
Materials Science & Engineering A 865 (2023) 143812

Available online 19 August 2022
0921-5093/© 2022 Published by Elsevier B.V.

The effect of heating stage parameters on AlSi coating microstructure and 
fracture at high temperatures 

Shakil Zaman a,*, Javad Hazrati a, Matthijn de Rooij b, Ton van den Boogaard a 

a Nonlinear Solid Mechanics, Faculty of Engineering Technology, University of Twente, Enschede, the Netherlands 
b Surface Technology & Tribology, Faculty of Engineering Technology, University of Twente, Enschede, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Hot stamping 
AlSi coating 
Fe − Al intermetallics 
Austenitization temperature 
Hot tensile test 
Crack density 

A B S T R A C T   

AlSi coating fracture during press hardening of boron steel can significantly increase tool wear and reduce the 
product quality. During heating of AlSi-coated press hardening steel, the coating layer evolves due to diffusion. 
This results in various Fe − Al intermetallic compounds (such as FeAl, Fe2Al5), voids throughout the coating and 
rise in surface roughness. The goal of this study is to investigate the effect of heating parameters on AlSi coating 
micro-structure and thereby on its fracture behavior during deformation at elevated temperatures. Heating and 
quenching experiments are performed and later the coating layer is inspected under the microscope to check the 
distribution of intermetallics, voids and surface roughness. Subsequently, the coating fracture for the micro- 
structures resulting from different heating parameters is investigated during uniaxial tensile deformation at 
700 ◦C. After the test, the severity of coating cracks is correlated in terms of the percentage of Fe-rich compounds 
and void distributions in the AlSi coating. The results show that by increasing the amount of Fe-rich compounds 
in the coating, its crack density is significantly reduced. Finally, it is shown that by adjusting the heating stage 
parameters, it is possible to further improve the ductility of coating micro-structure and minimize coating 
fracture upon tensile deformation.   

1. Introduction 

1.1. Hot stamping of press hardening steel 

With the ever-increasing demand of high strength and lightweight 
automotive components, hot stamping has gained enormous interest in 
the automotive industry. During hot stamping cycle, according to 
Lechler [1]; press hardening steels (PHS) with pearlitic − ferritic 
micro-structure are heated to fully transform it into austenite. The PHS is 
usually coated with Al with 10 wt% Si (AlSi) to physically protect the 
sheet metal from oxidation at high temperatures. During the heating 
stage, Morinaga and Kato [2] observed diffusion of iron into molten AlSi 
due to low carbon content in the substrate steel. The thermally activated 
diffusion of iron into the coating transforms the AlSi coating into various 
Fe − Al intermetallic compounds. Eggeler et al. [3], stated that the types 
of intermetallics and their arrangement in the coating layer are mainly 
controlled by the heating profile. Although these intermetallics have 
melting temperatures above 1100 ◦C Karbasian and Tekkaya [4] 
claimed that the rollers carrying the coated steel during the heating 
stage are usually contaminated with melted coating particles. Therefore, 

a controlled heating stage is essential to not only prevent AlSi melting 
but also to minimize coating fracture during deformation, both of which, 
according to Suehiro et al. [5], are largely dependent on the diffusion 
process from steel substrate to the AlSi coating. 

1.2. Diffusion of Fe in AlSi coating 

At industrial hot stamping, PHS is usually heated in a roller hearth 
furnace at a rate of 10 K/s to 920 ◦C and held for 6 min to ensure full 
austenitic transformation. During this process, Windmann et al. [6], 
found that the AlSi coating layer, due to Fe-diffusion, evolves into 
various Fe − Al intermetallic compounds: the entire coating converts to 
Fe2Al5 with islands of FeAl, including a diffusion zone at the coating −
substrate interface. As a result of such transformations, Chang et al. [7], 
claimed that thermal vacancies are generated in the form of voids, 
including Kirkendall voids at the coating − substrate interface. 

Diffusion of Fe in AlSi alloy is a temperature dependent process. As 
the Al − Si alloy in the coating starts to melt, Mehrer [8] found that the 
diffusivity of Fe in AlSi increases significantly. due to high Si content and 
thermally activated vacant sites at the coating − substrate interface, 
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Mehrer et al. [9], observed Fe rapidly diffusing into the coating layer. 
Fe2Al5 (with 25 at.% Fe) is primarily generated in the AlSi coating. 
Consequently, with rise in temperature, a diffusion zone is formed at the 
coating − substrate interface. Jenner et al. [10], describes the diffusion 
zone as a layer of pure Fe with solid solutions of Al and Si. Due to high 
energy barrier prior to the growth of FeAl, a minimum heating tem-
perature is necessary before FeAl in the coating exists. That is why, 
according to the conclusions from Zhang et al., [11]; at heating tem-
peratures above 920 ◦C, islands of FeAl are likely to be observed, 
especially at the location of high Si content. Furthermore, to compensate 
off-stoichiometry of the generated FeAl, Fu et al. [12], and Fähnle et al. 
[13], saw presence of constitutional or thermal vacancies, mostly at the 
vicinity of these FeAl islands. Besides, compared to all compositions of 
Fe, Wolff et al. [14], found that the thermal vacancy fraction for FeAl is 
the highest, rendering large population of defects throughout the AlSi 
coating. This promotes generation of voids, especially at the vicinity of 
these FeAl islands in the coating layer. 

