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A B S T R A C T   

In this article, the fracture behavior of AlSi coating at elevated temperatures is investigated. During the heating 
stage, Fe− Al intermetallics and voids are formed, both of which define the fracture behavior of the AlSi coating 
layer. After heating, the effects of deformation temperature, strain level and strain rate on the fracture of AlSi 
coating is investigated, during deformation of the coated press hardening steel. For this purpose, tensile ex-
periments are conducted at elevated temperatures. The experiments include heating the coated steel at 920 ◦C for 
6 minutes, uniaxial tensile deformation at isothermal conditions (400− 800 ◦C) and then quenching to room 
temperature. Acoustic emission (AE) sensors are incorporated to detect coating fracture at each stage. After 
quenching, the distribution of coating cracks and its micro-structure are examined via optical and scanning 
electron microscopy techniques, respectively. The results show that there is a strong correlation between AlSi 
coating fracture and the deformation temperature, macroscopic strain level and the output AE signals. According 
to the acoustic and optical measurements, the uniaxial tensile experiments at 400− 700 ◦C show coating fracture: 
at 400 and 500 ◦C coating fracture is severe with spallation, while at 600 and 700 ◦C mode-I coating cracks are 
generated. However, at 800 ◦C no coating cracks are observed until 30% macroscopic strain. In conclusion, the 
experimental results demonstrate that the AlSi coating fracture is strongly dependent on the temperature and 
strain but not on the strain rate. Furthermore, the agreement between AE signals and optical images confirms 
that the AE sensors can be reliably used for in-situ detection of AlSi coating fracture during tensile experiments.   

1. Introduction 

In hot stamping, press hardening steels (PHS) are usually heated to 
~920 ◦C for 6 minutes in a roller hearth furnace, followed by press 
forming and quenching in the die. In addition to manufacturing 
complex-shaped parts with high dimensional stability, this method en-
hances the tensile strength of hot-stamped component to ~1500 MPa 
[1]. At elevated temperatures, as the steel is vulnerable to oxide scaling 
and decarburization, a protective Al-10 wt% Si (AlSi) coating is applied 
on the PHS. Apart from physically shielding the base metal, the AlSi 
coating forms a continuous metallurgical bond with the substrate; thus, 
it allows efficient transmission of heat throughout the sheet metal [2]. 
However, during the hot stamping process, the micro-structural evolu-
tion of the AlSi layer, including the formation of brittle intermetallics 
and voids increases the risk of coating fracture [3]. Tool pollution 
(wear), substrate oxidation and rise in friction between the contacting 

surfaces are the main consequences of coating fracture during hot 
stamping [4,5]. The tool adhesive wear significantly reduces the tool life 
and therefore hampers the efficiency of the process [6]. Besides, the 
adhesive wear (galling) of the tool is highly dependent on temperature, 
which might be explained by the temperature-dependent fracture 
behavior of the AlSi coating [7]. In this study, we investigate the heating 
followed by deformation stages and observe its effect on the integrity of 
AlSi coating layer. 

1.1. Evolution of AlSi coating micro-structure 

Hot stamping process consists of three stages: heating, deformation 
and quenching. For the AlSi coating, the heating stage defines its overall 
mechanical behavior for the imminent forming and quenching stages 
[8]. During heating, the net diffusivity of iron in aluminum causes iron 
enrichment of the AlSi coating, eventually transforming the latter into 
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several Fe− Al intermetallic compounds [9]. The growth and distribu-
tion of these intermetallics depend on the austenitization temperature 
and duration of the heating stage. Among all the possible Fe− Al in-
termetallics, Al-rich compounds (e.g. FeAl2, Fe4Al13, Fe2Al5) predomi-
nate in the coating layer at low austenitization temperatures (i.e., <
900 ◦C) and short dwell times (i.e., < 6 minutes) whereas Fe-rich types 
(e.g. FeAl, Fe3Al) prevail at relatively higher temperatures and longer 
dwell times [3]. Comparatively, in the case of AlSi coating, the Fe-rich 
phases are preferred because of its higher formability and fracture 
toughness properties than the Al-rich ones [10]. In addition to the in-
termetallics, a diffusion-induced layer (also known as α-Fe) is formed 
along the coating− substrate interface (Fig. 1) [11]. Like Fe-rich in-
termetallics, the growth of α-Fe layer is positively correlated to the 
austenitization temperature and dwell time [12]. This type of inter- 
diffusion phenomenon between the coating and substrate further 
strengthens the adhesion of AlSi coating to its substrate, minimizing the 
micro-structural discontinuity between the coating and substrate [13]. 
Generally, in the industrial hot stamping process, the AlSi-coated blank 
is heated at 920 ◦C for 6 minutes, which transforms the coating into 
scattered islands of FeAl in the Fe2Al5 matrix, including a 10–15 μm 
thick α-Fe layer at the interface (Fig. 1(b)). 

