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A B S T R A C T   

As AlSi-coated press hardening steel is heated to austenitization temperatures, various Fe − Al intermetallic 
compounds (e.g. FeAl, Fe2Al5 etc.) and voids are generated throughout the coating, increasing also the surface 
roughness. The goal of this study is to investigate the effects of coating surface roughness, voids and intermetallic 
distribution on AlSi coating fracture during its deformation at elevated temperatures. For this purpose, hot 
tensile experiments and finite element (FE) analyses are conducted to understand crack initiation and propa-
gation in the coating. The coating − substrate FE model is built, taking the realistic distributions of intermetallics, 
voids and surface profile into account. The FE model is calibrated to experiments and the sensitivity of coating 
fracture to the distributions of intermetallics, voids and surface profile is analyzed. According to FE simulation 
results, coating fracture is minimized either by increasing the content of FeAl intermetallic or by reducing the 
void fraction in AlSi coating. Furthermore, to validate the aforementioned numerical prediction, the heating 
stage parameters are modified to reproduce coating micro-structure from the FE model. Hot tensile experiments 
on the samples with modified heating parameters confirm the FE simulation results, showing a similar decline in 
coating crack density. In conclusion, the AlSi coating fracture during hot tensile deformation depends on its 
micro-structure, which is mainly generated during the heating stage. Furthermore, the results also suggest that 
coating − substrate FE simulations can be utilized as a tool to achieve a suitable coating micro-structure which 
minimizes coating fracture.   

1. Introduction 

1.1. Hot stamping of coated steels 

For high temperature sheet metal forming processes, the need for a 
protective coating layer is paramount. The coating protects the base 
metal from corrosion and preserves the mechanical behavior of the hot- 
stamped component. Al-10 wt.% Si (AlSi) is a widely used coating in hot 
stamping of press hardening steels. One of its favorable properties is the 
presence of a Fe-rich diffusion zone at the coating − substrate interface. 
The diffusion zone improves the adhesion of coating − substrate and 
prevents coating cracks from propagating into the substrate [1]. Addi-
tionally, the formation of various Fe − Al intermetallics in the AlSi 
coating is advantageous because it prevents the coating from melting at 
temperatures above 600 ◦C [2]. However, during tool-assisted forming 
of AlSi-coated steels, significant wear is found on the tool surface. For 
instance, adhesive tool wear occurs due to the presence of ductile Fe-rich 

intermetallics whereas abrasive tool wear occurs due to hard Al-rich 
intermetallics in the AlSi coating [3]. In addition to tool wear, the 
blank undergoes coating fracture during forming at high temperatures. 
The presence of internal defects and poor formability of some Fe − Al 
intermetallics are the main causes of AlSi coating fracture at elevated 
temperatures. Such a coating fracture results in further contamination of 
the tools, leading to unstable friction coefficient at blank-tool contact 
and poor surface quality of end products [4]. 

1.2. Evolution of the AlSi coating 

Prior to forming, AlSi-coated press hardening steel (PHS) is heated at 
920 ◦C. During this austenitization process of the PHS, the coating layer 
evolves due to the diffusion between Fe-rich substrate and Al-rich 
coating. The heating stage parameters, namely the austenitization 
temperature and dwell time, determine the coating micro-structure and 
therefore, its effective mechanical and fracture characteristics. In gen-
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eral, to improve the deformability of AlSi coating, high austenitization 
temperatures and long dwell times are preferred, as these favor the 
formation of Fe-rich ductile compounds in the AlSi coating [5]. How-
ever, with the formation of these intermetallics, voids are also generated 
[6]. During the deformation stage, these voids act as strain localization 
sites, eventually leading to coating fracture [7]. Similar to the formation 
trend of Fe-rich compounds, the size of these voids also depends on the 
austenitization temperature and dwell time; an increase in either pro-
motes void formation [8]. In particular, increasing the dwell time de-
teriorates the effective fracture behavior of AlSi coating, as voids grow 
and coalesce with one another to form large cavities, increasing the 
average void fraction [9]. Regarding the distribution of voids, after 
heating at 10 K/s to 920 ◦C followed by a dwell time of 6 minutes 
(current practice in industry), large voids are situated near to the surface 
while the small ones (i.e., Kirkendall voids) are positioned near to the 
coating − substrate interface (Fig. 1). Apart from the austenitization 
temperature and dwell time, the heating rate also plays an important 
role in coating fracture because it determines the total time spent inside 
a furnace. The diffusion of iron in AlSi coating is usually activated at 
~600 ◦C, evolving not just the coating micro-structure but also its sur-
face profile. With AlSi coating layer on the PHS, the heating rates greater 
than 1 K/s result in spiky asperities while lower rates generate a rela-
tively smoother coating surface [10]. As shown in Fig. 1, with a heating 
rate of 10 K/s, the surface profile is significantly evolved from its initial 
topography, increasing the overall surface roughness. To this extent, the 
relationship between surface roughness and coating fracture is unclear 
at elevated temperatures. 

1.3. Coating fracture 

At high temperatures, due to growth of void-like defects, brittle Fe −
Al intermetallics and surface asperities, the AlSi coating is highly sus-
ceptible to fracture during tensile deformation. These micro-structural 
evolutions lead to strain localization, which eventually causes coating 
fracture. Therefore, to investigate the initiation and propagation of 
cracks in AlSi coating, accurate description of coating micro-structure is 
necessary. 

