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HIGHLIGHTS GRAPHICAL ABSTRACT

Thermomechanical treatments were | secionotsnemattemsenre
designed to obtain similar microstruc- T ™y .
tures in terms of bainitic ferrite plate
thickness

Significant differences have been found
among the microstructures, even
though they were designed to be similar
Results indicate that there might be
other factors that take part in the scale

of bainitic microstructures @
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ARTICLE INFO ABSTRACT
Article history: The bainitic ferrite plate thickness is the main parameter that controls the strength of this type of microstructures.
Received 8 September 2020 Such thickness has been proved to mainly depend on the austenite yield strength, the driving force for the trans-
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formation and the transformation temperature. However, no research has focused on how these parameters
evolve throughout the transformation and how this evolution can affect the outcome. In this study, thermal
and thermomechanical treatments have been performed in three selected steels. The treatments have been de-
signed in such a way that all the mentioned parameters are comparable, aiming to obtain similar microstructures

g?i/r:\i/ferds' in terms of bainitic ferrite plate thickness. However, significant differences have been found among the micro-
Thermomechanical treatment structures, with variations in plate thickness larger than 100 nm. These results indicate that there might be
Ausforming other factors that take part in the scale of bainitic microstructures. To explain these differences and based on
Microstructural characterization the kinetics of the transformation and on the carbon content of austenite at the end of the transformation, a pos-

Dilatometry sible explanation has been proposed.
Anisotropy © 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Extensive works have focused on creating a unified theory that
+ Corresponding author at: Av. Gregorio del Amo 8, Madrid 28040, Spain. describes how the bainitic transformation takes place, anticipating
E-mail address: cgm@cenim.csic.es (C. Garcia-Mateo). the final microstructure and properties [1-4]. Among others, many
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have studied the factors that influence the thickness of the bainitic
ferrite () plates [5,6], a key factor to improve the strength of the final
microstructure [1-4].

Several factors have been identified to be relevant for the bainitic
ferrite plate thickness. The austenite (7y) yield strength at the transfor-
mation temperature, YSyiso, has been suggested to be the most impor-
tant factor among them [5-8]. This is because the shape deformation
associated with the bainitic transformation is plastically accommodated
by the austenite phase [9]. Accordingly, a high YSris, would prevent the
bainitic ferrite/austenite interphase from moving freely, which would
decrease the thickness of the formed bainitic ferrite plate. The YStiso
has been commonly adjusted by changing the transformation tempera-
ture [10], although more recent works have modified it by work harden-
ing prior to the transformation during the thermomechanical treatment
of ausforming [7,11,12].

The impingement events also influence the size of the bainitic plates
[13]. Such events are mainly dependent on the Prior Austenite Grain
Size (PAGS) [14] and on the driving force for the transformation of aus-
tenite into ferrite, AGY~“ [6]. Although, the PAGS mainly affects the
length of the bainitic plates [14], it may also modify their thickness
[15-17]. Regarding AGY~¢, it affects the transformation rate, which in
turn influences therefore the number of impingement events and the
bainitic ferrite plates thickness [5-7,18].

Lastly, the isothermal holding temperature, Tiso, plays a minor role
on the plate thickness. Although it importantly influences the YSr;s,
and AGY~* [5,8], once these two effects are taken out of the equation,
the only effect that the temperature could have on the plate thickness
would be also related to dynamic recovery effects. However, the impact
of such effects on the thickness of the bainitic plates has been found to
be negligible for temperatures in the range 260-460 °C [5].

Although the above parameters (YSriso, AGY~* and Tjs,) have been
linked to the final scale of the bainitic microstructures, no research has
been focused on how they evolve with respect to time throughout the
transformation and how such evolution could alter the overall bainitic
ferrite plate thickness. In this study, with the aim to acknowledge
whether a further research is required, three selected steels were sub-
jected to different thermal and thermomechanical treatments resulting
in bainitic microstructures. The process parameters were selected in
such a way that YStiso, PAGS, AGY~% and Tjs, are similar in all cases,
aiming to obtain similar microstructures in terms of bainitic ferrite
plate thickness. In order to analyze whether the mentioned aim had
been achieved, a thorough microstructural characterization was carried
out, including a quantification of the plate thickness on Scanning Elec-
tron Microscopy (SEM) micrographs [19].

