◦C. Unlike the simulation in Case 3 (Fig. 3.9), where the

coating consists fully of FeAl, the crack density with Fe2Al5 coating is drastically

increased to 4 cracks/mm. Since the fracture strain of Fe2Al5 at 600 ◦C is 3%,

much of the coating at the vicinity of voids is able to reach this value. As a result,

multiple cracks initiate (via element deletion) at large voids near the surface and

propagate to the coating–substrate interface. According to these simulations as

a function of Fe–Al intermetallics, an inverse correlation between Fe-content

and coating crack density can be observed.
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Figure 3.10 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with full Fe2Al5. The FE model is based on the SEM image of the

coating layer heated at 700 ◦C for a dwell time of 6 minutes.

Effect of voids

In this sensitivity study, the surface profile and intermetallic distributions are

kept identical to the reference model (Fig. 3.4) while the void distribution is

altered. In the reference model, the cartesian coordinates of the voids are first

extracted from the optical micrograph and then mapped into the FE model, as

already explained in Section 3.2. In the reference model, an average void fraction

of ∼2.5% is calculated. Figure 3.6(b) shows the finite element simulation result,

with original void distribution, demonstrating a crack density of 4 cracks/mm.

As the strain localization occurs mainly around the voids, it is important to

investigate the effect of void size on coating fracture. In fact, heating the AlSi-

coated PHS at 1100 ◦C followed by 6 minutes of dwell time results in relatively

large voids approaching the surface (Fig. 3.11). Due to the increased rate of

Fe-diffusion at this temperature, the coating is fully transformed into layers of

FeAl and α-Fe, with large voids in between them. To reproduce such a void

distribution in the FE model, the voids with major axes greater than 8 µm

are selected. At the same time, to preserve the original void fraction of 2.5%,
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the voids are uniformly enlarged. Figure 3.11 shows the FE simulation result,

showing the effect of fewer but larger voids on coating fracture during uniaxial

tensile deformation. The void distribution depicted in this coating FE model

resembles that of the AlSi coating being heated at 1100 ◦C and 6 minutes of

dwell time. In contrast to the reference simulation result (Fig. 3.6(b)), the strain

localization sites are significantly reduced in Case 5; thus, the coating crack

density drops to 2 cracks/mm. As mode-I coating cracks reach the coating–

substrate interface, the resulting coating fragments are unloaded, with no further

plastic strain accumulation. Simultaneously, due to the reduced number of

coating cracks, a relatively large inhomogeneous plastic zone in the substrate is

observed, especially beneath the crack tip. As a result, the crack width increases

with continued tensile deformation.

Figure 3.11 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with enlarged voids. The FE model is based on the SEM image (right) of

the coating layer heated at 1100 ◦C for a dwell time of 6 minutes. The reference
simulation result with small voids is presented in Figure 3.6(b).

To investigate the effect of void fraction on coating crack density, another

FE model is re-created with fewer voids. The void fraction is reduced by taking

only the voids with major axes in the range of 8–10 µm. This reduces the void

fraction from 2.5 to 1.25% in the AlSi coating layer. With 50% less void area,
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similar FE simulation outcome to that in Figure 3.11 is observed, including the

same crack density drop from 4 to 2 cracks/mm. Therefore, according to the FE

simulation results, the size and number of voids play a crucial role in controlling

coating fracture during uniaxial tensile deformation. Although having large

voids increases the risk of significant strain localization, the overall crack density

can be considerably reduced.

It is clear from previous FE simulations that the voids exhibit a large

influence on coating fracture. Interestingly, without these voids, the AlSi coating

suffers from a much more severe coating fracture. Figure 3.12 shows the tensile

simulation result of the coating layer without voids. The SEM image shows that

it is possible to obtain a coating layer with negligible void fraction (<1%): after

heating the coated steel at 800 ◦C followed by a dwell time of 6 minutes, the

resulting coating layer can be assumed to be free of voids. In such a scenario

when there are no voids, the surface asperities become the region of strain

localization. After 3.5% macroscopic strain at 600 ◦C, the crack density rises to

6 cracks/mm, with cracks initiating at 1.5% strain. According to the simulation

result, it is evident that the voids allow efficient channeling of strains in the

coating. Although the simulation without voids predicts a considerably high

crack density, the crack initiation event is delayed to 1.5% strain.

Effect of surface profile

As mentioned in Section 3.2, the original surface profile of AlSi coating has a

roughness (Ra) of 1.7 µm (Fig. 3.4). In order to investigate whether or not the

surface asperity height affects the cracking events in the AlSi coating, the

surface profile of the reference model is modified. To mimic a rise in the

roughness, the surface coordinates are scaled along the y-axis, such that the

roughness increases to 2.8 µm. In reality, such an increase in roughness is

observed when the AlSi-coated sheet is heated at a low heating rate of 0.5 K/s, as

shown by the SEM image in Figure 3.13. The rise in roughness is due mainly to

the rate of Fe-diffusion and overall duration of heating inside the furnace. For

instance, at 10 K/s the specimen reaches 920 ◦C in 1.5 minutes whereas at
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Figure 3.12 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C without voids. The FE model is based on the SEM image (right) of the

coating layer heated at 800 ◦C for a dwell time of 6 minutes.
The reference simulation result with voids is presented in Figure 3.6(b).

Figure 3.13 – Simulation result of the coating–substrate FE model after uniaxial tensile
loading at 600 ◦C with an increased surface roughness (Ra= 2.8 µm). The FE model is

based on the SEM image (right) of the coating layer heated at a rate of 0.5 K/s to 920 ◦C
for a dwell time of 6 minutes.

The reference simulation result with Ra=1.7 µm is presented in Figure 3.6(b).
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0.5 K/s, it takes 30 minutes. Figure 3.13 also shows the simulation result with

increased roughness of the coating surface during tensile deformation at 600 ◦C.

In comparison with the reference FE simulation in Figure 3.6(b), a 50% rise in

roughness shows no difference in crack initiation or density. Since the strain

localization occurs mainly at the vicinity of voids, a rise in asperity height does

not influence the strain to crack initiation or the overall crack density.

Discussion & recommendation

In this chapter, the coating–substrate FE model is used to understand the

initiation and propagation of cracks in the AlSi coating during tensile

deformation of coated PHS. The calibrated FE model is further utilized to study

the influence of different coating microstructural parameters on their fracture.

As fracture simulations are sensitive to element size and refinement techniques,

the simulation results are valid only for the prescribed numerical settings. In

this study, since identical numerical and material descriptions are used for all

the analyses, any error carried forward during the numerical simulation can be

overlooked. Furthermore, the coating microstructure is modelled using plane

strain elements, which assume voids as cylindrical tubes. Since voids are

ellipsoidal in shape, as observed in micro-CT scans, as shown in the

Appendix (Fig. B.3), the assumption of plane strain simulation may

overestimate the strain localization around the voids during tensile

deformation. Regarding the measured void fraction, a 0.75 mm long 2D

cross-section captures a partial but average cross-sectional area of all voids in

that plane. Therefore, the average void fraction for a particular cross-section is

assumed to be similar to another cross-section, which would intersect some

voids through the middle and some near their edge. That is why a plane strain

model acquired from 2D cross-sectional micrograph can approximately

represent the realistic 3D behaviour of AlSi coating layer. In terms of strain

localization around the voids, although a 3D representation of ellipsoidal voids

in the coating–substrate model would improve the simulation result, such an

approach is computationally intractable.
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Regarding the material description of the AlSi coating, the elasto-plastic

mechanical behaviour of Fe–Al intermetallics is acquired from the literature of

bulk Fe–Al intermetallics. The preparation of such intermetallics via powder

metallurgy is likely to have grain sizes and microscopic pores, all of which are

likely to be different from what is generated in the coating layer via

Fe-diffusion [60]. Moreover, one of the limitations of this study is the

assumption of temperature-independent strain hardening behaviour of FeAl

and Fe2Al5. Therefore, an accurate thermo-mechanical description of the Fe–Al

intermetallics, which are formed via Fe-diffusion, would improve the accuracy

of the model results. Meanwhile, to simplify the material description of AlSi

coating along the coating–substrate interface, the mechanical properties of the

diffusion zone (α-Fe) are assumed to be the same as FeAl. According to

spectroscopy measurements, since the diffusion zone consists of a constantly

changing atomic composition of decreasing Al and Si with increasing Fe, the

interfacial mechanical behaviour might in reality be more ductile than that of

FeAl. Besides, with rise in heating temperature and dwell time, it is reported in

the literature that α-Fe exhibits negative strain hardening [61], a feature not

taken into account in this work.



3.5 Summary & Conclusions 71

3.5 Summary & Conclusions

The present study investigates the effect of different AlSi coating

microstructures on its fracture at high temperatures. For this purpose, a

numerical model is developed and calibrated to the experiments. The model is

then used to investigate the influence of different coating microstructures on its

fracture. Such a model can also be used to indirectly optimize the heating

conditions (heating temperature and dwell time) with regard to its

microstructure. The numerical sensitivity analyses, with changes in surface

roughness, intermetallic and void distributions, demonstrate the effect of each

parameter on coating fracture. Based on the numerical and experimental

results, the following conclusions can be made:

• The coating–substrate FE model can be used to capture the

temperature dependent fracture pattern in AlSi coating.

• According to the FE simulations, the coating crack density can be

minimized by reducing the void fraction and/or the number of voids

or by generating more FeAl and α-Fe.

• In comparison with voids and intermetallics, the surface roughness

is less significant in controlling AlSi coating fracture.







”When something is true, no amount of wishful thinking will change it.”

- Richard Dawkins
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AlSi coating fracture

During heating of AlSi-coated press hardening steel, the coating layer evolves

due to Fe-diffusion, generating voids and various Fe–Al intermetallic

compounds. According to simulation results in Chapter 3, the interaction of

voids and Fe–Al intermetallics in the AlSi coating leads to coating fracture

during tensile deformation. In other words, the coating fracture is dependent

on the AlSi coating microstructure, which is generated during the heating stage.

The objective of this chapter is to experimentally investigate the effect of

heating stage parameters on the evolution of AlSi coating microstructure and

consequently on its fracture at high temperatures.

In Section 4.2 the experimental plan for the heating–quenching and hot

tensile tests, including the post-processing steps, are described. Sections 4.3

and 4.4 cover the heating–quenching and hot tensile experimental results

respectively. Finally, Section 4.5 proposes a set of enhanced heating parameters

that minimize AlSi coating fracture under isothermal tensile loading conditions.

This chapter is based on the manuscript: S.B. Zaman, J. Hazrati, M.B. de Rooij, A.H. van den
Boogaard, “The effect of heating stage parameters on AlSi coating microstructure and fracture at
high temperatures.”
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4.1 Introduction

Diffusion of Fe in AlSi coating

The diffusion of Fe in Al–Si alloy is a temperature driven process because the

thermal heat energy provides the necessary driving force to enhance the mobility

of Fe towards low Fe-concentration regions. When the Al–Si alloy in the coating

starts to melt, the diffusivity of Fe in the coating increases. Furthermore, due to a

high Si content and thermally activated vacant sites along the coating–substrate

interface, Fe diffuses rapidly into the coating layer [62]. However, as the content

of Fe in the coating increases, the overall diffusivity of Fe also changes. Thus

the formation of specific Fe–Al intermetallic compounds is thermodynamically

favoured. Table 4.1 shows the diffusivity and activation energy (Q) of Fe with a

rise in Fe concentration [62–64]. According to the energy data, the formation

of Fe2Al5 predominates over other Fe–Al intermetallics because its formation

requires the lowest activation energy. With a rise in heating temperature, as the

external thermal energy increases, a diffusion zone is subsequently formed along

the coating–substrate interface. This zone at the coating–substrate interface

usually consists of pure Fe with solid solutions of Al and Si [9]. Meanwhile, due

to its higher energy barrier than Fe2Al5 or the diffusion zone, FeAl starts to form

only when the heating temperature exceeds 900 ◦C, especially at the location

of high Si content [11]. Hence, at 920 ◦C, islands of FeAl are first observed

throughout the Fe2Al5 dominated coating layer [4]. The kinetics and distribution

of FeAl in the coating layer is dependent mainly on structural defects in the form

of antisites1, triggering off-stoichiometric composition. To compensate this

structural anomaly in the FeAl, thermal vacancies are formed mostly at the

vicinity of these FeAl islands [66, 67]. In a comparison with all compositions

of Fe in Table 4.1, the thermal vacancy fraction for FeAl is the highest [68],

resulting in large defect population in the AlSi coating. That is why large voids

are generated at the vicinity of these FeAl islands throughout the coating layer.

1Antisite defects occur in an ordered alloy or compound when atoms of different types
exchange positions. For instance, imagine a cube with an Al atom at its centre. If the central atom
is occupied by an Fe atom, that cube is an antisite defect. It should be noted that this is not a
vacancy, interstitial or impurity [65].
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Table 4.1 – Diffusivity and activation energy (Q) of Fe at different Fe concentrations.

Composition, Fe [at.%] Diffusivity [m2/s] ×10−3 Q [kJ/mol] ×103

0 (pure Al) 5 183

25 (Fe2Al5) 0.0001 158

48 (FeAl) 6 279

82 (diffusion zone) 0.001 172

100 (pure Fe) 0.07 286

Transformation of AlSi coating in the heating stage

Under industrial hot stamping conditions, the press hardening steel (PHS) is

usually heated in a roller hearth furnace at a rate of 10 K/s to 920 ◦C followed by

6 minutes of dwell time. This ensures a full austenitic transformation in the

substrate. During this heating stage, the AlSi coating evolves into various Fe–Al

intermetallic compounds; for instance, after standard heating with the

aforementioned heating parameters, the entire coating layer transforms to

Fe2Al5, with FeAl islands and diffusion zone at the coating–substrate

interface [4]. As a result of these transformations, thermal vacancies in the form

of voids are generated [16]. As the entire coating layer undergoes structural

evolution, the surface roughness also evolves [69]. During deformation of

AlSi-coated PHS at high temperatures, the interaction of Fe–Al intermetallics

and voids defines the overall thermo-mechanical response of the coating

layer [9]. In particular, after heating at 920 ◦C for a dwell time of 6 minutes, the

coating layer is dominated by brittle Fe2Al5; the voids then act as crack

initiation sites to eventually generate fracture during tensile straining [70]. By

heating at a relatively low heating temperature or short dwell time, the void

density and Fe-content of the AlSi coating can be reduced [4, 19]. Therefore, in

order to obtain a suitable AlSi coating microstructure which is less prone to

fracture, it is important to understand the underlying characteristics of the

coating microstructure and its resistance to fracture at elevated temperatures.
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Objective

The AlSi coating microstructure is formed based on the prescribed heating

stage parameters, which includes heating rate, temperature and dwell time.

