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Martensite Transformation Start Temperature During
Quench and Austempering in Fe-8Ni-0.2C Alloys

HIROYUKI KAWATA, KUNIO HAYASHI, CHISATO WAKABAYASHI,
NAOKI YOSHINAGA, and MANABU TAKAHASHI

It is important for the improvement of mechanical properties of quenching and partitioning
(QP) steels to control the martensite transformation behavior and the stability of untransformed
austenite. In this study, we evaluated the martensite transformation restart temperature (Mr) via
a dilatometer during the reheat austempering pattern. This heat pattern corresponding to the
typical heat treatment for QP steel involves quenching to TQ, a temperature between the
martensite transformation start temperature (Ms) and the finish temperature, and austempering
above Ms. In Fe-8Ni-0.2C alloy, Mr equals TQ, regardless of the progress of bainite
transformation during austempering at 673 K (400 �C). In Fe-8Ni-1Si-0.2C alloy, Mr decreases
parabolically from TQ with the progress of bainite transformation, and this behavior
corresponds to the assumed carbon concentration by bainite transformation. These results
indicate that the self-stabilization of the entire untransformed austenite during the first quench
from Ms to TQ was preserved, regardless the bainite transformation. Moreover, the stabilization
by the carbon concentration in untransformed austenite was added to this self-stabilization.
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I. INTRODUCTION

HIGH-STRENGTH steel sheets containing multiple
structures are widely used in a variety of different
applications. To improve these sheets, it is important to
understand the transformation behaviors of their con-
stituent structures and control them to produce a
desirable microstructure. In particular, in steel in which
structures are continuously formed, the interaction
between these structures affects their individual trans-
formation behavior. For example, the transformation of
ferrite affects the bainite and martensite transformation
kinetics,[1] concentrating the carbon and manganese
contents in austenite, while simultaneously producing an
active nucleation site, the ferrite/austenite phase

boundary. The former depresses while the latter accel-
erates the bainite and martensite transformations.
Recently, the strength of advanced steels has

increased from common high strength steels (e.g., high
strength low alloy steels and dual phase steels), resulting
in a shift of the main structures from ferrite to hard
structures, e.g., martensite and bainite.[2–4] Quenching
and partitioning (QP) steel[5] is a typical advanced
high-strength steel (AHSS) that can be classified as a 3rd
generation AHSS.[2,6] Ideal QP steel contains martensite
tempered during partitioning (= austempering) and
retained austenite; as such, the only structure in this steel
whose transformation behavior would need to be
controlled is martensite.[7] However, actual QP steel
contains not only tempered martensite and retained
austenite but also bainite and fresh martensite.[8–10] In
this case, bainite is generated in the austenite +
pre-existing martensite structure, and fresh martensite
is generated in the austenite + pre-existing martensite
+ bainite structure. The microstructure [11–13] and
properties[13–15] of QP steel depend on the quench
temperature and austempering conditions (temperature
and time). Therefore, the consideration of the interac-
tions between the transformation behaviors of pre-ex-
isting martensite, bainite, and fresh martensite is very
important in the optimization of the heat treatment
conditions for QP steels.
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To clarify these interactions, it is important to
evaluate them with respect to the carbon distribution.
Although the carbon distribution depends on the
precipitation behavior of ferrous carbide, it is not easy
to measure accurately.[16] A beneficial way for under-
standing the interaction with/without carbon distribu-
tion is to measure it in silicon-free steel. In silicon-free
steel, cementite precipitates easily at the partitioning
temperature; thus, the carbon in pre-existing martensite
and bainite does not transfer to untransformed austen-
ite. For example, in low-alloyed TRIP steel containing
silicon,[17–20] the bainite transformation decreases the
martensite transformation start temperature (Ms); how-
ever, in silicon-free steel, the effect of bainite transfor-
mation on Ms is small.[18] This means that the presence
of bainitic ferrite does not affect the fundamentals of
martensite transformation.[19] Regarding QP steel, we
had already reported the effect of pre-existing martensite
on the bainite transformation behavior in silicon-free
steels.[21] In addition, Toji et al.[22] compared the bainite
transformation behaviors with and without silicon.

In this study, we focused on the martensite transfor-
mation start after austempering, which corresponds to
the thermal stability of this austenite of residual
untransformed austenite. The aim of austempering in
the QP process is to decrease the Ms to below room
temperature to obtain retained austenite which improve
elongation to overcome the limitation for the applica-
tion of high strength steels owing to their poor forma-
bility.[2] There are many studies that focus on the
stability of untransformed austenite during the QP
process through the carbon enrichment[5,7,10–12] and
morphology[8,23–25] of austenite. However, it is not clear
how effective these aspects are. We measured Ms with
several heat treatments in Fe-Ni-C with and without
silicon alloys and attempted to clarify the effect of the
presence of pre-existing martensite and bainite in the QP
process.