2. Experimental

For the present work, three different steels were used: a designed
low carbon steel (02C2Si) and two medium carbon commercial steels
(477 L, produced by Ovako, and 04C3Si, produced by Sidenor). Their
simplified nominal chemical compositions can be found in Table 1.
Note that the full nominal chemical compositions cannot be shown as
they are classified. They were selected because of different reasons:
a) two of them have the same C content (04C3Si and 477 L), whereas
the designed steel (02C2Si) has only 0.2 wt% C; this enables to study
the effect of carbon on the bainitic ferrite plate thickness; b) the sum

Table 1
Simplified nominal steels chemical compositions, all in wt%.
Steel C Si + Mo Cr + Mn
/Wt /wt% /Wt
02C2Si 0.2 2.0 29
477 L 0.4 2.1 3.0
04C3Si 0.4 33 1.7
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of the Si and Mo contents (Si + Mo) is similar for two of the steels
with different C contents (02C2Si and 477 L), whereas the 04C3Si
steel contains a higher Si + Mo content; note that Si and Mo are the el-
ements which play the most important role when it comes to the aus-
tenite strength besides C [20]; and c) all the steels have Si contents
higher than >1.5 w.t.% to prevent carbide precipitation from austenite
during the bainitic transformation [21].

Thermal and thermomechanical treatments were performed in a
Bahr 805D high-resolution dilatometer, which enables to study phase
transformations by monitoring the changes in the sample length. The
temperature can be increased by an induction heating coil, whereas it
can be decreased by using Helium as quenching gas. K type thermocou-
ple welded to the central part of the sample surface was used for record-
ing temperature evolution. The dilatometry and the compression tests
were performed using two different specific modules: the former tests
were carried out using the basic dilatometer module, equipped with
fused silica push-rods to measure longitudinal length changes, whereas
the latter ones were carried out by using a deformation module, with
SisN4 punchers separated from the sample by Mo films in order to re-
duce friction and to increase the temperature homogeneity in the spec-
imens. The mentioned punchers also enabled to measure the
longitudinal length changes. Cylindrical specimens of 10 mm length
and 4 mm diameter were used for pure dilatometry and specimens
with 5 mm diameter were used for the deformation tests.

Among other benefits, the dilatometric data are useful to determine
some critical temperatures. In this work, the Ac3 and the Ms. tempera-
tures were determined by the offset method explained in Ref. [22]. This
consists in defining the corresponding critical temperature as the tem-
perature at which the temperature-time curve deviates by a certain
value, i.e. 0.2% in our particular case, from the linearity.

In order to determine the volume fractions of retained austenite and
bainitic ferrite, the technique X-ray diffraction (XRD) was used. Samples
were step-scanned in a Bruker D8 Advance diffractometer with Bragg-
Brentano geometry, equipped with a graphite monochromator and a
Vantec position sensitive detector. The diffractometer has a rotating
Co anode X-ray tube as a radiation source and its current and voltage
were, respectively, 35 mA and 45 kV. The measurements were made
by a coupled ©-26 scan in the range 30-130°, with a step size of
0.026° and a counting time per step of 2 s. Austenite fraction was calcu-
lated by comparing the areas under the ferrite peaks {110}, {200}, {211}
and {220} with the areas under the austenite peaks {111}, {200}, {220}
and {311}, assuming that the sample consists of only two phases [23].
Using several peaks avoids non-accurate results related to crystallo-
graphic texture [24]. The Rietveld refinement method [25] was applied
to calculate the lattice parameters of both phases present in the micro-
structure, by using the version 4.0 of TOPAS software (Bruker AXS). The
austenite lattice parameter was used to calculate the austenite carbon
content by using the formula proposed by Dyson and Holmes [26].

Standard metallographic procedures were used for XRD samples
preparation, followed by a final set of etching and polishing cycles in
order to remove the plastically deformed layer formed on the sample
surface during the grinding step. It is important to remove that layer
since it might contain deformation induced martensite, not present in
the original microstructure.

The microstructure was revealed by using standard metallographic
procedures, followed by a final etching with a 2% or 3% Nital solution
for times lying between 2 and 20 s, depending on the steel.