The objective of this chapter is to investigate the effect of these heating stage

parameters on the evolution of coating microstructure and consequently on its

fracture. For that, the heating–quenching tests are first conducted by varying the

heating temperature, dwell time and heating rate. Based on these results, hot

tensile tests are performed with modified heating parameters to demonstrate

the reduction of AlSi coating fracture during uniaxial tensile deformation.

4.2 Materials and experimental methods

AlSi coated press hardening steel

In this study, the PHS sample is coated with aluminium containing 10 wt.%

silicon. The chemical composition of the PHS is mentioned in Table 4.2. Prior to

the heating and quenching experiments, the thickness of the AlSi coating layer

is 25–30 µm whereas the overall thickness of the coated steel is ∼1.5 mm. Laser-

cut rectangular (140 mm × 20 mm) and dog-bone (130 mm × 30 mm) samples

are machined for the heating–quenching and hot tensile tests respectively.

Table 4.2 – Chemical composition of press hardening steel (wt.%).

C Mn Cr Al Fe

0.2 2.20 0.65 0.04 Bal.

Heating and quenching tests are conducted with two heating techniques.

To heat the samples, an industrial oven is used (Nabertherm), which heats the

specimen via conduction. However, this oven can only be used to investigate

heating temperature and dwell time. That is why the test of the effect of heating

rate and all the hot tensile tests are conducted in a Gleeble 563, which uses an

electrical resistance heating to control the temperature of the sample under

vacuum conditions. The sample temperature is measured by a pair of teflon-

coated k-type thermocouples (�0.25 mm chromel and alumel) wires, which are

welded on the specimen.
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With the industrial oven, the samples are removed from the oven after the

test and cooled by an air gun via forced air convection. In contrast, the samples

in the Gleeble are cooled by water-cooled grips via conduction. Even though the

samples are cooled differently, the average cooling rate is maintained at ∼5 K/s

for all tested samples.

Heating and quenching experiments

During heating and quenching experiments, the effect of one parameter is

studied by keeping the others fixed to standard heating parameters: 10 K/s,

920 ◦C and 6 minutes. After the experiment, the samples are inspected under

confocal (S-neox optical profiler), optical (Keyence VHX-7000 series) and

scanning electron (JEOL JSM-7200F) microscopes to observe the evolution of

surface roughness, coating voids and chemical composition respectively. Prior

to confocal measurements, the tested sample is cleaned with ethanol in an

ultrasonic bath for 30 minutes. To inspect AlSi coating voids and chemical

composition, the central cross-section of the sample is ground with abrasive SiC

foils with increasingly fine grain sizes (min. 4 µm grain size). After this step, the

samples are polished with increasingly fine diamond particles (min. 1 µm grain

size) in a polishing machine (Struers Tegramin). Between every polishing step,

the samples are cleaned in an ultrasound water bath for 30 minutes. After the

polishing steps, the samples are kept inside a vacuum oven at 50 ◦C for 8 hours

before taking optical and SEM-EDS measurements. With the help of an X-ray

detector in the SEM, the atomic composition of Fe, Al and Si along the coating

thickness is obtained. All these experiments are repeated and the data is

presented in Appendix C. Void distribution throughout the coating thickness is

measured by a 0.75 mm long coating micrograph using optical measurements.

With a resolution of 7 pixels/µm, the area of voids in terms of pixels is

accurately obtained. The total void fraction is calculated firstly by binarizing the

image such that the voids and micro-cracks are represented by black pixels.

Secondly, by comparing the ellipticity of every defect, the micro-cracks are

eliminated as they exhibit higher ellipticity than the voids (Fig. 3.2). With an

ellipticity threshold of 8, it is found that all the micro-cracks from AlSi coating

are disregarded, leaving only the voids. Finally, the total area of the voids is
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calculated, which is then divided by the total area of the inspected coating layer

to obtain the representative void fraction. The aforementioned procedure is

repeated with another set to obtain the average void fraction of AlSi coating for

each heating condition. More information about the evaluation of void fraction

is presented in Section 3.2 and also in Appendix C.

Hot tensile experiments

Based on the heating and quenching results, hot tensile tests are designed

with modified heating parameters. The test programme involves heating the

sample to temperatures in the range of 800–1100 ◦C followed by a dwell time

of 6–18 minutes. Afterwards, the temperature is lowered to 700 ◦C where the

uniaxial tensile experiment is performed at a constant velocity of 0.12 mm/s

until 7% macroscopic strain. After deformation, the sample is cooled to room

temperature at an average cooling rate of 5 K/s. All the hot tensile tests are

repeated and the complete experimental data is presented in Appendix C.

During the hot tensile test, only three heating parameters, namely heating

temperature, dwell time and heating rate, are modified; the other parameters,

such as deformation temperature, strain rate and average cooling rate are kept

constant. In this way, the effect of various AlSi coating microstructures on their

fracture is investigated. After the test, the gauge section is inspected under

the optical and electron microscopes to measure the distribution of coating

cracks and Fe-content respectively. In particular, the frequency of coating cracks

is measured along the gauge section of the dog-bone specimen. Since the

temperature is reasonably homogeneous at the centre of the specimen, these

coating cracks alone are taken into consideration. The crack density value is

calculated first by counting the number of cracks along the imaginary lines at the

centre and (left and right) edges of the samples on both sides (six measurements

per specimen) and second by dividing the number of cracks by the length of the

imaginary line. The procedure is repeated on another sample under the same

testing condition to obtain the average crack density (ρcr). The coating crack

distribution on the repeated samples is presented in Appendix C.

To correlate coating cracks with the content of Fe-rich compounds in the

AlSi coating, the deformed samples are polished with SiC followed by diamond
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particles, in the same way as described above, and inspected under the SEM.

With a distinguishable contrast of Fe-rich compounds (FeAl and diffusion zone),

the corresponding pixels are segregated via an image binarization technique. In

this way, the content of Fe-rich compounds is measured, which is then divided

by the total area of the coating to evaluate the percentage of Fe-rich compounds

present in the AlSi coating. These steps are repeated for two SEM images per

condition to obtain an average distribution of Fe-rich compounds throughout

the AlSi coating thickness. More information about the procedure is presented

in Appendix C.

4.3 Effect of heating on AlSi coating microstructure

Heating and quenching experiments

As mentioned earlier, the heating stage consists mainly of three parameters:

heating temperature, dwell time and heating rate. Figure 4.1 shows the

temperature–time profile of heating and quenching experiments. The heating

rate is varied from 0.5 to 15 K/s, temperature from 600 to 1000 ◦C and dwell time

from 2 to 10 minutes. Furthermore, to investigate the effect of variable heating

rates on AlSi coating microstructure, heating and quenching tests are also

conducted with a two-step heating method in the Gleeble. This consists of

heating rapidly to 550 ◦C followed by controlled heating to 920 ◦C. The rapid

heating temperature limit is set to 550 ◦C because Al–Si alloy melts at ∼578 ◦C;

rapid heating to a temperature higher than 550 ◦C may completely melt the AlSi

coating or modify the final coating microstructure. Furthermore, the heating

rate along the temperature range of 650–800 ◦C is the most important stage in

terms of defining the final surface profile [71]. Because of rapid (50–100 K/s)

heating to 550 ◦C, the duration of two-step heating experiments is shorter than

that of constant heating rate: the total duration of the two-step heating

experiment is reduced by a minute.

During the heating stage, different Fe–Al intermetallics are formed, which

influence the mechanical behaviour of AlSi coating. According to literature, the

Fe content of the Fe–Al intermetallic compounds determines the ductility and

outlines the overall mechanical behaviour of AlSi coating [21]. Therefore, to

achieve a deformable coating and consequently to control its fracture during
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Figure 4.1 – Typical temperature–time profile of heating and quenching experiments.

tensile deformation, it is important to understand the effect of each heating

parameter on AlSi coating. Figure 4.2 shows the SEM image, spectroscopy data

and surface height distribution of AlSi coating prior to heating. Based on

SEM-EDS measurements, the coating is initially composed of a pure aluminium

matrix, with scattered lumps of silicon. A thin layer of various Fex Aly Siz

compound is also generated at the coating–substrate interface (Fig. 4.2(a)). The

interfacial development implies mild Fe-diffusion into the coating during the

hot-dip aluminizing process [4]. Meanwhile, under the confocal microscope,

the surface roughness is measured in terms of the root mean square height (Sq),

which is 0.9 µm. Having observed the initial condition and chemical

composition of the AlSi coating, the coated PHS is then heated by varying the

heating temperature, dwell time and heating rate.

Effect of heating temperature

To study the evolution of AlSi coating during heating, the sample is first heated

to temperatures above and below the austenitization start temperature
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Figure 4.2 – (a) Through thickness view, (b) atomic composition and (c) surface height
distribution of the AlSi coating after hot-dip aluminization.

(∼727 ◦C). The diffusion of iron into the coating layer is usually influenced by

the austenitization of PHS and the melting of Al–Si alloy, the latter occurring

at 578 ◦C [6]. To investigate the melting of Al–Si alloy on coating microstructure,

the sample is first heated to 600 ◦C followed by a dwell time of 6 minutes.

Figure 4.3(a) shows the resulting coating microstructure and surface roughness.

Due to insufficient thermal energy, the overall atomic composition of the

coating is roughly similar to that of the virgin coating. Interestingly, due to high

diffusivity of Fe at Al-dominated regions (Table 4.1), a considerable growth of

the FexAlySiz layer is observed, especially along the coating–substrate interface.

In contrast to virgin coating with a surface roughness (Sq) of 0.9 µm (Fig. 4.2(c)),

the root mean square height after heating at 600 ◦C increases drastically

to 1.7 µm (Fig. 4.3(a)). This rapid rise in surface roughness is due to the

formation of FexAlySiz compounds and also presumably due to the melting of

Al–Si alloy, mainly on the coating surface [71]. Regarding the voids,
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Figure 4.3 – (a) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating to 600 and (b) 700 ◦C at 10 K/s for 6 minutes.

For each heating condition, the average void fraction (Fvoid) is mentioned.
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Figure 4.3 – (c) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating to 920 and (d) 1000 ◦C at 10 K/s for

6 minutes. For each heating condition, the average void fraction (Fvoid) is mentioned.
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few of them are observed in the AlSi coating. After heating at 600 ◦C, all the voids

are generated along the coating–substrate interface, where diffusion occurs.

This indicates that the void formation in AlSi coating is strictly related to the

diffusion of Fe and formation of Fe–Al intermetallic compounds.

Further heating and quenching experiments are conducted on the

as-coated PHS with temperatures > 600 ◦C. With the rise in temperature, the

results show significant growth of specific Fe–Al intermetallic compounds in the

AlSi coating. For instance, at 700 ◦C layers of Fe2Al5 and Fe2Al7.4Si are

found (Fig. 4.3(b)), at 920 ◦C islands of FeAl in Fe2Al5 matrix are

observed (Fig. 4.3(c)) while at 1000 ◦C full FeAl is obtained (Fig. 4.3(d)) in the

AlSi coating. These observations are in accordance with earlier findings [19].

Furthermore, the growth of diffusion zone is directly correlated to the

temperature of heating. For instance, at 700 ◦C the thickness of diffusion zone is

negligible whereas at 1000 ◦C, it is ∼30 µm. The growth of the diffusion zone

occurs only after Fe2Al5 is formed in the coating, suggesting that the energy

required to generate Fe2Al5 is less than that of the diffusion layer. This

observation coincides with the activation energy (Q) data of Fe–Al

intermetallics (Table 4.1). Regarding voids, although few are present after

heating at 700 ◦C (Fvoid= 0.7%), the density of voids increases rapidly when the

heating is increased to 920 ◦C (Fvoid= 1.7%). With a further rise in temperature

(to 1000 ◦C), large voids are seen in the AlSi coating, increasing the average void

fraction to 2.5%. These voids are strain localization sites and play an important

role in causing coating fracture. Such a growth in void fraction with rise in

temperature has been mentioned in the literature [19]. Using confocal

microscopy, the highest roughness (Sq= 3.57 µm) is obtained when the AlSi

coating is heated to 700 ◦C. The latter may be attributed to uneven distribution

of FexAlySiz intermetallic variants (Fig. 4.3(b)), with variable densities in the AlSi

coating [72]. With a rise in temperature above 920 ◦C, Si is distributed

homogeneously throughout the AlSi coating, resulting in surface smoothening,

causing Sq to drop below 3 µm. To summarize, the AlSi coating microstructure

transforms at temperatures ranging from 700 to 1000 ◦C; with an increase in

heating temperature, a rise in Fe-content and voids, including a drop in surface

roughness in the AlSi coating, are observed. It should be further noted that with
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an increase in Fe-content (FeAl and diffusion zone), the number and size of

voids increase, affecting the macroscopic mechanical behaviour of the AlSi

coating.

Effect of dwell time

To ensure full austenitic transformation in the PHS, it is important to hold the

coated steel at high temperatures for some amount time, usually 6 minutes

according to current industrial practice [73]. The effect of dwell time on the

AlSi coating microstructure is investigated at a constant temperature of 920 ◦C

and heating rate of 10 K/s. After quenching, the SEM–EDS measurements on

the coating show a direct correlation between the dwell time and growths of

diffusion layer and FeAl (Fig. 4.4). For instance, by increasing the dwell time from

2 to 6 minutes, the coating thickness, including the diffusion layer, grows from

∼40 to 50 µm. However, the growth rate of the diffusion zone decreases when the

dwell time exceeds 6 minutes, meaning that the Fe-diffusion process is likely to

approach a state of equilibrium. Surface roughness values (Sq) demonstrate no

clear correlation between dwell time on surface roughness. However, since the

oxidation of the coating surface is likely to increase with dwell time, the surface

roughness is found to increase, eventually reaching an average asperity height

of Sq= 3.6 µm after a dwell time of 10 minutes (Fig. 4.4(c)). Regarding voids, a

positive correlation between the density of voids and dwell time is observed.