Several experimental and numerical studies in the literature are 
aimed at investigating coating fracture; however, limited knowledge is 
available on AlSi coating fracture at high temperatures. In this section, a 
brief overview of these studies is given. To model fractures in thermal 
barrier coatings, Arai [11] considered the realistic distribution of voids 
and surface roughness from electron microscopy images to make a plane 
strain finite-element (FE) model of ceramic coatings: with the presence 
of coating defects, strain localization leading to coating fracture is 
numerically captured. Meanwhile, as the coating layer is usually 
composed of a different material compared to the substrate, coating 
fracture is expected to occur due to a critical stress distribution, mainly 
at the coating − substrate interface [12]. This leads to mode-I coating 
fracture, with cracks propagating at right angles to the loading direction. 
Ochiai et al. [13], studied mode-I coating fracture in zinc-coated steels 

under thermal and tensile loading conditions. A plane strain FE model is 
utilized to investigate the effect of coating thickness on multiple mode-I 
cracking, including crack spacing with rise in strain level. Besides, the 
mode-I coating cracks can also be simulated via cohesive zone modeling 
technique [14]: with a set of optimized cohesive parameters, the FE 
model can mimic coating fracture as observed in experiments. In 
another study, which involves characterizing both mode-I and mode-II 
fractures in zinc coatings during tensile deformation, Song et al., [12] 
utilized maximum stress fracture criterion with element deletion tech-
nique to mimic crack propagation. In case of AlSi coating, it is demon-
strated by Gui et al. [15], that mode-I coating fracture occurs at the onset 
of straining, after which mode-II fracture initiates at the already cracked 
coating fragments, especially along the coating − substrate interface. 
From the literature, it is reported that the mode-II type fracture depends 
largely on the coating micro-structure, such as crystallographic orien-
tation and grain size. Based on finite element analyses, Song et al., [12] 
showed that grain distribution and its crystallographic orientation can 
be adjusted to control the progression of mode-II coating fracture. 
Regarding the AlSi coating fracture in an industrial hot-stamped 
component, the surface strain data acquired from FE simulations is 
utilized to correlate with the coating crack widths [16]. Although severe 
coating fracture is correctly predicted at the location of the highest 
surface strain, such a numerical criterion is insensitive to different stress 
states or coating micro-structures. In fact, coating fracture occurs due to 
the severity of strain localization caused by voids along grain boundaries 
[12]. This indicates that the presence and distribution of voids are 
crucial and must be taken into account to accurately describe the coating 
fracture behavior. 

1.4. Objective of this study 

During heating stage, AlSi coating evolves in terms of surface 
roughness, intermetallics and void distributions, all of which can be 
controlled by modifying the heating stage parameters. The objective of 
this article is to investigate the initiation and propagation of cracks in 
AlSi coating during tensile deformation. Furthermore, the behavior of a 
coating micro-structure at different deformation temperatures is 
analyzed in terms of coating crack density. For this purpose, a 2D 
coating − substrate FE model is developed, taking realistic void distri-
bution and surface profile into account. The numerical model is used to 
understand crack initiation and propagation in AlSi coating during 
simulation of tensile deformation. This approach involves first cali-
brating the model to hot tensile experimental results using fracture 
strain as the only fitting parameter. Second, the effects of coating frac-
ture on voids, intermetallics and surface roughness are investigated. 
Finally, to check the validity of FE simulation predictions, the coating 
micro-structure, proposed by the FE model, is replicated and hot tensile 
experiments are performed and its results compared with that of the 
numerical model. 

Fig. 1. Through-thickness view of AlSi coating (a) before and (b) after austenitization (920 ◦C, 10 K/s + 6 minutes).  
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2. Materials & experimental methods 

AlSi-coated press hardening steels (PHS) are used for this study. The 
thickness of the coated sheet is 1.5 mm while that of the coating varies 
within the range of 25 − 30 μm on either side of the sheet material. For 
all the experimental investigations presented in this article, those sheet 
specimens are prepared via laser-cutting technique. Although rectan-
gular samples (20 mm × 50 mm) are used for heating and quenching 
tests, dog-bone samples are machined for tensile tests, ensuring that the 
ratio of gauge length to its width is maintained at 4:1, as per the ASTM 
E8 guidelines. Furthermore, to record the temperature history of all 
tested samples, a pair of teflon-coated k-type thermocouple wires (Ø 
0.25 mm chromel and alumel) are welded on the specimen center using 
a thermocouple welder. More information on the hot tensile experi-
ments can be found in Zaman et al. [17]. 

For heating and quenching tests, rectangular samples of AlSi coated 
samples are heated in a closed industrial furnace (Nabertherm). After 
heating and holding, the samples are taken out and immediately cooled 
with an air-gun, thus maintaining an average cooling rate of 5 K/s to 
room temperature. Meanwhile, the tensile tests are conducted inside a 
Gleeble 563, with resistance heating technique, which controls the 
temperature of the sample. After heating, the samples are cooled by 
water-cooled grips via conduction, also maintaining an average cooling 
rate of 5 K/s. 

After testing, the samples are prepared for inspection under the mi-
croscope. For top surface inspection, the samples are wiped with 
concentrated solutions of isopropyl alcohol before being inspected 
under optical microscope (Keyence VHX-7000 series). Meanwhile, for 
through-thickness inspection, the samples are first grounded with SiC 
abrasive paper in presence of water and second with composite polish-
ing pads in presence of diamond particles. Furthermore, prior to every 
polishing/grinding step, the samples are treated in an ultrasonic bath 
with isopropyl alcohol. After the final polishing step, the samples are 
kept in a vacuum oven for 6 hours at 50 ◦C before being inspected under 
SEM − EDS (JEOL JSM-7200F), to obtain chemical composition of Fe −
Al intermetallics and distribution of voids in the AlSi coating. 