II. EXPERIMENTAL PROCEDURES

Table I shows the chemical compositions of two
Fe-Ni-C alloys used in this study. They contain 8 mass
pct nickel and 0.20 mass pct carbon. 0Si alloy contains
no silicon, whereas 1Si alloy represents 1 mass pct
silicon. Ingots of the alloys melted in vacuum were
heated to 1523 K (1250 �C) and hot-rolled over 1173 K
(900 �C) to make plates with 3 mm thickness. These
plates were ground to remove the decarburized layer
around both surfaces and cold-rolled to sheets with 1.0
mm thickness. These sheets were cut to small specimens
with dimensions of 10 mm 9 80 mm.

These specimens were heated via electrical heating and
cooled by nitrogen gas with several heat patterns, as
shown in Figure 1. We treated specimens with four
typical patterns after austenitization at 1373 K (1100 �C)
for 60 second. Figure 1(a) shows a normal quenching
(NQ) pattern, in which a specimen was quenched from
1373 K (1100 �C) to room temperature, 298 K (25 �C),
with a continuous cooling rate of � 30 K/s. Figure 1(b)
shows a two-step quenching (TSQ) pattern, in which a
specimen was quenched from 1373 K (1100 �C) to the
quenching temperature (TQ). After the first quench to
TQ, the specimen was reheated above Ms and quenched
to room temperature without any isothermal holding.
TQ resides between Ms and the martensite transforma-
tion finish temperature (Mf), and we maintained it there
to make several volume fractions of pre-existing marten-
site. Figure 1(c) shows a austempering (AT) pattern, in
which a specimen was cooled from 1373 K to 673 K
(1100 �C to 400 �C) and quenched to room temperature
after holding at 673 K (400 �C), between the bainite
transformation start temperature (Bs) and Ms. We
controlled the austempering time (tAT), which was the
holding time at 673 K, to make several volume fractions
of bainite. Figure 1(d) shows a reheat austempering
(RAT) pattern, in which a specimen was quenched from
1373 K (1100 �C) to TQ, reheated to 673 K (400 �C),
held at 673 K (400 �C) for tAT, and quenched to room
temperature. This RAT pattern corresponds to a typical
QP process, and the holding at 673 K (400 �C)
corresponds to the partitioning treatment.[7] However,
in this study, we refer to this pattern and isothermal
holding as RAT and austempering, respectively, because
we used a 0Si alloy in which the carbon partitioning
from martensite to austenite did not occur.
We evaluated the transformation behavior during

heat treatment on a dilatation curve, obtained using a
laser displacement meter. Figure 2 shows the schematic
of typical dilatation curve after austenitization during
the RAT pattern. The dilatation curve starts at ‘‘A’’ in
Figure 2. From A to B, the fully austenite structure
shrinks linearly. At B, the volume expands owing to the
start of the martensite transformation. We stop the first
quenching at TQ, and the martensite transformation,
which produces pre-existing martensite, occurs from B
to C in Figure 2. The reheating from TQ to 673 K (400

�C) corresponds to the line CD. During austempering at
673 K (400 �C), the bainite transformation results in a
volume expansion from D to E. Then, the specimen is
quenched again from 673 K (400 �C) to room temper-
ature. From E to F, the complex structure consisting of
untransformed austenite, bainite, and pre-existing
martensite, which is tempered at 673 K (400 �C), shrinks
linearly. At F, the volume expands again, as the
martensite transformation restarts with decreasing tem-
perature. We refer to the temperature at F as the
martensite transformation restart temperature (Mr). The
volume expansion finishes at G, at temperature Mf, and
the line from G to H is straight.
The volume fraction of pre-existing martensite (VM) is

evaluated by the following Eq. [1], in which X and Z are

Table I. Chemical Compositions of Alloys Used (Mass Pct)

Alloy C Si Mn Ni Al N Fe

0Si 0.20 < 0.01 < 0.01 7.97 0.03 0.001 bal.
1Si 0.20 1.00 < 0.01 8.08 0.03 0.001 bal.
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the values at TQ of the extension of lines AB and GH,
respectively.

VM ¼ CX=ZX ½1�

The volume fraction of bainite (VB) should be

evaluated from the length of DE. However, in the
RAT pattern, the bainite transformation sometimes
starts during reheating from TQ to 673 K (400 �C),
because the bainite transformation was accelerated by
the pre-existing martensite.[21] Thus, the dilatation curve
is often drawn from C to D¢ as the dot curve in Figure 2.
For that reason, VB is evaluated by the following Eq. [2],
in which Y is the value at 673 K (400 �C) of the

extension of line GH.

VB ¼ VB þ VMð Þ � VM ¼ EW=YW� CX=ZX ½2�

Mr corresponds to the thermal stability of untrans-
formed austenite after austempering in the RAT pro-
cess. In QP steel, if Mr is much higher than room
temperature, most of the untransformed austenite

transforms to fresh martensite, whereas there is still a
small amount of retained austenite. We compared Mr in
the TSQ and RAT patterns and Ms in the NQ and AT
patterns with VM and VB.
We observed the microstructure etched with nital in

the transversal direction at a quarter of the specimen
thickness via field-emission scanning electron micro-
scopy (FE-SEM, JEOL-6500F).