With dwell times longer than 6 minutes, more voids are seen in the vicinity of

FeAl islands, increasing the average void fraction from 1.1% at 2 minutes to 2.1%

after 10 minutes. To sum up, the dwell time increases the Fe-content in the AlSi

coating. At first, Fe2Al5 intermetallic compound is generated; subsequently with

rise in dwell time, islands of FeAl, including the diffusion zone at the coating–

substrate interface are generated, thereby also increasing the overall thickness

of the coating. In addition to FeAl islands, which are denser than Fe2Al5 matrix,

more voids are formed with a rise in dwell time, especially in the vicinity of FeAl

islands.
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Figure 4.4 – (a) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating at 920 ◦C for a dwell time of 2 and

(b) 6 minutes. For each heating condition, the average void fraction (Fvoid) is mentioned.
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Figure 4.4 – (c) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating at 920 ◦C for a dwell time of 10 minutes.

Effect of heating rate

In order to investigate the effect of heating rate on the coating microstructure,

the AlSi-coated PHS is heated via resistance heating in the Gleeble under

vacuum conditions. In this case, the heating temperature and dwell time are

kept constant. After the test, the sample is inspected under the confocal and

electron microscopes. Figure 4.5 shows the experimental result of heating and

quenching tests, with heating rates varying from 0.5 to 15 K/s. According to the

SEM-EDS analyses, the highest fractions of FeAl, Fe2Al5 and diffusion zone are

observed at heating rates of 0.5, 5 and 10 K/s respectively. After inspecting the

coating surface, the Sq is found to decrease from 3.43 µm at a heating rate of
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Figure 4.5 – (a) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating at 920 ◦C for 6 minutes, with a constant

heating rate of 0.5 and (b) 5 K/s. For each heating condition, the average void
fraction (Fvoid) is mentioned.
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Figure 4.5 – (c) Through thickness view, atomic composition and surface height
distribution of the AlSi coating after heating at 920 ◦C for 6 minutes, with a constant

heating rate of 10 and (d) 15 K/s. For each heating condition, the average void
fraction (Fvoid) is mentioned.
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0.5 K/s to 2.17 µm at 10 K/s. This is likely to be due to the duration of heating:

with 0.5 K/s, the time required to reach 920 ◦C is 30 minutes whereas with 10 K/s,

it is just 1.5 minutes. In terms of ductility, the coating layer with the lowest

heating rate (i.e., 0.5 K/s) is more ductile; this might be due to a substantial

amount of FeAl (Fig. 4.5(a)). Regarding the void distribution, large voids are

found at low heating rates, cumulating to an average void fraction (Fvoid) of 2.9%

at 0.5 K/s. With a rise in heating rate, the void fraction drops to a minimum

of 2.2% at 10 K/s. With a further rise in heating rate (i.e. > 10 K/s), the overall

coating thickness is found to be reduced, probably due to the melting of Al–Si

alloy in the coating (Fig. 4.5(d)). Several authors have mentioned the melting of

Al–Si alloy when the heating rate exceeds 10 K/s [73, 74]. The live progression of

the experiment at a heating rate of 15 K/s can be found in Appendix C.

Effect of two-step heating profile

As observed earlier, the coating microstructure evolves significantly at

temperatures above 600 ◦C. Therefore, to improve the efficiency of the heating

stage in terms of time, the heating duration can be shortened by prescribing a

bi-linear heating rate. As the coating layer melts at 577 ◦C, rapid heating (e.g. 50

or 100 K/s) to 550 ◦C, followed by controlled heating to 920 ◦C, is prescribed.

Figure 4.6 shows the result of coating microstructure with various two-step

heating profiles to 920 ◦C. These results are very similar to what is observed with

constant heating rates in Figure 4.5. Since Fe-diffusion occurs above 600 ◦C,

rapid heating to 550 ◦C shows no effect on the evolution of coating

microstructure.
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Figure 4.6 – Through thickness view and atomic composition of the AlSi coating after
heating for a dwell time of 6 minutes, with constant heating rates of 50 K/s to 550 ◦C,

followed by (a) 0.5, (b) 5 and (c) 10 K/s to 920 ◦C.
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Summary & recommendations

According to heating and quenching experiments, low heating rate, high heating

temperature or long dwell time generate an Fe-rich AlSi coating. However,

the aforementioned conditions also favour the formation of voids, which are

possible locations of crack initiation. Regarding the coating surface, high heating

rate and temperature lead to a relatively smooth surface. Also, the incorporation

of a two-step bi-linear heating profile gives the same coating microstructure as

with a constant linear heating rate. Therefore, the bi-linear heating profile can

be used to further shorten the heating stage without affecting the AlSi coating

microstructure. In terms of the ductility of AlSi coating, a Fe-rich coating layer

is preferred [48]. However, since the number and size of voids increase with a

rise in Fe-content, a trade-off between the two is necessary such that the overall

ductility and resistance to fracture of AlSi coating are both maximized.

4.4 Effect of heating stage on AlSi coating fracture

Hot tensile experiments

Uniaxial tensile tests are conducted in a Gleeble 563 at 700 ◦C with modified

heating parameters: the heating rate is varied from 0.5 to 10 K/s, temperature

between 800 and 1100 ◦C and dwell time from 3 to 18 minutes (Fig. 4.7(a)). Prior

to tensile loading, the samples are heated via resistance heating under vacuum

conditions. One of the limitations of resistance heating is the temperature

gradient, which is observed along the gauge section of the tensile specimen. To

monitor this, four thermocouples are welded along the gauge. It is found that a

temperature difference (∆T) of 40 ◦C exists between thermocouples 1 and

2 (10 mm apart), with the maximum temperature at thermocouple

1 (Fig. 4.7(b)). A large temperature difference is observed with thermocouples

which are situated further away from the central gauge section of the sample.

Looking at the temperature–time graph in Figure 4.7(a), the initial heating

rate, deformation temperature, strain rate and cooling rate are kept constant

for all the hot tensile experiments. As mentioned in the previous section, a

rapid heating rate to 550 ◦C does not alter the coating microstructure (Fig. 4.6).

Therefore, the fracture behaviour of AlSi coating must also be unaffected. To



4

4.4 Effect of heating stage on AlSi coating fracture 95

Figure 4.7 – (a) A temperature–time heating profile with bi-linear heating, holding time,
uniaxial tensile deformation following by cooling; (b) The dog-bone sample at 920 ◦C,

showing the temperature difference (∆T) every 10 mm intervals.
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further verify this, the initial heating rate is varied from 10 to 100 K/s up to 550 ◦C

followed by 10 K/s heating to 920 ◦C (Fig. 4.8). After a dwell time of 6 minutes,

the specimen is cooled at a constant cooling rate of 30 K/s to 700 ◦C, where

it is strained at a constant velocity of 0.12 mm/s until 7% macroscopic strain.

After deformation, the specimen is cooled via conduction quenching to room

temperature, maintaining an average cooling rate of 5 K/s. The gauge section of

the deformed sample is then inspected under the optical microscope to measure

the average crack density (ρcr). Only 20 mm at the middle of the sample gauge is

taken into consideration while measuring the crack density. The average crack

density data is calculated by taking the mean from two tensile experiments; a

standard deviation in crack density of ∼0.25 is observed. Figure 4.8(a) shows

the coating cracks with an average crack density of 1.61 cracks/mm during

uniaxial tensile deformation at 700 ◦C. The aforementioned result is acquired

from standard heating parameters (i.e., 920 ◦C, 10 K/s + 6 minutes). As expected,

similar crack density value is also observed with two different bi-linear heating

profiles, as shown in Figures. 4.8(b) and (c).

In Figure 4.8(d), the SEM image shows the distribution of Fe–Al

intermetallics with the standard heating parameters; similar coating

microstructures are also observed with the bi-linear heating profiles. As the line

spectroscopy measurement in Figure 4.8(e) does not represent an overall

quantitative distribution of Fe–Al intermetallics, two SEM images, each 120 µm

long, are processed to quantify the percentage of Fe-rich compounds (FeAl +

diffusion layer) in the coating layer. After heating the coated PHS with standard

heating parameters, it is found that 28.7% of the coating thickness consists of

Fe-rich compounds.

Regarding the total heating duration, with rapid initial heating to 550 ◦C, the

heating stage is shortened by approximately one minute. Having curtailed the

heating stage, the subsequent aim of the heating parameters is to reduce the

crack density of AlSi coating during tensile deformation. For this, hot tensile tests

are performed with a careful selection of heating rates, temperatures and dwell

times, based mainly on the results of Section 4.3 and also on the FE simulation

results from Chapter 3. The resulting coating microstructure is then ranked in

terms of crack density and Fe-content.
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Figure 4.8 – Crack density of the AlSi coating layer after an initial heating rate of (a) 10,
(b) 50 and (c) 100 K/s from room temperature to 550 ◦C and subsequently 10 K/s to

920 ◦C for 6 minutes of dwell time and followed by uniaxial tensile deformation at 700 ◦C.
(d) Through thickness inspection, including the (e) atomic composition of Fe, Al and Si

after standard heating stage (920 ◦C, 10 K/s + 6 minutes), is also shown.

Desirable AlSi coating microstructure

Hot tensile experimental results show that the fewest coating cracks are

observed when the dwell time is 10 minutes, heating rate is 0.5 K/s or when the

heating temperature is above 1000 ◦C (Fig. 4.9). In contrast to the

microstructure acquired after standard heating, a prolonged dwell time of

10 minutes generates large diffusion zone and FeAl islands (Fig. 4.9(a)). With a
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Figure 4.9 – (a) Average crack density, through-thickness view and atomic composition of
the AlSi coating layer after 10 minutes dwell time and (b) 0.5 K/s heating rate.
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Figure 4.9 – (c) Average crack density, through-thickness view and atomic composition of
the AlSi coating layer after 1000 ◦C and (d) 1100 ◦C heating temperatures.
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heating rate of 0.5 K/s, FeAl exists in the form of layers, increasing the overall

content of Fe-rich compounds (Fig. 4.9(b)). However, it should be mentioned

that the heating rate of 0.5 K/s is not relevant in practice due to prolonged

heating stage duration. Regarding the temperature level, the rise in heating

temperature increases the rate of Fe-diffusion; thus, more Fe-rich compounds

are present in the coating (Figs. 4.9(c)). In particular, after heating at 1100 ◦C,

the entire AlSi coating transforms into an Fe-based coating layer (Figs. 4.9(d)).

Comparing the AlSi coating cracks formed during standard heating, the

modified heating parameters in Figure 4.9 lead to a decrease in the average

crack density from ∼2 to ∼1 crack/mm after 7% macroscopic strain at 700 ◦C.

Furthermore, the only heating stage where no coating cracks are observed is at a

heating temperature of 1100 ◦C (Fig. 4.9(d)). Even with a relatively short dwell

time of 3 minutes, the applied heat energy is sufficient to transform the entire

coating into an Fe-rich layer. All these results suggest an inverse correlation

between the content of Fe-rich compounds and the average coating crack

density: as the amount of FeAl and diffusion zone is increased, a significant

reduction in coating crack density is observed.

Undesirable AlSi coating microstructure

Although extending the dwell time from 6 to 10 minutes at 920 ◦C reduces the

average crack density from 1.75 to 1.02 cracks/mm (Fig. 4.9(a)), further

reduction of crack density is not observed beyond a dwell time of 10 minutes.

Figure 4.10(a) shows that with 18 minutes of dwell time at 920 ◦C, the crack

density is similar to what is observed with 10 minutes. The SEM-EDS line scan

confirms that the coating microstructure is also similar. For instance, a 45.2%

Fe-rich compound is obtained after 18 minutes, as opposed to 41.4% after

10 minutes at 920 ◦C. Another coating microstructure which did not reduce

coating fracture is the heating rate of 5 K/s (Fig. 4.10(b)). In that case, the

coating layer is dominated by an Al-rich Fe2Al5 compound, which is brittle and

generates coating fracture at the onset of straining. In contrast to the standard

heating rate (Fig. 4.8), lowering it from 10 to 5 K/s has a negligible effect on the

amount of Fe-rich compounds and crack density, the latter being within the
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Figure 4.10 – (a) Crack density, through-thickness view and atomic composition of the
AlSi coating layer after 18 minutes dwell time and (b) 5 K/s heating rate.
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Figure 4.10 – (c) Crack density, through-thickness view and atomic composition of AlSi
coating layer after heating at 800 ◦C.

standard deviation of the standard heating result. Meanwhile, after the heating

temperature is lowered to 800 ◦C, the brittle Fe2Al5 compound dominates the

coating, with virtually no signs of FeAl or diffusion zone. In that respect, the

crack morphology is the worst case among all the investigated heating

parameters, with an average crack density of 4 cracks/mm after tensile

deformation at 700 ◦C (Fig. 4.10(c)). The absence of FeAl and diffusion zone are

likely to be the main reason for such a severe cracking pattern.

Discussion

Figure 4.11 shows the evolution of coating cracks during tensile deformation at

700 ◦C, in terms of Fe-content in the AlSi coating. Since these compounds

improve the deformability, coating fracture is significantly reduced when these

Fe-rich compounds are present during tensile deformation. After 7% tensile

straining at 700 ◦C, the highest AlSi coating crack density is observed when no

ductile compounds are present (Fig. 4.10(c)). With a rise in heating temperature

from 800 to 920 ◦C, even though the void fraction increases, the initiation of
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cracks is minimized because more Fe-rich compounds are present in the AlSi

coating. That is why, at 920 ◦C, with 28.7% presence of these ductile

compounds (Fig. 4.8), the crack density is halved from 4 to less than

2 cracks/mm. To further reduce the coating crack density, the heating

temperature is increased to 1000 ◦C, which further reduces the crack density

from 2 to ∼1 crack/mm (Fig. 4.9(c)). The same result is also observed either by

increasing the dwell time to 10 minutes or by lowering the heating rate to

0.5 K/s, both of which, however, extend the overall heating duration.

Meanwhile, the only heating parameter which successfully prevented coating

fracture is the heating temperature. At 1100 ◦C, a dwell time of just 3 minutes

completely transformed the AlSi coating into an Fe-rich coating (Fig. 4.9(d)).

