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Safety-relevant components in automobiles require materials that combine high strength with
sufficient residual ductility and high-energy absorption. A graded thermo-mechanical treatment
of the press-hardening steel 22MnB5 with graded microstructure can provide a material with
such properties. Different austenitization temperatures, cooling and forming conditions within a
sheet part lead to the development of microstructures with mixed phase compositions. To
determine the resulting phase contents in such graded processed parts, a large number of
dilatometric tests are usually required. With a non-contact characterization method, it is
possible to detect local phase transformations on an inhomogeneously treated flat steel
specimen. For press-hardening steel after heat treatment and thermo-mechanical processing,
correlations between austenitization temperature, hot deformation strain, microstructure, and
hardness are established.
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I. INTRODUCTION

DUE to their advantageous specific properties such
as a high strength combined with a sufficient residual
deformability and a high-energy absorption in the event
of a crash, press-hardened components find increasing
use in the automotive industry.[1] The martensitic
microstructure of a press-hardened part, which reaches
tensile strengths of up to 1500 MPa, develops during the
simultaneous forming and quenching in cooled dies.[2]

While a cooling rate above the critical rate of 25 K/s is
required for the formation of a fully martensitic
microstructure according to the continuous cooling
transformation (CCT) diagram of 22MnB5, softer
phases such as ferrite, perlite, and bainite are formed
at lower cooling rates.[3] The formation of these phases
is influenced by hot deformation, whereby a shift of the
ferritic and bainitic area to shorter times has been
observed at a hot deformation degree of 20 or 40 pct.[4–6]

A specific adjustment of a mixed microstructure can
produce a material with both high strength and elonga-
tion, for which phase compositions of martensite and
bainite or martensite and ferrite are favorable.[7]

The process route of direct press hardening generally
consists of austenitizing, hot forming, and quenching the
parts.[5] A diffusional transformation of austenite into
ferrite or bainite is preferred in non-isothermally
deformed boron steels according to Shi et al., which
also resulted in a lower martensite start temperature
Ms.

[8] Zhou et al. found that austenitization at a
temperature of 800 �C or 850 �C leads to a microstruc-
ture consisting of undissolved pearlite, fragmentary
ferrite, and martensite.[9] Press-hardened parts made of
22MnB5 reach hardness values of 450 HV, which is 50
HV lower compared to water quenched 22MnB5 parts
due to a self-tempering of martensite.[10] The crash
performance of body in white components produced by
press hardening is related to the microstructure of the
parts.[7] Furthermore, this microstructure is dependent
on the deformation temperature and strain, the cooling
rate, the initial grain size, the chemical composition,
etc.[6] In order to achieve an optimum modification of
the mechanical properties of multiphase steels, knowl-
edge of the phase compositions and the morphology of
the individual phases is essential.[11]

In addition, tailored hot formed parts are produced
by press hardening with areas of lower strength but
higher ductility to improve the crashworthiness of the
part.[1,2] To reach such tailored properties in one
component, different heating or cooling paths are
applied within particular blank regions.[2] The data on
the change in phase transformation kinetics as a
function of thermal and strain conditions are of primary
importance for the correct design of tailored microstruc-
tures with an optimal morphology.[11]
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When monitoring phase transformations of steels,
changes in the lattice structure and specific volume can
be detected.[12] If a phase transformation has occurred,
it can be recognized as a small deviation of the cooling
curve due to its exothermal nature.[13] Dilatometry,
differential thermal analysis, and differential scanning
calorimetry are methods for detecting phase transfor-
mations.[11] The determination of a resulting mixed
microstructure for a graded component by dilatometry
would lead to both a high number of dilatometer tests
and a high experimental effort, because the tests use
nearly homogeneous thermal and strain states within a
specimen.

The purpose of this study is to use a contactless
characterization method for the analysis of phase
transformations during the graded thermo-mechanical
processing of sheet material using the example of
press-hardening steel 22MnB5. This new method made
it possible to determine the influence of different
austenitization temperatures on the phase transforma-
tion kinetics with a single specimen. High-temperature
digital image correlation (DIC) and thermal imaging
were used for the detection of the phase
transformations.