III. RESULTS

A. Fe-8Ni-0.2C Alloy

Figure 3 shows an FE-SEM image of the 0Si alloy
specimen treated with the RAT pattern[26] This specimen
was quenched to TQ, 570 K (297 �C), and held at 673 K
(400 �C) for tAT, 30 second. Its VM and VB, which were
evaluated from the dilatation curve, were 0.43 and 0.45,
respectively. Thus, its residual volume fraction, 0.12,
corresponds to untransformed austenite just after
austempering. In Figure 3, there are three typical
structures.[22] The lath-shaped ferrite (black layer) con-
taining large cementite particles (white particles) is
bainite (‘‘B’’ in Figure 3). Ferrite containing many small

Fig. 1—Schematic of heat treatment patterns in this study. (a) NQ: normal quenching, (b) TSQ: two step quenching, (c) AT: austempering, (d)
RAT: reheat austempering, TQ: quenching temperature.

Fig. 2—Schematic dilatation curve during the RAT treatment after
austenitization. TAT: austempering temperature, 673 K in this study.
TQ: quenching temperature, Mr: martensite transformation restart
temperature.

Fig. 3—FE-SEM image of Fe–8Ni–0.2C alloy treated with RAT
pattern.[26] M, B, and TM in the figure correspond to fresh
martensite, bainite, and tempered martensite, which is transformed
between Ms and TQ during the first quench. Adapted from[24], with
permission.
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cementite particles is tempered martensite (‘‘TM’’ in
Figure 3), which was pre-existing martensite tempered
during austempering. Moreover, the other gray layer
(‘‘M’’ in Figure 3) is fresh martensite (lath martensite
without tempering), which was transformed from
untransformed austenite during the final quenching
from 673 K (400 �C) to room temperature. Pre-existing
martensite was covered by bainite,[21,22] because it
accelerates the nucleation of bainitic ferrite. There is
much cementite in pre-existing martensite and bainite,
which indicates that the carbon distribution to untrans-
formed austenite does not occur.

Figure 4 shows dilatation curves of 0Si specimens
with several heat treatments[26] Black, gray, and white
triangles correspond to Ms, TQ, and Mr, respectively.
Figure 4(1) shows the NQ and TSQ curves. Ms and Mf

of NQ curve (a) are 606 and 460 K (333 �C and 187 �C),
respectively. There are two TSQ curves, (b) and (c).
Their TQ are 582 K and 560 K (309 �C and 287 �C);
therefore, their VM are 0.26 and 0.56, respectively. In
these curves, Mr is equal to TQ. Moreover, the marten-
site transformation behaviors in the TSQ curves are
quite similar to that in the NQ curve, except around
TQ. This means that the untransformed austenite

Fig. 4—Dilatation curves of Fe–8Ni–0.2C alloy during several heat treatments after austenitization.[26] (1) shows the NQ curve, a, and TSQ
curves, b and c. (2) shows the AT curves, d, e, and f, with the NQ curve. (3) shows the TSQ curves, g, h, and i, with the NQ curve. TQ, tAT,
VM, VB, and Mr in the figure correspond to the quenching temperature, austempering time, volume fractions of pre-existing martensite and
bainite, and martensite transformation restart temperature, respectively. Adapted from[24], with permission.
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does not become stabilized by partial martensite
transformation.[27,28]

Figure 4(2) shows the AT curves with the NQ curve.
VAT of AT curves (d), (e), and (f) are 0.10, 0.31, and
0.76, respectively. Ms in the AT curves is constant,
regardless of VB and tAT, and is almost equal to Ms in
the NQ curve. This tendency is in accordance with the
findings of the Quidort et al. study regarding silicon-free
steel.[18]

Figure 4(3) shows the RAT curves with the NQ curve.
RAT curves (g), (h), and (i) correspond to the schematic
curve shown in Figure 2. RAT specimens (g) and (h)
contain almost the same VM (0.20 and 0.21) and
different VB (0.15 and 0.50). RAT specimens (h) and
(i) contain different VM (0.21 and 0.43) and almost the
same VB (0.50 and 0.48). In all RAT curves, TQ is equal
to Mr, except for VM and VB, which depend on TQ and
tAT, respectively. The bainite transformation starts
during the reheating from TQ to 673 K (400 �C).

Figure 5 shows the effect of bainite transformation on
Ms and Mr in several 0Si specimens[26] The horizontal
axis shows the bainite transformation progress param-
eter fB, which is VB divided by the volume fraction of
austenite at the start of the martensite transformation
(= 1�VM). Open circles and triangles correspond to Ms

in the NQ and AT samples, respectively. Ms is 606 ± 10
K (333 ± 10 �C), the average of 17 NQ samples. Ms in
AT samples whose VB range from 0.03 to 0.76 is
stable and does not depend on the progress of the
bainite transformation, slightly lower than 606 K (333
�C). Close dots correspond to Mr in the RAT samples,
categorized into three groups by their TQ. Their VM are
0.13 to 0.21, 0.33 to 0.48, and 0.70 to 0.72, respectively,
from the highest TQ. The threeMr groups stay in each of
their TQ ranges, colored in Figure 5. These tendencies
correspond to the dilatation curves of the extracted
samples in Figure 4.