Despite the presence of large Kirkendall voids, no coating cracks are observed

after 7% uniaxial tensile deformation at 700 ◦C. It should be noted that

increasing the heating temperature to 1100 ◦C would affect the steel substrate

microstructure as well. Therefore, more investigation is necessary to confirm

the application of such a high temperature to prevent coating fracture.

Figure 4.11 – Relationship between Fe-rich compounds and AlSi coating crack density
during uniaxial tensile deformation at 700 ◦C.
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4.5 Effect of heating technique on AlSi coating

The heating and quenching experiments are conducted in a closed industrial

oven while the test of the effect of heating rates and the hot tensile tests are

performed in a Gleeble. Interestingly, when the AlSi-coated PHS is tested in the

Gleeble and in the oven with the same heating and quenching conditions,

different AlSi coating microstructures are observed. After heating to 1000 ◦C

followed by a dwell time of 6 minutes in the oven, the SEM image in

Figure 4.3(d) shows a fully transformed FeAl coating. However, the same heating

parameters via resistance heating produce an Fe2Al5 dominated

microstructure (Fig. 4.9(c)). Furthermore, the change in heating techniques

gives rise to different void fractions. With the standard heating

condition (920 ◦C, 10 K/s + 6 minutes), a void fraction of 1.7% is obtained with

the oven heating (Fig. 4.3(c)) whereas a void fraction of 2.2% is calculated with

the resistance heating method in the Gleeble (Fig. 4.5(c)). In addition, the

average surface height distribution is less with resistance heating than with

oven heating, the latter exhibiting an Sq of 3.22 µm while the former an

Sq of 2.17 µm. This is expected, as the resistance heating method is conducted

in a vacuum with negligible surface oxidation.

Figure 4.12 compares the effect of oven and resistance heating techniques

on the composition of AlSi coating microstructure. Both the samples are heated

at an average heating rate of 10 K/s to 1000 ◦C, held for a dwell time of 6 minutes

and then cooled at an average cooling rate of 5 K/s. After the test, both the

samples are polished and inspected under the microscope. The SEM-EDS

measurements on oven tested sample in Figure 4.12(a) show large presence of

FeAl and diffusion layers in the AlSi coating. However, the sample heated via

resistance heating under the same heating condition shows only islands of FeAl

in the Fe2Al5 dominated coating layer. Regarding the void distribution, although

the resistance heating technique shows the presence of fewer voids, the coating

layer is brittle due to the presence of Al-rich compounds. This shows that the

heating technique plays a significant role in determining the diffusivity of Fe

atoms in the AlSi coating at high temperatures.
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Figure 4.12 – Cross-section view and atomic composition of the AlSi coating layer due to
(a) conventional furnace heating and (b) resistance heating techniques at 1000 ◦C

(10 K/s) followed by 6 minutes dwell time.
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In order to observe the effect of different heating techniques on the AlSi

coating fracture behaviour, hot tensile tests are conducted at 700 ◦C in the

Gleeble 563 and also in an industrial tube oven. The heating stage is set to

1000 ◦C followed by a dwell time of 6 minutes. Since the maximum heating rate

of 0.5 K/s could only be achieved with the tube furnace, such a rate is also

replicated in the Gleeble. After the experiment, the top surface is inspected

under the optical microscope. Figure 4.13 shows the experimental results of

both the samples after 7% uniaxial tensile deformation at 700 ◦C. Due to the

large influx of Fe in the coating, the sample tested inside the furnace show no

cracks since it is dominated by ductile FeAl and diffusion zone. In contrast, the

sample via resistance heating shows signs of Fe2Al5 (Fig. 4.13(b)). Upon

uniaxially deforming such a coating layer at 700 ◦C, coating fracture is observed.

In an industrial oven, the specimen is heated via conduction and the heating

rate usually depends on the temperature difference between the sample and

oven: the heating rate is usually at its highest at the onset of heating, whereas

the rate decreases upon reaching the furnace temperature. However, in the case

of resistance heating, the sample is heated from the inside, with the heating rate

being precisely controlled to the user-prescribed heating profile, by adjusting

the current passing through the sample. Besides, conducting the test in a

vacuum is expected to influence only the surface roughness of the AlSi coating.

Therefore, since different coating microstructures are obtained with similar

nominal heating condition, the heating technique potentially influences

diffusion of Fe in Al and vice versa. To sum up, the heating technique controls

the diffusivity of Fe in the AlSi coating. In comparison with the conventional

industrial oven heating, the resistance heating technique shows a reduced rate

of Fe-diffusion from the substrate into the AlSi coating. Therefore, with the

resistance heating technique, the fracture in AlSi coating during tensile

deformation at high temperatures is overestimated.
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Figure 4.13 – Cross-section view, atomic composition and top surface view of the AlSi
coating layer due to (a) furnace and (b) resistance heating at 1000 ◦C (0.5 K/s),

6 minutes dwell time and tensile deformation at 700 ◦C.
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4.6 Summary & Conclusions

The present study investigates the effect of heating stage parameters on AlSi

coating microstructure and also of its fracture during uniaxial tensile

deformation. For this purpose, heating and quenching tests are first conducted

as a function of heating rate, temperature and dwell time to understand the

evolution of coating microstructure. Then, uniaxial tensile experiments are

performed to investigate the fracture response of those coating microstructures.

The following conclusions may be drawn from the experimental observations:

• Using a two-step heating profile, it is possible to reduce the total

heating duration without affecting the microstructure of AlSi coating.

• Despite a rise in void fraction, the AlSi coating crack density is

reduced with low heating rate, high heating temperature and long

dwell time.

• No coating cracks are observed during 7% uniaxial tensile

deformation at 700 ◦C when the AlSi-coated steel is heated to

1100 ◦C followed by a dwell time of 3 minutes.

• An inverse relationship between Fe-rich compounds and coating

crack density is observed. With a rise in the quantity of FeAl and

diffusion zone, the coating crack density decreases.

• Coating surface roughness drops with rise in heating rate and

temperature.





”Once you eliminate the impossible, whatever remains, no matter how

improbable, must be the truth.”

- Arthur Conan Doyle
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during quenching

During the forming step of hot stamping, the coated blank is simultaneously

deformed and quenched to room temperature. In Chapter 4, the evolution of

AlSi coating microstructure during the heating stage is discussed. In Chapter 2,

the effect of different deformation temperatures on fracture of AlSi coating is

investigated. In the preceding chapters, all the samples are quenched at an

average cooling rate to room temperature and later inspected under the

microscope. Although the quenching stage is kept identical for all tests it is

important to know whether the AlSi coating evolves during quenching.

Therefore, in this chapter, the effect of quenching on the microstructure and

fracture of the AlSi coating is discussed. In particular, the aim of this chapter is

to investigate the coating microstructure while the coated sample is quenched

to room temperature.

In Section 5.2, the details of heating and quenching experiments as a

function of cooling rate are presented. Quenching experiments are conducted

in the presence of acoustic emission sensors. Section 5.3 presents the

description of a realistic coating–substrate FE model, which is already built and

utilized in Chapter 3. In this section, the effects of phase transformation and

thermal strain on the FE model during quenching are also presented and the

results are compared with the acoustic activity. Furthermore, the effects of

thermal loading and phase transformation, including the fracture behaviour of

the Fe–Al intermetallics, are discussed to estimate the initiation of micro-cracks

in the AlSi coating during quenching.
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5.1 Introduction

During heating, the AlSi coating evolves into various Fe–Al intermetallic

compounds, voids and a diffusion zone along the coating–substrate interface.

During quenching, it is speculated that the thermal loading, brittle Fe–Al

intermetallics and dissimilar thermal expansion coefficients of coating and

substrate lead to micro-cracks [19, 52]. As shown already in Chapter 2, since no

AE activity is observed while heating the AlSi-coated PHS from room

temperature to 920 ◦C (Fig. 2.8(c)), the micro-cracks in a heating–quenching

experiment are assumed to initiate during quenching. It is likely that the

interaction of Fe–Al intermetallics and voids during quenching gives rise to the

micro-cracks in the AlSi coating.

The aim of this chapter is to investigate the initiation of micro-cracks in the

AlSi coating during quenching. For this purpose, heating and quenching tests

are performed at different cooling rates. After the test, the coating surface and

microstructure are analyzed under the microscope. Furthermore, to understand

the formation of micro-cracks, the mechanical FE model of Chapter 3 is adapted

to simulate the quenching stage as well.

5.2 Experiments

Quenching experiments with acoustic sensors

Heating and quenching tests are performed on the AlSi-coated PHS in presence

of the AE sensors. Before the test, three thermocouples are welded on the

sample: one at the centre and one on each shoulder. The heating stage is kept

identical at 920 ◦C followed by a dwell time of 6 minutes. In this way, identical

coating microstructure is tested at different cooling rates. After heating, the

samples are cooled via convection cooling by means of an air gun. Afterwards,

the samples are inspected under the optical (Keyence VHX-7000 series) and

electron (JEOL JSM-7200F) microscopes, to examine the top surface and cross-

section of the AlSi coating respectively. During quenching, the AE output signals

are synchronized such that the distribution of AE signals is obtained as a function

of cooling time and sample temperature. In order to have a better representation

of the AE signals per unit time, these signals are represented as bars, each with a
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fixed time interval of 0.5 second. In other words, each AE bar is a cumulation of

all the signals registered within 0.5 second, which is also used to represent the

AE signals in Chapter 2. The average value of the cooling rate is estimated by

taking the temperature gradient after 60 seconds of cooling. All the experiments

in this chapter are repeated at least once to ensure repeatability of the results.

The output AE activity consists of signals not only from the AlSi coating but

also from the substrate and oxides. To discard these AE signals, the heating

and quenching tests are also performed on an uncoated PHS. The AlSi coating

layer is chemically removed by immersing the coated steel in an acqueous

solution of NaOH (20g/100 mL of water). The test involves heating the uncoated

sample at 920 ◦C followed by 6 minutes of dwell time. Figure 5.1 contains the

results of heating and quenching tests on uncoated PHS, showing the AE activity

during quenching from 920 ◦C. The thermocouple reading and corresponding

AE activity received from the gauge section are plotted in terms of cooling

time. According to the AE activity in Figure 5.1, the uncoated steel releases low

intensity AE signals. This indicates that the high intensity AE activity (> 12 V·µs)

originates from the AlSi coating layer. Additional experimental data of the

uncoated PHS samples, including the corresponding AE activity can be found in

Appendix D (Fig. D.1).

Figure 5.1 – Temperature–time curve of the uncoated PHS upon quenching from 920 ◦C
to room temperature at an average cooling rate of 8 K/s. The AE intensity received during

quenching is also added.
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Figure 5.2 shows the thermocouple reading and acoustic activity as a

function of cooling time. Since only continuous AE signals are observed after

8 minutes of cooling, the graphs in Figure 5.2 are limited to a cooling time of

8 minutes. Since the heat transfer coefficient between the coating and substrate

is high, the substrate temperature is expected to be similar to that in the coating.

Looking at 2 K/s cooling curve in Figure 5.2(a), the high intensity AE signals start

at 450 ◦C; with 4 K/s, two clusters of burst-type AE activity are observed at ∼400

and 600 ◦C (Figs. 5.2(b)); with 8 K/s, the AE peaks are observed at ∼300 and

450 ◦C (Figs. 5.2(c)). No high intensity AE signals are observed at temperatures

below 250 ◦C, indicating that the micro-cracks have been generated above this

temperature.

Figure 5.3 shows the cooling curves of 2, 4 and 8 K/s cooling rates overlaid

on the temperature–time–transformation diagram of the PHS. The start

temperatures of various phase fractions in steel are obtained from TATA Steel

Europe. According to literature, phase transformation from austenite to other

phase fractions induces strain due to the evolution of lattice systems. However,

the magnitude of that strain is negligible. According to Cai et al., a maximum

phase transformation strain of 2×10−3 occurs during the formation of

martensite while other phase transformations in contrast induce much less

strain [75].

According to the cooling curves in Figure 5.3, austenite undergoes ferritic

and bainitic phase transformations, with negligible martensite present in the

steel. This is owing to low cooling rates of all the tested samples. Upon

inspecting these samples under the microscope, micro-cracks are seen only in

the AlSi coating (Fig. 5.4). Interestingly, this indicates that these so-called

micro-cracks occur regardless of the martensitic phase transformation in the

substrate. Furthermore, as the heating stage of all samples is kept constant, the

chemical composition of the coating is identical and its mechanical behaviour

is, therefore, likely to contribute to the formation of micro-cracks (Fig. 5.4(d)).
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Figure 5.2 – Temperature–time cooling curves at a rate of (a) 2, (b) 4 and (c) 8 K/s,
including the AE signal distribution of AlSi-coated PHS as a function of time.
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Figure 5.3 – Temperature–time cooling curves of the coated samples with phase
transformation start temperatures of ferrite, bainite and martensite.

Quenching experiments at standard hot stamping conditions

In practice, high cooling rates (∼50 K/s) are maintained to ensure full

martensitic transformation in the substrate. To investigate the AlSi coating layer

under standard hot stamping conditions, heating and quenching tests are

performed at a heating temperature of 920 ◦C at 10 K/s followed by 6 minutes of

dwell time. Thereafter, the sample is quenched at an average cooling rate of

50 K/s. Figure 5.5 shows the cross-section and chemical composition of the AlSi

coating after standard heating and quenching. In this case, due to high heating

rate, the coating microstructure consists of FeAl islands in a matrix of

Fe2Al5 (Fig. 5.5(b)) and therefore lower Fe content than in the previous

experiments, already shown in Fig. 5.4. Furthermore, since the cooling rate is

greater than 27 K/s, only the martensite phase is expected in the (steel)

substrate. In the current experiments, despite different microstructures in the
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Figure 5.4 – The cross-section of the AlSi coating after heating–quenching experiments.
All samples are heated to 920 ◦C at 0.5 K/s and afterwards for 6 minutes of dwell time

followed by a cooling rate of (a) 2, (b) 4 and (c) 8 K/s. (d) Representative atomic
distribution of Fe, Al and Si of all tested samples.
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coating and substrate, micro-cracks are still observed in the AlSi

coating (Fig. 5.5(a)). Since voids and intermetallics are present in all the tested

samples, it is likely that the combined interaction of voids and fracture

behaviour of Fe–Al intermetallics contribute more to the initiation of

micro-cracks than that of the phase transformation during quenching. To sum

up, based on optical and acoustic emission observations, it is concluded that

the micro-cracks in the AlSi coating are generated above 250 ◦C, regardless of

the cooling rates and substrate phase transformations.

