
Contents lists available at ScienceDirect

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

Development and characterization of multilayer laser cladded high speed
steels

N. Ur Rahmana,⁎, L. Capuanoa, A. van der Meera, M.B. de Rooijb, D.T.A. Matthewsc, G. Walmagd,
M. Sinnaevee, A. Garcia-Juncedaf, M. Castillof, G.R.B.E. Römera

a Chair of Laser Processing, Department of Mechanics of Solids, Surfaces & Systems (MS3), Faculty of Engineering Technology, University of Twente, Enschede, The
Netherlands
b Chair of Surface Technology & Tribology, Department of Mechanics of Solids, Surfaces & Systems (MS3, Faculty of Engineering Technology, University of Twente,
Enschede, The Netherlands
c Chair of Skin Tribology, Department of Mechanics of Solids, Surfaces & Systems (MS3), Faculty of Engineering Technology, University of Twente, Enschede, The
Netherlands
d CRM Group, Metal Processing Technology, Rue des Pôles 1 B56-Quartier Polytech 2, B-4000 Liege, Belgium
eMarichal Ketin, Rue Ernest Solvay 372, 4000 Liege, Belgium
f IMDEA Materials Institute, C/Eric Kandel 2, 28906 Getafe, Madrid, Spain

A R T I C L E I N F O

Keywords:
High speed steel
Laser cladding
Complex nanometer-sized carbides
Compressive residual stress
Crack propagation

A B S T R A C T

Two high speed steel (HSS) alloys were laser cladded on 42CrMo4 steel cylindrical substrate by using a 4 kW
Nd:YAG laser source. After optimization of the laser material processing parameters for single layers, multi-
layered clads were produced. Microstructural characterization of the laser deposits constitutes studies of the
carbides and matrix, which was done by using Scanning Electron Microscopy (SEM), Energy Dispersive
Spectroscopy (EDS), Electron Backscattered Diffraction (EBSD) and High Resolution Transmission Electron
Microscopy (HRTEM).

The strengthening mechanism of LC1 (Fe-Cr-Mo-W-V) was comprised of a martensitic matrix and retained
austenite along with networks of VC and Mo2C eutectic carbides. Cr enriched fine carbides (Cr7C3 and Cr23C6)
were embedded within the matrix. During laser cladding of the multilayer deposits, cladding of subsequent
layers had a detrimental effect on the hardness of previously cladded layers, which was due to tempering of
existing lath martensite. To overcome the hardness drop, a new alloy LC2 (Febal−x-Cr-Mo-W-V-Cox) was blended
by addition of 3–5% of Co in LC1. The addition of Co resulted in an overall increase in hardness and a reduction
in the hardness drop during sequential layer cladding; the latter was due to the presence of Co in the solid
solution with Fe.

HRTEM was performed to characterize the nanometer-sized precipitates evolved during the re-heating. These
carbides were either enriched with V and W or formed from a complex combination of V, Mo, W and Cr with
lattice spacings of 0.15 nm to 0.26 nm.

1. Introduction

The laser cladding is a manufacturing technique, which uses ab-
sorbed laser energy to deposit clad layers of improved properties onto a
given substrate [1,2]. The clad material can be deposited by several
ways, among which powder injection is found most effective in most
cases [3]. That is, during laser cladding a high power laser beam scans
over the surface of the substrate creating a melt pool and powder ma-
terial is simultaneously injected into the melt pool to produce clad
tracks upon solidification [4]. The process parameters like laser power,

laser scan speed, powder mass flow rate, preheating temperature, car-
rier and shielding gas flow rates have strong influence on the clad
quality [5]. Laser cladding offers distinct processing advantages over
conventional technologies due to high control over the heat input,
limited heat affected zone (HAZ), minimal dilution of the powder ma-
terial with substrate and low distortion, and strong bonding between
clad layers and the substrate [6,7]. Laser cladding process is also known
as Direct Metal Deposition (DMD), Laser Metal Deposition (LMD) and
Direct Energy Deposition (DED) [8]

In applications where exceptional properties like wear and
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corrosion resistance, high strength and hardness are required, high
speed steels (HSS) are highly preferred materials [9,10]. These alloys
therefore are extensively used in a variety of applications such as cut-
ting tools, high speed machining, hot stamping, moulding and hot
rolling [11]. HSS are complex alloy steels containing carbide forming
elements like vanadium, tungsten, molybdenum and chromium, with
the alloying elements percentage ranges usually between 10–25% [12].