As the coating layer undergoes structural change, surface roughness 
evolves [15]. During forming of AlSi-coated PHS at elevated tempera-
tures, Jenner et al. [10], claimed that the interaction of Fe − Al in-
termetallics and voids defines the overall thermo-mechanical response 
of AlSi coating. For instance, after heating to 920 ◦C at a rate of 10 K/s 
followed by 6 min of dwell time, the coating layer is dominated by brittle 
Fe2Al5 compound; hence, the coating voids act as crack initiation sites 
and generates fracture at the onset of tensile straining [16,17]. Ac-
cording to Zaman et al., [18]; the density of voids can be reduced by 
heating at a relatively lower heating temperature (e.g. 750 − 800 ◦C) 
and holding time; however, that decreases the amount of Fe-rich com-
pounds in the coating layer, as observed by Windmann et al., [6]. 

1.3. Objective of this study 

The objective of this article is to investigate the effect of heating 
stage parameters (i.e., heating rate, heating temperature and dwell time) 
on the evolution of coating micro-structure and consequently on its 
fracture. For that, heating and quenching tests are first conducted by 
varying the heating rate, temperature and dwell time. After micro-
structural analysis of the samples, few cases are selected for hot tensile 
experiments at 700 ◦C, after which the cracking behavior is evaluated. 

2. Heating and quenching experiments 

In this study, press hardening steel (PHS) coated with aluminum with 
10 wt% silicon (AlSi) is used. The aforementioned material is received 
from TATA Steel Europe. The coating is applied by dipping the sheet 
material in a bath of aluminium with 10% silicon, at 600 ◦C. The 
chemical compositions of the PHS substrate is showed in Table 1 while 
the through-thickness chemical composition, including the surface 
topography after the hot-dip aluminization process are shown in Fig. 1. 
Prior to the heating and quenching experiments, the thickness of AlSi 
coating layer is 25 − 30 μm whereas the overall thickness of the coated 
steel is 1.5 mm. Laser-cut rectangular (140 × 20 mm) samples are used 
for heating-quenching experiments. 

Heating and quenching tests are conducted with 2 heating tech-
niques. To heat the samples via conduction, an industrial oven (Naber-
therm high temperature muffle furnace, model GZ-33334-20) is used 
under standard atmospheric air condition. However, this oven can only 
be used to investigate the effect of heating temperature and dwell time. 
The effect of heating rate and all the hot tensile tests are conducted in a 
Gleeble 563, which uses a resistance heating method (via electricity), to 

control the temperature of the sample under vacuum condition. In both 
cases, the temperature on the samples are measured by a pair of k-type 
thermocouple (Ø 0.25 mm chromel and alumel) wires, which are spot- 
welded on the specimen using a thermocouple welder. After heating, 
the samples are removed from the oven and cooled by an air-gun via 
forced-air convection while the samples from the Gleeble 563 are cooled 
by water-cooled grips via conduction. Even though the samples are 
cooled differently, the average cooling rate is maintained to ~5 K/s for 
all the samples. 

2.1. Post-processing steps 

During heating and quenching experiments, the effect of one 
parameter is studied by keeping the others fixed to standard heating 
parameters; i.e., heating rate of 10 K/s, temperature at 920 ◦C and a 
dwell time of 6 min. All the heating and quenching experiments are 
repeated and its results can be found in the supplementary file. After the 
experiment, the tested samples are inspected under the confocal (S-neox 
optical profiler), optical (Keyence VHX-7000 series) and electron (JEOL 
JSM-7200F) microscopes, to observe the evolution of coating voids, 
surface roughness and micro-structure, respectively. Prior to confocal 
measurement of the AlSi coating top surface, the coated sheet is cleaned 
with ethanol in an ultrasonic bath for 30 min. To inspect the AlSi coating 
micro-structure, the central cross-section of the coated steel is first 
grinded with abrasive SiC foils and then polished with diamond particles 
(min. 1 μm grain size) in a polishing machine (Struers Tegramin). Af-
terwards, the samples are then kept inside a vacuum oven at 50 ◦C for at 
least 8 h before taking the SEM-EDX measurements. With the help of X- 
ray detectors, the atomic composition of Fe, Al and Si along the coating 
thickness is obtained. 

The polished AlSi cross-section is also inspected under the optical 
microscope to measure the void fraction for each heating condition from 
1 mm long stitched coating micrograph Zaman et al., [18]. The void 
fraction Fvoid is calculated by taking the ratio of total void area and 
coating area from the optical coating micrographs. With a resolution of 
49 pixels/μm2, the area of the voids is accurately obtained. The total 
void area is calculated by firstly binarizing the image such that the voids 
and micro-cracks are represented by black pixels. Secondly, the voids 
are separated from the micro-cracks by using an ellipticity-based algo-
rithm, which eliminates the micro-cracks as they show high ellipticity. 
With an ellipticity threshold of 8, it is found that all the micro-cracks 
from AlSi coating can be disregarded, leaving only the voids. Finally, 
the total area of voids is calculated, which is then divided by the total 
area of the inspected coating layer to obtain Fvoid. More information 
about the evaluation of Fvoid is presented in the supplementary file and 
can also be found in Zaman et al., [19]. 