3. Coating-substrate model 

Depending on the heating parameters, voids and different types of 
Fe − Al intermetallics are generated in the coating layer. Fig. 1 already 
shows the cross-sections of an AlSi-coated PHS sheet before and after 
heating at austenitization temperatures. For this particular sample, the 
coated sheet is heated in a closed furnace at a heating rate of 10 K/s to 
920 ◦C followed by a dwell time of 6 minutes. After quenching, the 

resulting sheet sample is polished and inspected under the electron 
microscope. To capture the evolution of AlSi coating, the actual coating 
micrograph taken from the microscope is analyzed to construct the 
coating − substrate FE model. Since our focus is on replicating a coating 
layer prior to quenching and deformation, the micro-cracks are left out 
of the FE model [18]. 

3.1. Coating voids & surface profile acquisition 

Realistic descriptions of voids and surface profile are necessary for an 
accurate FE simulation of coating fracture. Fig. 2 describes the steps 
taken to capture the voids and surface profile from a coating layer. With 
the help of image processing functions in MATLAB, the optical micro-
graph of coating is first binarized, based on the pixel’s grey-values, such 
that the coating material is represented in white pixels (step 1). After 
binarization, the surface coordinates are retrieved based on the differ-
ence in pixel values of outermost region (i.e., parent region). In case of 
AlSi coating, as the defects are usually enclosed by the coating layer (i.e., 
children region), the coordinates of defects and surface are separately 
captured (step 2). To identify different types of defects (i.e., voids and 
micro-cracks), the total number of defects present in a coating micro-
graph is first determined (step 3). Then an ellipse is inscribed around 
each of them, with major axis being the longest distance between any 
two Cartesian coordinates defining a defect. Once the major axis is 
defined, the minor axis is determined from a line, which satisfies two 
conditions: (a) perpendicular to major axis and (b) intersection at mid- 
point of the major axis. The ellipticity of each defect is defined as the 
ratio of major to minor axes. In contrast to void defects, the micro-crack 
defects have higher ellipticity; thus, the latter is removed by setting a 
void ellipticity threshold (step 4). For standard heating condition (i.e., 
920 ◦C, 10 K/s + 6 minutes), an ellipticity threshold of 8.0 removed all 
micro-cracks from the coating micrograph. As a result, this image pro-
cessing analysis gives Cartesian descriptions of all voids present in a 
particular coating micrograph. With a resolution of 7 pixels/μm, the 
surface profile and the void coordinates are accurately modeled in MSC 
Marc for meshing purposes. 

To study the AlSi coating fracture behavior, it is essential to ensure 
that the selected coating fragment is representative. It has been shown in 
one of our previous studies that a coating length of at least 0.5 mm is 
necessary to capture a representative void fraction in the coating layer 
[8]. Therefore, a 0.75 mm long fragment is chosen in this study to create 
a coating − substrate FE model (Fig. 3(a)). Besides, a 1.5 mm long 
coating FE model is also analyzed to ensure that the results of 0.75 mm 
model is representative. For more information, the simulation result of 
the 1.5 mm model during tensile deformation at 600 ◦C is shown in the 

Fig. 2. The steps of acquiring the void and surface coordinates from a typical coating cross-section optical micrograph. The raw version of this AlSi coating 
micrograph is already shown in Fig. 1(b). 

S. Zaman et al.                                                                                                                                                                                                                                  

astm:E8


Materials Science & Engineering A 827 (2021) 142067

4

supplementary data file. To define the voids in FE model, the Cartesian 
coordinates enclosing the voids are retrieved from the optical micro-
graph. Afterwards, each void is individually plotted in MSC Marc using 
cubic spline interpolation technique. Looking closely at the micrograph 
in Fig. 3(a), it is observed that the micro-cracks are formed by con-
necting few voids, which are also removed by the algorithm. For this 
reason, those voids are fictitiously mapped at the same location in the FE 
model. Regarding reconstruction of the surface profile, the Cartesian 
coordinates are also acquired from the same coating fragment, from 
which the void coordinates are extracted. To remove small fluctuations 
and local noises from the surface profile data, a median value at every 5 
μm coating length is taken into account to define the coating surface in 
MSC Marc. The resulting surface profile is shown in Fig. 3(b). In this way 
the information of voids and surface from a micrograph are first pro-
cured, second conditioned via several smoothing functions and finally 
mapped into the FE model. 

3.2. FE model description 

With a realistic representation of surface and voids, a 1.00 mm ×
0.75 mm coating − substrate FE model is built in MSC Marc (Fig. 4). To 
reduce boundary condition artefacts and also to prevent cracks from 
occurring due to the effects of boundary conditions, the coating surface 
is kept ideally flat with no voids on both ends, as shown in the FE model 
in Fig. 4. The average thicknesses of the coating and substrate are 40 and 
710 μm, respectively. For comparison, the original micrograph, from 
which the model is prepared, is also shown in Fig. 4. The FE model 
consists of 201,498 plane strain linear quadrilateral elements with 
406,560 degrees of freedom. A convergence tolerance is set to 1% of 
force residuals. After mesh sensitivity analyses, an element size of 0.5 

μm in the coating layer is selected since elements smaller than that 
produced similar result. At left and right boundaries of the model, equal 
displacement along x-direction is prescribed to impose a constant 
elongation rate. At the bottom of the model, at half the thickness, a 
symmetry condition is set; i.e., the displacement in y-direction is 
suppressed. 