For hot strip mill (HSM), HSS work rolls are conventionally pro-
duced by the casting process [13,14]. Typical microstructure of the cast
HSS rolls is composed of martensitic matrix and heterogeneously dis-
tributed coarser grain boundary carbides with the grain size ranging
from 20–200 μm [15,16]. Nilsson et al. [17] recommends the utilization
of powder metallurgy processes to refine the microstructure. Micro-
structural refinement will improve the thermo-mechanical fatigue and
the wear resistance of the work rolls in the HSM. Such refinement of the
microstructure can be achieved by laser cladding process as of rela-
tively high cooling rates [18,19].

Although rapid cooling during re-solidification results in superior
mechanical and metallurgical properties of deposited laser clads, it can
also induces high residual stresses after deposition [20]. Moreover, by
stacking clad layers on top of each other, and with the increase of
hardness above 500 HV, it is quite difficult to produce crack free clad
tracks [21]. In the case of HSS, due to the presence of martensitic
matrix and hard carbides like MC (2500 HV), M2C (2000 HV), M7C3

(1600 HV), M6C (1500 HV) and M23C6 (1000 HV) carbides [22], the
overall hardness can be higher than 800 HV, making it further difficult
to produce thick multilayer clad coatings. In that case preheating of the
substrate is an approach to reduce cooling rates during cladding of
metal alloys, which are highly susceptible to cracking resulting in
achieving homogeneous clad properties [23,24].

In the past, multilayer laser cladding of commercially available HSS
alloys with relatively small thickness was studied by Shim et al. [25]
and Ocelik et al. [26]. Various studies were conducted to identify the
nano- precipitates evolved during heat treatment of cast HSS alloys
[27–29] and identified the nano-precipitates as M7C3 and M23C6

[28,29]. The current work emphasizes the development of relatively
thick homogeneous multilayer laser cladding of HSS alloys (up to
20mm thickness), and provides a detailed study of microstructure in
terms of phase constitution and micro-hardness. In addition, High Re-
solution Transmission Electron Microscopy (HRTEM) characterizes the
nanometer-sized complex carbides in the matrix precipitated during the
re-heating of intermediate layers.

2. Experimental

2.1. Experimental setup and processing parameters

The laser cladding setup used consists of a 4 kW cw Nd:YAG laser
source (Trumpf) equipped with a transport fibre of 600 μm core dia-
meter. The focusing head consisting of a 200mm collimation lens and a
300mm focal lens, which was mounted to the end-effector of a six
degree of freedom ABB robot IRB-2600M2004, see Fig. 1. An ABB tilt
rotation manipulator was used to manipulate the cylindrical substrates.
The powder was supplied by a Twin150C Oerlikon-Metco powder
feeder and injected into the laser-induced melt pool on the substrate by
lateral nozzles of 2.5 mm and 3.0mm in diameter. An IWS Fraunhofer
thermal camera EMAqS is used for the inspection of the state of the melt
pool during laser cladding. Argon was used as powder carrier gas, as
well as to protect the laser-material interaction zone from oxidation.

To improve shielding of the clad layer just behind the laser spot, an
additional shielding gas nozzle (ILT-Fraunhofer) was used. A Metis
HQ22 pyrometer of Sensortherm and handheld thermocouples were
used to monitor the temperature during solidification and cooling of the
laser clads. Powder injection was conducted both by stinging and
dragging injections, see Fig. 2. When the flow direction of injected
powder particles is same as the moving direction of the substrate, it is

termed as dragging injection [30]. While in case of the stinging injec-
tion, direction of the powder injection is opposite to the moving di-
rection of the substrate [30]. In stinging injection, injected powder
stream can partially sting the clad track before reaching the melt pool.
In the current study, the stinging injection configuration was preferred
due to efficient shielding of the clad track being produced and due to
good stability of the melt pool which is extremely important to produce
quality cladding. Schematics of both injection configurations along
with melt pool images are shown in Fig. 3. It can be seen that during the
dragging injection, the melt pool was highly unstable with powder
particles splashing out of the melt pool, see Fig. 3. On the contrary, the
melt pool was perfectly stable during the stinging configuration which
resulted in producing quality cladding, see Fig. 3. The distance of the
tip of the powder nozzle from the melt pool was set to 13mm.