The different microstructures were characterized by using field
emission gun scanning electron microscopy (FEG-SEM), inspecting the
central part of the sample, where the local plastic strain is maximum
[27,28]. Both the transverse and the longitudinal sections were ob-
served to identify possible anisotropy effects in the development of
the microstructure [29].

The plate thickness, t, was measured according to the procedure de-
scribed in Ref. [19], which consists in measuring enough linear inter-
cepts on SEM micrographs to obtain reliable statistics, i.e. at least 200
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linear intercepts, and subsequently applying a stereographic correction
to the mean linear intercept (L%), t = 2L% /i with a 95% confidence error
E=+196- (7{"/11\/171, where of symbolizes the standard deviation of
the intercepts and N is the number of measurements. It is worth noting
that this procedure has been proven to be accurate and in agreement
with respect to using Transmission Electron Microscopy (TEM) mea-
surements, while it is less time consuming [19]. Nonetheless, the
method might not be appropriate for microstructures exhibiting anisot-
ropy [29]. However, it can be helpful to obtain a good estimate of the mi-
crostructure refinement level if it is measured on both the transverse
and the longitudinal sections. Also, note that other phases with mor-
phologies different than plate-like, such as granular bainite, cannot be
measured by this methodology. In case there were two different mor-
phologies of bainite in a microstructure, only plate-like bainite was
measured.

The Prior Austenite Grain (PAG) boundaries were revealed by ther-
mal etching technique. The technique consists in subjecting a sample,
which has to be carefully prepared as explained elsewhere [30], to the
selected austenitization conditions followed by vacuum-cooling to
room temperature, which enables to reveal the parent grains grooves.
The PAG areas were measured on light optical micrographs by the
image processing program Image]J [31], and the equivalent diameter of
the grains was calculated from them.

Vickers hardness measurements were made using an applied load of
10 kg. Three different measurements on the transverse section and
three additional measurements on the longitudinal section were per-
formed. Since no significant differences were found between measure-
ments on both sections, the presented results correspond to the
average of both of them.

Thermodynamic calculations were performed on the MTDATA soft-
ware (version 4.73), which relies on the NPL-plus database for steels
[32] and they were used to calculate the critical temperatures as is ex-
plained in more detail in the following section.

3. Methodology for the selection of pure isothermal and ausforming
parameters

The designed treatments always started by austenitizing the sam-
ples at a temperature Ty for 240 s. In the case of the pure isothermal
treatments, this austenitization step was followed by a rapid cooling
(with a cooling rate CRy) to Tis.. This temperature was held for 1 h be-
fore the final cooling to room temperature took place. The dashed line
in Fig. 1a illustrates the treatment, whereas the solid line corresponds
to the ausforming treatments. In this case, the austenitization was
followed by a cooling (also with a cooling rate CR;) down to the defor-
mation temperature, Tger. Note that in all cases Tgef < Tng (NON-recrys-
tallization temperature). With the aim of completely homogenizing
the sample temperature and stabilizing the system before the deforma-
tion step takes place, there must be a short holding time of 15 s right
after cooling and before deformation. Subsequently, a (engineering) de-
formation € was applied, by using a strain rate of 0.04 s~ and the tem-
perature was held for 10 s to relax all the internal stresses and avoid
their influence on the transformation during the isothermal step. After
this short holding time, samples were cooled down to Tjs, with a cooling
rate CRy, kept as 25 °C/s for all the experiments. Samples were finally
held at Tjs, for 1 h and cooled down to room temperature with a cooling
rate of 25C/s.

The justification for the selection of Ty, Tiso, CRy, Tger and € is
discussed in the following text. Those parameters were selected so
that AGY~%, PAGS, Tis, and YSr;so (the last parameter, only in the case
of the ausforming treatments) are similar. Fig. 2 includes a diagram
where the most important criteria used for the selection of some of
the processing parameters in this work are shown.

Materials and Design 197 (2021) 109217

3.1. Selection of non-deformation-related processing parameters, aiming to
obtain similar plate thicknesses

Firstly, the selection of T and Tjs, enables to obtain similar PAGS [14]
and AGY~*[6], respectively. It was assumed that the PAGS would be ap-
proximately the same if the austenitization took place at a temperature
of 30 °C above the experimentally estimated Ac3 temperature of each
steel, see Table 2 for the Ac3 temperatures and Table 3 for the selected
T,. Thermal etching proved that the assumption was correct, as the
PAGS are of the same order of magnitude, with a minor variation of
16-19 pm as observed in Table 3.