The formation of Fe–Al intermetallic compounds, which are denser 
than the virgin AlSi coating [14], generates empty space (voids), which 
is also shown in Fig. 1(a). The formation of α-Fe layer also generates 
voids at the coating− substrate interface (also known as Kirkendall 
voids) [15]. The average void size mainly depends on the austenitization 
temperature and dwell time; i.e., after a high austenitization tempera-
ture or long dwell time, Kirkendall voids grow and coalesce to form large 
cavities [16]. When such a void-inflicted coating layer with an evolved 
surface profile is subjected to tensile deformation, the voids act as crack 
nucleation sites [17]. During quenching, the residual stresses due to 
thermal expansion mismatch between the Fe− Al intermetallics and 
substrate generate large strain localizations around the Kirkendall voids 
[18]. In the current study, the evolution of AlSi coating micro-structure 
and its fracture are investigated in a heating condition close to industrial 
practice. 

1.2. Coating fracture 

As the coating layer is generally very thin compared to the substrate, 
the coating fracture cannot be determined from the force− displacement 
profile while deforming the coated sheet specimen. That is why the 
coating fracture is usually inspected under the microscope. For instance, 
to observe the evolution of Zn coating fracture, Song et al., [17] 
deformed Zn-coated steels uniaxially under the scanning electron mi-
croscope. For elevated temperature inspections of AlSi coating fracture, 

Wang et al., [19] equipped a laser confocal microscope with a heating 
element and a tensile unit to obtain a dynamic appearance of the coating 
surface during deformation at elevated temperatures; with an appro-
priate wavelength threshold, the evolution of AlSi coating fracture is 
observed as a function of uniaxial tensile strain. During such in-situ vi-
sualizations of the coating layer, the sample is always heated via elec-
trical resistance technique; however, to investigate the coating fracture 
inside forming tools or closed industrial furnaces, the live microscopic 
inspection method becomes challenging. In such scenarios where the 
specimen is not accessible, acoustic sensors with waveguides can be used 
as a tool to acquire information from the sample. 

1.3. Application of acoustic emission measurements 

Acoustic emission (AE) sensors detect stress waves through a solid 
medium. Upon material deformation, the built-in piezo-electric trans-
ducer converts elastic strain energy into electrical signals, which can be 
analyzed in terms of amplitude, strength, rise time, counts and/or fre-
quency (Fig. 2) [20]. In particular, the AE strength envelope parameter 
is associated with the intensity of cracking events, especially for con-
crete materials [21]. The AE technique, validated by digital image cor-
relation technique, is capable of accurately capturing plastic strain 
localization behavior and crack distribution in bulk metallic alloys [22]. 
While monitoring deformation stages, the AE signals usually consist of 
background, continuous, burst and reflective waveforms [23]. In 

Fig. 1. (a) Evolution of AlSi coating layer; (b) intermetallic distribution after heating at 920 ◦C for 6 minutes, followed by quenching to room temperature.  

Fig. 2. A typical representation and signal quantifying approaches of an 
AE waveform. 
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particular, the continuous-type low intensity AE signals usually repre-
sent uninterrupted events such as plastic deformation while burst-type 
high intensity signals represent a unique event, like fracture or delam-
ination [24]. The burst-type AE signals are usually accompanied by low 
strength reflection waves which, along with the background signals, can 
be ignored via appropriate sensor lockout time and voltage thresholding 
[23]. Furthermore, the output AE signals can be exploited to charac-
terize different fracture types: Koshimizu et al. (2001) examined ductile 
to brittle fracture transitions in silicon workpieces with AE sensors and 
noticed higher AE activity at brittle fracture than at ductile ones. 
Therefore, the AE sensors are capable of examining not only the struc-
tural condition but also different fracture types in sheet metals. 

Several studies are conducted with AE sensors to detect the failure in 
thin films/coatings. Sause et al. [25] utilized AE sensors in a four-point 
bending setup to successfully evaluate fracture in a 50 μm copper layer. 
Based on the burst-type AE signals, Foutouhi et al. [26] observed the 
delamination of thin teflon coatings during bending analysis. As shown 
in Fig. 3, the AE activity can also be adapted to detect various coating 
fracture modes [27]; for instance, mode-I fracture (where the plane of 
the crack is perpendicular to macroscopic loading direction) and mode- 
II fracture (where the plane of the crack is parallel to shear stress). Mao 
et al. [28] subjected coated steels under bending stresses and correlated 
mode-I coating cracks to high AE counts and mode-II to low ones. In 
addition to predicting the moment of coating failure, the AE sensors can 
be utilized to pinpoint the location of every cracking event, yielding a 
space− time distribution of different failure modes. For instance, Yang 
et al. [29] used multiple AE sensors during tensile experiments to 
accurately detect and project both mode-I and mode-II coating fractures. 
Most of the AE sensors are, however, limited to a maximum temperature 
of 550 ◦C [30], above which the piezo-electric element (i.e., lead zirc-
onate titanate) inside the sensor is susceptible to a loss in its electric 
properties [31]. Although few studies proposed temperature-resistant 
piezo-electric crystals, which can be used to detect stress waves at a 
maximum temperature of 1000 ◦C [32], it is possible − via waveguides−
to use piezo-electric sensors at room temperature while monitoring 
samples at very high temperatures. For instance, by means of a platinum 
wire acting as a waveguide, real-time fracture events on thermal barrier 
coatings is detected from inside an industrial furnace [33]. Nickel- 
chromium wires are also utilized as waveguides to investigate 
corrosion-type coating failures at 1250 ◦C [34]. With waveguides, 
although there is a considerable attenuation in the strength of output 
signal, the essential attributes (i.e., frequency, counts etc.) of each 
waveform is preserved [35]. While AE sensors have been extensively 
used to detect delamination of composite laminates [36], it is a novel 
approach to utilize these sensors to detect fracture in metallic coatings at 

elevated temperatures. 

