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In this work, the influence of thermomechanical treatments, consisting of a combination
of ausforming followed by isothermal holding and cooling to room temperature, on the
stability of retained austenite of a carbide-free medium carbon-high silicon steel was inves-
tigated. The amount of retained austenite and its transformation to martensite for a range
of ausforming treatments was determined by means of X-ray diffraction, dilatometry signal
analysis, and metallographic investigation. Different amounts of deformations were applied
at 600°C in the austenite region prior to fast cooling into the bainitic transformation region.
Four isothermal temperatures (325, 350, 375, and 400 °C) with a holding time of 1800 s were
selected to estimate the extent of the stability of the retained austenite after the completion
of the bainitic transformation. The results show that the deformation-free austenite was
more stable for the samples isothermally treated at temperatures between 325 and 350°C.
However, the decomposition of retained austenite to martensite during cooling to room
temperature increased for isothermal holding temperatures above 350°C. It was found that
the stability of retained austenite was a function of the temperature and percent deforma-
tion, and the critical temperature and percent deformations were determined. It was also
found that ausforming enhanced the formation of blocky-shaped retained austenite for
isothermal holdings above 350°C, resulting in a decrease in retained austenite stability. The
results were analyzed in terms of the influence of thermomechanical conditions on bainitic
transformation and its impact on the transformation of retained austenite to martensite.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanostructured carbide-free bainite (CFB) in high-carbon
(~1.0wt.%) silicon-rich steel has a superior combination of
strength, toughness, and ductility due to its composite-like
microstructure [1,2]. The excellent combination of these prop-
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erties comes from the unique microstructure which consists
of thin bainitic ferrite plates, which give the strength, and
the stable metastable retained austenite that enhances the
toughness and ductility through the transformation induced
plasticity phenomenon (TRIP effect) [3,4]. Therefore, it is
essential that the CFB steel microstructure contains only
bainitic ferrite and retained austenite without the presence
of martensite before being introduced into industrial appli-
cations. However, the steel’s poor weldability, caused by its
high carbon content, limits its use in many industrial sec-
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tors. On the other hand, it is difficult to obtain a very fine
bainitic microstructure in low or medium carbon steels since
the martensite start temperature is relatively high. One of
the alternative ways of obtaining such fine morphology is to
work-harden the unstable austenite before the bainitic trans-
formation, using ausforming process [5,6].

There are two types of retained austenite morphologies
in CFB. The first one is film-like and located between the
bainite plates. These films become stable due to carbon enrich-
ment from the bainitic plates. The other one is the low-carbon
blocky-shaped retained austenite located between the bainite
sheaves. The stability of the retained austenite could be quan-
tified by estimating the amount of transformed martensite
from the decomposition of the remaining austenite at the end
of the bainitic transformation [7]. The formation of untem-
pered martensite is of critical importance as it could act as
crack initiation sites [8-10]. It has been reported that the sta-
bility of the retained austenite is affected by its carbon content,
morphology, and size [11-13]. On the other hand, the bainitic
transformation temperature and the deformed state of super-
cooled austenite can also alter the above factors and therefore
influence the retained austenite stability [14,15].

In pure isothermal bainitic transformation (deformation-
free austenite), the probability of the decomposition of
retained austenite to martensite is more significant when
the bainitic transformation takes place at higher tempera-
tures [16]. Specifically, it has been reported that the stability of
blocky-shape retained austenite was higher when the isother-
mal temperatures were below 400 °C, but that transformation
to fresh martensite occurred above 400°C [9]. Several authors
[17-19] have reported that the amount of retained austenite
that could be stabilized, at the end of isothermal holding,
depends on the degree of carbon enrichment during the
bainitic reaction. Therefore, the higher the carbon enrich-
ment, the more stable it would be the retained austenite
[20,21]. Another research in low C-Mn steel [22] reported that
an increase in the bainitic isothermal temperature, from 330
to 390°C, enhanced the stability of retained austenite and
increased its amount at the end of the bainitic transforma-
tion. The authors associated the higher stability of retained
austenite at higher bainitic transformation temperatures to
higher diffusion of C and Mn. Hence, the bainitic isothermal
temperature appears to have a substantial effect on the sta-
bility of blocky shape retained austenite and therefore needs
further investigation.

Ithasbeen reported that the deformation of austenite prior
to the bainitic transformation, results in a reduction in the
retained austenite block size and an increase in its volume
fraction after the isothermal transformation [23,24]. Hu et al.
[25] studied the effects of strain and ausforming tempera-
ture on the stability of retained austenite and found a direct
relationship between the stability of the retained austenite
and the applied plastic strain when the deformation temper-
ature was above 300°C. However, they reported that when
the plastic strain reached 0.3, and the ausforming tempera-
ture was 300°C, the correlation was inversed. Seo et al. [26],
reported that ausforming of medium carbon steel at 600°C,
decreased the martensite start temperature, Mg, and stabi-
lized the austenite during cooling to ambient temperatures

and associated it with the effect of carbon diffusion on the
stability of retained austenite.

Besides the effect of carbon diffusion, the stability of
retained austenite has been analyzed in terms of mechani-
cal stabilization through the introduction of a large number
of dislocations into the microstructure when ausforming
temperature is reduced [25,27,28]. Therefore, increasing the
number of defects, such as dislocations, is expected to retard
martensitic and/or bainitic transformations [27]. Bhadeshia
et al. [28] reported that plastic deformation of austenite prior
to its transformation, ausforming, hinders the growth of
martensite or bainite and causes a reduction in the fraction
of transformation in spite of an increased number density of
nucleation sites.