II. EXPERIMENTAL PROCEDURE

For the high-temperature DIC tests, uncoated
22MnB5 specimens with a thickness of 1.5 and 2 mm
were cut along the rolling direction of the sheet by wire
cut EDM. The chemical composition of the steel sheets,
which were determined by spark spectroscopy with Q4
TASMAN from Bruker AXS GmbH, is presented in
Table I.

Figure 1 shows the test setup for the high-temperature
DIC tests. A high-frequency generator from Trumpf
Hüttinger with a maximum power of 10 kW and a
frequency of 250 kHz was used to heat the flat steel
specimens with a frontal inductor equipped with a
surrounding U-shaped flux concentrator. It allows fast
heating of the samples up to 900 �C. A gradation of the
specimen temperature is achieved by a targeted use of
the frontal inductor in the upper region of the specimen
(see Figure 1).

The images for the DIC evaluation were taken with a
Nikon D3200, and the infrared thermal imaging camera
VarioCAM� HD head 980 from Infratec was used to
record the temperature change during the heat treat-
ments. The recording frequency of both cameras was 1
Hz. A temperature measurement range of 250 �C to
2000 �C was utilized. For the DIC tests, the cleaned
specimens were completely covered with a black
high-temperature varnish and the white speckle pattern
was applied with a white high-temperature varnish. The
dog-bone shaped flat specimens are 178 mm long and 8
mm wide in the narrow section. An emission coefficient
of 0.95 for the thermal imaging camera was determined
by a comparative measurement with a ratio pyrometer.

In all tests, the specimens were heated to austenitiza-
tion temperatures between 800 �C and 900 �C, using the
inductor installed behind the rear specimen surface with

a coupling distance of 2 mm. The software GOM
Correlate was used to determine the local strain evolu-
tion during the cooling of the specimens. The temper-
ature and strain development was measured
simultaneously during soaking and cooling on the front
specimen surface by means of the thermal imaging and
the digital camera. To eliminate the influence of sample
radiation at high temperatures, an optical bandpass
filter was applied. In addition, an optional tensile
deformation was performed after heating to the austen-
itization temperature within 60 seconds and soaking for
10 to 300 seconds at a tension speed of 1 mm/s until a
total elongation of 10 or 20 pct was reached. The
non-deformed samples underwent the same temperature
ramp. The specimens were then cooled to the ambient
temperature in free air or quenched by compressed air.
Afterwards, the specimens for the hardness tests and
metallographic analyses were taken. The data from the
thermal imaging camera were transferred to the GOM
Correlate software, in which the entire specimen surface
could be analyzed and the strain and temperature
changes could be compared. Three temperature ranges
(800 �C, 850 �C, and 900 �C) were investigated for each
specimen to examine the influence of different austen-
itization temperatures on phase transformations during
heat treatment and thermo-mechanical processing
(Figure 2). After calculating the cooling rate of each
area of interest according to Eq. [1],[14] the average
cooling rates for the three areas were determined for
each specimen. The automatic hardness tester KB 30 FA
was utilized to test the hardness, and the measurements
were carried out with a force of 9.807 N (HV1). The
polished specimens were etched according to Lepera to
create micrographs.[15] These were then examined with
the digital light microscope Keyence VHX5000 and the
scanning electron microscope (SEM) Zeiss Ultra Plus.
The SEM was operated at an acceleration voltage of 20
kV with a secondary electron detector or in-lens
detector.

cooling rate ¼ 300 �C

t8=5
½1�

with t8/5 time taken for cooling from 800 �C to 500 �C.
The general experimental design for the heat treat-

ment and the thermo-mechanical treatment of the flat
steel specimens is presented in Table II.
Diagrams, as shown in Figure 3, were created to

identify the beginning and end of the phase transfor-
mations. The Duy/DT curve shows the change in strain
and temperature as a function of time for a region of
interest. If this curve deviates from the usually horizon-
tal course of the graph and if there are additional
deviations from the otherwise smooth cooling curve, a
phase transformation took place.
The green Duy/DT curve for area 2 and the corre-