The distribution of intermetallics is also considered in the model 
description. Two dominant intermetallics (i.e., Fe2Al5 and FeAl) are 
modeled in the AlSi coating. As shown in Fig. 4, 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 [19]. 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 [20]. That is why the α-Fe, in 
this article, is assumed to be governed by the same material property as 
FeAl. Regarding the substrate, the flow stress data at elevated temper-
atures is acquired from the hot tensile experiments performed by 
Abspoel et al., [21]. The temperature-dependent material properties of 
Fe2Al5 and FeAl are also obtained from the literature and summarized in 
Table 1 [22–25]. 

To specify the basis of coating material data, the yield stresses of Fe −
Al intermetallics are acquired from the hardness data measured by 
Windmann et al. [25], using Tabor’s relationship for metallic crystalline 
solids [26,27]. Regarding the elastic properties, the Young’s modulus of 
FeAl is acquired from Harmouche and Wolfenden [22] while that of 
Fe2Al5 is derived by extrapolating the elastic data of FeAl in terms of its 
Al-content. The strain hardening parameters of FeAl and Fe2Al5 are 
extracted from Messerschmidt et al., [24] and Hirose et al., [23], 
respectively. The Poisson’s ratio (ν) for all materials is assumed to be 
constant and independent of temperature; i.e., ν = 0.3. Furthermore, to 

Fig. 3. (a) A 0.75 mm long coating layer, from which (b) surface profile and void coordinates are acquired to make a representative coating layer, with an extra 
0.125 mm coating length on both sides to constitute a 1 mm long coating − substrate FE model. 

Fig. 4. Reconstruction of the coating − substrate FE model from an optical micrograph, showing the surface profile, void, intermetallic distributions and diffusion 
zone (α-Fe). (α-Fe: pure Fe with solid solutions of Al and Si). 
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introduce strain hardening in Fe − Al intermetallics, Ludwik hardening 
law is adopted as a function of σy, strain hardening coefficient (K) and 
exponent (n), 

σ= σy + K⋅ε n
p (1) 

Based on the literature data of Fe2Al5 at 500 ◦C, the strain hardening 
coefficient K = 84 and the hardening exponent n = 0.25 provide the best 
fit to experimental data [23]. Meanwhile, at the same temperature 
range, FeAl is governed by an ideal plastic behavior until fracture [24]. 
However, due to insufficient literature data at other temperature levels, 
the strain hardening slope of Fe − Al intermetallics at 500 ◦C is assumed 
to be identical at 600 and 700 ◦C. Nevertheless, due to the 
temperature-dependent yield stress data, the corresponding flow stress 
is shifted for each testing temperature. To simulate coating fracture, the 
equivalent fracture strains of both Fe2Al5 and FeAl are used as fitting 
parameters. Assuming negligible micro-structural discrepancies, it is 
already shown that the fracture behavior of AlSi coating is 
temperature-dependent [18]. Therefore, the strain to fracture (εf) of 
Fe2Al5 and FeAl depends largely on the deformation temperature. 
Furthermore, based on the experimental results, the strain-based frac-
ture criterion is calibrated to the tensile experimental data at deforma-
tion temperatures ranging from 500 − 700 ◦C. To summarize, the εf of 
FeAl and Fe2Al5 (i.e., two variables) are used as fitting parameters to 
replicate the experimental results in the FE model. Further details of the 
fracture strain calibration procedure are given in the next section. 

4. Model calibration 

4.1. Experimental results from hot tensile tests 

To calibrate fracture strain data of the Fe − Al intermetallics, hot 
tensile experiments are performed. After heating AlSi-coated PHS at 
920 ◦C followed by 6 minutes of dwell time, the samples are deformed 
under uniaxial tension at different isothermal temperature levels (500 −

700 ◦C) and also as a function of macroscopic strain. It is found that 
mode-I coating fractures appear throughout the sample. More infor-
mation on the experimental method and result can be found in the 
literature [17], where acoustic emission (AE) sensors are used to detect 
coating crack initiation. These AE sensors are piezo-electric transducers 
which are able to detect fractures in the coating layer via changes in the 
incoming stress waves; a material separation event in the coating results 
in a surge of AE intensity, as shown in the stress-strain graphs in Fig. 5. 
According to these acoustic signal bars, the majority of coating cracks 
occurs at the onset of deformation, also indicating that no new cracks are 
formed with continued tensile straining. After the test, for each inter-
rupted strain level, the total number of coating cracks is counted by 
drawing 6 lines parallel to the loading axis. The total crack count is then 
divided by the undeformed gauge length to obtain the average crack 
density (c). After 20% macroscopic strain, it is found that the crack 

density at 500 ◦C is ~7 cracks/mm (Fig. 5(a)), at 600 ◦C it is ~4 
cracks/mm (Fig. 5(b)) whereas at 700 ◦C, it is ~1 crack/mm (Fig. 5(c)). 
The top-surface and cross-section optical images in Fig. 5 show that the 
cracks are almost evenly distributed and are always detained across the 
coating − substrate interface. This confirms that the entire 
intermetallic-based coating layer, including the α-Fe layer, undergo 
mode-I fracture. Although the specimens are deformed at different 
temperatures, the spectroscopy measurements confirm that the 
composition of Fe − Al intermetallics in the coating is similar because of 
identical heating stage (Fig. 5). Therefore, the coating fracture that is 
observed at different temperatures (500 − 700 ◦C) is mainly due to the 
temperature-dependent fracture behavior of the Fe − Al intermetallics. 