Figure 6 shows the relationship between the super-
cooling during the first quench, D (= Ms–TQ), and the
change in the thermal stability of untransformed
austenite, h (= Ms–Mr). Open and closed dots corre-
spond to the TSQ and RAT samples, respectively.[26]

Furthermore, the RAT samples are categorized into
four groups by fB. As depicted in the dilatation curves
shown in Figure 4, Mr in the TSQ samples is equal to
TQ; therefore, in Figure 6, open dots exist on the gray
line. This phenomenon indicates that the first quench
expended the unstable part of the austenite; thus, the
residual untransformed austenite is more stable than the
prior austenite through the supercooling, D. This pro-
cess is referred to as the self-stabilization of austenite.[29]

Similarly, the dots of the RAT samples reside near the
gray line, regardless of fB and D. This tendency is shown
in Figures 4 and 5, indicating that the bainite transfor-
mation in the 0Si alloy does not affect the austenite
stability for martensite transformation in the RAT
pattern as much as that in the AT pattern. From
Figure 3, pre-existing martensite was covered by bainite
in the RAT sample, particularly the sample containing a
small amount of VM with large fB. However, the residual
untransformed austenite, which was separated from
pre-existing martensite by bainite, completely memo-
rized the supercooling during the first quench. We call
the supercooling memory effect for this phenomenon;
namely, the self-stabilization of the residual untrans-
formed austenite is preserved, regardless the bainite
transformation.

B. Fe-8Ni-1Si-0.2C Alloy

Figure 7 shows an FE-SEM image of the 1Si alloy
specimen treated with the RAT pattern. This specimen
was quenched to TQ, 574 K (301 �C), and held at 673 K
(400 �C) for tAT, 100 second. Its VM and VB, evaluated
from the dilatation curve, were 0.23 and 0.34, respec-
tively. There are three typical structures, bainite, pre-ex-
isting martensite, and fresh martensite. These
constituents are similar to those in the 0Si RAT sample
shown in Figure 3. Bainite in the 1Si alloy, ‘‘B’’ in
Figure 7, consists of lath-shaped bainitic ferrite with
carbide particles, whose density is lower than that in the

Fig. 5—Effect of bainite transformation on the martensite
transformation start temperature (Ms) and restart temperature (Mr)
in Fe–8Ni–0.2C alloy.[26] Adapted from[24], with permission

Fig. 6—Relationship between the supercooling during the first
quench in the TSQ and RAT patterns and the stabilization
parameter, which is the difference between Ms and Mr, in
Fe–8Ni–0.2C alloy[26] The black dots corresponding to RAT data
were categorized into four groups by the bainite transformation
progress parameter, fB. Adapted from[24], with permission.
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0Si alloy. Pre-existing martensite, which was tempered
during austempering, contains many small carbide
particles as the ‘‘TM’’ layer in Figure 7; thus, it is
distinguishable from bainite and fresh martensite. It is
difficult to determine the difference in carbide in the
pre-existing martensite between the 0Si alloy and the 1Si
alloy via FE-SEM. Although bainite and tempered
martensite are adjacent, bainite does not surround the
tempered martensite, which is covered by bainite in the
0Si alloy, as shown in Figure 3. Bainite in the 1Si alloy
grows toward the interior of the untransformed austen-
ite, as Toji et al. reported.[22] Therefore, most fresh
martensite islands (gray layer in Figure 7), are divided
by bainitic ferrite, with their shape and size appearing
elongated and small.

Figure 8 shows the dilatation curves of the 1Si
specimens with the several heat treatments (Figure 1).
In Figure 8(1), the NQ curve and TSQ curves are similar
to those for the 0Si alloy. Ms is 600 K (327 �C), and Mr

is equal to TQ. Figure 8(2) shows the AT curves, in
which VB ranges from 0.19 to 0.72. With the progress of
bainite transformation, Ms decreases from 600 K to 553
K (327 �C to 280 �C). This stabilization of untrans-
formed austenite depends on the carbon enrichment in
austenite.[18–20] In the 1Si alloy, the solute carbon is
distributed from bainite to untransformed austenite
owing to the depression of the cementite precipitation,
as shown in Figure 7.

Figure 8(3) shows the RAT curves, where the (g), (h),
and (i) curves are the results for the same TQ specimens.
They were quenched to 561 K (288 �C), and the curves
approached the level of the pre-existing martensite. The
tAT times were long, equal to 2, 40, and 200 seconds, and
VB increased to 0.06, 0.23, 0.39, respectively. Although
Mr on (g) is equal to TQ, in the RAT samples, it
decreases from TQ to 496 K (223 �C) with the progress
of bainite transformation, just as in the AT curves. The
curves representing the specimens of (i) and (j) exhibit
similar VB, 0.39 and 0.34, and significantly different VM,

0.46 and 0.23. The differences for TQ and Mr are 65 K
and 18 K, respectively, which indicates that Mr in 1Si
alloy decreases with the progress of bainite transforma-
tion, and this effect depends on VM.
Figure 9 shows MS of the NQ and AT samples and