Regarding Tiso, a thermodynamic analysis was performed to
choose a specific Ts, for each steel so that the same chemical driving
force, AGYer, Was obtained for all the treatments. AGY.r: was calculated
as a function of Tjs, for every steel as follows: .AGYem= Gehem — Ghems
where G, and G are the free energies of awand vy, respectively, ob-
tained using MTDATA. Fig. 3 shows the evolution of AGY.; with respect
to Tiso. The isothermal temperatures were selected so that they
corresponded to AGYe® = —1613 ] mol ™!, always making sure that
they were between the theoretical Bs and the Ms. temperatures.
The Bs temperature was considered to be the maximum temperature
at which the energy balances in Egs. (1) and (2) are met, where
AGY2Y T s the driving force for the nucleation under paraequilibrium
conditions and was calculated by MTDATA, Gy is the critical driving
force to stimulate the nucleation of bainitic ferrite, which can be calcu-
lated based on the method reported in [33] and Gsg is the stored energy
of bainite, which lies in the range 200-600 ] mol~" [10,34,35]. Regard-
ing the Ms. temperature, it was experimentally estimated and theoreti-
cally calculated by applying the balance in Eq. (3), where G¥ is the
critical driving force needed to stimulate martensite by an athermal,
diffusionless nucleation and growth mechanism and can be calculated
as explained in Ref. [36]. See Table 2 for the values of these critical
temperatures.

AGY YT <Gy (1)
AGY - <Gsg 2)
AGY <Gy 3)

All the mentioned Ty, are included in Table 3. Note that these tem-
peratures are very close to each other, i.e. the maximum difference
among them is 25 °C, which is expected to have a negligible effect due
to recovery phenomena.

For the consistency of the methodology proposed in this work and in
order to avoid adding variables that could jeopardize the design of other
treatment parameters [38,39], it is essential that the isothermal step
(in the case of the pure isothermal treatments) and the deformation
step (for the ausforming treatments) begin from a 100% austenitic
microstructure. Thus, it is necessary to select CR; so that the corre-
sponding cooling step is fast enough to avoid any phase transformation,
especially reconstructive transformations, prior to the mentioned steps.
The selection of the CR; was based on Continuous Cooling Transforma-
tion Diagrams, which showed that the selected values led to fast enough
cooling steps to prevent the mentioned phases from forming.

3.2. Selection of deformation-related processing parameters, aiming to ob-
tain similar plate thicknesses

As previously mentioned, the most important parameter related to
the plate thickness is the YSriso. Varying Tjs, in pure isothermal treat-
ments only enables to fix either AGen; or YStiso and, therefore, the iso-
thermal treatments of this study are characterized by having different
YStiso Values. To obtain such values, single hit compression tests were
carried out, as indicated in Fig. 1b, where Tger = Tiso, i.€. Samples were
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Fig. 1. a) Scheme of thermal and thermomechanical treatments characterized in this study. The dashed line and the solid lines correspond to the pure isothermal treatment and to the
ausforming treatments, respectively; b,c) Performed treatment to obtain high temperature stress-strain curves and to estimate the yield strength at the isothermal (b) or the
deformation (c) temperature. T, Tqer and Tis, stand for austenitization, deformation and isothermal temperatures, respectively, whereas CR; and CR; are the cooling rates of the
incated steps. € and &, are the strains applied during the first and the second deformation steps.

deformed at the same temperatures that they would be isothermally
treated in the pure isothermal treatments in Fig. 1a. After full
austenitization, specimens were cooled down to the deformation tem-
perature and deformed up to the dilatometer load cell limit. The proof
stress values were estimated by the 0.2% offset criterion and are in-
cluded in Table 3. Note that these values were assumed to be a good ap-
proximation of YSr;s, as curves did not show a clear yield point. Also
note that, although the YSr;s, values obtained for the two medium car-
bon steels are rather similar, this condition is not met for the low carbon
steel. Therefore, ausforming treatments will be required to do so.
During the ausforming treatments, if austenite is deformed prior to
the bainitic transformation, YStis, can be tailored. However, the driving

