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Usibor� 1500P coupons are austenitized in a Gleeble 3500 thermomechanical simulator using a
two-step heating procedure in an argon atmosphere. Variations in spectral emissivity are
measured in-situ using a near infrared spectrometer and ex situ with a Fourier transform
infrared reflectometer. Microstructural evolution and surface roughness are investigated using
optical microscopy, FE-scanning electron microscopy, and a surface profilometer. A series of
phase transformations of Al-Fe-Si intermetallic phases at the coating/steel substrate interface
cause the surface phase and surface roughness to change, which in turn influences the spectral
emissivity. At the beginning of the first heating step, the coupons have very low spectral
emissivity, due to the molten Al-Si coating. Spectral emissivity increases significantly with
increasing soak time from 5 to 12 minutes, associated with the surface phase transformation of
the coating into Al7Fe2Si intermetallic phase and an increase in surface roughness. Through the
second step heating at 1173 K (900 �C), the spectral emissivity shows a gradually decreasing
trend with increasing soak time, caused by the surface phase transformation from Al5Fe2 into
AlFe intermetallic phase with a decrease in surface roughness.
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I. INTRODUCTION

USIBOR
�

1500P, 22MnB5 steel with an Al-Si
coating to prevent scale formation and decarburization
during furnace heating, has become a mainstay ultra-
high strength steel for hot forming die quenching
(HFDQ).[1] Through austenitization, the Al-Si coating
transforms into a permanent Al-Fe-Si intermetallic layer
that provides long-term corrosion resistance.[2] Ensuring
complete austentization of the 22MnB5 steel requires
knowledge of the blank heating rate, which in turn
depends on its spectral emissivity. Tonne et al.[3] calcu-
lated the total emissivity and absorptivity of the Al-Si
coated 22MnB5 steel at various temperatures using the
spectral emissivity data provided by ArcelorMittal, and
established a dynamical model to predict the work piece
temperature evolution. Chester et al.[4] reported the
spectral emissivity of Usibor� 1500P steel varied as a
function of temperature, heating rate, and soak time, and
showed higher values than those provided by
ArcelorMittal when the Al-Si coating was under the
molten state. Jhajj et al.[5] obtained sensible results for
inferring specific heat only by changing the spectral
emissivity in the molten Al-Si state based on these

measurements. This raises skepticism on the data pro-
vided by ArcelorMittal which considered the spectral
emissivity only as a function of temperature. Further-
more, spectral emissivity is influenced by the surface
chemical composition, roughness, and surface oxidiza-
tion state. Pujana et al.[6] studied the spectral emissivity of
42CrMo4 steel at different temperatures as a function of
heating time. Wen[7] investigated the spectral emissivity
of steels with the multispectral radiation thermometry,
and addressed the effect of surface oxidization on the
spectral emissivity. Wen and Mudawar[8] explored the
relationship between the emissivity of aluminum alloy
surfaces and surface roughness, and yielded a model to
predict the emissivity of rough surfaces. Wang et al.[9]

suggested that the increasing surface roughness of
alumina coating formed on AA2024 aluminum alloy
led to an increase in the spectral emissivity from 0.2 to 0.4
at wavelengths between 3 and 5 lm. Aside from the
preliminary emissivity measurement by Chester et al.[4]

and data provided by the manufacturer, the evolution of
spectral emissivity of Usibor� 1500P steel during austen-
itization is rarely reported, and the relationship between
the surface phase composition, roughness, and spectral
emissivity must be clarified.
Diffusion of iron from the 22MnB5 steel substrate