Mr of the RAT samples in the 1Si alloy. The horizontal
axis in Figure 9 is VM + VB. Ms and Mr seems to
decrease similarly with VM + VB, independent of the
breakdown between VM and VB. From this result, we
can assume that carbon partitioning occurred from the
pre-existing martensite to untransformed austenite, and
pre-existing martensite stabilized the untransformed
austenite as much as the bainite, indicating the QP
process.[5,7] However, Mr reflects the supercooling dur-
ing the first quench, which was memorized by the
untransformed austenite in the 0Si and the 1Si alloys.
This effect does not depend on the carbon partitioning
behavior; hence, we have to understand the Mr behav-
ior, considering the carbon partitioning and this super-
cooling memory effect separately.
The carbon content in untransformed austenite dur-

ing the RAT pattern at the austempering finish, Cc¢
(mass pct), corresponds to the following Eq. [3]. Cc is the
initial carbon content of the prior austenite, and X and
Y are the carbon partitioning coefficients to untrans-
formed austenite from pre-existing martensite and
bainite, respectively.

C0
c ¼ Cc � 1þ X � VM þ Y � VB

1� VM � VB

� �
½3�

VB in the Eq. [3] is replaced by fB and VM as the
following Eq. [4].

C0
c ¼ Cc � 1þ X � VM þ Y � fB � 1� VMð Þ

1� VM � fB � 1� VMð Þ

� �

¼ Cc � 1þ X� X� Y � fBð Þ � 1� VMð Þ
1� fBð Þ � 1� VMð Þ

� �
½4�

Then, with the assumption that the partitioning from
pre-existing martensite is negligibly small, X * 0 or VM

* 0, this equation become a simple equation that
depends on fB.

C0
c ¼ Cc � 1þ Y � fB

1� fB

� �
½5�

Figure 10 shows Ms and Mr plotted in Figure 9. The
horizontal axis is fB. Open triangles correspond to Ms in
the AT samples, in which fB equals VB. Although these
Ms with small fB stay just below Ms in the NQ samples,
the average of the 19 NQ samples is 600 ± 9 K (327 ± 9
�C), and Ms decreases parabolically with an increase in
fB.
Closed dots indicateMr in the RAT samples, and they

are categorized into three groups by TQ (Figure 5).
Closed triangles, in which TQ and VM are 559 K to 562
K (286 �C to 289 �C) and 0.26 to 0.60, respectively,

Fig. 7—FE-SEM image of Fe–8Ni–1Si–0.2C alloy treated with RAT
pattern. M, B, and TM in the figure correspond to fresh martensite,
bainite, and tempered martensite, which is transformed between Ms

and TQ during the first quench.
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contain the data of the dilation curves (g), (h), and (i) in
Figure 8, and fB of these curves is 0.15, 0.48, and 0.73,
respectively. Mr has a value near TQ for a small amount
of fB and decreases parabolically with increasing fB. The
curve of Mr in Figure 10 is similar to that of Ms. The
curve (j) in Figure 8 belongs to the closed circles in
Figure 10. This group, in which VM is 0.18 to 0.25,
shows similar behavior as the TQ 559 K to 562 K (286
�C to 289 �C) samples, and fB is 0.48. Thus, Mr

decreases from TQ slightly as much as curve (h) with a
similar fB. This result suggests that Mr mainly depends
on the supercooling during the first quench and the
carbon partitioning from bainite to untransformed
austenite.

IV. DISCUSSION

A. Austenite Stabilization with Bainite Transformation

In the 0Si alloy, the untransformed austenite at the
austempering finish is stabilized for the martensite
transformation as much as the supercooling during the
first quench, D, in the TSQ and RAT heat treatments.
Furthermore, bainite transformation does not affect Ms

and Mr in the AT and RAT heat treatments.
In the 1Si alloy, the untransformed austenite after the

first quench during the TSQ treatment is stabilized as
much as D. The untransformed austenite treated with
the RAT pattern in the 1Si alloy is expected to memorize
D after the bainite transformation during austempering.

Fig. 8—Dilatation curves of Fe–8Ni–1Si–0.2C alloy during several heat treatments after austenitization. (1) shows the NQ curve, a, and TSQ
curves, b and c. (2) shows the AT curves, d, e, and f, with the NQ curve. (3) shows the TSQ curves, g, h, and i, with the NQ curve. TQ, tAT,
VM, VB, and Mr in the figure correspond to the quenching temperature, austempering time, volume fraction of pre-existing martensite, that of
bainite, and martensite transformation restart temperature, respectively.
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This tendency seems to disappear in the RAT samples
with small fB, as shown in Figure 10. In addition, the
bainite transformation depresses the martensite trans-
formation through the carbon distribution from bainite
to untransformed austenite, because Si delays the
precipitation of cementite. Therefore, Mr with large fB
in the 1Si alloy drops further from TQ.

Figure 11 compares the austenite stabilization by
austempering during the AT and RAT patterns. The
horizontal axis is the bainite transformation progress
parameter, fB, and the vertical axis is h–D, which
corresponds to the decrease in the martensite transfor-
mation start temperature during austempering.
Figures 11(1) and (2) show the results in the 0Si and
the 1Si alloys, respectively. Open triangles denote the
effect of bainite transformation on the AT samples,
which contain no pre-existing martensite. In the 0Si
alloy, shown in Figure 11(1), there is no effect or a
slightly decreasing effect on Ms. Meanwhile, for the
RAT samples, represented by closed dots, Mr does not
change with austempering.