4.2. FE model result after calibration 

In the FE model, the fracture strains of intermetallics are calibrated 
as a function of temperature to replicate the stabilized crack density 
during uniaxial tensile test. As Fe2Al5 is brittle compared to FeAl [23, 
28], the temperature-dependent fracture strain is adjusted accordingly, 
as presented in Table 1. At a particular displacement-controlled incre-
ment, fracture in the coating is simulated by deleting elements whose 
equivalent plastic strain (εeq

p ) exceeds the prescribed fracture strain (εf ). 
Fig. 6 shows the tensile experiment simulation result of the coating −
substrate model, showcasing the temperature-dependent mode-I 
coating fracture pattern. 

The FE model of coating − substrate is analyzed for uniaxial tension 
up to 15% macroscopic strain. However, since no more elements are 
deleted after 3% macroscopic strain, the simulation results up to 3.5% 
strain are shown. Fig. 6 shows the simulation result of uniaxial tensile 
deformation at 500, 600 and 700 ◦C after 1 and 3.5% macroscopic 
strains. The results show that the calibrated FE model accurately cap-
tures the temperature-dependent fracture pattern of 7 cracks/mm at 
500 ◦C (Fig. 6(a)), 4 cracks/mm at 600 ◦C (Fig. 6(b)) and 1 crack/mm at 
700 ◦C (Fig. 6(c)). At the beginning of tensile loading, strain abruptly 
localizes around the voids in AlSi coating. With continued straining, the 
strain concentration around the voids exceeds the prescribed fracture 
strain of intermetallics. As a result, coating cracks initiate at relatively 
low macroscopic strain; the same is also observed from the acoustic 
activity and interrupted tensile tests, as shown in Fig. 5. As the coating 
cracks propagate to the interface, the coating fragments are unloaded 
and the subsequent inhomogeneous deformation of the substrate pre-
vents further accumulation of stress in the coating fragments. As the 
substrate is relatively ductile, large plastic deformation occurs at coating 
cracks where the substrate is exposed. The strain localization in the 
substrate is mainly dependent on the macroscopic strain level and 
coating crack spacing. Although the localization is severe near the 
coating − substrate interface, it gradually disappears inside the sub-
strate. For instance, after 3.5% macroscopic strain at 500, 600 and 
700 ◦C, the strain localization disappears at a depth of ~120, 160 and 
240 μm from the interface, respectively; below these depths, a uniform 
macroscopic strain of 3.5% is observed in the substrate. 

5. Effect of coating micro-structure on its fracture 

The coating fracture mimicked in the FE simulation of uniaxial ten-
sion is influenced by the cumulative interaction of surface roughness, 
void and intermetallic distributions, all of which are generated in the 
AlSi coating during the heating stage. The aim of this sensitivity study is 
to investigate the effect of these coating characteristics on its fracture 
during uniaxial tensile deformation. To investigate the effect of each 
parameter, the results of the sensitivity analyses are compared with that 
of the reference model (i.e., deformation at 600 ◦C), as shown in Fig. 6 
(b). However, in order to have a realistic variation in the micro- 
structural parameters of AlSi coating, a series of heat treatment exper-
iments is first performed. 

Table 1 
Material properties of Fe − Al intermetallics in the AlSi coating layer at elevated 
temperatures.  

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  
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Fig. 5. Hot tensile experimental results at (a) 500, (b) 600 and (c) 700 ◦C. Flow stress, AE (acoustic emission) intensity and crack density data (left) as a function of 
macroscopic strain; Top surface inspection (middle), through thickness view and atomic composition (right) of the coating after 20% macroscopic strain. 
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5.1. Effect of Fe–Al intermetallics 

In order to observe the effect of Fe − Al intermetallic distribution on 
AlSi coating fracture, two other micro-structural aspects of coating; i.e., 
the surface profile and void distribution are fixed to the reference model 
(Fig. 6(b)). At industrial hot stamping condition, which involves heating 
at a rate of 10 K/s to 920 ◦C followed by 6 minutes of dwell time, the 

FeAl compound usually exists in the form of small islands (Fig. 7). The 
distribution of intermetallics in the FE model is then adjusted such that 
the model resembles the SEM image of AlSi coating. Fig. 7 also shows the 
FE simulation result of coating − substrate model during uniaxial tensile 
deformation at 600 ◦C. Upon comparison with the reference model in 
Fig. 6(b), the crack density in Case 1 drops from 4 to 3 cracks/mm. 
However, the coating cracks initiate earlier in this case than in the 

Fig. 6. Simulation result of 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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reference model because the critical (large) voids in this model are 
located at Fe2Al5 region, which has relatively lower fracture strain than 
FeAl. Interestingly, this early initiation of cracking in the AlSi coating 
results in early unloading or less strain concentrations on other neigh-
boring voids, which leads to drop in crack density than observed in the 
reference model in Fig. 6(b). Therefore, the distribution of voids in the 

AlSi coating plays an important role in coating crack initiation and crack 
density. 

During the heating stage, the dwell time mainly controls the size of 
FeAl islands and α-Fe layer [29]. In particular, after heating at 920 ◦C 
followed by 10 minutes of dwell time, large islands of FeAl are observed 
under the microscope, also shown in Fig. 8. In this case, due to extended 

Fig. 7. Simulation result of 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 followed by 6 minutes dwell time. 