sponding green temperature curve show no significantly
differences, indicating that no phase transformation
occurred. According to the CCT diagram in Reference
3, area 2 was heated below the Ac1 temperature, which
implies that no phase transformations could take place
during cooling. The blue Duy/DT curve displays a
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deviation, with the start and end of the peak represent-
ing the start and end of a phase transformation. It
begins at approximately 660 �C and ends at about 500
�C. In addition, the quantity of every phase was also
determined by an analysis of the micrographs with the
digital microscope and the SEM. Using the image
analysis software ImageJ on the micrographs, quantita-
tive measurements of the phases were carried out. In
contrast to this SEM-image analysis, the proportion of
each phase was calculated by relating the surface areas
of the peaks. These areas were normalized by dividing
them by their volumetric expansion due to the trans-
formation from austenite to ferrite (3.6013 pct), bainite
(3.8632 pct), or martensite (4.3909 pct).[16] An average
was taken for bainite, as the transformation of austenite
to lower or upper bainite results in slightly different
values of 3.9679 pct for lower bainite and 3.7584 pct for
upper bainite.

III. RESULTS AND DISCUSSION

A. Determination of Phase Transformations

The Duy/DT curves for the austenitization tempera-
tures of 800 �C and 900 �C and of the samples that were
soaked within 10 seconds and quenched without an
elongation are depicted in Figure 4. For the blue curves,

Table I. Initial Grain Size and Chemical Composition of the 22MnB5 Flat Steel Sheets

Thickness (mm) Initial Grain Size (lm) C Pct Si Pct Mn Pct Cr Pct B Pct Ti Pct Fe Pct

1.5 6.88 0.219 0.200 1.185 0.193 0.0020 0.027 97.95
2.0 7.65 0.236 0.218 1.188 0.181 0.0022 0.025 97.95

Fig. 1—Experimental setup for the characterization of phase transformations: (1) chuck jaws of a hydraulic universal testing machine, (2)
specimen, (3) medium frequency oscillator with frontal inductor in combination with a magnetic flux concentrator, (4) thermal imaging camera,
(5) digital camera, (6) air nozzle, (7) ratio pyrometer.

Fig. 2—Thermal image of a graded heat-treated specimen.
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which represent the cooling curve and the Duy/DT
curve for an austenitization temperature of 900 �C, a
bainite start temperature (Bs) of 646 �C and a
martensite start temperature (Ms) of 429 �C were
detected. The finish temperature of the martensitic
transformation (Mf) was 287 �C. Small amounts of
bainite were detected. Compared to the determined
CCT diagram of Reference 3, the Bs was about 100 �C,
the Ms 19 �C, and the Mf 30 �C higher. For the green
curves, which represent the cooling curve and the Duy/
DT curve for an austenitization temperature of 800 �C,
the Bs was at 659 �C and the Ms at 437 �C; Mf

amounted to 267 �C. Compared to the strong deflec-
tion of the blue Duy/DT curve, the peaks of the green
Duy/DT curve are less pronounced, which is why the
analyses of the transformation start and finish temper-
atures of this curve were performed separately. At a
cooling rate of about 23 K/s, the resulting microstruc-
ture should consist of martensite and bainite, with a
high proportion of martensite according to Reference
3. The critical cooling rate necessary for a full
hardening of the steel 22MnB5 varies between 25 and
30 K/s.[2,17] For a cooling rate of 23 K/s, Schaper et al.
determined an Fs of about 700 �C, an Bs of 610 �C, an
Ms of 400 �C, and an Mf of 260 �C at a soaking time
of 300 seconds.[4] The results of References 3 and 4
showed different CCT diagrams for the same heat
treatment parameters. One reason for this could be
small differences in the chemical composition.