into the Al-Si coating occurs during austenitization,
resulting in the formation of Al-Fe-Si intermetallic
phases,[10] which may modify the surface chemistry and
roughness, and in turn changes the spectral emissivity.
Maitra and Gupta[11] studied the intermetallic com-
pound formation using ternary diffusion couple exper-
iments with pure Fe and high purity Al-Si eutectic alloy
at temperatures ranging from 600 K to 1173 K (327 �C
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to 900 �C). Cheng and Wang[12] investigated the phase
formation in an AISI 1005 steel coated with pure
aluminum for different soak times at 1023 K (750 �C),
and found that Al13Fe4 andAl5Fe2 phases transformed
into Al2Fe and AlFe phases as the soak time increased.
Windmann et al.[13] reported Al-rich intermetallic phases
in the aluminum based coating on a boron steel
transformed to more Fe-rich intermetallic phases during
the austenitization at 1193 K (920 �C). Song et al.[14]

investigated the formation of intermetallics at the
interface of molten A380 aluminum and H13 tool steel
during high pressure die casting process. However, the
effect of phase transformation of Al-Si coating during
austenitization on the spectral emissivity has not been
found in literature.

In the present study, Usibor� 1500P steel coupons are
austenitized using a two-step heating procedure in an
argon atmosphere. The first heating step at 883 K
(610 �C) is to completely transform the Al-Si coating
into an Al-Fe-Si intermetallic layer, and then the
coupons are rapidly heated to 1173 K (900 �C) and
held at this temperature for austenitization. Variations
in the spectral emissivity of the steel coupons during the
two-step heating are evaluated using in situ and ex situ
techniques as a function of soak time. The phase
transformations of the Al-Si coating during heating
are investigated. The relationship between the spectral
emissivity and surface phase transformation, as well as
surface roughness is discussed.

II. EXPERIMENTAL PROCEDURE

Experiments were conducted on Usibor� 1500P steel
coupons with a 28 lm thick Al-Si coating. The steel
coupons are 145 mm 9 30 mm 9 1.6 mm, and the
nominal chemical composition of the 22MnB5 steel
substrate is given in Table I. The chemical composition
of the Al-Si coating was determined using energy-dis-
persive X-ray spectroscopy (EDS) under a field emission
scanning electron microscope (FE-SEM, Zeiss Ultra
Plus). The austenitization of the steel coupons was
carried out in a Gleeble� 3500 thermomechanical
simulator in an argon atmosphere, using the two-step
heating profile as shown in Figure 1. In the first step,
samples were heated to 883 K (610 �C) above the
liquidus of Al-13 wt pct Si coating [approximately
871 K (598 �C)][15] at a heating rate of 473 K (200 �C)/s
and held for varying times ranging from 0 to 12 minutes,
during which time the molten Al-Si reacts with iron
from the substrate 22MnB5 to form the Al-Fe-Si
intermetallic phases. The samples were then heated to
an austenitization temperature of 1173 K (900 �C) at the
same heating rate of 473 K (200 �C)/s and held for

varying durations, up to 30 minutes. At the end of each
soak time, the sample was immediately air-quenched to
retain the microstructure.
The spectral emissivity of the samples during heating

was measured in-situ using a near infrared (NIR)
spectrometer (NIRQuest512-2.5) and ex situ using
a Fourier transform infrared (FTIR) reflectometer
(SOC400T). The NIR spectrometer covers a wavelength
range from 0.9 to 2.5 lm, and has a scan time on the
order of 1ms, sufficient to temporally-resolve the evo-
lution of spectral emissivity during heating. Prior to the
test, the NIR spectrometer is calibrated with a black-
body reference source (Infrared Industries Model 463) at
temperatures ranging from 773 K to 1223 K (500 �C to
950 �C). A fiber optic is positioned 1 cm away from the
blackbody aperture to relay the emitted radiation to the
spectrometer. During the two-step heating tests, the
fiber is installed in the Gleeble 1 cm away from the
sample. The fiber has a view angle of approximately
30 deg, which corresponds to a spot area having a 0.54
cm diameter on the coupon. Thermocouple measure-
ments confirmed that the temperature over this area is
isothermal within 275 K (2 �C). The emitted energy
from the heated sample surface is then measured and
compared with that of the blackbody to evaluate the
spectral emissivity. The repeatability of NIR measure-
ment was verified by the spectral emissivity measure-
ments of five coupons during the two-step heating, and
the maximum variation in spectral emissivity is 0.04.
The FTIR reflectometer is used to measure the

near-normal hemispherical spectral reflectivity of the
quenched samples at the room temperature. The reflec-
tometer covers a broader wavelength range from 2 to
25 lm. The sample is placed over the optical port on the
FTIR. A collimated beam of infrared light is modulated
with a Michelson interferometer and then directed