In order to limit porosities and stress concentration between con-
secutive tracks as well as to increase the thickness of clad layers, sub-
sequent clad tracks were overlapped by 50% of the width of the single
track. Preheating of the substrate is usually performed by induction or
resistive heat sources. However, in this study the heat accumulated by
the previously cladded layers is used as source of heat for cladding the
next layer at a high equilibrium temperature of 150 ± 10 °C. Handheld
thermocouples were used to trace the thermal profile of the cladded
samples during cooling (in air). The thermocouples were held on the
free surfaces of the coatings at various locations. Laser cladding pro-
cessing parameters for the cladding of single layers as well as of mul-
tilayer laser clads are listed in Table 1.

2.2. Materials

Laser cladding of two HSS alloys, LC1 (Fe-Cr-Mo-W-V) and LC2
(Febal−x-Cr-Mo-W-V-Cox) was performed. The chemical compositions of
these alloys are listed in Table 2. Laser cladding powders were com-
mercially purchased from Höganäs AB and Carpenter Technology
Corporation and were investigated by varying the amount of carbide
forming elements V, W and Mo and by addition of Co (LC1 and LC2).
The morphology of the LC1 powder was spherical with an average
particle size of 90 μm, while the LC2 powder had asymmetric particles
and satellites present with an average particle size of 70 μm, see Fig. 4.
Laser cladding was performed on 42CrMo4 steel cylindrical substrates
of 50mm and 100mm diameters.

2.3. Analysis tools

Samples for the microstructural analysis were prepared from the
cross-sections of laser cladded bars and mounted in Bakelite (Struers-
PolyFast). Polishing of samples was performed on Struers TEGRA-
MIN-30 by using diamond suspensions of 9 μm, 3 μm, 1 μm, and
0.25 μm, and colloidal silica suspension of 0.04 μm. A JEOL JSM-7200F
field emission SEM equipped with EDS and EBSD sensors was used for
microstructural, elemental and phase analysis which is quantified using
AZtecHKL from Oxford Instruments. A FEI Thermo Scientific™ Talos

Fig. 1. (L) High power laser cladding facility at the University of Twente. (R)
Enlarged image of optical head with an EMAqS thermal camera.
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F200X Scanning/Transmission Electron Microscope (S/TEM) was used
for HRTEM imaging. Samples for HRTEM were prepared by Focused Ion
Beam (FIB).

The micro-hardness of the HSS alloys was determined by a Leco LM-
100AT Vickers indenter. The micro-hardness measurements were con-
ducted at a load of 500 g with a dwell time of 15 s (DIN EN ISO 6507-1
standard). Tensile testing of 20mm thick laser cladded samples of LC1
was conducted to access the bonding strength of clad with the substrate.
The tensile testing was performed at room temperature by a Universal
Tensile Testing Machine. Cylindrical samples of 39mm in length were
machined from the 20mm thick laser clad on 100mm diameter rod by
wire Electrical Discharge Machining (EDM). Samples were machined in
such a way that half of the sample consisted of laser clad while the
other half consisted of substrate material.

3. Results

3.1. Multilayer deposition

During the laser cladding trials aiming at the deposition of multi-
layer clads of HSS alloys, two parameters were found to be of critical
importance, the height of individual clad layers and the substrate
temperature. Depositing relatively thick individual clad layers in order
to limit the total number of clad layers, reduces the risk of interlayer
defects and number of starts and stops. At the same time preheating
prevents cracking and delamination of clad layers which occurred while
cladding at room temperature, see Fig. 5.