However, in most of the above studies, little information is
provided on the quantitative relationship between the stabil-
ity of retained austenite due to the thermal and/or mechanical
stabilization. Furthermore, whether the bainite transforma-
tion took place with or without the ausforming step, the
stability of the retained austenite (i.e., its decomposition to
martensite) has not quantified. Such information will be of
great value for a better understanding of the contribution of
ausforming to the stability of retained austenite in the final
microstructure of CFB steels. The selection of suitable con-
ditions for ausforming and bainitic transformation is crucial
for obtaining the optimal amount and stability of the retained
austenite that minimizes the amount of untempered marten-
site in the final stage of the bainitic transformation. The
present research has been defined in this context and aims to
systematically quantify the thermal and mechanical stability
of retained austenite, obtained through ausforming followed
by isothermal treatments of a carbide-free medium-C high-Si
steel, during cooling to room temperature.

2. Experimental procedure and material

Arod of 300 mm diameter of a commercial-grade medium car-
bon steel Ovako 477L, with the nominal chemical composition
of Fe-0.4C-1.7Si-1.5Mn-1.5Cr-0.4Mo (wt.%), was selected for
this study. In order to reduce some of the experimental tests,
the theoretical CCT diagram was calculated using JMatPro®
simulation software [29]. Dilatometry tests were carried out
using the DIL 805A/D-TA high-resolution dilatometer. The lin-
ear dilatation during the tests was recorded using a Linear
Variable Differential Transducer (LVDT) attached to fused sil-
ica pushrods with a resolution of AL/°C=0.05wm/0.05°C [30].
The temperature was monitored using type S thermocou-
ples welded at the center of the sample. For pure isothermal
treatments (non-ausformed), the quenching module of the
dilatometer was used with cylindrical samples 10mm in
length and 4mm in diameter. The thermomechanical treat-
ments (TMT) were performed using the deformation module
of the dilatometer for which cylindrical samples 5mm in
diameter and 10mm in length were used. For deformation
tests, molybdenum discs with a thickness of 1mm were
welded on both sides of the specimens to reduce the fric-
tion between the sample’s cross-sectional surface and the
deformation anvils (SiN). All the samples were prepared
using wire-based Electro Discharge Machining (EDM) along the
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Fig. 1 - Scheme of the performed tests and their corresponding conditions: (a) non-ausformed condition, (b) ausformed

condition with different percent deformation.

rolling direction of the as-received bar. Four different treat-
ment routes (A, B, C, and D) were applied, as shown in Fig. 1a
and b. In route (A) (non-ausformed, Fig. 1a), the samples were
cooled with a cooling rate of 20°C/s from the austenitization
temperature to the isothermal treatment temperature, rang-
ing from 400 to 325 °C. They were then further cooled to room
temperature at a cooling rate of 20°C/s. Samples produced
through route (A) are considered as a reference for comparison
purposes with ausformed samples. In route (C) (ausformed,
Fig. 1b), the samples were first deformed at 600°C, before
applying the isothermal heat treatment under the same con-
ditions as those in route (A). Routes (B) and (D) were used to
measure the Ms of the non-ausformed, route (B), and aus-
formed samples with different percent deformations, route
(D).

Microstructural examinations were conducted in the
longitudinal-central section of the samples using stan-
dard metallography techniques. Sample preparation included
grinding and polishing up to 1 pm diamond paste, followed by
a cycle of etching (3% Nital for 10s) and polishing to remove
the deformed layer that formed during the grinding process
[31]. Confocal laser microscopy (Olympus-LEXT4100) and field
emission scanning electron microscopy (Hitachi SU-8230, FE-

SEM) were used for microstructural characterizations. The
volume fraction of retained austenite (V,r) and its carbon con-
tent (C,r) after isothermal transformation were determined
by X-ray diffraction (XRD) using a X’PERT PANalytical diffrac-
tometer with Co Ka radiation. The operational conditions
consisted of an acceleration voltage of 45kV, a 20 scan range
from 30° to 120°, and a step size of 0.05°.

Retained austenite volume fraction determination, Vg,
was made based on a direct comparison method [32] and con-
sistedin first determiningits lattice parameter («, ), in (&), from
the diffractograms according to Eq. (1). Then, using the aver-
age integrated intensities of ferrite (I,) and austenite (I,) peaks,
V,R, and C,r, were calculated in (wt.%) as per Egs. (2) and (3),
respectively.

_a/h2 4 k2412

= . 1
% 2sin 6 (1)
1.41
Vg= —"tr 2
R, + 14l @)
@, —3.547
Cr = "50ue (3)
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In the above equations, A, (hkl), and 0 is the wavelength of
the radiation, the three Miller indices of a plane, and the Bragg
angle, respectively.