Table I. Nominal Chemical Composition of Usibor� 1500P Steel Substrate and the Al-Si Coating Studied (Weight Percent)

C Mn Cr B Ti Al Si Fe

Steel substrate 0.22 1.23 0.2 0.004 0.037 0.03 0.25 bal.
Al-Si coating bal. 12.94 3.15

Fig. 1—Schematic illustration of the two-step heating profile.
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through the optical port onto the sample at approxi-
mately 20 deg off-normal. Light reflected by the sample
is imaged onto a piroelectric detector. The sample
reflectance is inferred by comparing the sample spec-
trum generated by the detector to that of a gold-plated
reference surface. Spectral emissivity is then derived
using Kirchoff’s law, ek = 1 � qk. Three FTIR mea-
surements were repeated on each sample, and the
maximum variation in spectral emissivity is 0.03.

The cross-section of each sample was metallograph-
ically prepared and etched with a 2 vol pct Nital
solution to reveal the coating microstructure.
Microstructural examinations were performed using an
optical microscope and the field emission scanning
electron microscope (FE-SEM). The chemical composi-
tion of the intermetallic phases was analyzed by
energy-dispersive X-ray spectroscopy (EDS). The sur-
face roughness of each sample was measured using a
surface profilometer (Mitutoyo SJ-400).

III. RESULTS AND DISCUSSION

A. Evolution of Spectral Emissivity

Figure 2(a) gives an example of the variations in
spectral emissivity of Usibor� 1500P steel coupons
during the two-step heating at different soak times,
which were measured in-situ using the NIR spectrom-
eter. In the first step heating at 883 K (610 �C), the
spectral emissivity increases with increasing soak time,
whereas little variation in spectral emissivity is observed
during the second step heating at 1173 K (900 �C). To
better see the changes in spectral emissivity with respect
to soak time, the evolution of spectral emissivity at
2.3 lm with increasing soak time is shown in
Figures 2(b) and (c). At the beginning of the first step
heating, the coupons display very low spectral emissivity
of about 0.2, due to the molten Al-Si coating. With
increasing soak time from 5 to 12 minutes, the spectral
emissivity rapidly increases and then reaches a constant
value of 0.76. By examining the first derivation of the
spectral emissivity curve with respect to time, a peak at 5
minutes is clearly observed, representing the point at
which the metallic Al-Si coating fully transforms into
the Al-Fe-Si intermetallic layer. Hence, for subsequent
tests the first step consisted of 5 minutes heating at 883
K (610 �C), and then the test coupons were heated to an
austenitization temperature of 1173 K (900 �C) and held
for various soak times. Through the second step heating,
the spectral emissivity at the short wavelength of 2.3 lm
remains the same with increasing soak time, at approx-
imately 0.75 (Figure 2(c)).

After air quenching at different soak times, the
spectral emissivity of the samples was measured using
the FTIR reflectometer. It is evident that the spectral
emissivity exhibits a general decreasing trend with
increasing wavelength at any given soak time, which is
commonly observed for most metallic surfaces in the
infrared range.[7,16] A cusp at 4.3 lm is observed in each
spectral emissivity curve (see the arrows in Figure 3),
representing the absorption of infrared radiation caused

by carbon dioxide in the ambient air.[16] Another peak at
10.7 lm emerges over 5 minutes heating at 883 K
(610 �C) (see the arrow in Figure 3(a)) and becomes
more distinct through the second step heating at 1173 K
(900 �C) (Figure 3(b)), indicating the formation of
Al-Fe-Si phases on the sample surfaces due to the
reaction of molten Al-Si coating with the iron from the
steel substrate during the heating.[13]