1.4. Objective of this study 

The purpose of this study is to experimentally investigate the struc-
tural condition of AlSi coating during the heating and uniaxial tensile 
deformation at different deformation temperatures, strain levels and 
strain rates. The effects of these variables on coating fracture are studied 
using the AE sensor activity, including the optical and SEM-EDS mea-
surements, all of which are later correlated to describe the evolution of 
AlSi coating micro-structure and fracture. 

2. Materials & methods 

In this study, AlSi-coated press hardening steel (PHS) is used. The 
chemical composition of the steel substrate is presented in Table 1. Prior 
to the hot tensile experiments, the thickness of AlSi coating layer is 
25− 30 μm while that of the coated steel is ~1.5 mm. For laser-cut tensile 
samples, the ratio of gauge length to its width is maintained at 4:1, as per 
the ASTM E8 guidelines. To measure specimen temperature throughout 
the test, a pair of teflon-coated K-type thermocouple wires (Ø 0.25 mm 
chromel and alumel) are welded on the specimen using a thermocouple 
welder. 

2.1. Hot tensile experimental setup 

In order to conduct high temperature experiments, a 500 mm long 
vertical split tube furnace, with the capability of reaching 1200 ◦C, is 
employed. This tubular furnace is equipped with induction heating coils, 
embedded in a thermally insulated matrix. Fig. 4 shows the assembled 
hot tensile setup, including the schematic of the fixture. Additional 
clamps are manufactured to hold the tensile sample at the center of the 
furnace. The fixture components are produced from stainless steel 
(Grade SS310), which is able to withstand temperatures up to 1200 ◦C. 
Glass− ceramic bushes are used as thermal barriers between the top part 
of the fixture and the temperature-sensitive load cells. Before each test, 
the M8 bolts, which are used to clamp the specimen at the center of the 

Fig. 3. Mode-I and II coating fracture modes in a coating− substrate system.  

Table 1 
Chemical composition of PHS (wt%).  

Press hardening steel 

C Mn Cr Al Fe 

0.2 2.20 0.65 0.04 Bal.  
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furnace, are lubricated with temperature-resistant anti-seize graphite 
and zirconium dioxide thread paste. 

A Zwick Z100 tensile machine is used to execute the uniaxial tensile 
experiments. A NI-DAQ (National Instrument) data acquisition interface 
is used to acquire a synchronized set of load cell, AE sensor and ther-
mocouple data as a function of time. To quantitatively measure the 
straining of the gauge section, heat-resistant paint (VHT® Flameproof) 
is applied to create a grid-like pattern (Fig. 5). The displacement of these 
paint dots before and after the test is measured under the optical mi-
croscope to evaluate the overall strain distribution along the gauge 

section. For a particular sample strained to 10% macroscopic strain, the 
strain map depicts a reasonably homogeneous strain distribution (Fig. 5 
(c)). 

In this article, the tensile tests are conducted with this fixture to 
investigate the evolution of AlSi coating fracture at deformation tem-
peratures ranging from 400 to 800 ◦C, with a 100 ◦C interval. In addi-
tion, the tensile tests are interrupted at several strain levels to observe 
the intermediate condition of the AlSi coating at different temperatures. 
The effect of strain rate on coating fracture is also studied at a constant 
deformation temperature of 700 ◦C and strain level of 20%. The strain 

Fig. 4. The hot tensile setup with AE sensors attached via waveguides. A schematic of the fixture is also shown.  

Fig. 5. Heat-resistant strain grid (a) before and (b) after the test, to calculate (c) the overall strain field based on the displacement of paint dots.  
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rate is varied by adjusting the crosshead velocity of the tensile machine. 
After the test, the deformed AlSi-coated steel samples are inspected 
under the microscope for optical and SEM-EDS measurements. 