As already mentioned, the stability of retained austen-
ite is defined as its ability to resist decomposition to bainite
during isothermal transformation or to martensite during
cooling to room temperature. However, in this study, only
the later phenomenon will be investigated. Therefore, it is
of critical importance to accurately determine the amount
of martensite formed (Vym) from the austenite during cool-
ing to room temperature after the isothermal holding. To this
end, two different methods were used: The first method was
based on the change in the slope of dilatometry signals, as
described in [33]. In this method, the net relative change
in length (RCL) at room temperature is compared with the
net RCL of martensitic transformation, which is considered
as a reference for non-ausformed (Q-00) and ausformed (Q-
10, Q-30, and Q-40) samples. The reference dilatation is then
correlated to the amount of transformed martensite deter-
mined by XRD (i.e., Vom =100 — VVR(XRD)). For example, the net
dilatation, A(AL/Ls), corresponding to 92% martensite for the
non-ausformed condition (Q-00), is about 0.97%. The amount
of martensite, formed during cooling after the isothermal
treatment, is calculated by comparing the recorded net RCL
with that of the reference net RCL. The results thus obtained,
will be designated as Vi), where the subscript (dil) refers to
dilatometry-based results. It must be noted that all dilatom-
etry tests were repeated three times, and the presented RCL
values are the average of the three tests.

The second method is based on microstructural identifica-
tion of blocky-shape retained austenite from the martensite
within the martensite/austenite (M/A) islands, as described
in Refs. [10,21,34,35]. For each test condition, at least four
SEM micrographs at a 4000 magnification were used, and for
accuracy, the area fraction measurement was repeated five
times for each image. The volume fraction of transformed
martensite, Vypspm), was then determined by calculating the
area fraction occupied with martensite in the micrographs
using the image analysis software, MIP4 [36]. The method con-
sisted of, first, determine the fraction of M/A constituent in
SEM images. Then, the darkest/featured region within them
(martensitic phase) was subtracted, and finally, the volume
percentage of the martensite was determined.

The Vickers microhardness was measured using a 1kgload
1kgf, and a dwell time of 15s. The hardness values reported
were taken at various locations around the center of the sam-
ple and sufficiently apart from each other to avoid interaction
effects. The mean value and standard deviation of hardness
measurements were obtained by statistical analysis using five
hardness readings.

For simplification, the sample designation is as follows:
the first three digits of the sample designation code (xxx-xx)
represent isothermal temperature, while the second two dig-
its after the dash represent the amount of deformation at
600°C. For example, 325-30 corresponds to the sample with
30% plastic deformation, followed by isothermal treatment
at 325°C, whereas, 325-00 indicates isothermal treatment at
325°C with no deformation. For quenching samples, Q-00 rep-
resents the quenching treatment without deformation, and

Q-10, Q-30, and Q-40 are quenching treatments after the sam-
ple was deformed with 10, 30, and 40% plastic deformation at
600°C.

3. Results and discussions
3.1. Selection of thermomechanical treatment
conditions

The critical transformation temperatures Ac; and Acs were
found experimentally, as illustrated in Fig. 2a, using heat
treatment parameters shown in Fig. 1a (route (B)), to be 840
and 930°C, respectively. As shown in the same Fig. 2a, a
cooling rate of 20°C/s is sufficient to activate martensitic
transformation avoiding any other previous transformation.
The martensite start temperature, Ms, was determined to be
310+ 5°C using the tangent method [37].

Based on the above results, isothermal transformation
treatments at 325, 350, 375, and 400 °C were selected to study
the bainitic transformation during isothermal holding. Fur-
thermore, an isothermal time of 1800s was selected in all
conditions to ensure the end of the bainitic transformation
in agreement with experiments previously reported in the lit-
erature [31,38,39].

The first set of calculations using JMatPro® software [29]
showed that the bay between the ferrite/pearlite and the
bainite regions is located in the temperature interval of
500-600°C and also that the critical cooling rate is 1°C/s
(Fig. 2b). Such temperature would be ideal to plastically deform
austenite prior to bainitic transformation, as no other trans-
formation would be expected to interfere. In order to ensure
the validity of the calculations, selected isothermal dilatome-
try tests at 500, 600, and 700 °C, using the same conditions as
those previously described, have been performed. As expected
from the calculations and the dilatometric curve is shown in
Fig. 2c, reveal the absence of any relative change in length,
thereby confirming that no phase transformation occurred
at 500 and 600°C after 1800s dwell time. Furthermore, the
microstructure examination of the samples reported in Fig. 2d
showed that only martensite was present at room tempera-
ture. In contrast, at 700°C, a ferrite-pearlite transformation
started after about 700s, which was also confirmed by met-
allographic analysis reported in Fig. 2d, where a mixture of
pearlitic and martensitic phases was identified. Therefore
600°C was selected as the ausforming temperature, where
deformations between 10 and 30%, at a deformation rate of
1mm/s, were applied. As will be described later, some experi-
ments were conducted with a 40% deformation to validate the
interpretations and the proposed mechanisms for the inter-
pretation of the results. A summary of all test conditions is
presented in Fig. 1a and b.