When the samples were heated at 883 K (610 �C) for
less than 4 minutes, the spectral emissivity is very low
over the entire spectral range. With the increasing soak
time from 5 to 12 minutes, the spectral emissivity
significantly increases, and exhibits the same values at
any given wavelength between soak times of 8 and
12 minutes (Figure 3(a)). Figure 2(b) shows that the
FTIR and NIR spectral emissivities at 2.3 lm are
consistent, suggesting a limited temperature dependency
of spectral emissivity. We hypothesize that the slightly
higher values of FTIR measurements relative to NIR
measurements during the initial heating up to four
minutes could be due to an increase in surface roughness
induced by the solidification of molten Al-Si coating
after quenching.[8]

On the other hand, during the second step heating at
1173 K (900 �C) after the sample preheated for 5
minutes at 883 K (610 �C), the spectral emissivity
generally decreases with increasing soak time over the
whole spectral range (Figure 3(b)). However, this is not
observed in the NIR measurements (Figure 2(c)). At the
short wavelengths (2 to 2.5 lm), the spectral emissivity
values are quite close, about 0.73, which are consistent
with the NIR measurements (Figure 2(c)). Therefore,
the NIR measurement can rapidly reflect the in-situ
change in spectral emissivity only in a very short range
of wavelength, while FTIR analysis must be used to get
a broader range of spectrum characteristics.

B. Phase Transformation of the Al-Si Coating

To explore a link between spectral emissivity and
phase transformation of the Al-Si coating during
two-step heating, the cross-sectional microstructure of
the coating was examined at different heating temper-
atures and soak times, and the formation of intermetal-
lic phases was identified by EDS, as shown in Figure 4
and Table II. The aluminide layer of the as-received
sample is composed of an Al-Si top coating and an inner
continuous intermetallic layer with an average total
thickness of 28 lm (Figure 4(a)). The intermetallic
phases are detected to be Al7Fe2Si and Al5Fe2, which
are in agreement with the phases formed at the interface
of Al-10 wt pct Si coating and mild steel during hot
dipping reported by Cheng and Wang.[12]

When the steel coupon undergoes the first step
heating at 883 K (610 �C), the strong diffusion of iron
into the molten Al-Si coating results in the growth of
Al7Fe2Si intermetallic phase (Figures 4(b) and (c)).
Subsequently, the Al7Fe2Si transforms into Al5Fe2 as a
result of iron diffusion and enrichment of iron at the
coating and steel interface,[11] while the (Al,Si)5Fe3
phase is precipitated inside the Al5Fe2 intermetallic
layer due to the low solubility of silicon in Al5Fe2.

[13]
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After 5 minutes, the liquid Al-Si coating is almost
completely transformed into the Al-Fe-Si intermetallic
phases despite a small volume of aluminum still

remaining on the surface (Figure 4(b)), which leads to
an rapid increase in the spectral emissivity as observed in
Figures 2(b) and 3(a). In this case, the solid state

Fig. 2—Evolution of spectral emissivity in situ measured by NIR spectrometer (a) with wavelength during the two-step heating; and as a func-
tion of soak time (b) at 883 K (610 �C) and (c) at 1173 K (900 �C) [in (b) and (c), the lines represent the NIR spectral emissivity, and the sym-
bols show the FTIR spectral emissivity at different soak times].