2.2. Acoustic emission measurement system 

To acquire signals from the coated specimen, a pair of conical-type 
wideband AE sensors (Physical Acoustics Corporation), with a band-
width of 1− 1000 kHz and a resonant frequency of 125 kHz are 
employed. The sensors consist of piezo-electric transducers, which are 
sensitive to incoming stress waves from the setup, including the spec-
imen. The sensors are connected to a PCI-based 2-channel data acqui-
sition system, with a sampling rate of 1 million samples per second, a 
pass-through filter of 100− 400 kHz and a signal amplitude range of 
0− 100 dB. To record a threshold-based AE activity, the peak definition 
time, hit definition time and hit lockout time are set to 200, 800 and 
1000 μs, respectively [37]. To amplify the voltage output from the 
sensors, all incoming signals pass through a 2/4/6 voltage pre-amplifier, 
with the maximum selectable gain of 60 dB. Since the AE signals are 
susceptible to noise and vibration from the machine, a differential 
amplifier is used, which minimizes the probability of noise amplifica-
tion. As these types of AE sensors cannot operate at high temperatures, a 
pair of 500 mm long cylindrical (∅6 mm) steel rods are welded to the 
setup, as shown already in Fig. 4. These so-called waveguides keep the 
AE sensors operational at room temperature, while monitoring the 
coated specimen at very high temperatures. Although these waveguides 
are not directly in contact with the sample, the solid-solid contact be-
tween the sensors and the sample ensures uninterrupted transmission of 
stress waves. Furthermore, to avoid any interruption in the stress waves 
transmission to the sensors and to eliminate the roughness effects, the 
solid-solid contact between the sensors and the sample is enhanced by 
applying vacuum grease on the contacting surfaces. With any two AE 
sensors located at a distance L away from each other, it is also possible to 
locate the source of AE signals by taking the signal time difference (∆t), 
also known as the method of arrival time difference [23]. In this tensile 
setup, the AE sensors are assumed to be connected via a 1-dimensional 
signal framework, with sensors 1 and 2 digitally located at L= 0 and 
1.7 m, respectively (Fig. 6(a)). According to this arrangement, the AE 
signal location (x) can be measured in terms of L and effective signal 
velocity (V), 

x =
1
2
(L − V∆t) (1) 

At room temperature, assuming that Young’s modulus E = 210 GPa, 
density ρ= 7800 kg/m3, and Poisson’s ratio ν= 0.3, the longitudinal, 
transverse and surface (Rayleigh) wave velocities in steel are 5400, 
3200, and 3000 m/s, respectively. It is found by Meyers that the crack 
propagation velocity is usually lower than the Rayleigh waves [38]. To 
estimate the acoustic velocity (V) of coating cracks for such an experi-
mental setup, Hsu− Nielson tests are conducted, which involves 
breaking the ∅0.5 mm graphite lead on different locations of the tensile 
sample (Fig. 6(a)). Such a test is commonly used to obtain a represen-
tative wave speed through a particular structure [39]. The average V is 
obtained when the pencil lead break locations on the sample are accu-
rately represented in the AEWin software. The results, as depicted in 
Fig. 6(b), show that V= 1350 m/s accurately localize the AE signal 
source for this particular tensile setup. Since the acoustic sensors are to 
be used to monitor the sample at elevated temperatures, the afore-
mentioned test is performed at every 100 ◦C interval, from room tem-
perature up to 800 ◦C. Interestingly, even at high temperature levels, the 
signal location is obtained with similar accuracy of x as observed during 
room temperature. The Hsu− Nielson tests at 800 ◦C are shown in the 
Supplementary data file. Besides, with rise in temperature, since the 
overall change in wave velocity in steel is not significant [40], the AE 
signal source localization is not largely hampered by the temperature 
rise in the setup. 

During the test, the AE sensors may be prone to vibrational noises 
from crosshead motion and clamps. To prevent such noises from being 
registered, a voltage threshold is imposed, such that the AE signals with 
amplitudes < 50 dB is disregarded. It should be noted that the choice of 
threshold value is generally dependent on the experimental setup and 
the material through which the signal would traverse. A threshold 
amplitude of 50 dB is the minimum value, at which zero AE signals are 
registered when the setup is assembled and is standing still. Besides, 
since our objective is to detect burst-type (i.e., material separation) AE 
signals, setting such a high voltage threshold would only eliminate 
continuous- and reflection-types AE signals. The output signals are 
further filtered by neglecting the signals which originate outside the 
gauge section of the sample. This filter condition is verified prior to each 
hot tensile experiment via the aforementioned Hsu− Nielson test. As 
shown in Fig. 6(a), the output signals mark the region of interest for AE 

Fig. 6. (a) Uniaxial tensile sample, denoting the Hsu− Nielson test locations (×) and its repetitions (×) followed by the (b) corresponding AE output signal dis-
tribution (●) over the sample length. 
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data acquisition. Based on graphite‑lead breaks, the AE signals within 
the range of − 20 ms ≤ ∆t ≤ 20 ms correspond to the signals originating 
from the gauge section. Although this procedure is repeated prior to 
each testing, the aforementioned ∆t is found to be unchanged for all the 
presented experimental data. Therefore, the Hsu− Nielson test with AE 
signals triggered by breaking graphite‑lead can be located reliably and 
with fair accuracy; the mean location (μ) and standard deviation (σ) of 
the test upon repetitions (×) are also shown in Fig. 6(b). The signal 
scatter at the gauge is not due to any flaw in the setup but mainly due to 
user inaccuracy in manually repeating the test. Furthermore, the 
shoulder of the sample exhibits a scatter twice as large as that along the 
gauge (● in Fig. 6(b)). The relatively large spread across both shoulders 
is likely due to the fact that the pencil‑lead break tests are carried out 
across the sample width (× in Fig. 6(a)). The approximation of signals 
from a 3-dimensional sample to a 1-dimensional trajectory is the main 
reason for such a spread in the AEWin software. Interestingly, even after 
several repetitions, the AE sensors are able to locate the center of the 
sample, which is also the center of the experimental setup (i.e., μ≃ 830 
mm). 