3.2 Stability of retained austenite of non-ausformed
samples (reference condition)

3.2.1. Dilatometry analysis

Fig. 3 illustrates the dilatometry signals (RCL) for isothermally
treated samples at 325, 350, 375, and 400 °C, and the quenched
condition. Note that in the case of the isothermal treatments,
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any change in length is directly related to the formation of
bainitic ferrite. As already mentioned, the selected isothermal
holding time, 1800 s, was sufficiently long to allow for the bai-
nite transformation to finish, as shown in the inserted curve in
Fig. 3 corresponding to the isothermal transformation at 325°C
and 400°C, i.e., the slowest and fastest of transformations. It
is clear that the increment of dilatation values is negligible
after about 1500 and that the curve has reached its steady-
state (plateau) at that time, no more transformation. In the
same inset of Fig. 3, the dilatation rate (first derivative curve),
related to the transformation rate, is almost zero at 1500 s, fur-
ther confirming that no more bainitic transformation could be
observed after 1500 s. It must be noted that the increase in the
RCL with the decrease in isothermal transformation temper-
ature is in agreement with other results that the amount of
bainitic ferrite, V,, is higher when the transformation tem-
perature is lower [28,40].

The obtained results on isothermal transformation at 325
and 350°C (325-00 and 350-00), as shown in Fig. 3, also confirm
that no martensitic transformation is occurring on cooling
to room temperature, meaning that austenite present in the
microstructure is sufficiently enriched in C to be stable, Mg
less than room temperature. However, as the C enrichment
in austenite decreases, by increasing the isothermal bainitic
transformation temperature at 375 and 400 °C, it is clear that
austenite transforms to martensite [28]. The first deviation in
the dilatometric signal during cooling to room temperature
represents the Ms of C-enriched retained austenite due to bai-
nite transformation, as shown in Fig. 3. The results in Table 1
showed that the Ms decreased by about 50% (150 °C) and 27%
(225°C) for 375-00 and 400-00 samples, respectively, compared
with the quenched condition (310°C). As already explained,
the deviation of the dilatation curve can be considered as an
indicator of the extent of decomposition of retained austen-
ite to martensite [41-43]. Note that the change in slope occurs
more gradually as compared to that of the quenched sample,
Fig. 3, and this is due to the more heterogeneous C distribution
in the remaining austenite after bainitic transformation, with
block-shaped and thin films of retained austenite having very
different C contents [9,22,44]. In the as quench condition, a
fraction of 92% of martensite was measured, see Table 1, which
corresponds to a net difference in RCL of about 0.97 & 1%, using
the method described in the previous section, the fraction
of martensite, Vi), was calculated for all conditions, and
the results are reported in Table 1. Specifically, the amount of
austenite transformed to martensite was almost twice when
the temperature increased from 375 to 400°C.

3.2.2. XRD analysis

The XRD diffractograms for the non-ausformed samples are
reported in Fig. 4a where the presence of ferrite phases (o, and
am) (@-110), (@-200), (x-211), and austenite (y-111), (y-200),
(v-220) planes with no cementite peaks after bainitic trans-
formation are revealed. These findings further confirm the
dilatometric results on the phase transformation process at
different isothermal holding temperatures. The correspond-
ing fractions of the different phases and austenite carbon
content (C,r) were also calculated and are given in Table 1 for
comparison purposes. The results indicate that, as expected,
the fraction of bainitic ferrite decreases (i.e., smaller RCL

[
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Fig. 4 - XRD diffraction spectrum of non-ausformed
samples.

in Fig. 3) as transformation temperature increases; however,
it appears that increasing the isothermal transformation by
25°C (from 325 to 350°C), had a limited effect on the variation
of the bainite volume fractions. For instance, the variation in
Vay, was less than 2.5%, leading to about 10% variation in Vyg as
reported in Table 1. The obtained results suggest that marten-
sitic transformation after isothermal transformation at 350°C,
and probably 325 °C, could not be detected by the dilatometry
technique. As for the 375 and 400°C transformation tem-
peratures, there is an apparent decrease in the amount of
transformed bainite, once the calculated amount of marten-
site, Vym(dil, is considered. For example, the variation in Vay,
was about 45% between 325-00 and 400-00 samples, while the
variation in Vyg was about 25% for the same conditions due
to its decomposition during cooling to room temperature as
seen in Fig. 3.

During the bainitic transformation, austenite receives C
from the surrounding C saturated bainitic ferrite, and it is
expected that the level of C enrichment, C,z, increases with
the amount of bainitic ferrite [45,46]. Although the results
reported in Table 1 seems to go in that direction, it mustbe con-
sidered that such results were obtained at room temperature,
where part of that austenite has transformed to martensite.
Therefore, the actual level of C enrichment must be lower than
the one obtained from XRD results reported in Table 1. In other
words, the higher the amount of martensite, the lower would
be the actual value of C,z as compared to the one given in
Table 1. For instance, using the lever rule, it was found that for
the 400 °C testing condition, C,r could be as low as 0.4-0.5 wt.%
for martensite containing 0.2-0.3 wt.% of C.

3.2.3.  Microstructural and microhardness analysis

SEM images of the non-ausformed samples at different tem-
peratures are shown in Fig. 5a-d. At the lowest temperatures,
325 and 350°C, the microstructure consists of plate-like bai-
nite, retained austenite (in the form of films (y¢) and blocks
(b)), and some dispersed martensite in the form of M/A
constituents (Fig. 5a and b). As the transformation tem-
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Table 1 - Volume fraction of different phases for non-ausformed and ausformed samples in (%): Vi) for martensite

based on dilatometry, Vo,,xgp) (=100 — V), from XRD, V, retained austenite calculated by XRD, Ve, (=100 — Vyr — Vain)

bainitic ferrite; the carbon content of retained austenite, C,z, in (wt.%) from XRD for, and the Ms in (°C).