Fig. 8. Simulation result of 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 followed by 10 minutes dwell time. 
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dwell time, Fe-rich islands grow in size and surround the large voids. 
The uniaxial tensile deformation of such a coating − substrate FE model 
shows that the crack density drops even further to 2 cracks/mm (Fig. 8). 
Compared to Case 1, most of the voids in Case 2 reside within the FeAl 
islands and therefore relatively less voids are present in the Fe2Al5 re-
gion. Since the prescribed fracture strain for FeAl elements is 8% 
compared to 3% for Fe2Al5 at 600 ◦C, less cracks are initiated in the FeAl. 
As soon as the cracks reach the interface, the cracked fragment unloads 
and no further accumulation of strain is observed. With continued 
straining, the cracks and the region beneath it expand and gives rise to 
inhomogeneous straining of the substrate. According to this simulation, 
the size of FeAl islands and distribution of voids control the crack den-
sity in AlSi coating. 

Since the rate of Fe-diffusion increases with rise in austenitization 
temperature, it is possible to acquire an AlSi coating that is fully 
dominated by Fe-rich compounds. When the AlSi-coated PHS is heated 
in a closed furnace at 1000 ◦C followed by a dwell time of 6 minutes, the 
resulting coating is composed of FeAl and α-Fe (SEM image in Fig. 9). In 
this case, all the voids are present inside the ductile FeAl layer. During 
the simulation of uniaxial tensile deformation at 600 ◦C, the crack 
density after 3.5% macroscopic strain stands at 2 cracks/mm, as shown 
in Fig. 9. Although the strain localization sites are quite different from 
what is observed in Case 2, the resulting crack densities are the same. In 
Case 3, at the onset of straining, large voids near the surface cause high 
strain localization. As the cracks reach the interface, the coating frag-
ments (i.e., the central part of the model in Fig. 9) undergo negligible 
deformation until 3.5% macroscopic strain, indicating inhomogeneous 
substrate deformation. 

Contrary to Fe-rich coating, the heating stage can also be adjusted to 
acquire an Al-rich coating. The SEM image in Fig. 10 shows full trans-
formation of AlSi coating to Fe2Al5 intermetallic compound after heating 
at 700 ◦C followed by 6 minutes dwell time. Although such a tempera-
ture is not practical for a full austenitic transformation in steel, it helps 
to understand the evolution of AlSi coating micro-structure as a function 
of heating temperatures. As the rate of Fe-diffusion is low at this tem-
perature, no α-Fe or FeAl compounds are formed. Fig. 10 shows the 

simulation result of Fe2Al5 dominated coating layer during uniaxial 
tensile deformation at 600 ◦C. Compared to the simulation result in Case 
3 (Fig. 9), where the coating consists of full FeAl, the coating crack 
density with full Fe2Al5 is increased to 4 cracks/mm. Since the pre-
scribed fracture strain of Fe2Al5 at 600 ◦C is 3%, cracks initiate at several 
voids near the coating surface and eventually propagate to the interface. 
To sum up, according to the FE simulation results in Cases 3 and 4, the 
Fe-content determines the severity of mode-I coating fracture in the AlSi 
coating. 

5.2. Effect of voids 

In this sensitivity study, the surface profile and intermetallic distri-
bution are kept identical to the reference model while only the voids are 
modified. As the strain localization predominantly occurs around the 
voids, it is important to investigate the effect of void size in AlSi coating 
fracture. In the reference model (Fig. 4), the Cartesian coordinates of 
voids are first extracted from the optical micrograph and then mapped 
into the FE model. According to the inspected coating section in Fig. 4, 
most of the voids have major axes in the range of 5–10 μm and constitute 
~2.5% of the coating layer. After heating the AlSi-coated steel at 
1100 ◦C followed by 6 minutes dwell time, the SEM image shows 
presence of large (Kirkendall) voids (Fig. 11). Due to high rate of Fe- 
diffusion at this temperature, the coating is fully transformed to layers 
of FeAl and α-Fe; the small Kirkendall voids are coalesced into large 
ones. 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%, the selected voids are 
uniformly enlarged from its center. Fig. 11 also shows the FE simulation 
result, showing the effect of fewer but larger voids on coating fracture 
during uniaxial tensile loading at 600 ◦C. The void distribution depicted 
in this FE model resembles that of an AlSi coating being heated at 
1100 ◦C followed by a dwell time of 6 minutes. In contrast with the 
reference model in Fig. 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 interface, the resulting coating 

Fig. 9. Simulation result of 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 followed by 6 minutes dwell time. 
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fragments are unloaded. Simultaneously, due to relatively lower number 
of coating cracks than the reference case, a large plastic zone in the 
substrate is observed, especially beneath the crack tip. As a result, the 
crack width increases with continued tensile loading. 

To compare the effect of void size, another FE model is created by 
taking the voids with major axes greater than 8 μm without enlarge-
ment. In this case, due to fewer number of voids, the void fraction is 
reduced from 2.5% to 1.25%. Analysis of such an FE model gave similar 

Fig. 10. Simulation result of 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 followed by 6 minutes dwell time. 

Fig. 11. Simulation result of 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 followed by 6 minutes dwell time. The reference simulation result with original void distribution is presented in 
Fig. 6(b). 
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outcome as Case 5 (Fig. 11), in which the crack density drops from 4 in 
the reference model to 2 cracks/mm. Therefore, according to these FE 
simulation results in terms of voids, the size and number of voids play a 
crucial role in causing coating fracture during uniaxial tensile loading. 
Although having large voids increases the risk of significantly large 
strain localization sites, the overall crack density is reduced. 