Figure 5.5 – Cross-section of the AlSi coating after heating and quenching test under
standard hot stamping condition (920 ◦C, 10 K/s heating rate + 6 minutes dwell time +

50 K/s cooling rate); (b) atomic composition of Fe, Al and Si in the coating after the test.
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5.3 Thermo-mechanical FE model

To further understand the cracking phenomenon during quenching, a

thermo-mechanical FE model is created based on the FE model already

introduced in Chapter 3. To simulate quenching, the current model is updated

to account for the thermal loads due to mismatch in thermal expansion

coefficients of coating intermetallics, as well as the volume change due to phase

transformations in the steel substrate. During the heating stage, the

intermetallics of Fe2Al5 and FeAl stabilize and predominate in greater volume

fraction than any other Fe–Al intermetallics [4, 76, 77]. Furthermore, after

heating at 920 ◦C (0.5 K/s) followed by a dwell time of 6 minutes, the SEM-EDS

measurement conducted along the coating thickness shows the presence of

FeAl and Fe2Al5 layers (Fig. 5.4(d)). Regarding the diffusion zone, it is composed

mainly of an increasing concentration of Fe with solid solutions of decreasing Al

and Si [9]. According to the Fe–Al–Si ternary phase diagram, the majority of

diffusion zone is composed of FeAl [53]. Therefore the diffusion zone is

assumed to be governed by the same material property as FeAl.

FE model description

To simulate AlSi coating microstructure during quenching, the thermo-

mechanical material properties of FeAl and Fe2Al5 are required as a function of

temperature. Table 5.1 presents the elastic and thermal properties of FeAl and

Fe2Al5, all of which are acquired from the literature. The elasto-plastic material

properties of FeAl and Fe2Al5 are already mentioned in Table 3.1 in Section 3.2.

The thermal properties, including thermal conductivity, specific heat capacity

and thermal expansion coefficient of FeAl and Fe2Al5 are taken from

Touloukian et al. [18, 78, 79]. Regarding the substrate properties, all material

data, including temperature dependent flow stresses and volume changes of all

phase fractions, are acquired from the benchmark data of Oberpriller et

al. [80, 81]. Figure 5.6 shows the temperature–time–transformation (TTT)

curves of 22MnB5, which are utilized in this FE model to define the phase

kinetics of the PHS. Although the TTT diagram is slightly different for the

material used in the experiments it is expected not to affect the outcome

significantly.
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Table 5.1 – Thermo-mechanical material properties of the Fe–Al intermetallics.

FeAl
Young’s

modulus
(GPa)

Yield
stress
(MPa)

Thermal
conductivity

(W/m·K)

Specific heat
capacity

(J/kg·K)

Thermal
expansion

(1/K)

Fracture
strain

(%)

200 ◦C 240 1506 1.23 620 1.9×10−5 0.02

400 ◦C 225 1129 1.45 660 2.05×10−5 0.02

600 ◦C 213 752 1.62 700 2.13×10−5 9

800 ◦C 198 374 1.7 760 2.17×10−5 20

Fe2Al5

Young’s
modulus

(GPa)

Yield
stress
(MPa)

Thermal
conductivity

(W/m·K)

Specific heat
capacity

(J/kg·K)

Thermal
expansion

(1/K)

Fracture
strain

(%)

200 ◦C 211 3223 4.38 630 1.49×10−5 0.02

400 ◦C 202 2712 7.02 730 1.74×10−5 0.02

600 ◦C 194 2202 9 820 1.98×10−5 3

800 ◦C 185 1692 10.3 990 2.23×10−5 10

Figure 5.6 – The temperature–time–transformation (TTT) diagram of 22MnB5 steel [80].



5

5.3 Thermo-mechanical FE model 121

In the phase transformation model, the mechanical characteristics of all

phases (austenite, ferrite, pearlite, bainite and martensite) are defined in terms

of temperature. In particular, Young’s modulus, Poisson’s ratio, density,

coefficient of thermal expansion, yield stress, thermal conductivity and specific

heat capacity data of each phase fraction are also defined in terms of

temperature. During the simulation of quenching, the phase fraction is defined

based on the average nodal temperature of each element. Since the heat

transfer coefficient between the coating and substrate is high, thermal gradient

in the coating–substrate model is expected to be small. This ensures that the

phase transformation occurs homogeneously throughout the substrate. In the

quenching model, the volume change during phase transformation is

represented by nodal displacement at the end of an increment. In this way, the

effect of phase transformation on coating and substrate deformations is

mimicked during the quenching simulation.

At the start of the quenching simulation, the plane strain elements are

initially maintained at the maximum temperature, after which the

thermocouple data acquired from the experiment is prescribed on the surface

nodes, mimicking the realistic convection heat loss in the cross-section of the

coating–substrate FE model. As the heat transfer coefficients of coating and

substrate are described as a function of temperature and phase fraction,

prescribing only the surface temperature is considered sufficient to simulate a

realistic temperature gradient throughout the FE model. To ensure a

representative behaviour, periodic and symmetry boundary conditions are

applied on the edges and bottom of the coating–substrate model respectively.

The coating voids, surface profile and intermetallics are kept identical to the

reference FE model of Chapter 3. For convenience, the FE model utilized to

simulate quenching is shown in Figure 5.7.

Simulation results

Table 5.2 shows the phase fractions in the steel substrate predicted by the FE

model during quenching. The TTT diagram shown in Figure 5.6 is used as an

input for the phase transformation model to predict the phase fractions in the

steel substrate. With a cooling rate of 8 K/s, the first phase transformation occurs
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Figure 5.7 – Reconstruction of the coating–substrate FE model from optical micrograph,
showing the surface profile, void, intermetallic distributions and diffusion layer.

at a temperature range of 600–650 ◦C. Within this range, only 20% and 5% of the

austenite are transformed to ferrite and pearlite respectively while the rest is later

transformed to bainite at the range of 450–500 ◦C. No martensite is predicted

by the phase transformation model at this cooling rate, as all the austenite

is transformed before reaching the start temperature of martensite (∼400 ◦C).

According to the TTT diagram in Figure 5.6, a cooling rate of 8 K/s predicts only

the formation of ferrite, pearlite and bainite.

Table 5.2 – Predicted fractions of austenite, ferrite, bainite and martensite phases from
920 ◦C to room temperature at a cooling rate of 8 K/s.

Phase
fractions

Austenite
(%)

Ferrite
(%)

Pearlite
(%)

Bainite
(%)

Martensite
(%)

920 ◦C 100 0 0 0 0

650 ◦C 75 20 5 0 0

550 ◦C 70 20 5 5 0

450 ◦C 0 20 5 75 0

25 ◦C 0 20 5 75 0

To simulate the initiation of micro-cracks in the AlSi coating, the failure

criterion based on the equivalent plastic strain in Chapter 3 is used for FeAl and

Fe2Al5 (Table 5.1). The fracture strain values above 500 ◦C are taken from the

model calibration results in Section 3.2 (Table 3.1) while the values below 500 ◦C

are acquired from the literature data of Hirose et al. [44] and

Harmouche et al. [54] for Fe2Al5 and FeAl respectively. If the prescribed fracture

strain is exceeded, the elements in the AlSi coating are deleted, mimicking the

initiation and propagation of cracks. It should be noted that such a description
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of fracture in a non-isothermal simulation is inaccurate: during the simulation

of quenching, it is seen that the strain accumulated in the elements at high

temperatures is carried forward to the increments of low temperatures, at which

the elements exceed the criterion for element deletion. At temperatures below

500 ◦C, since the Fe–Al intermetallics are defined to show negligible plasticity, it

is possible that the history of plastic strain already imposed on the intermetallic

elements may prematurely trigger element deletion. That is why the FE model

with strain-based fracture criterion is used in a conservative fashion, only to

demonstrate that the micro-cracks are not generated above 500 ◦C and also that

the description of the coating–substrate deformation model in Chapter 3,

without micro-cracks, is realistic.

Figure 5.8 shows the equivalent strain (εeq) plots of the coating–substrate

model during quenching from 920 ◦C to room temperature at a cooling rate of

8 K/s. During quenching simulation, the differences in thermal contraction

between FeAl, Fe2Al5 and the steel substrate result in strain localization in the

vicinity of the voids, applying tensile strain around the large voids near the

surface (Fig. 5.9). At 600–650 ◦C, when ferrite and pearlite are formed, no

coating fracture is observed as the overall coating layer is ductile. According to

the simulation result, coating element deletion starts at 450–500 ◦C, the same

temperature range at which bainite transformation occurs in the substrate. This

indicates that the coating micro-cracks and bainite transformation occur at the

same temperature range during quenching. Furthermore, according to the

simulation results, the strain due to phase transformation is significantly less

than the strain caused by the thermal expansion mismatch between the Fe–Al

intermetallics. Comparing the FE simulation results with the AE activity in

Figure 5.2(c), high intensity AE signal peak is also observed at 450–550 ◦C

temperature range. It is likely that the AE signals are caused mainly by the

formation of micro-cracks in the AlSi coating. More information regarding the

simulation result is added in Appendix D.

The simulation is also repeated with a rapid cooling rate (∼50 K/s), similar

to what is usually maintained at the industrial hot stamping process. The

thermocouple reading of a typical heating and quenching experiment with

50 K/s cooling rate (Fig. 5.5) is utilized to mimic the rapid cooling effect on the
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Figure 5.8 – FE simulation result of quenching from 920 ◦C at a rate of ∼8 K/s, showing
the total equivalent strain plots (εeq) at various stages of the quenching simulation.

Figure 5.9 – FE simulation result of quenching showing the strain localization at 550 ◦C.

surface nodes in the FE model, shown in Figure 5.7. In this way, the effect of the

standard cooling rate is simulated to investigate the initiation of micro-cracks in

the AlSi coating. Table 5.3 shows that austenite at ∼400 ◦C is fully transformed
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Table 5.3 – Predicted fractions of austenite, ferrite, bainite and martensite phases from
920 ◦C to room temperature at a cooling rate of 50 K/s.

Phase
fractions

Austenite
(%)

Ferrite
(%)

Pearlite
(%)

Bainite
(%)

Martensite
(%)

920 ◦C 100 0 0 0 0

450 ◦C 100 0 0 0 0

350 ◦C 0 0 0 0 100

20 ◦C 0 0 0 0 100

into martensite. However, the micro-cracks occur at temperatures before the

start of transformation. Figure 5.10 shows the simulation result of the

coating–substrate model after quenching at a rate of ∼50 K/s. With coating

fracture activated based on the equivalent fracture strain data (Table 5.1), the

micro-cracks are initiated in the vicinity of large voids present in Fe2Al5 at

∼500 ◦C. Consequently, with a further temperature drop, those micro-cracks

propagate towards the coating–substrate interface. Therefore, according to FE

simulation results, micro-cracks in the AlSi coating during quenching could be

initiated without the influence of phase transformation in the substrate.

Figure 5.10 – FE simulation result of quenching from 920 ◦C at a rate of ∼50 K/s, showing
the total strain plots (εeq) at various stages of the quenching simulation.
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5.4 Summary & Discussion

This chapter discusses the effect of cooling rate, thermal loading and phase

transformation on the integrity of the AlSi coating, during quenching from

920 ◦C to room temperature. For this purpose, heating and quenching tests are

performed in presence of acoustic emission sensors as a function of cooling

rate. The tested samples are then inspected under the microscope, to

understand the evolution of coating micro-cracks. To characterize and

demonstrate the initiation of these micro-cracks, FE simulation of the

quenching stage is performed and compared with the optical and acoustic

measurements. After heating to 920 ◦C followed by a dwell time of 6 minutes,

micro-cracks are initiated in the evolved coating microstructure during

quenching, regardless of cooling rate or phase transformation. According to the

AE activity, the peak intensity at ∼500◦C indicates the initiation of micro-cracks

in the AlSi coating. Furthermore, according to FE simulations, the coating

micro-cracks are predicted to generate at temperatures below 500 ◦C, due to

strain localization around voids and formation of brittle Fe–Al intermetallics in

the AlSi coating. The simulations also suggest that the coating micro-cracks are

generated during quenching; therefore, the assumption of no micro-cracks in

the AlSi coating during heating and at the start of deformation stages is valid.





”All truth passes through three stages:

First, it is ridiculed,

Second, it is violently opposed,

Third, it is accepted as being self-evident.”

- Arthur Schopenhauer
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in hot stamping

In the previous chapters, the behaviour of an AlSi coating layer during heating,

deformation and quenching is investigated. During the heating stage, the

evolution of coating microstructure is analyzed; at the tensile deformation

stage, the fracture behaviour of different coating microstructures is studied and

finally the effect of phase transformation and thermal strains on coating

micro-cracking during quenching is discussed. However, our investigation of

AlSi coating fracture during the deformation stage is, so far, limited to uniaxial

tensile stress state. In fact, during an industrial forming process, a hot-stamped

component undergoes various stress states. Therefore, in this chapter,

industrial hot stamping of AlSi-coated steel blanks is investigated.

In Section 6.2, a description of the experiments is given, including the

post-processing strategy of experimental results. In Section 6.3, cross-die hot

stamping of AlSi-coated steel blanks is investigated while in Section 6.4, the

same approach is repeated for B-pillar hot stamping process. Finally, a

discussion and summary of key results can be found in Section 6.5.
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6.1 Introduction

In industrial hot stamping, it is seen in the literature that the AlSi coating

undergoes fracture at several blank locations. The coating fracture pattern is

found to be dependent mainly on the material behavior, stress state, tool

contact pressure and relative sliding of the blank and tool. For instance, at

non-contact locations, mode-I coating fracture is determined by the loading

history of the blank [25]. However, at contact locations, coating fracture is

severe, indicating mixed-mode coating fracture [57]. The aim of this chapter is

to predict the severity of coating fracture during the industrial hot stamping

process. For this purpose, cross-die and B-pillar hot stamping experiments are

performed and the coating layer is then inspected under the microscope.

Furthermore, to observe the evolution of stress state during hot stamping, FE

models are built in MSC Marc, replicating the hot stamping condition and

correlating the stress state with coating fracture pattern.