force for the transformation is then altered, as the total driving force for
the transformation is AGY"% < AGsg — AGgis;, Where AGy is the
additional driving force needed so that the interface overcomes the
dislocation density introduced by the plastic deformation [40-42].
AGy;s depends on the dislocation density introduced at Tqer — Which is
mainly related to the maximum achieved stress at that temperature,
Omax (Taef), [43] - and on several parameters that are a function of
Tiso [40-42]. Hence, the deformation steps of the ausforming treatments
were selected so that YSriso is the same for all three steels, being
Omax (Taef) as close as possible. In that way, the four parameters
(PAGS, AG”™%, YSriso and Tiso) would be similar for the three steels. In
this study, for every steel, two different thermomechanical treatments
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SIMILAR PRIOR AUSTENITE GRAIN SIZE

T,=Ac3 + 30 °C

SIMILAR DRIVING FORCE FOR THE TRANSFORMATION

€ < 20 % so that PAGS does
not change significantly with
deformation

Selection of Tiso so that AG

y-a
chem

Tiso) = 1613 J mol
(Tiso)

Not possible

SIMILAR PLATE THICKNESS

Yoo

Selection of € so that AG;;" is
similar (so, p - and, in turn,
Oax — Must be similar)

SIMILAR DYNAMIC RECOVERY EFFECTS

SIMILAR YIELD STRENGTH

Selection of € so that YSr;, is
similar:
1) Stress-strain curve fitting
by JC model (single hit
tests)
2) Selection of € by using the
fitted JC model

Fig. 2. Schematic diagram where the criteria used to select some of the processing parameters in this work are shown.

were performed, each of them characterized by a different Tqef, corre-
spondent to either a medium (MT) or a low temperature (LT)
ausforming treatment, according to Ref. [29]. Such deformation temper-
atures are 170 and 50 °C above the isothermal temperature, respec-
tively, see Table 3. Temperatures were selected in that way so that all
the MT Tgqer Were close to the theoretical Bs temperature and all the LT
Taer Were below the theoretical Bs temperature.

Table 2

3.2.1. Proposing a method for the determination of the austenite yield
strength of 04C3Si steel: An experimental and theoretical approach

The selection of the applied strain is subsequently discussed. As the
goal of this step is to obtain similar values of YSrs, for the three steels, it
has to be reminded that the yield strength varies due to both, the work
hardening because of the applied deformation and the temperature de-
crease from Tger to Tiso. The problem must be thus divided into different
parts: (1) estimating the yield strength before deformation takes place,

Steels critical temperatures, where the Ac3 and Ms. temperatures on the left have been experimentally estimated, whereas the critical temperatures on the right have been calculated
according to Ref. [37]. The calculation of the temperatures Ms.(o), Md*, Bs(o) and Bd* will be regarded in Section 3.2.4.

Steel Experimental results Theoretical results

Ac3 Ms Ms Ms(0) Md* Bs Bs(0) Bd*

/°C /°C /°C /°C /°C /°C /°C /°C
02C2Si 870 329 327 342 £ 3 376 £ 9 549 549 <643 + 47
477 L 936 310 283 300 £ 3 365 + 14 524 524 <667 + 51
04C3Si 961 287 279 302 4+ 3 349 + 12 555 + 42 584 + 36 666 + 53
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Table 3
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Selected thermal and thermomechanical parameters and values of all the parameters that affect the plate thickness for each steel and treatment.

Steel T, CR, Tiso Taer € PAGS AG¥om Estimated YSriso Predicted YStiso Omax (Tder) /MPa p AGgist
/°C /°C/s  /°C /°C 1% /um /] mol~! /MPa /MPa /m~2 /] mol !
02C2Si 900 30 367 - = 19+ 1 —1613 145 145 - 10" -
530 16.0 535 524 428 2.19-10 119
410 20.0 701 582 562 476-10' 177
477 L 965 20 342 - - 16 + 2 206 206 - 10" -
512 85 560 524 437 1.51-10"* 97
392 10.5 597 582 568 3.70-10' 154
04C3Si 990 15 350 - - 18 + 2 220 220 - 10" -
520 10.0 544 524 435 1.29-10"* 90
400 10.0 723 582 497 2.15-10" 117
YStdet-bef; (2) estimating the yield strength after a certain deformation & — Deformation step at Ty
has been applied, YStgef-arrer = f(€), and estimating the yield strength in- — Deformation step at T,
crease because of work hardening (AYSwy, see Eq. (4)) and (5) studying YsS
how much the yield strength increases when decreasing the tempera- Tiso
ture from Tqer down to Tiso (AYStdetTisor EQ. (5)). YS et aier DYS yet.tiso
AYSwh = YSrtdef—after — YStdef—bef (4) "
O
AYSTdef —Tiso = YSTiso _YSTdef —after (5) b
(V)