TMT condition Sample code Vataiy Vi xrD) Vyr Vay Cyr Mg
Non-ausformed + quenching Q-00 - 9242 8+2 - - 310+5
325-00 0 - 14+2 86+2 1.224+0.21 <RT
Non-ausforming + austempering 350-00 0 = 16+3 84+3 1.23+£0.22 <RT
375-00 16+4 = 14+3 70+3 0.98+0.11 150+3
400-00 29+4 = 18+2 53+2 0.85+0.13 225+4
Q-10 - 89+3 11+3 - - 310+2
Ausforming + quenching Q-30 - 90+2 10+2 - = 310£2
Q-40 - 86+2 14+2 - - 300+2
325-10 0 - 1942 81+2 1.184+0.20 <RT
325-30 0 - 23+5 77 £5 1.16 £0.25 <RT
325-40 0 - 27 +2 73+2 1.17+0.15 <RT
350-10 8+3 - 19+3 73+3 1.05+0.30 180+2
Ausforming +austempering 350-30 11+5 - 18+5 71+5 0.954+0.20 275+3
375-10 17+6 - 17+6 66+6 0.93+0.11 250+2
375-30 20+4 - 16+4 64+4 0.90+0.10 260+3
400-10 34+4 - 19+4 47+4 0.88+0.20 290+2
400-30 37+4 - 18+ 4 45+4 0.82+0.16 300+4

perature increases, the bainitic ferrite morphology evolves
from plate-like toward granular, and blocky shape austen-
ite increase in number and size in detriment of the thin
films, which are almost inexistent at 400°C as seen in
Fig. 5d.

Microstructural observations revealed that the decompo-
sition of retained austenite to martensite always occurred
within the blocky-shape retained austenite, including M/A
islands, rather than the film-like ones, which has also been
reported by Zhao et al. [41]. Thus, it is vital to understand the
relationship between the size changes of the M/A constituents
as a function of isothermal temperature and deformation.
Table 2 summarizes the average size of the M/A constituents as
well as the volume fraction of the martensitic phase obtained
based on an electron microscopy examination of the samples
for all testing conditions. The microhardness measurements
are also reported for all conditions for comparison and val-
idation purposes of the microstructural evaluations. It must
be noted that the amount of Ve, sy reported in Table 2, was
estimated based on the observed variations in the contrasts
between martensite and blocky-shaped austenite in the M/A
constituent, as shown in Fig. 5e and in agreement with similar
studies reported in the literature [10,21,34,47].

Metallographic examination revealed a small fraction (<5%)
of transformed martensite, oy, sy for lower isothermal temper-
atures of 325 and 350°C. However, it must be noted that such
a presence was not detected in the dilatometry tests shown
in Fig. 3, probably due to its small percentage. In contrast, the
dilatometric observations and XRD results of the tests at 375
and 400 °C revealed that the fraction of transformed marten-
site increased to about 15 and then 25%, respectively, with the
increase in the test temperature from 375 to 400 °C. These find-
ings further reinforce the argument that retained austenite
after the bainitic transformation is not sufficiently stable at
these temperatures. It is also worth noticing the good agree-
ment between the volume fraction of martensite calculated by
dilatometry, Voyy,gpy, in Table 1, and the one by microstructure
examination, Vo sgyy), in Table 2.

The evolution of microhardness, shown in Table 2, reveals
that for the undeformed samples, it decreases from 325 to
350°C but starts to increase again when the test temperature
increases to 375 and 400 °C. As reported in Table 2 and Fig. 5a, a
small increase in bainitic ferrite fraction and finer microstruc-
tural features are observed in the 325-00 sample compared to
the 350-00. It has been reported that the final strength of the
microstructure in CFB steels is susceptible to the bainitic fer-
rite plate thickness [48]; therefore, the observed hardness drop
between 325 and 350°C could be related to such microstruc-
tural changes. In contrast, the presence of increasing amounts
of martensite (as reported in Table 2 and Fig. 5c and d) is prob-
ably at the root cause for the observed hardness increase at
higher isothermal holding temperatures.

3.3.  Stability of retained austenite of ausformed
samples
3.3.1. Deformation behavior of supercooled austenite

Fig. 6 shows the flow curves of the supercooled austenite
obtained during compressive deformation at 600°C (10, 30,
and 40%) prior to bainitic transformation. As can be seen, a
continuous work hardening is observed for al deformation lev-
els. The absence of any softening in the stress-strain curve
indicates that very little or no dynamic recrystallization has
taken place under any of the tested experimental conditions.
Therefore, only an increase in the dislocations density as a
result of the applied plastic deformation has modified the
microstructure.

Utilizing the Bergstrém model [49], it is possible to estimate
the variation in dislocation density (p) of for medium carbon
steels [50] as a function of the applied true strain (¢) as: [51]

U[1 — exp(—52¢)]

= @

p=

2=k(z]" ()
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Fig. 5 - SEM micrographs showing a microstructure obtained for the non-ausformed specimens: (a) 325-00, (b) 350-00, (c)
375-00, (d) 400-00, and (e) the contrast between martensite (manually marked by yellow) and retained austenite in M/A
constitute. o}, stands for bainitic ferrite, o, martensite, ys and y}, film and block of retained austenite respectively.

Table 2 - Size of M/A constitutes, and volume fraction of the martensite phase, Vo), in (%) based on SEM

examination and microhardness of non-ausformed and ausformed samples.