2.3. Post-processing experimental data 

During the tensile deformation of AlSi-coated PHS, the stress waves 
from the sample is detected by the AE sensors. The AE sensors (output 
signals) are synchronized with the tensile machine (macroscopic tensile 
strain measurements) and the thermocouples (temperature measure-
ments). Besides presentation of each AE signal, in order to have a better 
representation of the AE signals per unit time, these signals are repre-
sented in the form of a histogram, with a fixed time interval of 0.5 s. In 
other words, each AE bar is an accumulation of all the AE signals 
registered in a 0.5 s interval. 

The output AE signals consist not only of signals from the coating 
layer but also of those from the substrate and of oxides along the 
machined edges of the sample. To discard these AE signals, the hot 
tensile tests are performed at 700 ◦C on identical samples of the un-
coated PHS. After machining the tensile samples, the AlSi coating layer 
is chemically removed by immersing the sample in a dilute solution of 
NaOH (20 g/100 mL of water). The hot tensile experimental results of 
the uncoated PHS are attached in the Supplementary file. The uncoated 
tensile result at 700 ◦C indicate that the maximum AE signal bar cor-
responds to 30 V⋅μs. This suggests that the burst-type AE signal bars 
(which are ≫ 30 V⋅μs) are either originated from the AlSi coating layer 
or due to the presence of coating layer on the substrate. As the tests are 
conducted at isothermal conditions, the substrate is not undergoing any 
phase transformation or volume change; therefore, it is assumed that the 
burst-type AE signals are mainly originated from the AlSi coating 
fracture. 

After the tensile test, the samples are cooled and the average crack 
density is measured under the optical microscope (Keyence VHX-7000 
series). The crack density is measured by post-processing the top sur-
face of the deformed specimen’s gauge section. Prior to measuring the 
crack density, the optical images are binarized in MATLAB®. As the 
cracked region has different pixel grey-values than that of the coating 
fragments, the cracks are easily distinguished from the fragments using 
appropriate binarization thresholds. The crack density (ρc) is deter-
mined firstly by drawing a total of 6 imaginary lines (1 at the centerline 
and 2 near the edges on both sides) parallel to the loading axis and along 
the gauge section, secondly by counting the total number of cracks based 
on the intersection of these lines with the coating cracks and finally by 
normalizing the total number of cracks by the undeformed gauge length. 
The average crack density is then obtained by repeating the aforemen-
tioned steps on the repeated sample. 

For through-thickness inspection of the AlSi coating, the deformed 
gauge section is embedded in bakelite, ground first with SiC abrasive 
paper in presence of water and afterwards with finer (1 μm) diamond 
particles in a polishing machine (Struers Tegramin). Every grinding and 

polishing step is accompanied by cleaning in an ultrasonic bath. After 
polishing, the samples are kept inside a vacuum oven at 50 ◦C for few 
hours before inspecting them under the SEM (JEOL JSM-7200F). By 
means of an X-ray detector (EDS) in the SEM, the atomic composition of 
Al, Si and Fe along the cross-section of the deformed AlSi coating is 
measured. 

3. Results and discussion 

In order to rule out the effect of AlSi coating micro-structure on its 
fracture, the coated steel is always heated to 920 ◦C for 6 minutes. After 
heating, the sample is cooled to the testing temperature, deformed at 
isothermal conditions and afterwards cooled with an air-gun via forced 
air convection cooling method. The entire cycle is monitored via 2 AE 
sensors and 3 thermocouples. To ensure reliability of the presented data, 
every test is repeated to ensure that similar experimental output is 
observed. The complete set of experimental data including the repeated 
ones can be found in the Supplementary file. 

3.1. Heating stage 

Fig. 7 shows the temperature profile and the coating micro-structure 
before and after the test. The sample gauge temperature is measured 
using K-type thermocouple wires. To check the temperature at the gauge 
section, a pair of thermocouple wires are welded at its center. A 
maximum temperature difference (∆T) of 25 ◦C is recorded between the 
thermocouples, located at the shoulders of the specimen. Interestingly, 
no temperature difference is observed between the thermocouples, 
which are attached on the top and at the center of the specimen. 
Regarding the evolution of coating micro-structure, as discussed earlier, 
the inter-diffusion phenomena between the substrate and coating is 
triggered during heating, generating Fe− Al intermetallic compounds. 
Although the industrial heating stage is much faster than what is 
observed in our setup, Fig. 7(d) shows that the prolonged heating 
duration in our test does not lead to the formation of other Fe–Al 
intermetallic compounds. With low heating rate, although the thickness 
of diffusion layer, the Fe− Al intermetallic distribution in the AlSi 
coating is similar to the micro-structure obtained in industrial practice 
(Fig. 1). Simultaneously, the AE sensors are kept active while heating the 
specimen from room temperature to 920 ◦C followed by 6 minutes of 
dwell time. As no AE activity is observed during this time, it is concluded 
that the coating is free from major cracks prior to deformation. Besides, 
since the sensors are heavily configured to detect material separation 
signals, other stress waves due to thermal expansion of the sample or 
void formation in the coating went undetected. As the samples are 
cooled to room temperature before they are inspected under the mi-
croscope, the SEM image of the coating layer in Fig. 7(c) shows micro- 
cracks, which are formed during quenching [18]. 