Figure 5 shows the results of the phase transforma-
tion measurements using high-temperature DIC for all
specimens and investigated areas of interest. Sample P1,
which was heat treated similarly to P2 but with a cooling
rate of about 12 K/s (see Figure 5(a)), showed a 70 �C
higher ferrite start temperature (Fs) and a 30 �C higher
Bs for an austenitization temperature of 900 �C com-
pared to the results of Reference 3. However, the CCT
diagram determined in Reference 4, in which the
specimens were heat treated similarly to Reference 3,
showed Fs and Bs comparable to sample P1. An
influence of the short time austenitization on the
transformation start and finish temperatures could be
initially precluded, but further investigations are neces-
sary to verify this result. The highest difference between
the determined transformation start and finish temper-
atures for the three areas of specimen P2 was below 2.5
pct. No significant influence of the austenitizing tem-
perature on the transformation start and finish temper-
atures of specimen P2 could be determined. In contrast
to this, a higher difference of up to 16 pct between the
determined transformation start and finish temperatures
was found for specimen P1. A high influence of the
austenitizing temperature on the bainitic transformation
could be determined due to the lower cooling rate
compared to sample P2. At a lower austenitization
temperature, the bainitic area was larger, which could be
the result of undissolved carbides because of the
intercritical austenitizing below the Ac3 temperature
and the short time austenitization.[18]

Figure 6 shows the temperature–time curve and the
Duy/DT curve for specimen P4, in which a thermo-me-
chanical treatment with a 10 pct elongation with

subsequent compressed air quenching was carried out
after a soaking duration of 10 seconds.
At an austenitization temperature of 850 �C (blue

curves), the Duy/DT curve showed a larger peak for
ferritic transformation, and two small peaks for bainitic
and martensitic transformations. The determined Fs was
at 777 �C, Bs at 503 �C, Ms at 379 �C, and Mf at 259 �C.
With a cooling rate of about 19 K/s, this area can be
compared with the ones in specimen P2 (Figure 5(a)). It
can be noted that the hot plastic deformation influenced
the detectable phases, since no ferritic transformation
was detected for sample P2 at the same austenitization
temperature compared to specimen P4, which only had a
slightly lower cooling rate. The Duy/DT curve for 800
�C also had three peaks, though they were slightly
further to the left. Since the quenching was performed at
a lower austenitization temperature, the phase transfor-
mations started earlier. An Fs of 780 �C, Bs of 516 �C,
Ms of 361 �C, and Mf of 257 �C were determined for a
cooling rate of about 19 K/s. Schaper et al. showed that,
even at high cooling rates, ferritic transformation is
induced at about 800 �C due to hot plastic deforma-
tion,[4] which is consistent with the results obtained for
specimen P4. Furthermore, they observed an increase in
the Fs and a shift of the transformation to shorter times
as a result of the hot plastic deformation. These findings
in combination with a slightly lower cooling rate may be
the reason for the strong ferrite peak in the investigated
areas of specimen P4 compared to P2. Due to the hot
plastic deformation, the start of the bainitic transfor-
mation of P4 is at a temperature more than 100 �C lower
than the Bs of sample P2. A delayed bainitic transfor-
mation could be the reason for the lower Bs, which was
also found in Reference 4 for a hot plastic deformation
of 20 pct. In contrast, Nikravesh et al.[6] found that a hot
plastic deformation of 40 pct led to an increase in the
bainitic transformation start temperature and a shift of
the bainitic area to shorter times. As the austenitization
temperature decreased, the Ms of specimen P4 was
lowered equally to the Ms of P1, which was not
deformed (see Figures 5(a) and (b)). Due to the graded
heating of the specimens, the plastic deformation of the
specimens was also inhomogeneous. At an austenitiza-
tion temperature of 900 �C, a higher strain is applied
than in the other two areas of interest with lower
austenitization temperatures. Specimen P3 showed up to
25 �C lower values for the Fs and up to 139 �C higher
values for the Bs compared to P4 (see Figure 5(b)).
Furthermore, sample P3 had an extended bainitic area
at a cooling rate of 12 K/s, which was also found in
Reference 4. Nikravesh et al.[6] reported that at cooling
rates above 6 K/s, the microstructure has more bainite
in the deformed condition than in the non-deformed
state.
The rate of the bainite reaction is accelerated by the

deformation during thermo-mechanical processing.[19]