Thick multilayer laser clads (4 mm, 10mm and 20mm) of LC1,
which were successfully produced by maintaining a high equilibrium
temperature of 150 ± 10 °C (Fig. 5). The 20mm thick laser clads were
deposited with help of eleven overlapping clad layers. The relative
velocity of the laser beam to the surface of the substrate was fixed at
5mm/s, as previously no considerable effect of higher processing beam

velocities was found on hardness during processing of HSS alloys [31].
For micro-hardness comparison and to observe possible tempering ef-
fects due to sequential cladding, double layer (4 mm thick) coatings of
LC1 and LC2 were laser cladded.

3.2. Microstructural investigation

Fig. 6 shows the Backscattered Electron (BSE) micrographs of the
cross-sections of LC1 and LC2. The microstructures of both alloys
consist of interdendritic networks of eutectic carbides and martensitic
matrices along with retained austenite. BSE micrograph show the ty-
pical size and morphology of different carbides present in the laser clad
HSS alloys, see Fig. 7. BSE micrograph assisted with EDS images
showed that blocky, round and rod like shaped MC carbides are en-
riched with V (VC). While M2C carbides have feathery, lamellar and
layered morphology and are enriched with Mo (Mo2C) [16] (Fig. 7).
Fine Cr enriched secondary precipitates of M7C3 and M23C6 are em-
bedded in the matrix. For LC2, 3–5% Co is added to the LC1. The

Fig. 2. Different configurations of lateral powder injection and shielding gas nozzles, (L) dragging injection, (R) stinging injection.

Fig. 3. Schematics of (L) dragging injection; (R) stinging injection. Inserts: Melt pool images recorded by EMAqS.

Table 1
Processing window for the laser cladding process.

Laser power Laser scan speed Powder mass flow rate Beam diameter
(W) (mm/s) (g/min) (mm)

3600 5 16 7
2200–2400 5 14 5

Table 2
Chemical composition of cladding powders (Wt.%).

Powders C Cr Mo W Co V Si Fe

LC1 1.40 4.30 4.0–6.0 5.0–6.0 – 3.0–5.0 0.40 bal
LC2 1.40 4.30 4.0–6.0 5.0–6.0 3.0–5.0 3.0–5.0 0.40 bal
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additional Co does not form carbides.
EBSD analysis of both alloys was performed to study their

strengthening mechanisms. Fig. 8 shows the phases present in the LC1.
Due to the crystallographic similarity, VC carbides and austenite are
indexed together. After martensite, the larger proportion was com-
prised of VC, Mo2C and Cr23C6 carbides. A phase fraction comparison of

upper (L1) and lower (L2) layers of LC1 is listed in Table 3. Due to re-
heating during the multilayer deposition, the amount of secondary
precipitates varies from the bottom to the top layer. This re-heating
resulted in transformation of residual austenite to martensite, due to
which the phase fraction of martensite is greater in L2 when compared
to L1. Inverse pole figures (IPF) indicated a heterogeneous distribution

Fig. 4. SEM micrographs showing the morphology of powders (a) LC1 and (b) LC2.

Fig. 5. Photographs of single and multilayer laser depositions (a) Cross section of a single clad track of LC1, showing clad, dilution and HAZ, (b) 4mm thick coating
of LC2, (C) Cracking of multilayer cladding of LC1, laser cladded at room temperature, and (d) 20mm thick coating of LC1 cladded at 150 ± 10 °C.

Fig. 6. BSE micrographs showing the dendritic microstructure of (a) LC1 and (b) LC2.
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of grain orientations, see Fig. 8b and c.
Fig. 9a–c shows the phases present in LC2, IPF mapping and the

corresponding Kikuchi patterns respectively. Similar to the LC1, the
phase fraction of LC2 also consisted of VC, Mo2C and Cr23C6 carbides.
EBSD analysis revealed that Co is uniformly dispersed in the matrix and
also adsorbed on the surfaces of carbides [32,33], while the rest is in-
dexed as martensite. IPF mapping of LC2 also revealed a heterogeneous
distribution of grain orientations, see Fig. 9b. The phase fraction of LC2
is listed in Table 3.