It is clear from Case 5 that the presence of voids is a contributing 
factor to coating fracture. Interestingly, without these voids, the coating 
undergoes a much severe coating damage. Fig. 12 shows the simulation 
result of the AlSi coating layer without voids. The SEM image shows that 
it is possible to obtain an AlSi coating micro-structure with negligible 
void fraction (<1%): after heating the coated steel at 800 ◦C followed by 
6 minutes dwell time, the resulting coating layer is void-free. In such a 
situation, the surface asperities become the sites for strain localization 
during tensile loading, predicting coating cracks at 1.5% macroscopic 
strain. Compared to the reference model, although the cracking is 
significantly delayed in Case 6, the saturated crack density rises to 6 
cracks/mm at 3.5% macroscopic strain. According to this FE simulation, 
it is evident that the voids allow efficient channeling of plastic strains in 
the AlSi coating. Without voids, although the deformation of AlSi 
coating shows significantly large crack density, the crack initiation is 
delayed. 

5.3. Effect of surface profile 

As mentioned in Section 2.1, the surface profile of the reference 
model showcases a roughness (Ra) of 1.7 μm. From the heating and 
quenching tests, an increase in surface roughness (Ra = 2.8 μm) is 
observed when the coated sheet is heated to 920 ◦C with a heating rate of 
0.5 K/s (Fig. 13). The rise in roughness occurs mainly due to the pro-
longed duration of heating: with 10 K/s, the specimen reaches 920 ◦C in 
1.5 minutes whereas with 0.5 K/s, it takes ~30 minutes. In order to 
check the effect of surface asperity height on coating cracks, the surface 
profile is scaled along the y-axis to mimic a rise in surface roughness in 
the FE model. Fig. 13 shows the simulation result with increased asperity 

height during tensile deformation at 600 ◦C. Upon comparison with the 
reference surface profile in Fig. 6(b), the FE simulation result shows no 
difference in the evolution of coating cracks. Since the strain localization 
occurs mainly at the vicinity of voids, the rise in asperity height does not 
influence the strain to crack initiation or the overall crack density. 

5.4. Discussion & recommendations 

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 coating micro-structure on its fracture. As fracture simula-
tions are sensitive to element size and refinements at the crack tip, the 
simulation results are only valid for the prescribed numerical settings. In 
this study, since identical numerical and material descriptions are used 
for all the sensitivity analyses, the error carried forward during the 
simulations are the same and can be overlooked. The coating micro- 
structure is modeled in 2D using plane strain elements, which assume 
the voids as cylindrical tubes. Since voids are ellipsoidal in shape, the 
assumption of plane strain may overestimate the strain localizations 
around these voids during tensile deformation compared to a 3D model 
with an ellipsoidal void and similar void volume fraction. Although a 3D 
representation of the coating − substrate model, including the ellip-
soidal voids, would improve the simulation result, such an approach is 
computationally intractable. 

Regarding the material description of the AlSi coating, the elasto- 
plastic behavior of Fe − Al intermetallics is acquired from the litera-
ture of bulk materials. Such a technique is likely to have different grain 
size and microscopic pores than the ones generated in the coating layer 
via Fe-diffusion [30]. Moreover, one of the limitations of this study is the 
assumption of temperature-independent strain hardening slope of 
Fe2Al5 and FeAl. Therefore, an accurate thermo-mechanical description 
of the Fe − Al intermetallics, which are formed via Fe-diffusion, would 
improve the accuracy of the FE simulation results. Furthermore, in the 
coating material description, the mechanical properties of α-Fe is 

Fig. 12. Simulation result of coating − substrate FE model after uniaxial tensile loading at 600 ◦C with no voids. The FE model is based on the SEM image (right) of 
the coating layer heated at 800 ◦C followed by 6 minutes dwell time. The reference simulation result with voids is presented in Fig. 6(b). 
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assumed to be the same as FeAl at elevated temperatures. According to 
SEM − EDS measurements, since the diffusion zone consists of 
constantly changing atomic composition of decreasing Al and Si with 
increasing Fe, its material behavior in reality is perhaps more ductile 
than FeAl. Furthermore, with rise in austenitization temperature and 
dwell time, a significant softening of the α-Fe layer is mentioned in the 
literature [31]. 

The sensitivity study shows a strong correlation between the size and 
also the distribution of voids, intermetallics and coating fracture. 
However, from the experiments, the coating fracture is insensitive to 
changes in coating surface roughness. Regarding voids, as the vicinity of 
voids show larger strain localizations than around the asperities, the 
coating fracture is initiated from the voids. According to the FE simu-
lations in terms of void fraction, less cracks are observed when less voids 
are present in the AlSi coating (Case 5). Hence, the location and popu-
lation of voids are one of the key factors in contributing to coating 
fracture. On the other hand, the distribution of Fe − Al intermetallics, 
including α-Fe, plays a significant role in coating fracture. Regarding 
intermetallics, when a large proportion of AlSi coating is composed of 
Fe-rich compounds, the cracking is significantly reduced. With FeAl 
islands in the coating, as depicted in Cases 1 and 2, when the voids lie 
within or at the vicinity of this Fe-rich ductile compound, the AlSi 
coating also showcases a drop in coating fracture. Moreover, the low 
yield stress followed by perfectly plastic behavior of FeAl initiates 
coating fracture at a lower stress level than of Fe2Al5, which has rela-
tively higher yield stress and positive strain hardening slope. As the 
aforementioned parameters are crucial coating fracture parameters, 
accurate plasticity descriptions of both Fe2Al5 and FeAl are required. 