Hence, the YSriso is the summation of YStgerber, AYSwy and
AYSTcleffTiso- see EQ- (6):

YSTiso = YSTdef —bef T AYSWH + AYSTdeffTiso (6)

For a given ausforming treatment and a strain ¢, the above three
terms can be obtained by a thermomechanical treatment consisting of
an austenitization step, followed by two deformation steps at Tqer and
Tiso» as depicted in Fig. 1c. By carrying out that thermomechanical treat-
ment, two stress-strain curves can be obtained, as shown in Fig. 4, and
from them, YStger.berand YSriso can be estimated by using the 0.2% offset
criterion - note that, again, the proof strength were assumed to be a
good approximation of the yield strengths -. YStgetafter Can be assumed
to be the maximum stress during the first deformation step and AYSwy
and AYSrgef.Tiso can then be calculated as per Egs. (4,5).

The aimed YSr;so Was determined using double hit compression tests
for the 04C3Si steel (Fig. 1¢) where € at Tqer is always 10% (high enough
to plastically deform the austenite) and the value of €, at T, is not rel-
evant, provided that the stresses reached are high enough to measure
the yield strength at such temperature. The obtained values are in-
cluded in Table 3 and the stress-plastic strain curves can be found in

a) 02C2Si b) 477L

Strain

Fig. 4. Illustration of the stress strain curves obtained after performing the
thermomechanical treatment depicted Fig. 1c, where YStdef-bef, YStdef-after aNd YStiso
stand for the yield strengths of the austenite at the T4 before any deformation, at Tgef
after a strain € has been applied and at Tj,, in ausforming treatments, respectively.
AYStdef-Tiso 1S the increase of yield strength due to the temperature drop from the
deformation temperature to the isothermal one. Stress and strain are in arbitrary units.

Fig. 5. It is clear that the double hit tests with Tqef = 400 °C presented
a fast strengthening right after the second deformation started, as
seen in Fig. 5b. This suggested that other stronger secondary phases
were present, apart from austenite, in accordance with previous studies
on stress and strain induced transformations [37,44-48].

c) 04C3Si
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curves used to calculate the proper value of €: ¢) MT ausforming and d) LT ausforming.

To consider the possibility of strain induced transformations during
the deformation steps, the stress-strain curves were calculated by the
Johnson-Cook (JC) model [49]. The JC model enables to predict the
flow behavior of any alloy deformed under a given strain rate &, and
at a given deformation temperature Tger, ONce the stress-strain curve
at a reference strain rate gy - always quasi-static in order to obtain a
good fitting [50] - and at room temperature T, is known:

n & Taer—Tr\"
o= (A+B~£p) . <1 +C-In <8w>> . <1_<Tm_Tr> )
where g, is the unitary plastic strain, o is the stress, T, and T,, are the
room and the melting temperatures respectively and A, B, C, n and m
are the model parameters. Whereas the curve at Tger = T and under
&y = &po can be described by (A + B - &p), the effect of the temperature
and the strain rate on the curve is evaluated by m and C, respectively.
The JC model was originally proposed to predict the stress behavior
for metals subjected to large &, under high €, and at high Te.r. However,
it can also be applied for materials in which the hardening behavior
does not change significantly with &, such as aluminum or steel [51].

(7)

In addition to this, since a constant strain rate was used in the present
work, if &y is set as &p, the term (1+C- In ji() becomes equal to
unity and it is not necessary to fit the constant'C. Therefore, knowing
the stress-strain curve at a given temperature at which no transforma-
tion is expected and the yield strengths at several temperatures, it is
possible to predict the stress behavior at any other temperature as long
as all the material parameters are known.