2.2. Heating stage parameters 

The heating stage mainly consists of 3 parameters: heating rate, 
heating temperature and dwell time. Fig. 2(a) shows a typical temper-
ature − time profile of the heating and quenching experiments. To 
investigate the effect of each heating parameter on AlSi coating micro- 
structure, 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 min. 

During the heating stage, different Fe − Al intermetallics are formed 
which influence the mechanical behavior of AlSi coating. Based on the 
Fe-content, the Fe− Al intermetallic compounds show brittle or ductile 
mechanical behavior. Therefore, to control its fracture during the 
deformation process, it is important to understand the effect of heating 
parameters on AlSi coating micro-structure. Fig. 1 shows the SEM image, 
spectroscopy data and surface roughness of the virgin coating before the 
experiment. From SEM-EDX measurements, it is found that the coating is 
initially dominated by a pure aluminum matrix, with scattered lumps of 
silicon and a layer of different FexAlySiz compounds at the coating −
substrate interface (Fig. 1(a)). The latter, according to Windmann et al., 

Table 1 
Chemical composition of PHS (wt.%).  

C Mn Cr Al Fe 

0.2 2.20 0.65 0.04 Bal.  
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[6]; implies mild Fe-diffusion in the coating during hot-dip aluminiza-
tion. The surface roughness of the coating is measured in terms of the 
root mean square height (Sq = 0.9 μm), as shown in Fig. 1(c). Having 
observed the initial condition of AlSi coating, the coated PHS is then 
heated by varying the heating temperature, dwell time and heating rate. 
The quenching stage for all the tested samples is kept similar through a 
constant air flow from an air-gun, ensuring similar temperature 
gradient. 

3. Effect of heating parameters on coating micro-structure 

3.1. Effect of heating temperature 

To study the coating evolution during heating, AlSi-coated PHS is 
first heated to temperatures above and below the austenitization start 
temperature (~727 ◦C). It is evident from Fan et al. [20], that the 
diffusion of iron in the coating layer largely depends on the austeniti-
zation of PHS and the melting of AlSi alloy occurring at 578 ◦C, ac-
cording to Karbasian and Tekkaya [4]. To investigate the effect of AlSi 
melting on the coating micro-structure, the sample is heated at 600 ◦C at 
a heating rate of 10 K/s followed by a dwell time of 6 min. Fig. 3(a) 
shows the resulting coating micro-structure and surface roughness of the 
AlSi coating after heating at 600 ◦C. Due to relatively low heating 
temperature (600 ◦C), the overall atomic composition of the coating is 
similar to that of as-received material. However, due to high diffusivity 
of Fe at Al dominated coating, a considerable growth of FexAlySiz layer is 
observed along the coating − substrate interface. Compared to as-coated 
surface roughness of 0.9 μm (Fig. 1), the coating surface Sq after heating 
at 600 ◦C is increased to 1.7 μm (Fig. 3(a)). According to Barreau et al., 
[21]; this rapid rise in surface roughness is due to the formation of 
FexAlySiz and also presumably due to the melting of Al–Si alloy, mainly 
along the surface. Regarding the voids, very few of them are observed in 
the coating. After heating at 600 ◦C, all the generated voids are present 
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 with 
heating temperatures above 600 ◦C. With 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. 3(b)). At 920 ◦C, islands of FeAl in Fe2Al5 matrix are 
observed (Fig. 3(c)) whereas at 1000 ◦C, full FeAl is obtained (Fig. 3(d)) 
in the AlSi coating layer. In the last two cases, there is a presence of a 
diffusion zone at the coating − substrate interface (shown on SEM im-
ages in Fig. 3). As expected, the growth of the diffusion zone is directly 
dependent on the level of heating temperature: at 1000 ◦C, the thickness 

Fig. 1. (a) Through thickness view and (b) atomic composition of AlSi coating after hot-dip aluminization.(c) Confocal image of coating surface height distribution.  

Fig. 2. (a) Typical temperature-time profile of heating and quenching 
experiments. 
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of the diffusion zone is 30 μm whereas at 700 ◦C, it is negligible. 
However, the growth of the diffusion zone occurs after Fe2Al5 is formed 
in the coating, suggesting that the energy required to generate Fe2Al5 is 
less compared to that of the diffusion zone (pls. add a reference). 
Regarding voids, they are found to also nucleate inside the bulk of the 
coating layer, especially at heating temperatures above 700 ◦C. 
Although few voids are present at 700 ◦C (Fvoid = 0.7%), the density of 
voids increases rapidly at 920 ◦C (Fvoid = 1.7%). With further rise in 
heating temperature (to 1000 ◦C), relatively large voids are seen in the 
bulk AlSi coating (Fvoid = 2.5%). These voids are strain localization sites 
and play an important role in coating fracture [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. 3(b)), with variable 
densities in the AlSi coating [22]. With rise in temperature to 920 and 
1000 ◦C, Si distributes relatively more homogenously throughout the 
AlSi coating and also Sq drops below 3 μm (Fig. 3(d)). To summarize, the 
AlSi coating micro-structure transforms at heating temperatures ranging 
from 700 − 1000 ◦C; with increase in 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 increase in Fe-content of 
the coating (i.e., FeAl and Fe2Al5), the number and size of the voids also 
increase which can affect the mechanical and fracture behavior of the 
coating. 