6.2 Experimental approach & post-processing steps

To study the evolution of coating fracture, the AlSi-coated press hardening

steel (PHS) is selected for cross-die and B-pillar forming processes. To obtain

the surface strain distribution, series of white paint dots are imprinted on the

blank. The surface strain is measured via an optical measuring

technique (ARGUS), which computes strain by comparing deformation of the

grid before and after forming. This technique utilizes two-dimensional pictures

to estimate the distribution of major and minor surface strains on a

three-dimensional geometry. Furthermore, to inspect coating fracture pattern,

critical locations of both cross-die and B-pillar samples are inspected under a

confocal microscope (S-neox optical profiler). Silicone impression material with

low viscosity is used to replicate the AlSi coating fracture pattern. Due to its

sub-micron grain size, coating fracture pattern is successfully captured by the

cured silicone, which is then observed under the microscope. To quantify the

evolution of coating fracture, a crack area parameter is measured by first

binarizing (2 × 3 mm) optical images of the coating fragment in MATLAB, such

that the cracked region is represented by black pixels. The total number of black

pixels is then divided by the total number of pixels, to obtain the crack area. For
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a particular location of the hot-stamped sample, the aforementioned technique

is applied to two optical images to obtain the average crack area (Acr). Such a

technique is already used in Chapter 2 to characterize the evolution of cracking

during uniaxial tensile deformation (Fig. 2.15). Unlike the crack density

parameter, which captures only the number of cracks, the crack area accounts

for crack widening during tensile straining. Hence, such a parameter is

considered reliable for characterizing not only the initiation of coating cracks

but also its widening as a function of macroscopic strain.

6.3 First case: Cross-die forming

For the cross-die forming experiment, a 260×260×1.5 mm Al–Si coated PHS is

utilized. After heating the sheet material at 930 ◦C for a total time of 6 minutes,

it is pre-cooled to the deformation temperature with forced air and then

transported to the punching tools within 7 seconds. For this particular cross-die

experiment, the blank temperature is maintained at 640 ◦C prior to drawing.

Two pyrometers are used to measure the average blank temperature. The

distance between the die and blankholder is kept fixed at 1.65 mm, with no

lubricants on the contacting surfaces. During forming, the punch speed is

maintained at ∼100 mm/s and the maximum height before fracture is

determined based on the drop in punch force. For the cross-die experiment at

640 ◦C, a maximum punch depth of 29 mm is reached. After simultaneous

forming and quenching under the forming tools, the sample is taken out and

the strain grid on its die side is measured by ARGUS to calculate the principal

strains. The critical regions (nose, wall, radius and flange) of the coated blank

are inspected under the optical microscope for coating fracture. Figure 6.1(a)

indicates these so-called critical regions on the cross-die component.

To understand the nature of coating fracture pattern, FE simulation of the

blank is performed mimicking the aforementioned forming process. The goal of

the simulation is to investigate the critical regions of coating fracture in terms of

the blank loading history. It is hypothesized that different stress states during

the forming process result in different coating fracture patterns. Figure 6.1(b)

shows the overview of tool and blank configuration in the cross-die simulation.

The force–displacement curve predicted by the FE model is compared with that
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Figure 6.1 – (a) Cross-die component after 29 mm punch displacement.
(b) FE model for cross-die forming simulation.

acquired from the experiment. The measured principal strains from ARGUS are

also compared with those predicted by the simulation. In this way, the accuracy

of the numerical model is determined. Furthermore, the confocal microscopy

measurements made at the critical regions of cross-die are correlated with the

strain path computed from the FE model.

A thermo-mechanical 3D quarter model of cross-die, including full

geometry of the tools, is assembled in MSC Marc (Fig. 6.1(b)). As shown in

Figure 6.2, the flow rule of Abspoel van Liempt is implemented to characterize

the elasto-plastic material behaviour of the blank at high temperatures [46]. A

constant Young’s modulus of 105 GPa is used for the PHS in austenitic state and

a constant Coulomb friction of 0.45 is prescribed to define the contact

conditions of blank and tools [69]. Regarding the thermal description, the heat

transfer coefficient (HTC) to the surroundings and to the tools are defined as a

function of temperature and tool contact pressure respectively. Table 6.1

contains the heat transfer coefficients, which are acquired from the

literature [69]. Regarding the element type, hexahedral eight-node solid

elements, with a minimum element edge length of 0.5 mm, are utilized.
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Table 6.1 – Description of heat transfer coefficients (HTC) during hot stamping [69].

Temperature (◦C) 20 950

HTC to ambient (W/mm2·K) 20 145

Pressure (MPa) 0 1 2 3 20

HTC to tool (W/mm2·K) 1050 2450 2800 3150 3500

Figure 6.2 – Flow curves of press hardening steels at high temperatures [46].

Results & Discussion

To validate the FE model, the force–displacement curve is first compared with

that of the experiment: an excellent agreement is obtained up to the maximum

punch depth of 29 mm (Fig. 6.3(a)). However, the principal strains computed

from the simulation underestimate that measured from the strain

grids (Fig. 6.3(b)). The discrepancy is likely due to the assumption of isotropic

material behaviour with the von Mises yield criterion. It is found in the

literature that the yield surface of PHS is best outlined by the Vegter yield

criterion [69]. Besides, although the hardening model is defined for PHS as a

function of temperature and strain rate, a slight underestimation of the
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temperature gradient in the FE model would overestimate hardening and delay

plasticity. Other sources of discrepancies include the evolution of friction and

presence of wrinkling and necking all of which are not considered in the FE

simulation.

Figure 6.3 – (a) Force–displacement curve and (b) principal true strain plot of the
cross-die after 29 mm punch depth at 640 ◦C.
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Figure 6.4 shows the evolution of principal strains along the critical sections

(nose, wall and flange) of the cross-die during forming simulation. It is observed

that the stress states at these sections are very different from each other. For

instance, along the wall section, uniaxial tensile straining is dominant while

thickening is observed along the flange section with thickness strain (ε3) > 0.

Interestingly at the nose section, plane strain followed by biaxial loading is

predicted by the FE model. At the onset of forming, a plane strain loading

is observed up to 2% major strain (ε1). Subsequently, the minor strain (ε2)

increases, indicating biaxial loading. This indicates that the nose undergoes

significant thinning indicating possible necking.

Figure 6.4 – Principal true strains at the nose, wall and flange sections of the cross-die
after 29 mm punch depth.

Figure 6.5 shows the AlSi coating fracture patterns observed at various

locations of the cross-die component. The critical regions include sections

along the wall, nose and flange. The black arrow in the cross-die part indicates

the orientation of coating cracks with respect to the sample. Along the wall, the

coating crack pattern is similar to what is observed in the uniaxial tension
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Figure 6.5 – Cross-die sample after 29 mm punch displacement, showing the coating
fracture pattern along the (a) wall, (b) nose and (c) flange sections, also indicating the

average crack area (Acr), plastic strain energy density (WP) and principal strains (ε1, ε2).



6

6.3 First case: Cross-die forming 137

loadcase (Fig. 6.5(a)). However, the pattern along the nose section is complex,

with cracks intersecting each other at right angles (Fig. 6.5(b)). In terms of the

principal strains (ε1,ε2,ε3), the coating cracks along the wall are generated

perpendicular to ε1 whereas cracks along the nose are seen to generate

perpendicular to both ε1 and ε2. According to the ε1 vs. ε2 plot in Figure 6.4, the

end-to-end "uninterrupted" cracks perpendicular to ε1 originate at the onset of

forming. We know from the experiments in Chapter 2 that coating cracks are

initiated at ∼1% strain during uniaxial tensile deformation at 600 ◦C (Fig. 2.14).

Therefore, the cracks perpendicular to ε1 are likely to initiate at ∼1%

macroscopic strain during the cross-die experiment. With continued forming,

biaxial loading predominates at the nose section, with positive ε1 and ε2, the

latter generating cracks perpendicular to ε2 as well. However, as the coating is

already broken in fragments, the so-called "secondary" cracks are arrested by

the already existing "uninterrupted" cracks. Meanwhile, along the flange

section, the coating cracks are found to be aligned perpendicular to the

direction of increasing strain ε1 (Fig. 6.5(c)). Due to the presence of a plastic

strain gradient along the flange, the average crack area value increases with the

rise in the plastic strain energy density (WP), the latter is calculated as an

average value for a number of elements in a specific area and also based on the

area of the inspected confocal image.

WP =
∫ ε

0
σdεp (6.1)

The optical micrographs from the cross-die part are also utilized to obtain

the distribution of the average crack area (Acr) as a function of plastic strain

energy density. With a plastic strain energy density of 34 N/mm2 at the wall, an

average crack surface area (Acr) of 18.7% is obtained (Fig. 6.5(a)) whereas a

plastic strain energy density of 22.7 N/mm2 at the nose resulted in an average

crack area of 17.3% (Fig. 6.5(b)). Interestingly, along the flange, due to relatively

low strain energy values (i.e.,WP=1–8 N/mm2), the evolution of the average

crack area at regions of low plastic strain is extracted from a single cross-die

component. Figure 6.6 shows the distribution of plastic strain energy

density (WP) after 29 mm punch depth. Furthermore, the crack surface area
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acquired from the flange, nose and wall sections is correlated to show the

evolution of coating cracks as a function of plastic strain energy density. As

shown in Figure 6.6(b), with the rise in WP, the coating crack area also increases.

Although there is a significant growth in crack area at the onset of plastic strain,

the growth rate gradually decreases. The initial upsurge of crack area is due

mainly to the initiation of coating cracks. The error bar indicates the scatter in

crack area values from two images at the same location. In Chapter 2, a similar

result is also observed during uniaxial tensile deformation at 600 ◦C: the AE

sensors detected initiation of most coating cracks at the onset of

straining (Fig. 2.12). Consequently, upon continued deformation, although the

crack widening contributes to a further rise in crack area its rate is lower than

that during the crack initiation phase. This shows that the plastic strain energy

density parameter can be used as a fracture indicator for non-contact loading

conditions during cross-die forming operation.

Looking at the contact locations of cross-die, severe coating damage is

observed, especially at the die side. Figure 6.7 shows the cross-die product after

forming at 640 ◦C. Coating removal is observed at the location of die contact.

However, no damage is observed on the punch side where there is negligible

sliding between the blank and punch. Therefore, the relative sliding of the blank

is speculated to be the contributing factor under contact pressure to cause such

a coating removal, as labelled in Figure 6.7. Upon cross-sectional inspection of

the radius, mixed-mode coating fracture is observed. Although the mode-I

fracture reaches the coating–substrate interface, mode-II fracture is expected to

occur along the plane where Kirkendall voids are present. It is likely that the

interaction of contact pressure and relative sliding creates significant build-up

of shear stress, especially along the plane of Kirkendall voids, initiating mode-II

coating fracture. Consequently, delamination of the AlSi coating occurs

resulting in the removal of large coating chunks and leading to tool pollution

due to adhesive wear and unstable friction coefficient between the contacting

surfaces.
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Figure 6.6 – (a) Plastic strain energy density (WP) of the cross-die sample after 29 mm
punch displacement.

(b) Evolution of average crack surface area (Acr) with rise in plastic strain energy density.
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Figure 6.7 – The end-product after cross-die forming at 640 ◦C, indicating the coating
removal section along the die-radius.

Figure 6.8 shows the distribution of contact normal stress and relative

sliding along the die side of the cross-die FE model at punch depths of 2, 15 and

29 mm. Both contact pressure and sliding become non-zero at a punch depth of

2 mm (Fig. 6.8(a)), after which the patch of contact pressure and sliding steadily

enlarges up to the final punch depth. At a punch depth of 29 mm, large patches

of contact pressure and sliding are observed, indicating the location of coating

removal during cross-die forming. According to these simulation results in

combination with the optical measurements in Figure 6.7, it can be concluded

that the interaction of shear stress due to contact pressure and relative sliding of

the blank across the tool is contributing to severe AlSi coating removal at

contacting locations.
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Figure 6.8 – Simulation result of the cross-die forming at
(a) 2, (b) 15 and (c) 29 mm punch depths.
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6.4 Second case: B-pillar forming

For the B-pillar forming experiment, the PHS blanks are first prepared, as shown

in Figure 6.9(a). The experiment involves heating the Al–Si coated PHS to 920 ◦C

for a total time of 6 minutes, after which the blank is transported to the forming

tools. The temperature of the blank is measured using a pyrometer and forming

starts at 750 ◦C. During the forming process, quenching also occurs due to blank-

tool contact. In this case, to observe the evolution of AlSi coating fracture, the

forming stage is interrupted at 18, 28 and 58 mm punch depths. Furthermore, to

measure the surface strain after drawing, strain grids are analyzed via ARGUS,

as described in the previous section. Moreover, critical sections of the formed

part are inspected under the confocal microscope to observe the evolution of

AlSi coating fracture pattern.

Figure 6.9 – (a) B-pillar blank dimension and (b) blank–tool geometry for FE simulation.
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To simulate the B-pillar forming, a 3D symmetric thermo-mechanical model

of the blank is prepared with the full tool geometries, as shown in Figure 6.9(b).

Apart from the blank–tool geometries, other model properties, including the

contact and thermo-mechanical properties are kept identical to the previous FE

model in Section 6.3. To determine the accuracy of B-pillar simulation results,

the computed major and minor strains are compared with that obtained from

the experiments. Also, the direction of principal strains predicted by the FE

model is compared with the coating fracture pattern at critical locations of the

B-pillar sample. From the simulation result, the critical regions of the B-pillar

are selected, namely curved and straight walls shown in Fig 6.9(b). Since these

two aforementioned sections along the punch side are dominated by distinct

loading histories, different coating fracture patterns are expected.

Results & Discussion

Figure 6.10 shows the distribution of major strain (ε1) after the maximum

drawing depth of 58 mm. According to experimental strain distribution in

Figure 6.10(a), the curved wall and flange sections undergo the highest strains,

the latter with a maximum principal strain of 50%. This indicates that

significantly greater plastic deformation occurs along the circumferential

direction of the flange than in other sections of the B-pillar. Although FE

simulation correctly predicts significant plastic straining along the flange, the

magnitude of major strain is underestimated.