In addition, there is an increased possibility for bainitic
transformation at subgrains and grain boundaries cre-
ated by the deformation.[6] The displacing nature of the
bainite transformation at some cooling rates is respon-
sible for a mechanical stabilization of the austenite,
which inhibits the formation of bainite.[20] Another
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reason for the expansion of the bainitic area at higher
cooling rates could be the mechanical stabilization of
austenite, which causes a delay in the martensitic
transformation.[6]

The difference between the Fs for the three areas of
interest was less than 2 pct for samples P3 and P4. An
influence of the austenitization temperature on the Fs

can therefore be ruled out.
P5 and P6, which were deformed up to an elongation

of 20 pct, also have a higher Fs than P1 due to the hot
plastic deformation (see Figures 5(a) and (c)). Specimen
P5 reached an average Fs of 756 �C for all areas of
interest, which is comparable to sample P3 with an
average Fs of 757 �C. When comparing the results of
samples P3 and P5 for an austenitization temperature of

900 �C, no significant differences in the transformation
start and finish temperatures could be detected, with the
exception of the Bs, which was 31 �C lower. For the
other two areas of interest, the Bs was 22 and 9 pct lower
than the Bs of specimen P3. The graded heating of
specimen P5 resulted in a hot plastic deformation of 19
pct at 900 �C, 9 pct at 850 �C, and 3 pct at 800 �C. Due
to the inhomogeneous strain distribution, valid com-
parisons between the two austenitization temperatures
of 850 �C and 800 �C of samples P3 and P5 were not
possible; the same applies to specimens P4 and P6. At an
austenitization temperature of 900 �C, specimen P6 had
a 109 �C higher Bs than P4 and a 17 �C lower Bs

compared to the undeformed sample P2. Increasing the
hot plastic deformation from 0 to 10 pct led to a shift of
the Bs to longer times and a further increase from 10 to
20 pct led to a shift of the Bs to shorter times. These
changes are due to the influence of hot forming on the
transformation kinetics discussed in the previous
paragraph.
In sample P7, a variation of the austenitization

temperature at 300-second soaking time had no signif-
icant influence on the transformation start and finish
temperatures (see Figure 6(d)). In contrast to sample P5,
the uneven strain distribution due to the graded heat
treatment did not affect the Bs and Bf. Samples P5 and
P7, where solely the soaking time was varied, differed
only in their Bs and Mf. The reason for deviations in the
Bs could be the more homogeneous distribution of
alloying elements, especially carbon, as a result of the
longer soaking time. These results showed that the
soaking time had a more significant influence on the Bs

than the austenitization temperature.
For samples P1, P3, P5, and P7, the Duy/DT

curves fluctuated between the Ms and the end of the
measurement with only smaller peaks, which made it
difficult to determine the Mf. The reason for this
fluctuation could be self-tempered martensite, a result
of the fact that these four specimens were cooled in
ambient air at a relatively low rate of about 12 K/s.
According to Reference 21, relatively low cooling rates
during quenching generally lead to the occurrence of
self-tempered martensite. The measuring range of the
thermal imaging camera does not allow further
investigations regarding a possible end of the
oscillation.

Table II. Experimental Plan for the Thermo-Mechanical Treatment of Flat Steel Specimens

Sample
Maximum Austenitization Tempera-

ture (�C)
Elongation at Hot Deformation

(Pct)
Thickness
(mm)

Cooling
Method

Soaking Time
(s)

P1 900 0 2 ambient air 10
P2 900 0 2 compressed air 10
P3 900 10 pct 2 ambient air 10
P4 900 10 pct 2 compressed air 10
P5 900 20 pct 2 ambient air 10
P6 900 20 pct 2 compressed air 10
P7 900 20 pct 1.5 ambient air 300

100
200
300
400
500
600
700
800
900

-0.15

0.00

0.15

0.30

0 20 40 60 80 100

Te
m

pe
ra

tu
re

 in
 ° C

R
at

io
 D

φ
y/

D
T

Time in sec

Dφy/DT area 2 Dφy/DT area 1
Temperature area 2 Temperature area 1

Area 1

Area 2

500°C

660°C

Fig. 3—Example of temperature–time curves and Duy/DT curves for
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B. Micrograph and Hardness Investigations