TMT condition Sample code M/A (nm) Vo, (SEM) HV;
325-00 1.94+0.1 2+0.5 435+9
. . 350-00 21+0.3 4+1.0 408+ 11
Non-ausforming + austempering
375-00 3.2+0.5 13+4.0 415+17
400-00 3.8+0.6 26+3.0 525+18
325-10 1.7+0.25 2+1 43916
325-30 0.8+0.10 2+1 435+6
325-40 0.8+0.30 3+2 445+5
350-10 1.9+0.30 10+2 420+13
Ausforming + austempering 350-30 1.4+0.25 12+3 436+12
375-10 3.4+0.60 17+2 485+17
375-30 3.6+0.50 21+6 495+ 17
400-10 4.3+0.60 33+4 533+16

400-30 4.5+0.60 3545 565+ 20
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Fig. 6 - Flow curves during ausforming at 600 °C for 10, 30
and 40% deformation.

Z =¢exp (%) (6)

In the above equations, U refers to the immobilization
parameter, and its value is 1.55 x 10" m~2, and 2 stands for
remobilization parameter [51] and equal to 4 x 10° according
to Eq. (5), k is a constant with a value taken equal to 180,
and m is the exponent for the Zener-Holloman parameter
taken equal to —0.1 for austenite in medium carbon steel [52].
The strain rate was equal to 0.1s7! in the present study, and
the activation energy for remobilization, Q, was taken equal
to 270KJmol~! as reported by [52] for medium carbon steel.
Finally, R represents the gas constant (8.31].mol~1K~1), and T
the deformation temperature (600 °C).

Using the above equations and constant values, the dis-
location densities were calculated for each condition. It can
be seen that the dislocation density increased by one order of
magnitude when the deformation increased from 10 to 40%.
These findings are in agreement with those of Seo et al. [26]
who reported that, in medium carbon steel, the dislocation
density increased from about 8 x 10**® to about 2 x 10" m—2
when the percent deformation of austenite increased 10-50%
at 600°C.

3.3.2. Dilatometry analysis

In order to calculate the fraction of martensite formed after the
isothermal transformation, Vo), in ausformed samples, a
series of experiments were carried out where the samples
were quenched immediately after the deformation at 600°C,
rout (D) in Fig. 1b.

Fig. 7a shows the dilatometric curves on cooling to room
temperature after deformation was applied as in route (D)
in Fig. 1b. The martensitic transformation is occurring in
the three tested conditions. While the Ms after 10 and 30%
deformation is nearly the same (~310°C), like that of the
no-deformed samples, the results also reveal that the Ms
decreases to about 300°C after 40% of plastic deformation.
This slight decrease in the Mg can be rationalized by the sig-
nificant increase in dislocation density at 40% deformation

that would hinder the martensitic transformation through
mechanical stabilization and move it to lower temperatures,
as also reported by other authors [53-56]. Furthermore, the
bainite transformation during cooling from ausforming tem-
perature to isothermal temperature could not be avoided,
especially for 30 and 40% deformation, as indicated by arrows
in Fig. 7a. This bainitic transformation might be so small
that it could be challenging to be observed by microstructural
examinations. Note that deforming austenite is known to dis-
place the entire CCT and TTT diagrams toward shorter times,
explaining the appearance of bainite on cooling [24,57,58].

An example of the sigmoidal curves during bainitic trans-
formation at 325 and 400°C after 30% deformation is shown
in Fig. 7b. The curves show a similar trend to that of
non-ausformed treatments; i.e., the bainitic transformation
appears to be completed during the isothermal holding with
the RCL reaching a steady-state and the transformation rate
reaching almost zero after approximately 1500 s. Moreover, the
curves in Figs. 3 and 7c and d, show that ausforming leads to
a decrease in the volume fraction of bainite compared with
the non-deformed treatments, especially for higher isother-
mal temperature (400°C).

It has been reported that as the plastic deformation of
austenite increases, so does the dislocation density at the
interface between austenite and bainitic ferrite. The increased
dislocation density increases the resistance to the growth of
the bainitic ferrite plates and could hinder and even stop dis-
placive transformation [59,60]. This resistance becomes more
and more significant as the austenite becomes stronger with
increased C enrichment resulting in the stabilization of the
austenite phase [61]. It must be noted that, as reported by
[31,39,58] in addition to mechanical stabilization, preferred
ordination due to deformation could also affect the dilatomet-
ric signal and produce a similar effect as that of mechanical
stabilization. However, the contribution from deformation tex-
tures should be minor in the present study as the influence
of strain on crystallographic orientation is limited when the
supercooled austenite deformed above the bainite start tem-
perature can be considered isotropic [31,62]. Therefore, the
dilatation curves can be considered as representative of the
bainite transformation.