In Figure 6.11, the principal strain data acquired from the experiment is

compared with that predicted by the FE model after a drawing depth of 58 mm.

The strains computed from the simulation show good qualitative agreement

with the experimental data, especially under uniaxial tensile and plane strain

loading conditions. The model underestimates, however, the magnitude of

major strain, especially along the flange region. One of the reasons for such a

difference is the assumption of an isotropic material model with von Mises yield

criterion. Furthermore, during the B-pillar forming process, the final punch

depth of 58 mm is determined based on the drop in punch force, which may

already cause necking and strain localizations in the B-pillar component.
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Figure 6.10 – (a) Experimental and (b) predicted major strain (ε1) distribution after
58 mm punch depth at 750 ◦C.

White pixels in (a) are the missing values in the measurement.
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Figure 6.11 – Comparison between experimental and FE predicted principal strains after
58 mm drawing depth at 750 ◦C.

For coating fracture inspection, two sections of the B-pillar punch side are

selected, namely the straight wall and curved wall. Figure 6.12 shows the

evolution of coating fracture along the curved wall section with an increase in

punch depth. According to the optical images, the curved wall section shows

orthogonal distribution of AlSi coating fracture at all three punch depths. After

18 mm punch displacement, an average crack surface area (Acr) of 15.1% is

observed. With continued punching to 28 and 58 mm, crack surface area values

rose to 19.3 and 20.8% respectively, indicating a gradual decline in crack growth

after 18 mm punch depth. To understand the formation of such a coating

fracture pattern, the FE simulations of B-pillar forming is performed to obtain

the direction of principal strains. Next to each coating micrograph, Figure 6.12

also shows the direction of principal strains predicted by the FE model.

According to FE simulation of B-pillar forming, the direction of strains is found
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to be unchanged and the coating cracks are aligned at right angles to the

direction of positive principal strains. As ε1>ε2, it is concluded that

"uninterrupted" cracks are first initiated at the onset of forming. Consequently,

as ε2 starts to increase, cracks are also generated perpendicular to the direction

of ε2. The same correlation is also observed with cross-die forming.

Figure 6.12 – AlSi coating crack pattern at the curved wall (punch side), showing the
evolution of average crack area (Acr) with rise in drawing depth.

Another critical region of the B-pillar component is the straight wall, which

is labelled in Figure 6.13. This region is dominated by uniaxial tension, with a

gradient of increasing strain towards the die-radius. To inspect the evolution of

coating fracture, the straight wall is equally divided into three inspection sites,

each situated at 25, 50 and 75% of the total drawing depth. Figure 6.13 shows

the evolution of coating cracks along the straight wall after a drawing depth of
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Figure 6.13 – AlSi crack pattern along the straight wall as a function of drawing depth.
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18, 28 and 58 mm. According to the optical images, after 18 mm, coating cracks

are observed at the location nearest to the die-radius (i.e., 25% of drawing depth

in Figure 6.13). After 28 mm drawing depth, more coating cracks are observed,

with the crack area (Acr) rising to ∼13% near the radius while Acr= 4% at the

centre of the straight wall. After the final drawing depth of 58 mm, the coating

cracks are observed at all the inspected regions, with a crack area of 15.6% near

the die-radius and 2.2% at its far end.

The average crack surface area (Acr) values acquired from the straight and

curved wall sections are combined to show the evolution of mode-I coating

cracks as a function of plastic strain energy density (WP). Figure 6.14 shows

the evolution of coating cracks in terms of crack area and plastic strain energy

density during B-pillar forming. The error bar indicates the scatter in crack

area values from two images at the same location. The corresponding plastic

strain energy density is calculated from the FE model by taking its average value

at the same location and area of the confocal image. The distribution of the

crack area in Figure 6.14 suggests that cracking initiates at a plastic strain energy

density of ∼2 N/mm2 at 750 ◦C. Similar to the cross-die forming case, at the

onset of plastic strain, there is a significant increase in crack area as coating

cracks are initiated. However, with continued straining, the existing cracks are

widened, further contributing to the rise in crack area value. More importantly,

this correlation of crack area with plastic strain energy density indicates that

this technique can be used to indicate coating fracture at non-contact locations

during hot stamping.
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Figure 6.14 – Evolution of average crack surface area (Acr) with rise in
plastic strain energy density (WP).

Upon inspecting the die side of B-pillar, the AlSi coating is found to be

severely damaged, especially along the wall sections. Figure 6.15 shows the

B-pillar samples after drawing depths of 18, 28 and 58 mm, indicating complete

coating removal along both the straight and curved walls. In these sections, the

coating is completely scraped off, thus exposing the substrate. After measuring

the span width of these removals, a proportional relationship of coating removal

width and drawing depth is found: after 18, 28 and 58 mm drawing depths,

removal widths of 10, 20 and 50 mm respectively are measured. Assuming that

the proportional relationship holds, the removal event is likely initiated at a

drawing depth of ∼8 mm. As observed with cross-die, it is also speculated that

a combination of tool contact pressure (Pn) and relative sliding of the blank

is the reason for such coating removals. For further clarification, the contact-

dominated sections are analyzed using the results from B-pillar simulation.
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Figure 6.15 – The die side of B-pillar, showing severe coating removal at the contact
locations after drawing depths of (a) 18, (b) 28 and (c) 58 mm.

Figure 6.16 shows the simulation result along the die side of the B-pillar

FE model. With the rise in drawing depth, the evolution of tool contact pressure

and relative sliding velocity of the blank are also plotted. According to the FE

simulation, the blank first comes in contact with the tool at die-radius, creating

a contact patch along the die-radius. Initially, when the drawing depth is 6 mm,

there is negligible contact pressure and sliding between the blank and

tool (Fig. 6.16(a)). As the drawing depth rises to 8 mm, the blank starts to slide

under low contact pressure, especially along the die-radius

contacts (Fig. 6.16(b)). Consequently, with continued drawing, the pressure

along the die-radius sections rises to such an extent that contact pressures of

∼40 and 70 MPa are observed along the straight and curved walls

respectively (Fig 6.16(c)). These results indicate that the blank sliding across the

tools under high contact pressure initiates the event of coating removal.

6.5 Summary

In this chapter, the AlSi coating fracture in industrial hot stamping process is

investigated. For this purpose, cross-die and B-pillar forming experiments are

conducted at different forming temperatures and drawing depths. After the

test, various sections of the end-product are investigated under the microscope.

Moreover, FE simulations of the forming process are performed to understand

the cause of different coating fracture patterns at both blank–tool contact and

non-contact dominated regions.
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Figure 6.16 – Simulation result of B-pillar at (a) 6, (b) 8 and (c) 10 mm drawing depths.
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According to the experimental and simulation findings in both cross-die and

B-pillar hot stamping processes, mode-I coating fracture initiates perpendicular

to the direction of positive principal strains. This is in accordance with the

findings in Chapter 2. Different mode-I fracture patterns indicate that it is not

just the magnitude of strain but also the stress state which influences coating

fracture during hot stamping. By means of a crack surface area parameter,

the evolution and severity of coating fracture is quantitatively observed. After

cracking, although the crack density parameter stays unchanged, widening

of the cracks during continued drawing is captured via the crack surface area

parameter.

To characterize the evolution of coating fracture in industrial hot stamping

processes, an equivalent scalar energy parameter known as plastic strain energy

density is employed. Although such an equivalent energy term has severe

shortcomings, especially during compression load cases, the plastic strain

energy density is demonstrated to be a reasonable measure for tensile

dominated stress states. During forming at high temperatures, since the

drawing is dominated by tensile stress states, the strain energy parameter can

be used reliably as an engineering approach to characterize the evolution of

mode-I coating cracks, especially at non-contacting locations of the

hot-stamped component.

During forming, the contact dominated locations show severe coating

removal, especially at the die-radius contacts. According to the optical

measurements, a mixed-mode coating fracture is observed at contact locations

in both cross-die and B-pillar forming experiments. Such a coating removal is

prevalent due mainly to the contact pressure and sliding of the blank across the

tools. Therefore, coating removal is a contact-related phenomenon whereas

coating fracture is a deformation-related phenomenon. However, further

investigation is necessary to characterize coating removal, especially along the

contact regions during the hot stamping process.





”The whole problem with the world is that fools and fanatics are always so

certain of themselves, and wiser people so full of doubts.”

- Bertrand Russell
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7 | Conclusions and

recommendations

In this chapter, the conclusions derived from this research are outlined, also

illustrating how results from one study are utilized to carry out the next phase of

research. Furthermore, the approaches taken to solving the challenges in this

research are evaluated and the possibilities of future inquiry are also reported.

7.1 Highlights of the research

Chapter 2—During this study, a novel hot tensile experimental setup with

acoustic emission sensors is realized to monitor the AlSi coating fracture at high

temperatures. The investigation involves heating the coated steel to 920 ◦C,

holding the sample for a dwell time of 6 minutes, deforming uniaxially at

400–800 ◦C followed by quenching to room temperature. The AE sensors are

incorporated to monitor the state of coating layer at each stage. After the test,

the distribution of coating cracks is examined via the optical and scanning

electron microscopy techniques. The results indicate that there is a strong

correlation between coating fracture and deformation temperature.

Furthermore, according to the acoustic and optical measurements, the uniaxial

tensile experiments at 400–700 ◦C result in coating fracture: at 400 and 500 ◦C

coating fracture is severe with spallation damage; at 600 and 700 ◦C stable

mode-I coating cracks are generated. However, at 800 ◦C no coating cracks or

spallation damages are observed until 30% macroscopic strain.
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Chapter 3—To understand crack initiation and propagation events in the AlSi

coating, finite element (FE) analyses are performed. For this purpose, a

coating–substrate model is built in MSC Marc, taking the realistic distribution of

coating intermetallics, voids and surface profile into account. The FE model is

first calibrated to uniaxial tensile experimental results in Chapter 2 and then

different AlSi coating microstructures are compared in terms of the density of

coating cracks. According to the FE simulations, the coating fracture is

minimized when the content of Fe-rich compounds (FeAl or diffusion zone) is

increased or when the number of voids is reduced in the AlSi coating.

Chapter 4—Based on the FE simulation results in Chapter 3, hot tensile

experiments are performed, this time by modifying the heating parameters in

such a way to replicate the recommended AlSi coating microstructures from

Chapter 3. After the test, the coating crack density is correlated with the

percentage of Fe-rich compounds (FeAl or diffusion zone) and voids in the AlSi

coating. According to the uniaxial tensile tests at 700 ◦C, an inverse correlation

is observed between the content of Fe-rich compounds and coating crack

density. Besides, no coating cracks are observed at 700 ◦C when the AlSi coating

is fully dominated by Fe-rich compounds: this is obtained when the sample is

heated to 1100 ◦C at a heating rate of 10 K/s followed by a dwell time of

3 minutes.

Chapter 5—In Chapters 2 and 4, all the deformed samples inspected under the

microscope show micro-cracks, which are likely to be initiated during

quenching. To investigate this, heating & quenching tests are conducted with

acoustic emission sensors as a function of cooling rate, keeping the heating

stage fixed at 920 ◦C for 6 minutes. According to the optical measurements, all

the samples contain micro-cracks in the AlSi coating, regardless of cooling rate

or phase fractions in the (steel) substrate. Regarding the acoustic activity during

quenching at a cooling rate of 8 K/s, the highest intensity signals are observed

at ∼500 ◦C. Furthermore, according to the FE simulation results, no coating

cracks are seen until 500 ◦C. Hence, the micro-cracks are not initiated in the AlSi

coating above 500 ◦C .
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Chapter 6—The AlSi coating fracture is investigated during industrial hot

stamping processes. Cross-die and B-pillar forming experiments are performed,

the latter with three different punch depths. Based on the microscopy

techniques of the deformed blank coupled with the FE simulations of the hot

stamping process, it is found that the crack opening (mode-I) fracture pattern is

in accordance with the direction of principal strain vectors, whereas the

interfacial (mode-II) fracture is present only at the location of contact pressure

and blank sliding. Although the average coating crack area is directly correlated

to plastic strain energy density, the mode-II interfacial coating fracture is a

contact related damage phenomenon.

7.2 Discussion & recommendations

In this section, the most important results, including recommendations for

future investigation, are mentioned in the following categories:

1 Experimental investigation of AlSi coating fracture (Ch. 2, 4 & 5).

2 Numerical investigation of AlSi coating fracture (Ch. 3 & 5).

3 AlSi coating fracture in hot stamping (Ch. 6).

(1) Experimental investigation of AlSi coating fracture

In Chapter 2, a novel technique with acoustic emission sensors is proposed

which reliably detects AlSi coating fracture events during uniaxial tension at

elevated temperatures. The proposed experimental setup can also be used to

monitor samples which are visually inaccessible during testing. Although the

setup successfully detects coating fracture during uniaxial tension, other loading

conditions, including scenarios where tool-contact occurs (e.g. bending tests),

are not investigated. After hot stamping experiments, the tool contact regions

are found to be severely damaged due to the interaction of contact pressure and

blank–tool relative sliding. Furthermore, the fracture behaviour of AlSi coating at

other stress states, such as compression, shear and biaxial stress states, are still

unexplored. The acoustic emission sensors can also be utilized to monitor the

integrity of coating layers in these aforementioned stress states, provided that

appropriate experimental setups are designed. It is recommended to develop an

acoustic sensor-integrated fixture in a tribometer where the sensors can monitor
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the state of the coating layer at conditions of bending under contact pressure,

which is a dominant condition of coating damage in hot stamping. With the

fracture strain description at shear, biaxial and plane strain dominated stress

states, it is then possible to create a fracture envelope of the AlSi coating as a

function of triaxiality, Lode angle parameter and forming temperature.

In Chapter 4, hot tensile experiments with modified heating parameters are

conducted in a Gleeble 563 to demonstrate experimentally the effect of different

AlSi coating microstructures on their fracture. With the Gleeble, the test-piece is

heated via electrical resistance heating whereas the blanks in practice are

heated inside a furnace via conduction heating. Such a difference in heating

method is found to result in different AlSi coating microstructures and

subsequently in its fracture. Microstructural differences caused by different

heating techniques have been investigated in Chapter 4. It is recommended to

conduct a more exhaustive test programme in a Gleeble and in an industrial

furnace, to characterize in detail the effect of different heating techniques on

the evolution of AlSi coating microstructure.