Single hit compression tests such as the ones previously described
(Fig. 1b) were carried out, although in this case the Tqef equaled the de-
formation temperatures selected for the ausforming treatments, see
Fig. 6¢ for the curves. The parameters A and m can be obtained by fitting
the yield strength values at different Tqer. All yield strengths for this
fitting were estimated by the 0.2% offset criterion. Once A and m are
known, B and n can be determined by fitting a stress-strain curve in
which no deviations associated to strain assisted transformations are
observed (the one at 520 °C up to a 20% strain). Further details regarding
the application of the JC model can be found in reference [52] and
Table 4 includes the JC model parameters employed for the 04C3Si steel.

The stress-plastic strain curves of the 04C3Si steel can be found in
Fig. 6¢, where it is clear that from a plastic strain close to 12%, the ]JC
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curve obtained for the lowest temperature, 400 °C, no longer fits the ex-
perimental one. This is most probably because a strain induced transfor-
mation is taking place, as previously reported elsewhere [37]. Strain
induced bainite is harder than austenite so, since the moment when
some bainite is formed, the hardening coefficient of the system in-
creases. This is shown by a deflection in the curve. Because the ]JC
model has been fitted with a whole austenitic system, it cannot fit the
curve when there are other phases apart from austenite involved.

As the presence of phases transformed during the compression step
modifies the stress-strain curves, a combination of both the experimen-
tal results and the JC model was used to assess the estimation of YSrso.
Note that it has been proven that the presence of strain induced phases
could vary the average plate thickness and the hardness of microstruc-
tures obtained by ausforming treatments [37], which could alter the re-
sults given by the study.

Once the JC model was fitted, it was used to calculate the YSrs, for
the LT ausforming performed on the 04C3Si steel, without the interfer-
ence of strain induced phases. So far, the JC model has not succeeded to
fit experimental data from sequential loading experimental data
[51,53]. However, it has only been applied to predict experiments in
which temperature changed gradually [53]. The current case is different,
though, as the temperature change occurs 10 s after the sample has
been unloaded. In addition, there is a 15 s inter-pass time before the
sample is deformed again. In this way, it is made sure that the sample
is elastically recovered before the next deformation step begins.
Nemat-Nasser et al. [54] confirmed that a steel sample deformed up to
about 28% strain at room temperature, unloaded, cooled down to
lower temperatures and deformed again up to a strain equal to 52%
reached the same stress levels of a sample directly deformed up to
52% in one step at the lowest temperature. If a similar behavior is as-
sumed for the investigated steels in this work, the JC model would suc-
cessfully predict the flow behavior of austenite even though there are
temperature changes.

The validity of the above approach to predict the double hit behavior
was confirmed by using the data from the experiment in which Tqer =
520 °C, as no strengthening was detected for this condition. From
Fig. 5a it can be concluded that the model accurately fits the results ob-
tained at the MT, i.e. 520 °C, at which no phase formation was expected.
In addition to this, the predicted YSris, matches the YSr;s, estimated by
these treatments, as can be seen in Table 3. The obtained results are also
in good agreement with the results obtained by Nasser et al. [54], fur-
ther confirming that only the second deformation temperature and
the applied plastic strain affect the yield strength, i.e. applying 10% de-
formation at 520 °C and then cool down to 350 °C leads to a similar
yield strength than deforming up to 10% at 350 °C, if no strain induced
phase transformation occurs.

When austenite is firstly deformed at 400 °C, a significant work
hardening can be observed during the second deformation step, (see
Fig. 5b), which indicates that a phase transformation is taking place dur-
ing cooling and/or the second deformation step [37,44-48]. Under these
conditions, the obtained experimental output includes a combination of
the characteristics of austenite and other phases that have formed dur-
ing the experiment. For that reason, the estimated yield strength is
much higher than the predicted one, as reported in Table 3.