3.2. Isothermal deformation stage 

3.2.1. Effect of temperature on coating fracture 
After the heating stage of 920 ◦C for 6 minutes, the temperature is 

reduced to the desired deformation temperature. The uniaxial tensile 
tests are conducted at every 100 ◦C interval, starting from 400 till 
800 ◦C, with a constant strain rate (ε̇) of 0.005 /s. The flow stress and 
corresponding AE signals are presented in Fig. 8, where every circle (○) 
represents a signal in its original intensity. As mentioned earlier, the AE 
signals can be categorized into continuous and burst types, the latter 
representing high intensity AE signals. The hot tensile experiments at 
400 and 500 ◦C show signs of coating removal (spallation), along with 
dispersed cracking. At 400 ◦C, the peak signal at 7% strain may indicate 
such coating removal events (Fig. 8(a)). However, during deformation at 
500 ◦C, two AE peak activities are registered: one at the beginning of 
straining (~3% strain) and another at ~13% macroscopic strain. At 
500 ◦C, the initial AE signals up to ~3% strain may be due to the 
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dispersed micro-cracking event in the AlSi coating while the second 
group of signals around 13% is due to the coating removal (spallation) 
events. As the AE sensors are calibrated with a very high voltage 
threshold of 50 dB, the signals originated from the diffused or dispersed 
cracks at 400 and 500 ◦C may have gone undetected. Meanwhile, at 
600 ◦C, a distinct AE signal peak is observed at 1% strain whereas at 
700 ◦C, that is detected at 2% macroscopic strain. In terms of the AE 
content, the signal peak at 600 ◦C is almost twice as high as that 
recorded at 700 ◦C; this may be correlated to the temperature-dependent 
cracking behavior of the coating layer. The number of AE signals as well 
as the optical images at different deformation temperatures show that 
the AlSi coating becomes brittle with decreasing deformation tempera-
ture. This is in agreement with earlier findings for temperature depen-
dent behavior of Fe–Al intermetallics [5,41,42]. Interestingly, during 
deformation at 800 ◦C, only low intensity AE activity is detected with no 
observable surface cracks (Fig. 8(e)). 

3.2.2. Effect of strain on coating fracture 
To correlate the AE signal distribution with the formation of coating 

cracks, uniaxial tensile tests are interrupted at several strain levels, after 
which the samples are inspected under the optical microscope. As 
described already in Section 2.3, the individual AE signals are summated 
to represent them in the form of AE bars. For each strain level, two ex-
periments are conducted and the average AE bar is calculated by taking 
the mean of 2 AE bars. Afterwards, the average AE intensity is plotted 
against true strain to show the average AE response at different tem-
peratures. Although the scatter of these AE bars at the onset of straining 
is high (max. 32 V⋅μs), at large strains the scatter drops to ~2.5 V⋅μs. 
Furthermore, the AE signals from the uncoated steel is distinguished 
from that of AlSi coating by repeating the hot tensile test without the 
coating layer. More information regarding the AE signals of uncoated 
samples can be found in Section 2.3. As seen already in Fig. 8(a), the 
coating during deformation at 400 ◦C peels off, exposing a considerable 

amount of the substrate. Also during deformation at 500 ◦C, the coating 
cracks are dispersed, including damages due to spallation. As a result, 
the crack density could not reliably be quantified at these deformation 
temperatures. Fig. 9 shows the progression of AlSi coating fracture 
during deformed at 500 ◦C after 10 and 20% macroscopic strains. 
Looking at the binarized coating surface after 10% strain, only dispersed 
type mode-I coating fracture is observed; with continued straining to 
20%, the spallation events of AlSi coating is seen. According to the AE 
signal distribution in Fig. 9(a), it also suggests a similar trend: the first 
batch of high intensity signals correspond to the mode-I coating fracture 
followed by the second batch after 10% strain referring to spallation 
events. 

During deformation at 600 ◦C, according to the AE activity and 
coating micrographs, most of the macro-cracks are generated within 
1.5% macroscopic strain (ε) (Fig. 10). At the onset of straining, high AE 
activity is observed at ε = 1%, after which only low intensity signals 
prevail until ε = 30%. Looking into the surface cracks in Fig. 10(b), there 
is a significant upsurge in crack density (ρc) at ε = 1.5%, after which only 
a slight growth is noticed. After ε = 30%, there are more cracks near the 
edges than at the centerline of the sample gauge. This may explain the 
rise in the average crack density at ε = 30%. Besides, these interrupted 
tensile tests are conducted on different samples which is mainly the 
cause of its fluctuation. 