However, in the 1Si alloy, Ms of the AT samples
decreases parabolically with the progress of bainite

transformation. The gray lines in Figure 11(2) corre-
spond to the calculated Ms decreasing by bainite
transformation with several carbon partitioning coeffi-
cients, Y. The effect of carbon concentration on Ms,
f(C), is evaluated via the following Eq. [6],[30] which is
suitable for Ms for a wide range of carbon content,[31]

with the estimation of the strain-induced martensite
transformation behavior in TRIP steel.[32]

f Cð Þ ¼ 546 � exp �1:362 � Cc
� �

� exp �1:362 � C0

c

� 	n o
¼ 546 � exp �1:362 � Cc

� �
� 1� exp �1:362 � Cc �

Y � fB
1� fB

� �� �

½6�

Ms behavior of AT samples in 1Si alloy is similar to
the calculation result with Y = 0.2. This indicates that
the effect of austempering on Ms in the AT samples
depends on the carbon enrichment of untransformed
austenite with bainite transformation.
The results of the RAT samples reside near the

parabolic curve drawn with the AT samples. As men-
tioned above, fB dominates the carbon concentration
behavior of untransformed austenite when the carbon
partitioning from pre-existing martensite is small, which
suggests that the Mr behavior in the 1Si alloy mainly
depends on the carbon concentration with bainite
transformation and the supercooling memory effect, as
shown in Figure 6.
In Figure 10(2), closed squares correspond to RAT

samples quenched at 544 K (271 �C) during the first
quench, and pre-existing martensite occupied three
quarters of their microstructure. Their tAT and VB are
20 to 100 second and 0.16 to 0.20, respectively. Though
the change in VB is only 0.04, the change in the
stabilization from TQ is 33 K, which corresponds to a
carbon concentration of 0.08 mass pct. In this case, Mr

in the RAT sample is sometimes moved with slight
progress of the bainite transformation, especially with
large amount of pre-existing martensite. Furthermore,
these closed squares seem to become slightly more
stabilized than represented in other RAT samples. This
tendency might be due to the carbon partitioning from
pre-existing martensite[5,7,10–12] and/or the morphol-
ogy[8,23–25] of austenite.

B. Model for Mr Behavior

The martensite transformation from the fully austen-
ite structure during the quench progresses gradually
with decreasing temperature from Ms.

[33,34] Figure 12
shows the martensite transformation behavior in the 0Si
alloy during the NQ treatment. The black line represents
VM, which increases with decreasing temperature, eval-
uated from the dilatation curve, Figure 4(a). VM at
temperature T can be typically described by the Koistinen–
Marburger (KM) equation[33] as follows.

VM ¼ 1� exp �a � TKM � Tð Þf g ½7�

Fig. 9—Relationship between the pre-existing microstructure and
martensite transformation start temperature (Ms) or restart
temperature (Mr) in Fe–8Ni–1Si–0.2C alloy. VM and VB are the
volume fractions of pre-existing martensite and bainite, respectively.

Fig. 10—Effect of bainite transformation on the martensite
transformation start temperature (Ms) and restart temperature (Mr)
in Fe-8Ni-1Si–0.2C alloy.
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TKM in the original equation[33] is Ms and is called the
theoretical martensite transformation start temperature;
in many cases,[1,12,34,35] this temperature is lower than
the measured Ms. The gray line in Figure 12 is the
calculation result of the KM equation with TKM = 578
K (305 �C) and a = 0.038 K�1. These results are similar
to those of the Zhu et al. study.[1] They evaluated that a
varies from 0.031 to 0.039 K�1, and TKM is always lower
than Ms in 0.155 and 0.319 mass pct carbon low-alloyed
steels via the dilatometry study.

In steel, when the quench stops at TQ between Ms and
Mf, the martensite transformation stops with the volume
fraction of martensite equivalent to that of the super-
cooling from Ms. Then, it restarts at TQ without
austempering, just as the TSQ specimens shown in this
study and in previous studies.[36,37] This behavior is
expected considering the distribution of austenite

stability for the martensite transformation. The square
dots in Figure 12 shows the increase in VM every 10 K,
corresponding to the observed transformation behavior.
Just below Ms, the portion transformed to martensite is
small, representing a relatively unstable region of prior
austenite. The increment increases with decreasing
temperature and has a peak at 560 K (287 �C). Below
the peak, it decreases, and the portion around Mf is
small, representing a relatively stable region of prior
austenite. This change in VM increment reflects the
distribution of the thermal stability of austenite to
martensite transformation.
Figure 13 shows the schematics to explain the Ms

behaviors during the NQ and AT treatments in this
study. There is no pre-existing martensite. Figures 13(1),
(3), and (5) show the transformation behavior, and (2),
(4), and (6) represent the distributions of the austenite
stability at Ms. In the NQ treatment, (1) and (2), these
schematics correspond to the black line and the square
dots in Figure 12. The martensite transformation pro-
ceeds according to the distribution with decreasing
temperature. Ms is determined by the most unstable re-
gion in the distribution.
Figures 13(3) and (4) describe the case of the AT

sample without silicon. Before the martensite transfor-
mation, the bainite transformation proceeds above Ms

in the NQ sample. However, Ms does not change from
Ms in the NQ sample (Figure 4(2)). This result suggests
that the bainite transformation at 673 K (400 �C) does
not change the shape of the distribution but rather the
height of the peak, which means the volume fraction.
Silicon in steel depresses the carbide precipitation in

bainite; thus, the carbon concentration of untrans-
formed austenite behaves as in the bainite transforma-
tion. Although the bainite transformation does not
affect the fundamentals of martensite transformation[19]