3.2. Effect of dwell time 

To ensure full austenitic transformation in the PHS, it is important to 
hold the coated steel at the heating temperatures (>900 ◦C) for some 
time duration, usually 6 min according to current industrial practice, as 
stated by Kolleck et al., [23]. In this subsection, the effect of dwell time 
on the AlSi coating micro-structure is investigated at a constant heating 
temperature of 920 ◦C and heating rate of 10 K/s. After quenching, the 
SEM-EDX measurements on the coating show that dwell time has a 
significant impact on the growth of diffusion zone and FeAl (Fig. 4). By 
increasing the dwell time from 2 to 6 min, the coating thickness, 
including the diffusion zone, grows from 40 to ~50 μm. However, after 
6 min of holding time, the growth rate of the diffusion zone decreases, 
meaning that the Fe-diffusion process is approaching a state of equi-
librium. Surface roughness values (Sq) demonstrate no clear effect of 

Fig. 3. Through thickness view, atomic composition and surface height distribution of the AlSi coating after heating to (a) 600, (b) 700, (c) 920 and (d) 1000 ◦C at 
10 K/s for 6 min. 
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dwell time on the asperity height. Regarding voids, there is a positive 
correlation between the density of voids and dwell time. With longer 
dwell times, as the Fe-diffusion creates more FeAl islands, more voids 
are observed at the vicinity of these islands, increasing the Fvoid from 
1.1% at 2 min to 2.1% after 10 min of dwell time. During heating, Fe2Al5 
intermetallic compound is generated first; subsequently, islands of FeAl, 
including diffusion zone at the coating − substrate interface are gener-
ated; hence, such a growth increases the overall thickness of the AlSi 
coating. In addition to FeAl islands, which are denser than Fe2Al5 ma-
trix, more voids are formed with rise in dwell time, especially at the 
vicinity of these FeAl islands. 

3.3. Effect of heating rate 

In order to investigate the effect of heating rate on AlSi coating 
micro-structure, the as-coated PHS is heated via resistance heating in a 
Gleeble 563 because it is not possible to vary the heating rate in the 
furnace. In this case, the heating temperature and dwell time are kept 

constant. After the test, the coating layer is inspected under the confocal 
and electron microscopes. Regarding the distribution of intermetallics, 
as shown in Fig. 5, the highest fractions of FeAl, Fe2Al5 and diffusion 
zone are observed at 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 0.5 K/s to 2.17 μm at 10 K/s. This is presumably owing to the 
duration of heating: with 0.5 K/s, the time required to reach 920 ◦C is 30 
min whereas with 10 K/s, it is just 1.5 min. Regarding the void distri-
bution, large voids are found at low heating rates, with Fvoid = 2.9% for 
0.5 K/s. With rise in heating rate, Fvoid drops to a minimum Fvoid of 2.2% 
at 10 K/s. However, with the heating rate 15 K/s, the overall coating 
thickness is found to be reduced. This could possibly be due to the AlSi 
coating layer melting prior to the Fe diffusion process taking over the 
bulk AlSi coating layer to form Fe–Al intermetallic compounds. Several 
authors, Paar et al. [24], and Kolleck et al. [23], for instance, have 
mentioned the melting of AlSi alloy when the heating rate exceeds 10 
K/s. 

Fig. 4. Through thickness view, atomic composition and surface height distribution of the AlSi coating after heating at 920 ◦C for (a) 2, (b) 6 and (c) 10 min of 
dwell times. 
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3.4. Effect of 2-step heating profile 

As observed earlier, the coating micro-structure evolves significantly 
at temperatures above 600 ◦C. Therefore, to improve the efficiency of 
the process, heating duration can be possibly shortened by prescribing a 
bi-linear heating rate. This consists of a fast heating until 550 ◦C fol-
lowed by controlled heating to 920 ◦C. Since Al − Si alloy melts at 
~578 ◦C, fast heating above 550 ◦C may completely melt the AlSi 
coating. That is why the fast heating temperature limit is set to 550 ◦C. 
Furthermore, according to Barreau et al. [21], the heating rate along the 
temperature range of 600 − 800 ◦C is the most important stage in terms 
of defining the final surface profile. 