Fig. 7c and d reveals the dilatometric behavior of the
microstructure on cooling to room temperature after isother-
mal treatment, rout (C) in Fig. 1b. While the sample treated at
325°C remains unchanged throughout all deformation stages
(10 and 30%). However, at 350°C and higher temperatures,
there is a noticeable change in slope linearity even at 10%
deformation. The corresponding martensite volume fractions
were calculated as already described, and the results thus
obtained are presented in Table 2. Together with results in
Table 1, it can be said that at 325°C, the deformation has a
minimal effect on the decomposition of retained austenite to
martensite as well as on bainitic transformation. However, as
the isothermal temperature is increased to 350°C and above
(Fig. 7c), the stability of the retained austenite significantly
decreased by introducing even a small amount of deforma-
tion. The above changes could be related to the steep decrease
in the fraction of the bainitic phase compared to 325°C.
Moreover, the Mg of retained austenite that decomposed
to martensite increased with deformation amount probably
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Fig. 7 - (a) Relative change in length vs. temperature during the quenching to room temperature for ausformed samples, (b)
the transformation kinetic as function of temperature (325 and 400 °C) and deformation amount (30%), (c) the dilatation
behavior during cooling to room temperature after ausforming at 600 °C and isothermal treatment at different temperatures
for 10% deformation, (d) for 30 and 40% (black dots indicate the M; in a).

because the retained austenite has less and less carbon when
percent deformation increases. For example, as reported in
Table 1, the Ms for sample isothermally treated at 350°C,
increased from a temperature below the room temperature
for non-ausformed condition, as seen in Fig. 3 and Table 1, to
about 180°C and 275 °C for 10 and 30% deformation as shown
in Fig. 7c and d, respectively. For higher isothermal temper-
atures (375 and 400°C), the difference in Ms between 10 and
30% deformation conditions was around 5%.

The above results revealed that retained austenite has
higher stability at 325°C. In order to validate this finding, a
new test with a higher deformation level had to be conducted.
To this end, various tests were run, and it was found that the
maximum achievable deformation at 600 °C in the dilatometer
for the investigated alloy was 40%. The results are reported in
Fig. 7d (light gray line), where a very slight change in the slope
of the dilatation curve can be seen. This minor change can
be considered negligible, and therefore, it can be said that the
retained austenite is very stable at 325°C.

3.3.3.  XRD analysis

The XRD patterns of the 30% deformed samples for the lowest
and highest isothermal treatments (325 and 400 °C) are shown
in Fig. 8. The XRD spectrum confirms, within the limits of XRD
resolution, the absence of any strain induced precipitation
and the strong inhibiting role of Si on carbide precipitation
[63]. Furthermore, the austenite peak (200) in Fig. 8 (enlarged
image) shows that there was a slight displacement of the
diffraction angle (26) to the right. This could be an indication of
a significant reduction in C, concentration for 400-30 samples

400-30

—325-30

==400-30

Inetsity (a.u)

Intensity (a.u)

58 61 62

()
U A325-30
T — _I — T T T T
50 60 70 80 9 100 110
26(°)

Fig. 8 - XRD diffractogram of ausformed samples 30%
deformation, and the inserted image is magnified y,9q)
spectra for 325-30 and 400-30 samples.

as a result of the substantial delay in the bainitic transforma-
tion, due to the higher deformation and isothermal holding
temperature. Zhao et al. [41] reported a similar phenomenon
in ausformed low-C bainitic steel.

Analysis of the XRD results reported in Table 1, showed
that after 10% deformation at 325°C the bainitic transfor-
mation is very slightly affected by the possible mechanical
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Deformation

Fig. 9 - SEM images of ausformed samples at 600 °C with different deformation amounts followed by bainitic

transformation at different isothermal temperatures.

stabilization of austenite with only a reduction of 4% in the
amount of bainite. Nevertheless, after a 40% deformation, the
amount of bainite is reduced by more than 10%. At higher
isothermal holding temperatures, the stabilization of austen-
ite against bainitic transformation is more visible, although
no significant differences are found between the 10 and 30%
deformation cases. It must also be noted that, as reported
in Table 1, lower degrees of transformation results in higher
amounts of martensite.

At higher bainite transformation temperatures, the vari-
ation in retained austenite fractions for the ausformed and
non-ausformed was minimal, as shown in Table 1. This
finding implies that the decomposition of the retained austen-
ite into martensite increased by increasing the amount of
deformation, making the volume fraction of retained austen-
ite almost equal for all deformation levels. In contrast, the
retained austenite was stabilized for the samples treated at
325°C, and its volume fraction increased from 14% for the
non-ausformed sample to about 23% when the 30% defor-
mation was applied. At 350°C, there was no evidence that
martensite formed during cooling to room temperature for
non-ausformed treatment, as shown in the dilatation curve
(Fig. 3). However, the decomposition of retained austenite was
initiated (Fig. 7c), with the percentage of martensite increas-
ing when the amount of deformation reached 10%, as also
presented in Table 1.

3.3.4. Microstructural and microhardness observations
SEM micrographs in Fig. 9 reveal the effect of deformation
on the retained austenite and martensite evolution after the

bainitic transformation has been completed. The presence of
blocky-shaped retained austenite along with martensite as
well as globular bainite increased with increased deformation
and isothermal holding temperatures. The combination of
higher isothermal temperature and even a small of deforma-
tion, as seen in samples 375-10 and 400-10 (Fig. 9), increased
the size of the M/A constituents compared with non-deformed
samples, 375-00 and 400-00, as shown in Fig. 5¢c and d. The
latter contains lower carbon, due to the smaller amount of
bainitic transformation, compared with lower isothermal tem-
peratures with a large deformation amount (samples 325-30
and 350-30).