(Figure 13(4)), the stability of austenite shifts to
stable side according to the enrichment of the carbon

Fig. 11—Austenite stabilization with the progress of bainite transformation during the AT and RAT treatments on (1) the 0Si alloy and (2) the
1Si alloy, respectively. h is the total stabilization from prior austenite, the difference in Ms in AT samples or Mr in the RAT samples from Ms in
NQ samples. D is the supercooling during the first quench in RAT pattern, the difference in TQ, the quenching temperature, from Ms in NQ
sample. D in the AT sample is zero.

Fig. 12—Martensite transformation behavior in the 0Si alloy during
NQ treatment. The black line is measured data by dilatometer. The
gray line is calculated results of KM equation[33] with TKM = 578 K
and a = 0.038 K�1. The square dots correspond to the VM

increment measured every 10 deg.
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content (Figure 13(6)). Therefore, Ms after austemper-
ing decreases from that in NQ (Figure 13(5)).

Figure 14 shows similar schematics to explain the Mr

behaviors during the TSQ and RAT treatments in this
study. The role of the first quench, which produces
pre-existing martensite, is exceedingly important.
Figures 14(1) and (2) show the case of the TSQ
specimen, in which VM = 0.50. During the first quench
to TQ, the martensite transformation proceeds and
expends the unstable half of prior austenite. After a
short break with reheating, the martensite

transformation during the final quench to room tem-
perature is determined by the most unstable region in
the stability distribution, Figure 14(2); therefore, it
restarts just below TQ, which is equal to the measured
Mr.
Figure 14(3) describes the transformation behavior in

the RAT sample without silicon. After the partial
martensite transformation during the first quench to
TQ, the bainite transformation proceeds above Ms, and
the martensite transformation restarts at TQ during the
final quench to room temperature. This result suggests

Fig. 13—Schematics for the explanation of the Ms behavior. NQ and AT are the normal quench and austempering, respectively. (1), (3), and (5)
show the transformation behavior after austenitization. (2), (4), and (6) correspond to the thermal stability distribution of untransformed
austenite to martensite transformation at Ms in (1), (3), and (5), respectively.

1404—VOLUME 52A, APRIL 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



that the stability distribution of austenite is not affected
substantially by the bainite transformation during
austempering, as in the AT sample shown in
Figure 13(4). The stability distribution of the residual
austenite after the first quench reduces its height without
changing its shape through the bainite transformation
(Figure 14(4)). The most unstable region in this distri-
bution is as stable as that in the TSQ sample,
Figure 14(2), and is more stable than that in the AT
sample, Figure 13(4), by the supercooling during the
first quench from Ms in the NQ sample to TQ. The

untransformed austenite after the first quench memo-
rizes the supercooling, regardless of the bainite
transformation.
The results of this study suggest that this supercooling

memory is expressed by the carbon concentration in
untransformed austenite. Figure 14(5) shows the trans-
formation behavior in the RAT sample with silicon. The
carbon content in untransformed austenite increases
through the carbon distribution from bainite to austen-
ite; therefore, the stability distribution after austemper-
ing shown in Figure 14(6) shifts to the stable side from

Fig. 14—Schematics for the explanation of the Mr behavior. TSQ and RAT are the two-step quench and reheat austempering, respectively. (1),
(3), and (5) show the transformation behavior after austenitization. (2), (4), and (6) correspond to the thermal stability distribution of
untransformed austenite to martensite transformation at Mr in (1), (3), and (5), respectively.
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that of the 0Si sample in Figure 14(4). If the carbon
partitioning from pre-existing martensite to untrans-
formed austenite is negligible, the carbon content in
austenite depends on fB. When fB in Figure 14(5) is as
much as that in Figure 13(5), their untransformed
austenite stabilizations, TQ�Mr and Ms(NQ)–Ms(AT),
are similar. However, the untransformed austenite after
austempering in the RAT sample with Si is more
stable than that in the AT sample by the supercooling
in the first quench, Ms–TQ.

C. Mechanism of Supercooling Memory in RAT
Treatment

Some determining factors of martensite transforma-
tion behavior in steel are well known—chemical com-
positions,[31,38] strain,[39,40] stress,[41–43] and nucleation
site,[44] especially prior austenite grain size,[44–46] etc.
Although we guess that the effect of carbon partitioning
is as great as in the normal bainite transformation in
Figure 11, the mechanism of this supercooling memory
effect is not clear in this study. However, we are able to
present some ideas.