The micrographs and SEM images for the two
opposite areas of interest of specimen P2 are depicted
in Figure 7. According to Reference 22, a martensitic
microstructure reaches a very light or white color after a
LePera etchant. Due to the similar carbon content, an
austenitic microstructure has the same color. Further-
more, the self-tempered martensite should take on a
brown, bainite a beige, and ferrite a gray-blue color after
the LePera etching.
Figure 7(a) shows a mostly light-colored microstruc-

ture with lancets, which, in combination with the SEM
images of sample P2 in the area austenitized at 900 �C
(see Figure 7(b)), indicates a mostly martensitic
microstructure. While the beige grains imply a small
amount of bainite, the hardness of about 440 HV1

Fig. 5—Influence of hot deformation (a through c) and soaking time (d) on the temperature range of phase transformations (P1 to P6 with 10-s
soaking time and P7 with 300-s soaking time).
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P4 with area 850 and area 800 plotted.
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(Figure 8) proves an almost fully martensitic
microstructure in this area. The analysis of the phase
fractions for the area of P2 austenitized at 900 �C
showed a proportion of 5 pct bainite and 95 pct
martensite (see Figure 9(a) dashed lines), which corre-
lates with the hardness determined. Figure 7(c) reveals a
different structure in the area austenitized at 800 �C,
where the large light grains represent martensite and the
small white particles carbides. According to the SEM
analysis (7d), the beige-brown matrix corresponds to
bainite. Since the graded austenitization was performed
in the intercritical austenitization temperature range, the
microstructure contains some retained ferrite grains of
about 2 microns, which were visible on the SEM images
in zones with undissolved carbides. Additionally, small
gray ferrite grains can be found in Figure 7(c). The
hardness in this area amounted to 315 HV1 (see
Figure 8), which correlates with the determined phase
fractions of 7 pct ferrite, 63 pct bainite, and 30 pct
martensite as well as the micrograph.

Compared to the SEM image 7(b), a high number of
undissolved carbides are visible in 7d. Since cooling was
initiated below the Acc temperature, the inhomogeneous

austenite exhibits an uneven distribution of the alloying
elements, which is why low-carbon areas occur. While
martensite usually forms in the vicinity of carbides,
low-carbon regions generally convert to bainite due to
an insufficient carbon content within the metallic
matrix.[23,24] In addition, the soaking time of 10 seconds
was too short for a complete dissolution of the carbides,
which contributed to the inhomogeneous carbon distri-
bution. After quenching, low-carbon regions transform
into bainite or low-carbon martensite.[25] Grydin et al.
found that in contrast to a conventionally austenitized
material, the microstructure of a short austenitized
material consists of ferrite, bainite, martensite, retained
austenite, and a small amount of carbides.[18] These are
the reasons for the higher bainite content and the
slightly higher Bs-temperature after austenitizing at
800 �C compared to the areas austenitized at 850 �C
or at 900 �C.
Figure 10 shows digital light microscope and SEM

images for two areas of interest of P4 austenitized at 850
�C and 800 �C. The micrograph in Figure 10(a) demon-
strates a mostly ferritic microstructure (gray matrix) in
the area of the steel that was thermo-mechanical treated
at 850 �C. Within this gray matrix, beige-orange colored
grains are visible, which correspond to bainite according
to the SEM analysis. Small amounts of martensite are
evident on the light microscope and SEM images. The
hardness of about 226HV1 in this area (see Figure 8) is
proof of a high ferrite content.
Compared to the micrograph in Figure 10(a),

Figure 10(c) shows a smaller amount of martensite,
which is equivalent to the area heated to 800 �C. The
color of the matrix changed to a mixture of gray and
purple, which is the result of a different intensity of the
etching. The contrast between ferrite and bainite is still

bainite

ferrite

ferrite

(a) (b)

(c) (d)

Fig. 7—Micrographs (LePera etchant) and SEM images of different areas of interests of the specimen P2 (a) and (b) correspond to 900 �C,
whereas (c) and (d) correspond to 800 �C.
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Fig. 8—Hardness of the investigated areas for all tested specimens.
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sufficient, with the beige-brown areas representing the
bainitic phase. The hardness of 206 HV1 confirms a high
amount of ferrite (87 pct) in this area (see Figures 8 and
9(b) dashed lines).