After heating the AlSi-coated steel, the coating layer evolves into various

Fe–Al intermetallic compounds. To define the coating layer in a finite element

model, material properties of bulk Fe–Al intermetallics in Chapter 3 are taken

from the literature. However, in the AlSi coating, the Fe–Al intermetallics are

formed via Fe-diffusion, a process very different from powder metallurgy for

preparing bulk stoichiometric compounds. It is still unknown how the Fe–Al

intermetallic compounds formed via Fe-diffusion vary with bulk Fe–Al

intermetallics via powder metallurgy in terms of strain hardening and fracture.

Furthermore, it is concluded from the experiments in Chapter 2 that the

fracture in AlSi coating layer is largely dependent on the elasto-plastic and

fracture behaviour of Fe–Al intermetallics. Also, during quenching, in particular

at temperatures from 900 ◦C down to 300 ◦C, the thermo-mechanical behaviour

of the Fe–Al intermetallics is essential to evaluate its micro-cracking behaviour.

Therefore, it is recommended to conduct isothermal indentation experiments

on the heat-treated AlSi-coated steel samples, in order to extract the

elasto-plastic mechanical behaviour of the Fe–Al intermetallics (in particular of

FeAl and Fe2Al5) at the aforementioned temperature range. Finite element
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simulation of the indentation experiment can be utilized to also obtain the

plastic properties (e.g. yield stress, strain hardening coefficient, strain

hardening exponent) of Fe–Al intermetallics. These material parameters can

then be used as an input to define accurately the AlSi coating model and predict

coating fracture at hot stamping conditions.

(2) Numerical investigation of AlSi coating fracture

In Chapter 3, a coating–substrate FE model with a realistic distribution of voids,

surface and intermetallics is utilized to numerically improve the AlSi coating

microstructure that minimizes coating fracture at hot stamping. To simulate the

AlSi coating fracture, a 2D representation of the coated steel sample is

reproduced from optical images with geometrical assumption of a plane strain

model. The model can be improved with a 3D representation of the voids and

intermetallics. In particular, a representative volume element of the

coating–substrate system would allow the analysis of coating fracture under

various loading conditions, including biaxial and shear dominated stress states.

Since the voids and FeAl intermetallic islands are ellipsoidal in shape, a

representative coating–substrate 3D model would improve the description of

coating and provide a more accurate prediction of strain localization and

coating fracture. Although the FE model reliably captures the experimental

fracture response at isothermal conditions, a strain-based fracture criterion for

non-isothermal simulations is not accurate. During the simulation of

quenching, the strain induced at high temperatures is carried forward to low

temperatures, causing an early initiation to fracture. Further research is

required to understand the evolution of cracking and how strain is accumulated

in the material at non-isothermal conditions. In-situ quenching experiments in

the presence of eddy current sensors may indicate the build-up of residual

stress around the voids. Such an investigation would give more information in

appropriately simulating coating fracture during quenching and in scenarios

involving temperature gradient.
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(3) AlSi coating fracture in hot stamping

In an industrial hot stamping operation, forming occurs with a blank-holder

spacer. This means that the blank can easily slide through the tools during

forming with a no build-up of shear stress. Although mode-I coating fracture

occurs at locations where bulk straining is dominant, the mode-II type interfacial

fracture occurs at the location of die contact, where a combination of contact

pressure and relative sliding is present. To investigate the contact dominated

coating fracture, hot-strip draw-bend tests are recommended on the AlSi-coated

steel as a function of drawing temperature, nominal pressure and sliding strain.

After the test, the extent of coating damage can be quantified by measuring the

crack surface area. The experimental programme can be upgraded further for

various AlSi coating microstructures, which is achieved by varying the heating

stage parameters, as demonstrated in Chapters 2 and 4. By quantifying the

Fe-content in the AlSi coating, the effect of different coating microstructures on

mode-II coating fracture can also be captured.

To characterize the effect of sliding under normal loading conditions, finite

element simulations are recommended to be conducted by taking the realistic

distribution of voids, intermetallics and surface profile into consideration, as

shown in Chapter 3. As a quantitative measure of coating fracture, the average

crack surface area during the simulation can be accumulated to create a

database of coating fracture as a function of temperature, nominal pressure and

sliding. The AlSi coating fracture database can also be upgraded for different

heating parameters, by numerically adjusting the distribution of Fe–Al

intermetallics and voids from SEM images. Such a technique of numerically

modifying AlSi coating microstructure is mentioned in Chapter 3.





If I am not persuasive enough...



A | Experimental results with

AE sensors

Hsu–Nielson localization tests at high temperatures

The following contains Hsu-Nielson pencil-lead break localization tests at

sample temperatures of 400 and 800 ◦C while the sensor is at room temperature.

The pencil break locations and the corresponding signal localization in the

AEWin software are also shown in the figure. In contrast with the signal

distribution acquired during room temperature Hsu-Nielson tests (Fig. 2.6), it

can be seen here that there is a mean AE activity shift of 2 and 6 mm at the

center of the sample when the sample temperature is at 400 and 800 ◦C,

respectively. After 25 pencil-lead breaks at the sample center at room

temperature, a mean signal location (µ) of 830.7 mm is calculated (Fig. 2.6)

whereas at 800 ◦C, the mean shifted to 836.7 mm with a standard deviation (σ)

of 4.72. Neglecting user-error in repeating the test 25 times at the centre, such

an offset of AE signals is likely due to the temperature gradient in the

experimental setup. As the sample is at a higher temperature than the sensor,

the offset in the AE source localization is due likely to the change in acoustic

signal velocity with rise in temperature. Furthermore, as the shift in AE signals

at 800 ◦C is within the signal scatter (i.e., < 3σ) of room temperature

Hsu-Nielson tests, pin-pointing the AE signal source is, therefore, not largely

hampered by the temperature gradient in the setup.
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Figure A.1 – AE output signal distribution (•) after pencil-lead break tests over the sample
length at high temperatures.
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Hot tensile dataset with AlSi-coated steel

Figure A.2 contains the additional hot tensile experimental flow stress data and

the corresponding AE signals retrieved from the gauge section of the specimen.

For each testing condition, both sides of the coating surface topography are also

attached.
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Figure A.2 – True stress–strain curves of coated press hardening steel, including the AE
activity and coating surface topography at 400–800 ◦C temperature range.
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Energy-dispersive X-ray spectroscopy of coating layer

Figure A.3 contains images from the scanning electron microscope followed by

the atomic compositions of Fe, Al and Si present in the coating layer. The line

scans are performed on hot tensile samples deformed at temperatures from 400

to 800 ◦C.

Figure A.3 – Atomic composition of elements present in the coating layers at 400–800 ◦C.
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Dataset with uncoated PHS during deformation

Figure A.4 contains the hot tensile test on uncoated press hardening steels at a

deformation temperature of 700 ◦C after heating at 920 ◦C for 6 minutes. The

flow stress and corresponding AE signals received from the gauge section of the

specimen are shown below.

Figure A.4 – True stress–strain curve of uncoated PHS steel at 700 ◦C, including AE
intensity.





B | Additional AlSi coating

FE simulation results

1.5 mm coating–substrate FE model

Figure B.1 contains the preparation of a 1.5 mm long coating–substrate FE

model, taking into account the surface profile and void distribution from

optical images. The coating–substrate is built in MSC Marc, by mapping the

cartesian coordinates of the voids and surface profile from a 1.5 mm long

optical micrograph. The image processing steps to acquire the coordinates are

performed in MATLAB.

Figure B.1 – A 1.5 mm long coating layer, from which surface profile and void
coordinates are acquired to make a 2 mm long representative coating layer.
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Figure B.2 shows the simulation result during uniaxial tension at 600 ◦C.

After 3.5% macroscopic strain, the coating crack density is found to be the same

as observed with 0.75 mm coating layer. This indicates that the 0.75 mm coating–

substrate FE model can be used as a representative length to model coating

fracture.

Figure B.2 – Simulation result of coating–substrate FE model after uniaxial tensile
loading at 600 ◦C after 1, 3.5 and 5% macroscopic strain.

A small part (80 µm) of the substrate is shown here.
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Micro-CT scans on the AlSi coating

Figure B.3 shows the micro-CT measurements of AlSi-coated steel after heating

at 920 ◦C followed by a dwell time of 6 minutes. The cross-section of the coating–

substrate is represented in slices, each being 3 µm apart from the other. The

figure shows 25 µm cross-section of the coating–substrate, which is represented

in 5 images. Looking into the progression of voids in each slice, it is evident that

the voids are ellipsoidal in shape.

Figure B.3 – Cross-section slices of the AlSi-coated steel, showing the morphology of
coating voids after heating the coated steel at 920 ◦C for a dwell time of 6 minutes.





C | Effect of heating parameters

on AlSi coating

15 K/s heating rate on AlSi coating layer

Figure C.1 shows a snapshot of the heating and quenching experiments inside

Gleeble 563. The snapshot indicates the portion where the coating layer melts

and forms bubbles at ∼700 ◦C while the sample is on its way reaching 920 ◦C at

a heating rate of 15 K/s. The video contains the movement of the thermocouple

wire after the melting of AlSi coating, indicating that the AlSi coating is in liquid

state at the center of the sample. Also, during the heating stage, as soon as the

temperature of the sample exceeds 580 ◦C, bubbles of molten AlSi could be seen

on the centerline of the sample (Fig. C.1), suggesting melting and possible

sliding of the coating layer downwards towards the edge of the sample. That is

why the AlSi coating thickness after heating at 15 K/s drops; it is possible that

such a drop in the coating thickness is due to the melting of AlSi coating.

The video footage, also accessible via the QR code, shows the evolution

of AlSi coating layer during heating from 500 to 920 ◦C at a heating rate of

15 K/s. The video also shows the evolution of AlSi coating melting zone, starting

from the center and reaching to the ends of the sample gauge. This occurs

when the temperature on the sample reaches ∼580 ◦C. This also shows that the

temperature distribution is not homogeneous as melting occurs predominantly

at the center compared to the rest of the sample.
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Figure C.1 – The melting of AlSi coating during heating at 15 K/s.
Link of the video-

https://youtu.be/1K9mIo02C58.

https://youtu.be/1K9mIo02C58
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Representative void fraction of AlSi coating

Figure C.2 contains 2 sets of 1-mm long micrograph of the AlSi coating after

heating at 920 ◦C for 6 minutes followed by cooling at a rate of 5 K/s. The figure

also shows the binarized images, where the voids are represented in black pixels

while the coating is white. After obtaining the surface profile and manually

drawing a line at the coating–substrate interface, an area of interest (AOI) is

obtained. Within the AOI, the void fraction is calculated by first summing up

all the black pixels and then dividing it with the total number of pixels in the

AOI. For each condition, 2 coating micrographs are utilized to obtain the average

void fraction (Fvoid).

Figure C.2 – A 1-mm coating layer, from which the void fraction is extracted.
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Percentage of Fe-rich compounds in the AlSi coating

Figure C.3 shows cross-section of AlSi coating after heating at 920 ◦C for

6 minutes followed by cooling at a rate of 5 K/s. The pixels of Fe-rich

compounds (i.e., FeAl + diffusion zone) are acquired by converting the color

code of Fe-rich compounds to black pixels, voids to red pixels and the rest to

grey. Prior to image processing, the coating–substrate interface is manually

marked with black pixel. Afterwards, the percentage of Fe-rich compounds is

measured by taking the ratio of black pixels within the coating layer to total

coating pixels. The average percentage is obtained by repeating the

aforementioned procedure for another SEM image for the same heating

condition. In this case, the average percentage of Fe-rich compounds is 28.7%.

Figure C.3 – A 120-µm SEM image, from which the percentage of Fe-rich compounds is
measured.

(black pixels: Fe-rich compounds; red pixels: voids).
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Heating parameters on AlSi coating microstructure

This dataset contains the SEM images and their corresponding line

spectroscopy results of the additional heating and quenching test. For each

testing condition, the unfiltered coating through-thickness topography is also

attached. The tests are categorized as a function of heating temperature

(Fig. C.4), dwell time (Fig. C.5) and heating rate (Fig. C.6).
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Figure C.4 – The SEM image and atomic composition of Fe, Al and Si after
heating–quenching at heating temperatures of (a) 700, (b) 920, (c) 1000 and (d) 1100 ◦C.
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Figure C.5 – The SEM image and atomic composition of Fe, Al and Si after
heating–quenching at dwell times of (a) 2, (b) 6 and (c) 10 minutes.



185



186 Effect of heating parameters on AlSi coating

Figure C.6 – The SEM image and atomic composition of Fe, Al and Si after
heating–quenching at heating rates of (a) 0.5, (b) 5, (c) 10 and (d) 15 K/s.
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Heating parameters on AlSi coating fracture

This dataset contains the hot tensile experimental results at 700 ◦C with modified

heating stage parameters. For each testing condition, the heating condition,

cross-sectional SEM image of the AlSi coating , line spectroscopy result and the

unfiltered top surface topography are attached. The following figures show the

repeated results corresponding to all coating microstructures as a function of

various heating stage parameters.
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Figure C.7 – The SEM image, top surface and atomic composition of Fe, Al and Si of the
desirable AlSi coating microstructure after hot tensile test at 700◦C.
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Figure C.8 – The SEM image, top surface and atomic composition of Fe, Al and Si of the
undesirable AlSi coating microstructure after hot tensile test at 700◦C.



D | Quenching of AlSi coating

Dataset with uncoated PHS during quenching

Figure D.1 contains the result of heating and quenching tests on uncoated press

hardening steels, showing the AE activity during quenching from 920 ◦C with

8 K/s cooling rate. The heating stage includes heating the uncoated sample at

920 ◦C for 6 minutes. The thermocouple reading and corresponding AE signals

received from the gauge section of the specimen are shown below.

Figure D.1 – Temperature–time curve of uncoated PHS upon quenching from 920 ◦C,
including AE intensity.
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Additional simulation result

Figure D.2 shows the total strain plot at 800 and 400 ◦C along the x-direction

during quenching at 50 K/s. This simulation is conducted without the fracture

strain criterion. In this case, the substrate is partially under contraction due to

quenching. However, the voids are under tensile loading condition, which leads

possibly to the formation of coating micro-cracks.

Figure D.2 – Total strain plot in the x-direction during quenching from 920 ◦C to room
temperature.
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