Interrupted tensile tests at 700 ◦C are also performed in a similar 
fashion at 4 strain levels (Fig. 11). As per the AE activity, high strength 
AE signals are observed at ε = 2%. Looking at the binarized images in 
Fig. 11(b), no cracks are observed at ε = 1.5%; this is in agreement with 
the AE signal distribution. After ε = 10%, the crack density (ρc) seem-
ingly reaches a plateau of ~1.5 cracks/mm, which is maintained until 
30% strain. At large strain levels, although the crack density is pre-
served, the crack width keeps increasing. According to the AE activity, 
since no material separation events occur after ε = 3% strain, no high 
intensity activity is recorded until the tested strain level of 30%. As 

Fig. 7. (a) The as-coated AlSi coating layer before the test; (b) temperature profile during the heating stage; (c) the coating microstructure and (d) the elemental 
composition after the test. 
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Fig. 8. Measured flow curves, corresponding AE activity and optical images of the AlSi coating surface after uniaxial tension at (a) 400, (b) 500, (c) 600, (d) 700 and 
(e) 800 ◦C. 
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mentioned earlier, the fluctuation in the crack density value is likely due 
to the tests being conducted with a different sample for each interrupted 
test. Although the result obtained at 700 ◦C is qualitatively similar to 
what observed at 600 ◦C, it is different compared to the tensile test at 
400 and 500 ◦C. Diffused-type coating fracture generates relatively low 
intensity AE signals compared to stable mode-I coating fracture. The 
lowest deformation temperature at which stable mode-I cracks occur is 
600 ◦C. Therefore, the AE activity is the highest at this temperature 
compared to other deformation temperatures. This means that the AE 
activity depends not only on the density of coating fracture but also on 
the nature of fracture. In contrast to the peak AE activity at 600 ◦C, the 
AE peak at 700 ◦C is delayed to ~2% macroscopic strain, which is likely 
due to increased ductility of Fe− Al intermetallics. 

Comparing the average crack density (ρc) measurement with respect 
to temperature, the number of cracks during deformation at 600 ◦C is 
significantly higher than that at 700 ◦C. Fig. 12 shows the correlation of 

ρc with the cumulative AE activity until 30% macroscopic strain (ε). 
Neglecting the AE activity from the substrate, the summation of all AE 
signals shows very good agreement with the evolution of crack density, 
with respect to deformation temperature and strain level. A good 
agreement suggests that it is possible to predict the evolution of coating 
cracks via the AE signals; i.e., high crack density corresponds to high 
cumulative AE signals and vice versa. Note that the error margin of ρc 
tends to be large at high strain levels: this is due to the presence of edge 
cracks along the sample gauge. According to Fig. 12, at 700 ◦C no 
coating cracks are observed below ε = 1.5%. This can be an indication of 
the AlSi coating acting as a ductile layer. However, at 600 ◦C, the coating 
cracks are found at the onset of straining, showing negligible plasticity. 
Furthermore, the cumulative AE signals at 700 ◦C levelling off at a lower 
value than at 600 ◦C indicate that the AE signals depend not only on the 
amount of cracking events but also on the temperature at which cracks 
are initiated. At 700 ◦C, it is likely that the AlSi coating undergoes 

Fig. 9. (a) True stress− strain curve of AlSi-coated PHS steel at 500 ◦C, showing the AE activity from coating and substrate (PHS); (b) Evolution of the surface 
topography after 2 macroscopic strain levels (ε). 

Fig. 10. (a) True stress− strain curve of AlSi-coated PHS steel at 600 ◦C, showing the AE intensity and average crack density (ρc); (b) Evolution of the ρc after 6 
interrupted strain levels, with the standard deviation (σ) of ρc. 
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ductile-dominated coating fracture, which releases relatively low in-
tensity AE signals than the brittle fracture at 600 ◦C. According to the 
literature, different fracture types cause variation in AE signal intensity 
[43]. 

As mentioned earlier, the cracking behavior of AlSi coating layer is 
largely dependent on the formation and mechanical behavior of Fe− Al 
intermetallics (mainly Fe2Al5 and FeAl) present in the coating [11]. To 
verify that the observed crack pattern is not due to the variation in AlSi 
coating micro-structure, the atomic composition of Al, Si and Fe present 
in all the tested samples are examined via SEM-EDS measurements. The 
line spectroscopy results confirms that the Fe− Al intermetallic distri-
bution in all deformed samples are similar to that already presented in 
Fig. 7(d). For more information on the spectroscopy results, the atomic 
compositions of all deformed AlSi-coated samples are appended in the 
SUPPLEMENTARY file. Since the AlSi coating micro-structure is similar, 
the variation in coating fracture pattern is likely due to the temperature- 
dependent mechanical and fracture behavior of the Fe− Al intermetallics 
present in the AlSi coating. Regarding the crack widths, the AlSi coating 
at 600 and 700 ◦C show average crack widths of ~20 and 80 μm, 