6. Experimental demonstration of coating fracture reduction 

In order to check the validity of numerical findings acquired from the 
FE model, hot tensile experiments are performed. The heating stage 
parameters are modified such that different coating micro-structures are 

uniaxially deformed at 700 ◦C. A standard stage is also prepared where a 
dog-bone tensile sample is first heated in a Gleeble 563 to 920 ◦C at a 
rate of 10 K/s followed by a dwell time of 6 minutes. After the heating 
stage, the sample is cooled to 700 ◦C with a constant cooling rate of 30 
K/s for uniaxial tensile deformation until 7% macroscopic strain. After 
the test, the samples are inspected under the microscope to quantify the 
density of cracking. Upon calculating the number of cracks at three 
different lines on both sides of the sample, a crack density of 1.72 crack/ 
mm is obtained with standard heating parameters (Fig. 14(a)). 

According to the FE simulation predictions, cracking is reduced 
when more Fe-rich compounds are present in the coating. To obtain 
more FeAl and α-Fe in the experiment, the heating parameters are 
modified by increasing the dwell time to 10 minutes and austenitization 
temperature to 1000 ◦C in separate demonstration cases, namely Demo 1 
and Demo 2, respectively. Fig. 14 shows the cracking results of standard 
and demonstration cases. In contrast with the crack density acquired 
with standard heating parameters, the cracking is significantly reduced 
in both the demonstration experiments with modified heating parame-
ters. With a rise in dwell time from 6 to 10 minutes or with an increase in 
austenitization temperature from 920 to 1000 ◦C, the coating fracture 
during tensile deformation at 700 ◦C is dropped from 1.72 cracks/mm to 
~1 crack/mm. 

According to the SEM − EDX images and spectroscopy measure-
ments, the standard heating stage at 920 ◦C followed by a dwell time of 6 
minutes shows that the coating consists of small FeAl islands (Fig. 15 
(a)). By extending the dwell time to 10 minutes, the FeAl islands grow 
larger in size. In fact, due to prolonged diffusion time, the overall Fe- 
content in the coating increases (Fig. 15(b)). Similarly, with rise in 
temperature, more FeAl intermetallics are observed in the AlSi coating 
(Fig. 15(c)). A rise in austenitization temperature increases the rate of 
Fe-diffusion such that the overall Fe-content in the coating layer rises, 
generating more FeAl and α-Fe [29]. As a result, the overall coating 
thickness is also found to exceed 60 μm. Although the number of voids in 
AlSi coating increases with austenitization temperature and dwell time 

Fig. 13. Simulation result of coating − substrate FE model after uniaxial tensile loading at 600 ◦C with 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 followed by 6 minutes dwell time. The reference model with Ra = 1.7 μm is 
presented in Fig. 6(b). 
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[18], such an evolution of the coating micro-structure during heating is 
favorable because more Fe-rich compounds are generated which reduces 
the number of coating cracks upon uniaxial tensile deformation. With an 
increased dwell time in Demo 1, the coating resembles the FE simulation 
with large FeAl islands, as presented in Case 2. Regarding Demo 2, the 
rise in austenitization temperature to 1000 ◦C corresponds to the model 
in Case 3. Despite different surface profile and void fractions, both 
experimental demonstrations show good agreement with FE simulation 

predictions, as ~40% drop in coating crack density is experimentally 
observed. 

7. Conclusion 

The present study investigates the effect of different AlSi coating 
micro-structures on its fracture behavior at elevated temperatures. For 
this purpose, a numerical model is first developed and calibrated to 

Fig. 14. Coating fracture morphology after heating AlSi-coated PHS at (a) 920 ◦C + 6 minutes, (b) 920 ◦C + 10 minutes and (c) 1000 ◦C + 6 minutes dwell time 
followed by uniaxial tensile deformation at 700 ◦C. 

Fig. 15. Distribution of Fe − Al intermetallics and atomic compositions of Fe, Al and Si in the coating layer after (a) 920 ◦C + 6 minutes, (b) 920 ◦C + 10 minutes and 
(c) 1000 ◦C + 6 minutes dwell time. 
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experiments. Second, the model is used to investigate the influence of 
coating micro-structure on its fracture. Such a simulation can also be 
used to analyze the effect of heating stage parameters (i.e., austeniti-
zation temperature and dwell time) on the AlSi coating fracture. The 
numerical sensitivity analyses, with changes in surface roughness, 
intermetallic and void distributions demonstrate the effect of each 
parameter on AlSi coating fracture. Finally, to demonstrate the validity 
of numerical findings, the model predictions are verified with hot tensile 
experiments, all of which show good agreement. 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 AlSi coating fracture pattern.  

• According to FE simulations, the coating crack density is minimized 
by reducing the number of voids or by generating more Fe-rich 
compounds.  

• As per FE simulation prediction, the crack initiation is delayed when 
the AlSi coating is void free or contains a layer-type intermetallic 
distribution.  

• Compared to voids and intermetallics, the surface roughness is 
relatively less significant in causing AlSi coating cracks.  

• With a heating combination of either 920 ◦C + 10 minutes or 1000 ◦C 
+ 6 minutes dwell time, hot tensile experiments at 700 ◦C show 
reduced density of coating cracks that verifies the predictions of FE 
simulation. 
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