Fig. 6 shows the results of coating micro-structure with aforemen-
tioned 2-step heating profiles to 920 ◦C. With low heating rate (0.5 K/s) 
at the second phase, the Fe − Al intermetallics form semi-continuous 
layers whereas with rise in heating rates, FeAl exists in the form of 
islands. These results are very similar to what is observed with constant 
heating rates in Fig. 5. Therefore, fast initial heating is possible until 
550 ◦C without affecting the AlSi coating micro-structure. 

3.5. Summary 

According to the heating and quenching experiments, low heating 
rate, high heating temperature or long dwell time generates an Fe-rich 
coating layer. The aforementioned conditions also favor void forma-
tion in the AlSi coating. Regarding the coating surface, high heating rate 
or heating temperature leads to a relatively smoother coating surface. 
Also, the incorporation of 2-step heating; i.e., rapid heating prior to the 
melting point of AlSi coating results in identical coating micro-structure 
as with constant heating rate. Therefore, the bi-linear heating profile can 
be used to further shorten the heating stage without affecting the AlSi 
coating micro-structure. In terms of the ductility of AlSi coating, Gui 
et al. [25], stated that a Fe-rich coating layer is generally preferred. 
However, since the number and size of voids increase with rise in 
Fe-content, a trade-off between the two is necessary such that the overall 
formability of coating layer is maximized. 

Fig. 5. Through thickness view, atomic composition and surface height distribution of the AlSi coating after heating at 920 ◦C for 6 min, with a constant heating rate 
of (a) 0.5 (b) 5 (c) 10 and (d) 15 K/s. 
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4. Effect of heating stage on coating fracture 

4.1. Hot tensile experiments 

Based on the heating and quenching results, hot tensile tests are 
designed with modified heating parameters. The hot tensile tests are 
conducted in a Gleeble 563 via resistance heating. The experimental 
program involves heating the sample to temperatures ≥800 ◦C followed 
by dwell times ≥3 min. After heating and holding, the specimen is 
cooled with a constant cooling rate of 30 K/s to 700 ◦C and uniaxial 
tensile loading is performed at an elongation rate of 0.12 mm/s until 7% 
macroscopic strain. After tensile deformation, the sample is cooled to 
room temperature with an average cooling rate of 5 K/s. All the hot 
tensile tests are repeated and the experimental data, including the rep-
etitions, are available in the supplementary file. 

During the hot tensile experiments, only 3 heating parameters, 
namely heating temperature, dwell time and heating rate are modified. 
Other parameters; for instance, deformation temperature, strain rate 
and cooling rate are kept constant. In this way, the effect of various AlSi 
coating micro-structures on its fracture is investigated. The effect of 
deformation temperature and strain rate on coating fracture can be 
found in an earlier publication by the authors Zaman et al., [17]. After 
the experiment, 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 central gauge section of each specimen. Since the 
temperature is reasonably homogeneous at the center of the specimen, 
the coating cracks present in that section are taken into consideration. 
The coating crack density value is calculated by dividing the total 
number of cracks (along the imaginary lines at the center, left and right 

edges of the samples on both sides; i.e., 6 measurements per specimen) 
by the total length of the imaginary lines. The procedure is repeated on 
another sample to obtain the average crack density for a particular 
experimental condition. The coating crack distribution on the repeated 
samples are also available in the supplementary file. 

To correlate the coating cracks with the amount of Fe-rich com-
pounds, the tensile samples are polished with abrasive SiC foils and 
diamond particles, as already described in Section 2.1, to acquire a clear 
image under the SEM, with distinguishable Fe − Al intermetallics and 
the diffusion zone. As the Fe-rich compounds (FeAl & diffusion zone) are 
brighter in contrast than the Al-rich ones, with a proper threshold, the 
Fe-rich compounds are segmented, which can then be utilized to eval-
uate the total area of Fe-rich compounds. The procedure is repeated for 2 
SEM images per condition to obtain an average distribution of Fe-rich 
compounds throughout the AlSi coating thickness. More information 
on how to obtain the percentage of Fe-rich compounds from SEM mi-
crographs is presented in the supplementary file. 

Uniaxial tensile tests are conducted in the Gleeble 563 at 700 ◦C with 
the following range of heating parameters: the heating rate is varied 
from 0.5 to 10 K/s, temperature between 800 and 1100 ◦C and holding 
time from 3 to 18 min (Fig. 7(a)). One of the limitations of resistance 
heating is the temperature gradient observed along the gauge of the 
tensile specimen (Fig. 7(b)). To monitor this, 4 thermocouples are wel-
ded along the specimen gauge. It is found that a temperature difference 
(ΔT) of 40 ◦C exists at 20 mm of the gauge (between ❶ and ❷ in Fig. 7 
(b)), with the maximum temperature at location ❶. Due to resistance 
heating of the specimen with copper grips, the ΔT between the ther-
mocouples increases significantly from locations ❷ to ❹, beyond which 
the specimen is at room temperature. 

Fig. 6. Through thickness view and atomic composition of the AlSi coating after heating for 6 min, 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. 