Fig. 3—Evolution of spectral emissivity at the wavelengths from 2 to 25 lm with soak time ex situ measured by FTIR reflectometer (a) at 883 K
(610 �C) and (b) at 1173 K (900 �C).
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diffusion of aluminum from the intermetallic layer into
the steel substrate becomes more predominate, because
of a higher diffusion rate of aluminum in those
intermetallic phases relative to that of iron.[17] With

further increase of the soak time to 12 minutes, a much
thicker Al5Fe2 intermetallic layer is formed due to the
successive transformation of Al7Fe2Si phase induced by
the strong diffusion of aluminum into the steel substrate

Fig. 4—Optical micrographs showing the phase transformations in the Al-Si coating of (a) the as-received sample; and the samples heated at 883
K (610 �C) for (b) 5 min and (c) 12 min; and those heated at 1173 K (900 �C) for (d) 0 min; (e) 2 min; (f) 10 min; and (g) 30 min [the samples in
(b) through (g) were etched by 2 vol pct Nital solution].
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(Figure 4(c)). Al3Fe phase forms at the interface of
Al7Fe2Si and Al5Fe2 phases.

The coupons were held at 883 K (610 �C) for 5
minutes, and then rapidly heated to an austenitization
temperature of 1173 K (900 �C) and held for different
soak times. Figure 4(d) shows that the aluminide layer is
fully transformed into the Al5Fe2 and (Al,Si)5Fe3
intermetallic phases by the time that (1.5 seconds) the
temperature reaches 1173 K (900 �C), indicating a much
higher transformation rate compared to that at the
lower temperature of 883 K (610 �C) (Figure 4(c)). This
is a result of the higher diffusivities of aluminum and
iron as the temperature increases.

As the soak time increases from 2 to 30 minutes, the
previously formed Al5Fe2 and (Al,Si)5Fe3 phases are
progressively transformed into a more thermally
stable phase, AlFe (Figures 4(e) through (g)). The AlFe
initially forms at the interface due to the highest iron
concentration (Figure 4(e)) and then grows towards the
coating as the soak time increases. The (Al,Si)5Fe3
present in the middle of the coating is also transformed
into AlFe as a result of a high solubility of silicon in the
AlFe.[11] After 10 minutes, the intermetallic layer solely
consists of Al5Fe2 and AlFe, and the (Al,Si)5Fe3 is
completely transformed into AlFe (Figure 4(f)). After
30 minutes, only the AlFe is observed in the intermetal-
lic layer (Figure 4(g)), indicating that the Al5Fe has been
fully transformed.

In addition to the formation of Al-Fe-Si intermetallic
phases, an a-Fe diffusion layer is formed at the coating
and steel substrate interface after heating at 1173 K
(900 �C) for 2 minutes (Figure 4(e)). The aluminum and
silicon diffuse into the steel substrate to stabilize the
BCC iron lattice, which causes partial transformation of
the austenitic microstructure into a-Fe at the austeniti-
zation temperature of 1173 K (900 �C).[11,13] Micro-
cracks and voids are also observed in the coating
microstructure (Figure 4(d) through (g)). During the
two-step heating, the total coating thickness progres-
sively increases as the phase transformation occurs,
which rises to 38 lm after 30 minutes heating at 1173 K
(900 �C), representing a 36 pct increase compared to that
of the as-received sample.

C. Effect of Phase Transformation on Spectral
Emissivity

In general, the spectral emissivity of a material
surface depends on the surface chemical composition,

roughness, and temperature. Based on the agreement
between the NIR measurements made at various heating
times within the Gleeble, and FTIR measurements on
corresponding air-quenched samples (Figures 2(b) and
(c)), temperature appears to have a limited effect on the
spectral emissivity at short wavelengths. To better
understand the effect of phase transformation in the
Al-Si coating on the spectral emissivity during the
two-step heating, the evolution of surface phase and
surface roughness was investigated. Figure 5 shows the
surface morphology of the samples quenched from 883
K to 1173 K (610 �C to 900 �C) at different soak times.
The identification of surface phase is conducted by EDS,
and the results are consistent with those observed in
Figure 4.
After 2 minutes of heating at 883 K (610 �C), the