In this study, the pre-existing martensite in the 0Si
alloy was surrounded by the bainite (Figure 3). How-
ever, the untransformed austenite certainly remembered
the supercooling, despite VM and VB (Figures 4(3) and
6). This result suggests that the strain induced into the
untransformed austenite by the martensite transforma-
tion was not the main driver of this phenomenon,
because it changes according to distance from
martensite.[47]

The untransformed austenite grain size and shape
depends, not only on VM and VB, but also on silicon
content, as the morphology of bainite changes with
silicon[22] (Figures 3 and 7). This suggests that the
austenite grain character is not dominant in this study.

There are no results regarding the effect of other
nucleation sites (e.g., defects in austenite grain[44]), local
distribution of chemical compositions,[48] and macro-
scopic segregation.[49] Some of these factors controlling
the martensite transformation behavior may be the
dominant factor of this result. It is necessary to clarify
this phenomenon to explain not only the effect of
martensite but also that of unrelated bainite.

D. Effect of Supercooling Memory in RAT Treatment

The untransformed austenite remembers the super-
cooling of the first quench at the martensite transfor-
mation restart. Figures 5 and 10 indicate that Mr

decreases according to the supercooling in the untrans-
formed austenite with the same carbon content. If the
carbon concentration in austenite from bainite and/or
pre-existing martensite is sufficient, Mr is approximately
room temperature; thus, the part of the untransformed
austenite transforms to fresh martensite, whereas the
other part stays as austenite[5,7,17] at room temperature.
The fraction of retained austenite is expected to be
larger as Mr decreases. Therefore, it becomes larger with
the increase in supercooling in the untransformed
austenite with same carbon content.

Santofimia et al.[12] showed that the volume fraction
of retained austenite containing the same carbon content
in QP steel depends on TQ and has a peak at 503 K (230
�C), which is 108 K lower than Ms during NQ. They
explain this result as the competition between the
increase in the volume fraction of pre-existing marten-
site, which is the source of the carbon concentration,
and the decrease in the volume fraction of untrans-
formed austenite after austempering, which is the
denominator of retained austenite. However, the
increase in the retained austenite with TQ from Ms to
503 K (230 �C) is explainable through the supercooling
memory effect. The supercooling at the peak, 108 K,
corresponds to a carbon concentration of 0.7 mass
pct[30] for 0.9 mass pct solute carbon in retained
austenite in their paper. The effect of carbon concen-
tration into austenite would overlap that of supercool-
ing; however, the detail was not clear. Allain et al.[10,50]

measured phase fractions with austenite lattice param-
eter during RAT pattern by in-situ high-energy X-ray
diffraction experiment. Using synchrotron X-ray diffrac-
tion[10,50–52] would be useful to clarify the stabilization
behavior of austenite.
The retained austenite is a very good constituent to

increase the strength of steel with good formability via
the transformation induced plasticity effect.[53] Low-al-
loyed TRIP steels,[17,32,54] QP steels,[5,7,25] and other
advanced steels[55–58] contain retained austenite. The
strain induced transformation behavior from retained
austenite to martensite is described with Ms

[32,59–61];
thus, the retained austenite whose Ms decreases by the
supercooling memory effect would be more stable for
plastic deformation than that without the supercooling
memory effect. In multi-structural steel, the strengthen-
ing of steel consistently increases the stress,[62,63] whereas
the strain induced transformation is accelerated.[60,61,64]

Therefore, the stable austenite (Figure 14(6)) would be
suitable for ultra-high-strength steel.

V. SUMMARY

The aim of this study involved clarifying the marten-
site transformation behavior during the quench and
austempering pattern, the so-called QP process. We
evaluated Ms and Mr during several heat treatments,
namely NQ, TSQ, AT, and RAT, in Fe-8Ni-0.2C alloys
with and without Si.

1. In the 0Si alloy, Mr in the RAT sample containing
pre-existing martensite, upper bainite, and fresh
martensite was equal to TQ, as in the TSQ sample.
The progress of the bainite transformation did not
affect the martensite transformation start and
restart.

2. In the 1Si alloy, the upper bainite, which is
generated at 673 K (400 �C), contained fewer
carbide particles than contained in the 0Si alloy,
and Ms in the AT sample decreased parabolically
with the progress of bainite transformation. Mr in
the TSQ samples and RAT samples containing a
small amount of bainite reached as high as TQ.
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However, Mr in all the RAT samples decreased
parabolically from TQ with the progress of bainite
transformation.

3. The stabilization behavior with the bainite trans-
formation progress parameter fB in the 1Si RAT
samples, TQ–Mr, was similar to that in the AT
samples, the difference from Ms in the NQ sample
and that in the AT sample. This suggests that the
stabilization of untransformed austenite during the
RAT pattern in this study depends on the super-
cooling during the first quench, Ms(NQ)–TQ, and
the carbon distribution from bainite to untrans-
formed austenite.

4. These results indicate that the entire untransformed
austenite memorized the self-stabilization during
the first quench, and this memory was not funda-
mentally affected by the bainite transformation at
673 K (400 �C). Moreover, the stabilization by the
carbon concentration in untransformed austenite
was added to this memory. This phenomenon
would affect the microstructure development and
mechanical properties during the RAT heat
treatment.
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