S. Zaman et al.                                                                                                                                                                                                                                  



Materials Science & Engineering A 865 (2023) 143812

8

4.2. Results 

As mentioned in the previous section, a relatively fast initial heating 
rate until 550 ◦C does not alter the coating micro-structure (Fig. 6) and 
expectedly its fracture. To further verify this, the initial heating rate is 
varied from 10 to 100 K/s to 550 ◦C followed by 10 K/s heating to 920 ◦C 
(Fig. 8). After the experiment, the gauge section of the deformed sample 
is inspected under the optical microscope, to measure the crack density. 
The crack density values shown in Figs. 8–10 are the average crack 
densities obtained from two tensile experiments; the maximum standard 
deviation (σ) of 0.25 cracks/mm is observed. Only 20 mm of the central 
gauge section is taken into consideration while measuring crack density. 
Fig. 8(a) shows the coating cracks with an average crack density of 1.61 
cracks/mm due to uniaxial tensile deformation at 700 ◦C with standard 
heating parameters (i.e., 920 ◦C, 10 K/s + 6 min). A similar crack density 
is also observed with bi-linear heating profiles, with the initial heating 
rates set to 50 and 100 K/s in each case (Fig. 8(b) and (c)). The SEM 
image shows the distribution of Fe − Al intermetallics with standard 
heating parameters (Fig. 8(d)); very similar coating micro-structures are 
observed with all the bi-linear heating profiles. As the line spectroscopy 
measurement in Fig. 8(e) does not represent an overall quantitative 
distribution of Fe − Al intermetallics, 2 SEM images, each 120 μm long, 
are processed to quantify the average percentage of Fe-rich compounds 
(i.e., FeAl + diffusion zone) in the coating layer. After heating the coated 

Fig. 7. (a) A temperature-time heating profile with bi-linear heating, holding, 
uniaxial tensile deformation followed by cooling; (b) The tensile specimen at 
920 ◦C, showing the temperature difference (ΔT) every 10 mm interval. 

Fig. 8. Crack density of AlSi coating layer after an initial heating rate of (a) 10, (b) 50 and (c) 100 K/s from room temperature to 550 ◦C, 10 K/s to 920 ◦C, followed 
by uniaxial tensile deformation at 700 ◦C. (d) Through thickness inspection, including the (e) composition of Fe, Al and Si after standard heating stage (920 ◦C, 10 K/ 
s + 6 min). 
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PHS with standard heating parameters, it is found that 28.7% of the 
coating consists of Fe-rich compounds. 

Regarding the total heating duration, with rapid initial heating to 
550 ◦C, the heating stage can be further shortened. 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 educated selection of heating rate, 
temperature and dwell time based on the heating/quenching results of 
Section 3. The resulting coating micro-structure is then ranked in terms 
of formability. 

4.2.1. Improved AlSi coating micro-structure 
Hot tensile experimental results show that the least number of 

coating cracks is observed when the dwell time is 10 min, heating rate is 
0.5 K/s or when the heating temperature is above 1000 ◦C (Fig. 9). 
Compared to the coating micro-structure of standard heating (i.e., 
920 ◦C, 10 K/s + 6 min), a dwell time of 10 min gives more time for the 
coating micro-structure to evolve, such that it contains a relatively 
larger diffusion zone and FeAl islands (Fig. 9(a)). With 0.5 K/s, FeAl 
exists in the form of layers; thus, it makes the AlSi coating relatively 
more ductile than obtained from standard heating (Fig. 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. Furthermore, the rise in tem-
perature increases the rate of Fe-diffusion; thus, more Fe-rich com-
pounds are present in the coating (Fig. 9(c) and (d)). In particular, after 
heating at 1100 ◦C, the entire AlSi coating transforms into a Fe-rich 
layer. 

Compared with the crack density value of standard heating, the list 
of modified heating parameters in Fig. 9 leads to a decrease in the 

coating crack density from ~2 to ~1 crack/mm, also demonstrated in 
Zaman et al., [17]. Furthermore, the only heating stage where no 
coating cracks are observed is when the heating temperature reaches 
1100 ◦C (Fig. 9(d)). Even with a relatively short dwell time of 3 min, the 
applied heat energy at 1100 ◦C is sufficient to transform the entire 
coating layer into a Fe-rich micro-structure. Overall, the results suggest 
an inverse correlation between the amount of Fe-rich compounds and 
the coating crack density: as the amount of FeAl and diffusion zone are 
increased, a significant reduction in coating crack density is observed. 

4.2.2. Unimproved AlSi coating micro-structure 
Although extending the dwell time from 6 to 10 min reduces the 

crack density, further crack reduction is not observed beyond a dwell 
time 10 min. Fig. 10(a) shows that with 18 min of dwell time at 920 ◦C, 
the crack density is similar to that obtained with 10 min in Fig. 9(a). The 
intermetallic distribution confirms that the coating micro-structure is 
also similar: a 45.2% Fe-rich compounds is obtained after 18 min of 
dwell time, compared to 41.4% after 10 min. Another heating condition 
which did not reduce the coating fracture is the heating rate of 5 K/s 
(Fig. 10(b)): the coating layer is dominated by an Al-rich Fe2Al5 matrix, 
which is brittle and generates coating fracture at the onset of straining. 
Compared to standard heating rate with 10 K/s (Fig. 8), lowering the 
heating rate to 5 K/s has negligible effect on the Fe-content and crack 
density, the latter is within the standard deviation of the result of 
standard heating. Interestingly, after lowering the heating temperature 
to 800 ◦C, Fe2Al5 dominates the coating, with approximately no FeAl or 
diffusion zone. Among the investigated heating profiles, the crack 
morphology due to 800 ◦C heating is the worst case, with 4 cracks/mm 
after tensile deformation at 700 ◦C (Fig. 10(c)). The absence of diffusion 