sample surface is characterized by a smooth Al-Si
coating (Figure 5(a)), resulting in the low spectral
emissivities (Figures 2(b) and 3(a)), which is due to the
high reflective nature of metallic aluminum.[16] After
5 minutes, the growth of the Al-Fe-Si intermetallic
phase towards the coating surface is observed. The
surface is partially composed of those dielectric phases
(Figure 5(b)), which attributes to the rapid increase in
spectral emissivity (Figures 2(b) and 3(a)), due to the
increase of surface roughness and a high efficiency of
photon emission from the strong polar bonding of the
intermetallic phases.[9] With further increasing soak time
to 12 minutes, Al7Fe2Si intermetallic phase fully formed
and the surface exhibits polyhedral crystalline rough
structure (Figure 5(c)), which is associated with even
higher spectral emissivity (Figures 2(b) and 3(a)).
On the other hand, when the sample is heated at 1173

K (900 �C) for 2 minutes, the coating surface is
completely transformed into the Al5Fe2 intermetallic
phase, while increasing the soak time from 10 to 30
minutes leads to the formation of a more iron-rich
phase, AlFe (Figures 5(d) through (f)). Hence, the
formation of the Al5Fe2 and AlFe phases with porous
microstructure on the coating surface results in the
higher spectral emissivity compared with that of the
Al-Si metal surface (Figures 2(c) and 3(b)). However,
the progressive decrease in spectral emissivity with soak
time during the second step heating (Figure 3(b)) may
be correlated with the change in surface roughness, as
discussed as below.
The change in roughness of the sample surface as a

function of soak time during the two-step heating was
evaluated using the surface profilometer, and the surface
profilogram of a sample heated at 883 K (610 �C) for
8 minutes is shown in Figure 6 as an example. Arith-
metic average roughness, Ra, is determined by the
integral of absolute values of the roughness profile
height over the evaluated length,[18]

Ra ¼
1

L

Z L

0

rðxÞj jdx ½1�

where, r is the roughness profile height and L is the
evaluated length.
Likewise, the arithmetic average roughnesses of other

samples are calculated according to Eq. [1] and

Table II. Phase Identification of Al-Fe-Si Intermetallic

Phases by EDS

Phase

Chemical Composition (At Pct)

Al Fe Si

Al7Fe2Si 70.0 19.3 10.7
Al3Fe 64.8 23.8 11.4
Al5Fe2 69.8 28.3 1.90
(Al,Si)5Fe3 53.0 30.9 16.1
AlFe 45.7 44.2 10.1
a-Fe 16.5 79.8 3.70
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presented in Figure 7(a). Generally, the evolution of the
average roughness with increasing soak time exhibits a
similar trend as that of the spectral emissivity at each
heating step. For example, at the beginning of the first
step heating (less than 4 minutes), Ra � 2.1 lm, associ-
ated with the relatively lower spectral emissivities
(Figures 2(b) and 3(a)). As the soak time increases to
12 minutes, Ra rises to 3.2 lm, which corresponds with
an abrupt increase in spectral emissivity (Figures 2(b)
and 3(a)). Conversely, through the second step heating,
Ra decreases from 3 to 2.2 lm with increasing soak time
from 0 to 30 minutes, corresponding with a progressive
decrease in spectral emissivity (Figure 3(b)). These
variations in surface roughness are caused by the phase
transformations on the coating surface during the
heating, as shown in Figure 5. Those results indicate
that the spectral emissivity is significantly influenced by
the surface roughness, and a higher surface roughness

results in a higher spectral emissivity. It is worth noting
that the spectral emissivity at longer wavelengths
appears to be more sensitive to the change in surface
roughness (Figures 2(c) and 3(b)).
Three theoretical emissivity mechanisms are com-

monly believed to dominate the thermal emission of a
rough surface depending on the ratio of root-mean-
square (RMS) roughness to wavelength, r/k, in which
r � 1.25Ra, corresponding to specular region (0< r/
k< 0.2.), intermediate region (0.2< r/k< 1.) and geo-
metric region (r/k> 1).[8] In our case, Ra values of the
test sample surfaces vary approximately from 2 to
3.2 lm; thus, when the k ranges from 2.5 to 25 lm,
those surfaces are in either specular or intermediate
regions. The spectral emissivity shows a high depen-
dency of roughness and increases with the increase of
roughness, which are consistent with the results pre-
dicted by the electromagnetic diffraction and scattering