HRTEM of LC1 and LC2 samples was performed to characterize the

nanometer-sized fine carbides embedded in the matrix, see Fig. 11.
These carbides were precipitated as a result of re-heating during laser
cladding of subsequent layers. The morphology of these carbides par-
ticles varied from round, blocky to irregular geometrical shapes. The
typical diameter/length of these carbides ranged from 5 nm to 500 nm,
see Fig. 10. The STEM of these nanometer-sized precipitates showed
that either these were enriched with V and W or formed from a complex
combination of V, W, Mo and Cr. The identified lattice spacings of these
precipitates were 0.15 nm, 0.22 nm, 0.25 nm and 0.26 nm, see Fig. 11.

3.3. Micro-hardness

An assessment of the homogeneity of the multilayer coatings of LC1
and LC2 was performed in terms of the coating micro-hardness. It was
found that in case of LC1, reheating left a detrimental effect on the
hardness of previously cladded layer, see Fig. 12. For a six layers laser
cladded sample of LC1 (≈10mm thick), the micro-hardness of the in-
termediate layers dropped to a minimum value of around 570 HV after

Fig. 7. BSE micrograph showing different carbides present in the laser cladded HSS alloys with EDS images, Rod and angular shaped MC carbides enriched with V,
Lamellar and layered type M2C carbides enriched with Mo and micro/nanometer sized precipitates.

Fig. 8. (a) EBSD phase map of LC1, (b) and (c) inverse pole figures (IPF) showing heterogeneous grain orientations.

Table 3
Phase constitution of HSS alloys by EBSD analysis (%).

Materials Martensite VC Mo2C Cr7C3 & Cr23C6 Co

LC1-L1 (upper layer) 72 14 8 6 –
LC1-L2 (lower layer) 75 12 8 5 –
LC2 72–74 11 7 5 bal
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three layers have been cladded. The top layer yielded the peak micro-
hardness of 795 HV, due to the fact that it was not re-heated (Fig. 12).

The addition of Co in LC1 (i.e. LC2), reduced the hardness drop to a
minimum value of 786 HV, along with increasing the peak micro-
hardness to 843 HV. A comparison of micro-hardness measurements of
double layers samples of LC1 and LC2 is given in Fig. 12.

3.4. Tensile testing

The core purpose of performing the tensile tests was not to compare
the mechanical properties of the coatings, but primarily to qualitatively
evaluate the bonding strength of a thick coating (up to 20mm) on the
given substrate. For that purpose it is deemed sufficient to only perform
uniaxial tensile tests on one of the cladded samples – for which the
combination of LC1 coating and 42CrMo4 was chosen. Tensile testing
results are plotted in Fig. 13. The insert in Fig. 13 shows the dimensions

Fig. 9. (a) EBSD phase map of LC2, (b) IPF showing the heterogeneous grain orientations and (c) Indexed patterns of VC and Mo2C carbides.

Fig. 10. (a) TEM micrograph of the nanometer-sized precipitates in LC2, (b)–(d) STEM analysis of the nanometer size precipitates shown in (a) confirming the
enrichment of these precipitates with V and presence of Mo and W.
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of machined samples. Tensile testing results showed that samples’
failure occurred at an ultimate tensile strength of 889 ± 20MPa. These
results revealed a strong bonding between the substrate and the clad
layers. All samples were fractured in the clad region, with flat fracture
surfaces. No crack propagation was found through the interface be-
tween laser clad and substrate.

Due to the presence of martensitic matrix and hard carbides in the
LC1 clad layers, a brittle failure is observed, at about 2.5% plastic strain
to failure. The fractured surfaces of the tensile samples were subjected
to a detailed SEM analysis, see Fig. 14. SEM micrographs of the frac-
tured surface showed a presence of cleavages over the entire surface
indicating the brittle failure, with a small fraction of locally induced
plastic deformations (presence of dimpled morphology), see Fig. 14a.

Crack propagation was dominantly observed at the grain boundaries,
through the eutectic, see Fig. 14b.