The hot plastic deformation of P4 at an austenitiza-
tion temperature of 900 �C and a plastic deformation of
10 pct lead to a higher amount of bainite compared to
the undeformed P2. A further increase in hot plastic
deformation to 20 pct (P6) resulted in an almost
identical phase content as in sample P2 (see
Figure 9(c)). The changed transformation kinetics com-
bined with the difference of about 4 K/s in the cooling
rate could be the decisive factor for the shift of the
dominant phase of P4.

Specimen P3 had a higher martensite volume fraction
and thus a 6 pct higher hardness at an austenitization
temperature of 800 �C than at 850 �C (see Figure 9(b)).
One reason for this is the inhomogeneous strain
distribution, the elongation achieved at 800 �C being

lower than at 850 �C. As already mentioned, the hot
deformation shortened the start of the ferritic and
bainitic transformations, which in turn led to the higher
amount of martensite at an austenitization temperature
of 800 �C.
P7 exhibited a higher ferrite and martensite volume

fraction compared to P5 at an austenitization temper-
ature of 900 �C (see Figure 9(d)). The hardness of both
areas was almost equal. One explanation for the high
bainite volume fraction of P5 within this area could be
the short time austenitization. The dissolution of
cementite or other carbides of the initial structure was
incomplete during the short time austenitization of the
steel. Since the carbon diffusion process is time-depen-
dent, there was not enough time for completion. The
resulting inhomogeneous carbon distribution then led,
as mentioned above, to the formation of carbon-rich
and carbon-poor regions, which could be the reason for
the gradient of carbon in the austenite, and the resulting

Fig. 9—Influence of hot deformation (a to c) and soaking time (d) on the phase fractions according to the microstructural characterization (P1
to P6 with 10-s soaking time and P7 with 300-s soaking time).
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gradation of the microstructure. A microstructure con-
sisting of ferrite, bainite, martensite and not completely
dissolved carbides is formed during steel cooling.[18,26]

Furthermore, alloying elements such as manganese or
chromium reduce the critical cooling rate. In micro-
scopically small areas where high amounts of these
alloying elements are present, for example around
dissolved carbides, martensite is formed. In regions
where only few of these elements are available, austenite
converts to ferrite and bainite. Thus, both the beginning
of the bainitic transformation at higher temperatures
and the inhomogeneous distribution of alloying ele-
ments could be the reason for the higher bainite content
after short austenitization. Furthermore, the austeniti-
zation temperature has no significant influence on the
phase content and therefore the hardness of specimen
P7.

In contrast to the results of Reference 9, where the
cooling rate reached 50 K/s, no undissolved pearlite
could be found within the investigated areas of all
samples at austenitization temperatures of 800 �C and
850 �C.

Since the critical cooling rate was not reached in any
test, no 100 pct martensitic microstructure occurred.
The hardness values for all investigated areas correlated
with the determined phase compositions.

C. Evaluation of the Phase Content
from High-Temperature DIC Curves

Two different methods were used to determine the
phase compositions of each specimen. Examples of the
results are given in Figures 11(a) through (d). Both

martensite

martensite

bainite

bainite

(a) (b)

(c) (d)

Fig. 10—Micrographs (LePera etchant) and SEM images of different areas of interests of the specimen P4 (a) and (b) correspond to 850 �C,
whereas (c) and (d) correspond to 800 �C.