respectively (at ε = 30%). It is likely that the initiation of coating cracks 
alleviate further stress build-up in the remaining coating fragments, 
resulting only in widening of the existing cracks upon straining. Looking 
at Fig. 13, the coating layer demonstrates a brittle behavior at low 
temperatures (i.e., at 400− 600 ◦C) and an increasingly ductile behavior 
at high temperatures (700− 800 ◦C). At 800 ◦C, the coating is ductile 
enough such that no cracks are observed until 30% macroscopic strain. 
These results further confirm that the mechanical behavior of the Fe− Al 
intermetallics in the coating is dependent on temperature, corroborating 
with the earlier findings on Fe− Al intermetallics [18]. In particular, the 
hardening and fracture properties of these intermetallic compounds are 
significantly altered in the 400− 800 ◦C temperature range, as already 
mentioned by several authors [41,42]. 

3.2.3. Effect of strain rate on coating fracture 
The effect of strain rate (ε̇) on AlSi coating fracture is also investi-

gated. The uniaxial tensile experiments with ε̇ = 0.005, 0.05 and 0.1 /s 
are performed at 700 ◦C, after which the samples are cooled and 
inspected under the optical microscope. A deformation temperature of 
700 ◦C is chosen because stable mode-I coating fracture is observed at 
this temperature. This means that the intensity of cracking at this tem-
perature can be reliably quantified as a function of strain rate. Since ε̇ =
0.1 /s is 20 times faster compared to ε̇ = 0.005 /s, such a difference in 
strain rate value is considered large enough to observe any effect of ε̇ on 
AlSi coating fracture. Fig. 14 shows the uniaxial tension results, 
including the flow stress, AE activity and coating crack profiles as a 
function of strain rate. As expected, the sample depicts relatively higher 
flow stress with increasing strain rate [44]. Regarding the surface cracks, 
the average coating crack density (ρc) is found to fluctuate around 1.5 
cracks/mm, regardless of the strain rate. Looking at the AE activity, 
although the average crack density is the same, a small number of AE 
signals are registered with rise in strain rates. Since the AE sensors are 
calibrated for low strain rates (i.e., ε̇ = 0.005 /s), most of the AE signals 
went undetected during the tensile test with high strain rate. While 
calibrating the sensors, they are assigned with a hit lockout time of 1 ms, 
a duration of time when the sensors do not operate upon registering a 
signal. This is mainly used to prevent the AE sensors from detecting 
reflection signals of an antecedent burst-type activity. For the uniaxial 
tensile test with high strain rate, this lockout time is too large a duration 
to detect the signals coming from the AlSi coating. This is why the AE 
graphs with high strain rate consists of less AE bars than with low ones 

Fig. 11. (a) True stress− strain curve of AlSi-coated PHS steel at 700 ◦C, showing the AE intensity and crack density (ρc); (b) Evolution of ρc after 4 interrupted strain 
levels, with the standard deviation (σ) of ρc. 

Fig. 12. Evolution of average crack density (markers) and cumulative AE in-
tensity (lines) as a function of macroscopic true strain at 600 and 700 ◦C. 
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(Fig. 14). A relatively shorter lockout time would definitely improve the 
quality and distribution of the AE signals, especially for tests with high ε̇. 
To sum up, the AlSi coating surface topography results indicate that the 
strain rate does not significantly affect the coating fracture pattern. 
Within the tested range of strain rates, all the deformed samples show 
similar coating crack density. 

4. Conclusion 

The present study introduces a technique to detect AlSi coating 
fracture at elevated temperatures. It also investigates the mechanical 
behavior of the AlSi coating at different temperatures during tensile 
deformation. The AE sensor-integrated hot tensile fixture allows to 
monitor the structural condition of AlSi coating during the heating and 
tensile deformation of the coated steel. Based on the experimental 
findings, the following conclusions can be made:  

• Acoustic sensors can be used to detect fracture in AlSi coating at 
elevated temperatures.  

• No major coating cracks are observed at 800 ◦C. At this temperature, 
the Fe–Al intermetallics present in the AlSi coating are ductile and 
can deform up to 30% tensile strain without causing fracture.  

• Uniaxial tensile deformation at 600 and 700 ◦C generates mode-I 
coating fracture, with temperature-dependent fracture pattern. Sur-
face crack density at 600 ◦C is higher compared to that at 700 ◦C.  

• During deformation at 400 and 500 ◦C, dispersed type mode-I 
coating cracks are generated at the onset of tensile loading; upon 
continued straining, spallation coating damage is seen.  

• During heating to 920 ◦C, no AE activity is recorded; thus, no cracks 
are generated in the AlSi coating during the heating stage.  

• The coating fracture at 700 ◦C is independent of the tested strain 
rates, from 0.005 to 0.1 /s.  

• The evolution of coating crack density as a function of temperature 
and strain can be characterized by the AE signals. A direct correlation 
is found between the crack density and AE intensity. 
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