4. Discussion

The presence of hard carbides (MC, M2C, M7C3 and M23C6) and
martensitic matrix in the laser processed thick multilayer coatings of
HSS, make these coatings highly prone to cracking during solidification
and cooling. However, in the case of LC1 and LC2 (HSS alloys), massive
martensitic transformation occurs, leading to the development of
compressive residual stresses due to expansion upon solidification
[34–36]. The presence of strong compressive stress component played a
vital role in the development of thick multilayer layer coatings. The

Fig. 11. (a) Diffraction pattern of b, (b) TEM micrograph of the nanometer-sized precipitates enriched with V (LC1), (c) HRTEM image of the precipitate shown in b,
(d) diffraction pattern of e, (e) TEM micrographs of nanometer-sized precipitates enriched with W (LC2) and (f) HRTEM image of the precipitates shown in e.

Fig. 12. (L) Micro-hardness plot of 6 layers laser cladded sample of LC1, (R) micro-hardness comparison of double layers laser cladded samples of LC1 and LC2.
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presence of compressive stresses in the laser cladding of LC1 is con-
firmed by the hole drilling experiments [37,38]. The residual stress
measurements was carried out by using the incremental strain method
[39]. The residual stress measurements showed that stresses are com-
pressive in nature from top of the clad to the substrate, see Fig. 15.
Similarly Bailey et al. [40] also recorded the presence of strong com-
pressive stresses in the laser cladding of H13 HSS due to higher phase
fraction of martensite even after tempering. Furthermore, cladding at
pre-heating temperatures 150 ± 10 °C reduces the temperature gra-
dient during the cooling phase, overcoming the risk of cracking which
was observed during cladding at room temperature [24,25], see
cracking in Fig. 5.

Re-heating of previously cladded layers, resulted in coarsening of
the microstructure and also precipitation of very fine carbides. EBSD
analysis revealed the presence of M7C3 and M23C6 carbides within the
matrix, as also reported by Shim et al. [25]. Combination of martensitic
matrix and nano precipitates evolved during heat treatment of HSS
alloys are reported to significantly improve the mechanical properties
[41–43]. Pippel et al. [27], Novinrooz et al. [28], Asadabad et al. [29]
and Nurbanasari et al. [44] conducted TEM characterization of fine
carbides in the HSS alloys in the size range of 20 nm to 300 nm. These
characterizations concluded the presence of MC, M7C3 and M23C6 car-
bides. However, HRTEM of the matrix reported in the current in-
vestigation (Figs. 10 and 11) also found the presence of complex car-
bides, enriched with V, Mo, W and Cr which formed as fine precipitates.
Measured lattice spacings of 0.15 nm to 0.26 nm of these precipitates
are different from those of MC, M2C, M7C3 and M23C6. The lattice
spacing reported for these carbides (MC, M2C, M7C3 and M23C6) are
listed in Table 4 [28,29,45].

During the cladding of thick multilayer coatings of LC1, a reduction
in the micro-hardness of the previously cladded layers was observed.

The micro-hardness dropped cumulatively from a peak value of 795 HV
(top-layer) to 570 HV (intermediate-layer) after several cladding passes.
Interestingly, micro-structural characterization showed no substantial
difference of phase fraction between the layers (see Table 3), indicating
that the hardness drop can be attributed to the tempering of martensite
during sequential cladding. Phenomenologically, during cladding of the
subsequent layers, the heat accumulated during previously cladded
layers transformed a part of retained austenite to martensite, but also
resulted in tempering of existing lath martensitic matrix. The micro-
hardness of HSS is a function of tempering time and temperature, the
softening of martensitic matrix was possibly due to shorter holding time
[46]. Additionally, hardness drop could be result of yielding soft mar-
tensite (450 HV to 550 HV) during re-heating [47].