Fig. 11—Comparison between the determination of the phase
contents by analysis of the micrographs and Duy/DT curve for
different cooling rates: (a) sample P2, (b) sample P3, (c) sample P6,
(d) sample P7.
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methods yielded identical results for the specimens P2
and P6 within the areas austenitized at 900 �C (see
Figures 11(a) and (c)). With the new method, in which
the ratio of the surface areas of the peaks is calculated, a
high accuracy can be achieved for high cooling rates of
about 23 K/s. At lower cooling rates of about 12 K/s, as
for example with specimen P3 and P7, a too high
martensite content is determined at the same austeniti-
zation temperature (see Figures 11(b) and (d)). The
oscillation of the Duy/DT curves after the Ms made it
difficult to determine the Mf, as mentioned in 3.1. One
cause for the detected fluctuation is the occurrence of
self-tempered martensite, which can be seen in
Figure 12. These martensite laths consist of fine precip-
itates that are randomly oriented and resemble e
carbides (Fe2.3C) or g carbides (Fe2C). They normally
precipitate from the martensite during the first temper-
ing stage.[18,21,27]

The results for lower austenitization temperatures are
distorted due to the presence of untransformed retained
ferrite, as cooling was initiated below the Ac3 temper-
ature. Furthermore, the curves in Figures 4 and 6
showed that the size of the peaks provides information
about the dominant phase and therefore the hardness
can be estimated. For example, the blue Duy/DT curve
in Figure 4 shows a very strong peak for the martensitic
transformation. This area had a high martensite content
and therefore a high hardness.

IV. CONCLUSIONS

In this paper, the effects of different austenitization
temperatures, hot deformation, soaking duration, and
cooling conditions on phase transformation kinetics and
the resulting phase composition were investigated. A
new contactless characterization method was used to
determine the phase transformations. The results can be
summarized as follows:

1. With the contactless characterization method, phase
transformations could be detected and the start and
finish transformation temperatures for every phase
could be determined. However, the Mf was difficult
to determine for low cooling rates of about 12 K/s
(ambient air), due to the self-tempering of marten-
site and the limited measuring range of the thermal
imaging camera.

2. A lower austenitization temperature resulted in a
reduced hardness, since less martensite and a higher
proportion of ferrite and bainite are present in
undeformed specimens. Furthermore, the unde-
formed samples showed that the influence of the
austenitization temperature on the bainitic and
martensitic transformation was higher at a low
cooling rate of 12 K/s than at a high cooling rate of
23 K/s. In deformed samples, the austenitization
temperature influenced the martensitic and espe-
cially the bainitic transformation. At austenitization
temperatures below 900 �C, a high number of
undissolved carbides were visible on the SEM
images. One reason for these effects could be the
short soaking time, which led to an inhomogeneous
distribution of the alloying elements and undis-
solved carbides.

3. Hot deformation led to a shift of the Fs to higher
temperatures and shorter times. Increasing the total
hot deformation from 10 to 20 pct led to an increase
of the Fs for higher cooling rates. The effect of the
hot deformation on the bainitic transformation was
highly variable, as an increase of the hot plastic
deformation from 0 to 10 pct resulted in a shift of
the bainitic transformation to longer times and a
further increase of it from 10 to 20 pct resulted in a
shift to shorter times. The graded thermo-mechan-
ical processing led to an uneven strain distribution
within the specimens and resulted in a higher
hardness at the lowest austenitization temperature
of 800 �C, as the strain was lowest in this area (see
specimen P3). This must be taken into account
when setting a mixed microstructure for compo-
nents produced by graded thermo-mechanical
processing.

4. The higher soaking time of 300 seconds compared
to the short time austenitization of 10 seconds
resulted in uniform transformation start and finish
temperatures at different austenitization tempera-
tures. The reason for this was an even distribution
of the alloying elements in the iron.

5. The volume of every phase could be determined by
relating the surface areas of the peaks. However, an
exact determination of the phase contents was only
possible at high cooling rates after a complete
austenitization of the samples. Especially for an
austenitization below the Ac3 temperature, incor-
rect phase results were calculated because of the
retained ferrite. However, the size of the peaks
provided information about the dominant phase of
the thermo-mechanically treated steel.

In summary, this study showed that the investigation
of phase transformation kinetics using the contactless
characterization method and the determination of CCT
and deformed CCT diagrams is possible with a reduced
experimental effort and a small number of specimens.
The influence of different austenitization temperatures
on the transformation kinetics can be examined using
one specimen.

Fig. 12—Self-tempered martensite of specimen P7 within the area of
900 �C.
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