Fig. 9. Average crack density, through-thickness view and atomic composition of AlSi coating layer due to (a) 10 min dwell time, (b) 0.5 K/s heating rate, (c) 
1000 ◦C and (d) 1100 ◦C heating temperatures. 
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zone and FeAl are the main reasons for such a severe cracking pattern. 
Fig. 11 shows the evolution of coating cracks during tensile defor-

mation at 700 ◦C, in terms of the percentage of Fe-rich compounds in the 
AlSi coating. Since these compounds improve the ductility of AlSi 
coating, its fracture is significantly reduced when these Fe-rich com-
pounds are present during deformation. After 7% tensile straining at 
700 ◦C, the highest coating crack density is observed when 100% Fe2Al5 
compound is present (Fig. 10(c)). Therefore, the crack formation in AlSi 
coating is primarily be due to the presence of Fe2Al5 in the AlSi coating. 
Moreover, with rise in heating temperature from 800 to 920 ◦C, even 
though the void fraction increases, with 28.7% presence of Fe-rich (i.e., 
FeAl + diffusion zone) compounds, the coating crack density value is 
halved; i.e., from 4 to less than 2 cracks/mm (Fig. 8). Further reduction 
of the coating crack density from 2 to 1 crack/mm is observed when the 
heating temperature is increased to 1000 ◦C (Fig. 10). Similar result is 
also observed either by increasing the dwell time to 10 min or by 
lowering the heating rate to 0.5 K/s, both of which however, extends the 
overall heating duration. The only heating condition which successfully 
prevented coating cracks is the heating temperature of 1100 ◦C: at this 
heating temperature, a dwell time of just 3 min transforms the entire 

AlSi coating into a Fe-rich intermetallic coating (Fig. 9(d)). Despite the 
presence of large Kirkendall voids, no coating cracks are observed after 
7% tensile deformation at 700 ◦C. This clarifies that the root-cause of 
AlSi coating fracture is the presence of Fe2Al5, regardless of voids 
throughout the coating layer. 

4.3. Discussion 

In this study, the effect of heating stage parameters on coating micro- 
structure is experimentally investigated. Subsequently, their influence 
on the mechanical behavior of coating is examined using hot tensile 
tests. However, limitations of the study should be mentioned for better 
interpretation of the results. The heating and quenching experiments are 
conducted using a closed oven while the effect of heating rates and hot 
tensile tests are performed in a Gleeble 563. Interestingly, when the AlSi- 
coated PHS is heated in the Gleeble 563 and in the Nabertherm Muffle 
Furnace with the same heating condition, different AlSi coating micro- 
structure is observed. After heating to 1000 ◦C for 6 min in the oven, 
the SEM image in Fig. 3(d) shows a fully transformed FeAl coating; 
however, the exact heating stage via resistance heating produced a 

Fig. 10. Crack density, through-thickness view and atomic composition of AlSi coating layer due to (a) 18 min dwell time, (b) 5 K/s heating rate and (c) 800 ◦C 
heating temperature. 
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Fe2Al5 dominated micro-structure (Fig. 9(c)). Furthermore, with the 
same heating condition different void fraction values are obtained. After 
heating at 920 ◦C followed by a dwell time of 6 min, a void fraction of 
1.7% is observed from the sample which is heated inside a furnace 
(Fig. 3(c)) whereas with resistance heating a void fraction of 2.2% is 
evaluated (Fig. 5(c)). Regarding the coating surface topography, the 
surface height distribution is less with resistance heating than with 
furnace heating, the latter showcasing Sq = 3.22 μm while the former 
portraying Sq = 2.17 μm. This is expected as the resistance heating is 
conducted in vacuum with negligible surface oxidation. 

As the environmental condition plays no role in determining the 
micro-structure or porosity of a material, the differences in the coating 
micro-structure in terms of intermetallics and voids could be attributed 
to the different heating techniques. In a closed oven, the specimen is 
always heated from the outside and the heating rate always depends on 
the temperature difference between the sample and oven: the heating 
rate is always very high at the onset of heating whereas the rate slows 
down upon reaching the oven temperature. However, in the case of 
resistance heating, the sample is heated from the inside, with the heating 
rate being precisely controlled according to the prescribed heating 
profile. Such a difference in the temperature-time profile may influence 
the Fe-diffusion process. As different coating micro-structures are ob-
tained with similar nominal heating condition, the heating technique 
potentially influences the diffusion coefficients of Fe in Al–Si and vice 
versa. Further investigation is necessary to address the effect of different 
heating techniques on the diffusion coefficients of Fe and Al. 