The micro-hardness of HSS is the combined hardness of martensitic
matrix and of carbides (including nanometer sized precipitates). In HSS
laser clad the martensitic phase fraction is about 72–75%, thus to im-
prove the overall micro-hardness, it is important to strengthen the
matrix. To overcome the tempering effects, a new alloy (LC2) has been
developed through addition of Co, which was expected to stabilize the
mobility of carbon in the solid solution. The Co addition changes the
properties of the solid solution by increasing the binding strength and
reduces the diffusion mobility of carbon [32,48], as a result of which
martensitic softening was slowed down. Jakubéczyová et al. [33] state
that Co additions in HSS increases the secondary hardness by de-
creasing the solubility of W and Mo in the solid solution. Addition of Co
reduces the growth and coalescence of carbides and also raises the
austenising and melting temperatures [32]. According to EBSD analysis,
Co stays in the solid solution with Fe and is also adsorbed on the surface
of carbides (Fig. 9). Due to addition of Co in LC1, the resulting micro-
hardness measurements of LC2 showed (1) an increase in coating
micro-hardness [843 HV vs. 808 HV for LC1] and (2) a reduction in the
micro-hardness drop during sequential layer cladding [786 HV vs. 703
HV for LC1]. LC2 also showed an almost threefold increase in the wear
resistance when compared to the LC1 during the pin-on-disc wear tests
conducted at 25 °C [49].

Tensile testing of the samples combining LC1 clad tracks and
42CrMo4 substrate, showed a strong bonding between the thick coating
and the substrate. All samples were fractured in the clad region with
resulting tensile strength of 889 ± 20MPa and plastic strain of 2.5%.
Higher plastic strain indicates a homogeneous distribution of grain
boundary carbides and nanometer sized precipitates within the matrix
of HSS laser clad. Higher plastic strain could also be result of tempered
martensite. In spite of 2.5% plastic strain, the tensile failures were at-
tributed as brittle fractures in the laser clad portion of the samples, with
the flat fractured surfaces (Fig. 13). Examination of fractured surfaces
revealed the spread of brittle cleavages with localized presence of
dimpled surfaces [25], (Fig. 14). The mode of failure is brittle in nature
with the inter granular cracking due to presence of hard fine grain
boundary carbides [50]. Hahn [51] also identified for brittle fracture in

Fig. 13. (L) Stress–strain curve of LC1 laser cladded sample along with
42CrMo4 substrate. Insert: Front view of the machined sample (dimensions in
mm), (R) tensile sample of LC1 and 42CrMo4 showing a brittle flat fracture in
the clad region.

Fig. 14. SEM micrographs of the fractured surface of LC1 sample, (a) fractured surface of LC1 showing the cleavages spread over the fracture surface, (b) inter
granular crack propagation through the carbide networks.
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Fe-based alloys that carbides and similar hard particles have an es-
sential role in the crack nucleation without blunting it. For HSS, the
material fracture during tensile testing is also reported due to the pre-
sence and growth of micro-voids and coalescence [52] which was not
established with certainty in the present study. Uniaxial tensile testing
of LC1 and 42CrMo4 combination to qualitatively evaluate the bonding
strength, is expected to be the “worst case” given that Co additions in
Fe-based alloys reduces the cracking susceptibility. Laser cladding of
Fe-based alloys with the addition of Co are reported to significantly
increase the interfacial bonding strength and showed a reduction in the
cracking susceptibility [53,54].

5. Conclusions

Multilayer HSS alloys have been produced by laser cladding and
characterized in terms of their microstructural evolution, hardness,
stress state and tensile properties. A new modified HSS alloy has been
developed based on:

(1) Laser cladding of thick (up to 20mm) multilayer coatings are suc-
cessfully produced at a preheating temperature of 150 ± 10 °C.
Massive martensitic transformation during cladding of HSS alloys,
resulted in the compressive state of clads and suppressed the
cracking.

(2) Re-heating during laser cladding of thick multilayer coatings of an
Fe-Cr-Mo-W-V alloy had a detrimental effect on the hardness of
intermediate layers which was due to tempering of the martensite.

(3) Addition of Co in that alloy at the expense of Fe (Febal−x-Cr-Mo-W-
V-Cox) significantly increased the overall coating hardness and
overcame the reduction in hardness due to strengthening of the
martensitic matrix.

(4) HRTEM of both alloys identified the presence of nanometer-sized
complex carbides in the matrix enriched with V, W, Cr and Mo with
lattice spacings of 0.15 nm to 0.26 nm.

(5) Tensile testing results showed a strong adherence of thick multi-
layer coatings with the substrate. Due to presence of the martensitic
matrix and hard carbides, the tensile failure was brittle as of inter
granular cracking.
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