Fig. 5—SEM images showing a top view of the phase transformations on the Al-Si coating surfaces after the first step heating at 883 K (610 �C)
for (a) 2 min; (b) 5 min and (c) 12 min; and after the second step heating at 1173 K (900 �C) for (d) 2 min; (e) 10 min; and (f) 30 min.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 47B, DECEMBER 2016—3307



theories[8,19,20] and are in accordance with the observa-
tions reported in the literature.[9,21] On the other hand,
for the surfaces in the geometric region, i.e. k from 0.9 to
2.5 lm, spectral emissivity is less sensitive to surface
roughness, but depends on surface roughness slope.[8]

However, the spectral emissivity of different samples
displays comparable values (Figures 2(c) and 3(b)),
indicating similar surface slopes. This can be revealed
from the microstructural observation as shown in
Figures 5(d) through (f), where all the intermetallic
surfaces demonstrate porous morphologies with similar
sizes of pores.

Furthermore, based on the experimental results of
spectral emissivity and surface roughnesses, the rela-
tionships between the spectral emissivity at 15 lm and
the surface average roughness for an Al-Si metal surface
and an Al-Fe-Si intermetallic surface are shown in
Figure 7(b). It is evident that the spectral emissivity of
the Al-Si surface is very low, and the increase in surface
roughness only can slightly increase the spectral

emissivity. However, for the Al-Fe-Si intermetallic
surface, the spectral emissivity shows a strong depen-
dency on the surface roughness, and a good linear
relationship between them is obtained (Figure 7(b)). In
addition, for a given surface roughness, the spectral
emissivity of the intermetallic surface is higher than that
of the metal surface.
These results show that the spectral emissivity of

Usibor� 1500P steel is closely correlated with the surface
phase composition and surface roughness, which in turn
depend on the transformations of Al-Fe-Si intermetallic
phases at the Al-Si coating and steel substrate interface
due to inter-diffusion of aluminum and iron. While the
main objective of this study is to quantify the spectral
emissivity for heat transfer calculations, this study
shows that variation of spectral emissivity provides a
unique perspective of how the Al-Si coating evolves in
real time throughout the process. This information will
prove invaluable for defining process parameters that
satisfy the functional requirements of the HFDQ heat-
ing step, i.e. complete austenitization of the 22MnB5
and transformation of the Al-Si coating into an Al-Si-Fe
intermetallic layer having the desired composition and
roughness, while simultaneously optimizing process
efficiency.

IV. CONCLUSIONS

In this work, we investigated the variations in spectral
emissivity of Usibor� 1500P steel and the phase trans-
formations of the Al-Si coating during a two-step
austenitization treatment. At the beginning of the first
step heating at 883 K (610 �C), the spectral emissivity is
very low, and increases significantly with soak time from
5 to 12 minutes due to the surface phase transformation
of the coating into the Al7Fe2Si intermetallic phase and
an increase in surface roughness. Through the second
step heating at 1173 K (900 �C), the spectral emissivity
decreases with increasing soak time, due to the surface

Fig. 6—Surface profilogram of the sample heated at 883 K (610 �C)
for 8 min.

Fig. 7—(a) Evolution of surface arithmetic average roughness, Ra, with soak time during the two-step heating and (b) relationships between the
spectral emissivity and surface average roughness for an Al-Si metal surface and an Al-Fe-Si intermetallic surface.
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phase transformation from Al5Fe2 into AlFe intermetal-
lic phase with a decrease in surface roughness. Further
work will focus on the quantification of phase transfor-
mations in the Al-Si coating as a function of heating
rate, soak time and temperature. The feasibility of using
spectral emissivity as a tool for prediction of phase
transformations of the coating and growth of Al-Fe-Si
intermetallic layer will also be explored.
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