The measurements of the size of the M/A constituents
were reported in Table 2. It can be seen that the size of
M/A constituents increases with the increase in the percent
deformation in the case of the 375 and 400 °C isothermal treat-
ments. Whereas, it decreases with increasing the deformation
amount for the samples isothermally hold at temperatures
lower than 375°C. The M/A size became finer and reduced by
about 50% (~0.8 um) at 325°C when the percent deformation
increased from 10 to 30%. Thus, based on the above results,
as the size of the M/A islands becomes larger, more and more
martensite is formed during cooling to room temperature.

The evolution of the microhardness of the ausformed
samples is also reported in Table 2. It can be seen that indepen-
dently of the testing temperature, the hardness increases with
percent deformation though the increase in hardness became
more evident when the bainitic transformation temperature
increased. For instance, at 325°C, the hardness was almost
constant for the samples 325-10 and 325-30 (less than 1% dif-
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Fig. 10 - Difference in bainite volume fractions between
non-ausformed and 10% ausformed samples for different
bainite transformation temperatures.

ference) owing to the limited effect of deformation on the
bainite volume fraction for both samples. However, for treat-
ment at 350 °C, the hardness continuously increased from 420
to about 436 HV for samples 350-10 and 350-30, respectively.
The increase in hardness is probably related to the increase
of transformed martensite from 10 to 12% for samples 350-
10 and 350-30, respectively, as well as the higher dislocation
density for 30% deformation, as discussed earlier. The combi-
nation of higher isothermal temperature and the percentage
deformation led to a cessation in the bainitic transformation
and resulted in a higher amount of martensite, thus leading to
a significant increase in hardness (above 500 HV), as measured

in samples 375-30 and 400-30. Furthermore, it must be noted
that the error ranges of hardness measurements were more
significant for the highly deformed samples (30 and 40%) and
higher isothermal temperatures (375 and 400 °C), probably due
to the presence of martensite islands that are non-uniformly
distributed in the samples, resulting in a less homogeneous
microstructure.

Based on the obtained results, the test condition corre-
sponding to 10% ausforming followed by isothermal treatment
at 350°C appears to be a threshold, below and above which
the effect of deformation on the stability of retained austenite
is different. To further validate this finding, the difference in
bainite volume fraction transformed at different isothermal
temperatures for ausformed (10% deformation) and non-
ausformed samples was calculated, and it was found that the
most substantial difference was observed in sample 350-10, as
shown in Fig. 10. This could explain why the effect of deforma-
tion on retained austenite stability was also more noticeable
in 350-10 samples.

In summary, the mechanism of the effect of deformation on
the stability of retained austenite could be classified into three
stages, as schematically illustrated in Fig. 11. At the isothermal
temperature of 325 °C, the deformation effect is minimal and
could be neglected. This can be explained by the presence of
higher bainitic volume fractions. This is due to the high driving
force at low transformation temperatures, which overcome
the resistance of the bainitic sheave growth because of the
introduction of either small (10%) or large (40%) deformation.

At 375 and 400°C temperatures, as seen in Fig. 11b, the
reductions in retained austenite stability were directly propor-
tional to the amount of deformation. However, it is difficult to
accurately quantify the effect of strain on retained austen-
ite stability compared with non-deformed ones, due to the

Non-ausformed dislocations Ausformed (10%)
a due to ab
(a) 7% AN
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u y \_ __/r/\‘
N C- enrich y, T
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Fig. 11 - Schematic graph of the effect of deformation on the stability of retained austenite, (a) below 350 °C, (b) above 350 °C,

(c) at 350°C.
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presence of the martensite phase, even for non-ausformed
samples submitted to pure isothermal transformation.

At 350°C, as shown in Fig. 11c, the results showed that
the retained austenite was stable for non-ausformed isother-
mal treatment, and the amount of transformed martensite
was negligible. However, this stability was reduced, and
the amount of martensite increased substantially, after 10%
deformation. Specifically, in this case, the bainite volume
fraction and Cyr increased to above 14 and 15%, respec-
tively. Under these conditions, dislocation resistance to the
growth of bainitic sheaves overcome the bainite nucleation
rate, as also reported in [57]. As a result, the large islands of
retained austenite contained less carbon, which transformed
to martensite at a higher Mg and distributed among the bainite
sheaves.

4, Conclusions

In the present study, the effect of ausforming on the stability of
retained austenite and its decomposition to martensite after
the completion of isothermal holding treatment in medium
C-Si steel was investigated. The following conclusions can be
drawn from this study:

1) The amount of transformed bainite is a critical parame-
ter controlling the decomposition of retained austenite to
martensite during cooling to room temperature.

2) In pure isothermal treatments (non-ausformed), the
isothermal holding temperature of 350°C can be consid-
ered as the threshold temperature for retained austenite
stability. At 350 °C and below, the retained austenite is very
stable, and above it, the retained austenite is unstable.

3) For ausformed samples, the decomposition of retained
austenite to martensite can be altered via a small deforma-
tion amount (10%) at and above the threshold temperature
(i-e., 350°C). Whereas, at a lower temperature, the retained
austenite is very stable, regardless of percent deformation.

4) Above 350°C, ausforming enhances the formation of
blocky-shaped retained austenite that contains lower
carbon content than the film-like retained austenite mor-
phology, resulting in increased martensitic transformation
during cooling to room temperature.

5) Atlower isothermal transformation temperatures (325 and
350°C), the blocks were thinner with increased percent
deformation.
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