During the heating stage via the resistance heating, it is important to 
have a homogeneous temperature distribution on the specimen gauge 
because temperature level determines the AlSi coating micro-structure. 
Although homogeneity of temperature distribution is improved by 
maximizing the grip-to-grip length of the specimen to 80 mm, a small 
temperature difference still exists, as shown in Fig. 7(b). To circumvent 
the problem, the optical and crack measurements are restricted to the 
20 mm central section of the gauge, within which the temperature dis-
tribution is reasonably homogeneous. A better temperature distribution 
may be obtained by replacing copper grip blocks with stainless steel 
ones. 

5. Conclusions 

The present study investigates the effect of heating stage parameters 
on AlSi coating micro-structure and its fracture during uniaxial tensile 
deformation at 700 ◦C. The heating and quenching tests as a function of 
heating rate, temperature and dwell time are first conducted to under-
stand the evolution of coating micro-structure. The uniaxial tensile ex-
periments are then performed to investigate the ductility of the coating 
micro-structure based on selected heating parameters. The experimental 
observations can be assembled to make the following conclusions:  

• An inverse correlation between Fe-rich compounds and coating crack 
density is observed. With rise in the quantity of FeAl and diffusion 
zone, the coating crack density decreases.  

• Despite increase in void fraction, the AlSi coating crack density with 
tensile deformation at 700 ◦C is reduced with low heating rate, high 
heating temperature and long dwell time.  

• No coating cracks are observed after 7% tensile straining at 700 ◦C 
when the coated steel is heated to 1100 ◦C for 3 min.  

• The AlSi coating layer remains intact until 550 ◦C. Fast heating until 
this temperature does not affect the coating micro-structure.  

• Using a 2-step heating method, it is possible to reduce the total 
heating time without affecting the ductility of AlSi coating.  

• Coating surface roughness drops with high heating rate, heating 
temperature and also under vacuum conditions. 
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[21] M. Barreau, C. Méthivier, T. Sturel, C. Allely, P. Drillet, S. Cremel, R. Grigorieva, 
B. Nabi, R. Podor, J. Lautru, In situ surface imaging: high temperature 
environmental SEM study of the surface changes during heat treatment of an AlSi 
coated boron steel, Mater. Char. 163 (2020), 110266. 

[22] W. Liang, J. Duan, Q. Wang, J. Dong, Q. Liu, C. Lin, Y. Zhang, Influence of multi- 
step heating methods on properties of Al–Si coating boron steel sheet, Coatings 11 
(2) (2021) 164. 

[23] R. Kolleck, R. Veit, M. Merklein, J. Lechler, M. Geiger, Investigation on induction 
heating for hot stamping of boron alloyed steels, CIRP annals 58 (1) (2009) 
275–278. 

[24] U. Paar, H. Becker, M. Alsmann, Press-hardened components from Kassel-chances 
and challenges, in: 1st International Conference on Hot Sheet Metal Forming of 
High-Performance Steel, Kassel, Germany, 2008. 

[25] Z. Gui, W. Liang, Y. Zhang, Enhancing ductility of the Al-Si coating on hot stamping 
steel by controlling the Fe-Al phase transformation during austenitization, Sci. 
China Technol. Sci. 57 (9) (2014) 1785–1793. 

S. Zaman et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0921-5093(22)01195-9/sref3
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref3
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref3
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref4
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref4
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref5
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref5
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref6
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref6
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref6
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref7
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref7
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref7
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref8
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref8
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref9
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref9
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref9
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref10
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref10
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref10
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref11
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref11
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref11
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref11
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref12
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref12
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref13
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref13
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref14
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref14
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref14
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref15
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref15
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref16
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref16
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref17
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref17
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref17
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref18
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref18
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref18
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref18
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref19
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref19
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref19
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref20
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref20
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref21
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref21
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref21
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref21
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref22
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref22
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref22
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref23
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref23
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref23
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref24
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref24
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref24
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref25
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref25
http://refhub.elsevier.com/S0921-5093(22)01195-9/sref25

	The effect of heating stage parameters on AlSi coating microstructure and fracture at high temperatures
	1 Introduction
	1.1 Hot stamping of press hardening steel
	1.2 Diffusion of Fe in AlSi coating
	1.3 Objective of this study

	2 Heating and quenching experiments
	2.1 Post-processing steps
	2.2 Heating stage parameters

	3 Effect of heating parameters on coating micro-structure
	3.1 Effect of heating temperature
	3.2 Effect of dwell time
	3.3 Effect of heating rate
	3.4 Effect of 2-step heating profile
	3.5 Summary

	4 Effect of heating stage on coating fracture
	4.1 Hot tensile experiments
	4.2 Results
	4.2.1 Improved AlSi coating micro-structure
	4.2.2 Unimproved AlSi coating micro-structure

	4.3 Discussion

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