3.2.2. Extrapolation of methodology for 02C2Si and 477 L steels

Once the targeted YSriso has been achieved, the methodology must
be repeated for the remaining steels. Single hit tests, as indicated in
Fig. 1b, were performed in the 02C2Si and the 477 L steels to obtain
their stress-strain curves at the corresponding Tger and the results can
be found in Fig. 6a and b. The JC model was fitted for the curve obtained
at the highest temperature in both steels, in which no deviation was ob-
served. The comparison of the experimental stress — plastic strain curves
and the ones obtained by the JC model can be found in Fig. 6, where it
can be observed that, at the lowest temperature in both steels, the trans-
formation seems to start at the initial stages of the plastic regime.
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Table 4

Johnson-Cook model parameters for each steel.
Steel A /MPa B /MPa m n T, /°C T /°C
02C2Si 215.7 2650 0.8 0.80 25 1478
477 L 291.1 3899 1.0 0.82 1497
04C3SI 2824 3407 1.0 0.89

Regarding the use of the JC model for the double hit experiments, see
Fig. 1c, the model was validated for every MT case, by using random
values of g, so it was assumed it would also work for the LT case if no
strain induced transformation took place. Thus, by applying the
model, the values of ¢ needed to achieve the corresponding YSriso
were calculated. Whereas these strains to apply can be found in
Table 3, the prediction given by the JC model can be found in Fig. 5¢
and d. As can be seen in Table 3, the values predicted for the MT
ausforming are rather close to the experimental value, thus validating
the model, while the estimated yield strengths for lowest temperatures
LT ausforming are much higher than expected.

3.2.3. Estimation of the driving force decrease due to the introduction of
dislocations

As previously explained, plastically deforming austenite adds a new
driving force to consider, AGg;s. The values of AGy;; can be calculated by
Eq. (8) [40-42], where v is the Poisson ratio and has been taken as 0.27,
po and p are the dislocation densities at the yield point, i.e. before any
plastic deformation has been applied, and after the deformation has
been applied and brand pir are the Burgers vector and the shear modulus
of austenite and the corresponding temperature Tgef.

,urTbT P%—P(%)
AGygis) = Sngl—v)) (8)

Whereas the initial dislocation density has been assumed to be py =
10" m~2 [55], the final dislocation p can be calculated by Taylor's
equation - Eq. (9)-, where K = 0.3 is a constant and M = 3 is the Taylor
orientation factor [43].

omax (Tdef) = YSTdef —bef + K M p; br /p 9)

Concerning pir and by, they can be calculated by Egs. (10,11), respec-

tively, where iy = 8.1 10'° J m™3, (L—;ﬂ) (f#:;) =0.91 and by = 2.5
1071 m [56]. TEC stands for thermal expansion coefficient of austenite
(TEC = 2.07 1075 °C1 [57]).

vt () () () ®

br = bg(1 + TEC Tyer) (11)

The result of AGg;; must be converted from Pa to ] mol ~! by multi-
plying it by the molar volume at each temperature as explained some-
where else [20]. The obtained values of AGg;, besides the values of
Omax and p, are included in Table 3. It can be said that they are similar,
especially in the case of the medium temperature treatments.

3.2.4. Further considerations

Finally, some further information should be added. First, previous
simulation results have shown that low strains (lower than 20%) do
not affect significantly affect the PAGS [58]. Therefore, it can be assumed
that the PAGS are still similar for all ausforming conditions even though
samples were deformed. Second, the increase of nucleation sites due to
ausforming should be similar for all steels (considering the MT and LT
ausforming treatments separately), because PAGS are similar and the
dislocations densities are of the same order of magnitude (10" m~2),
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see Table 3. Third and last, giving the relevance that it might have on
the interpretation of the forthcoming results, it was deemed as neces-
sary to anticipate which type of phase was induced by strain during
the deformation steps. Thus, the critical temperatures describing the
ranges in which martensitic and bainitic transformations can occur in
the presence of stress or strain (Ms(o), Md*, Bs(0) and Bd*) were calcu-
lated as thoroughly explained in Ref [37]. While the Ms.(0) and Bs(0)
delimit the stress induced martensitic and bainitic transformations, re-
spectively, the Md* and the Bd* temperatures are the ones above
which no strain induced martensitic/bainitic transformations occurs
after applying a true plastic strain er_p_uax (equal to 35% in this work).
The mentioned critical temperatures are included in Table 2. As can
be observed, only the upper limit of the Bd* temperatures of the steels
02C2Si and 477 L are given, as only its growth can be studied. The effect
of plastic deformation on the bainitic nucleation, which is the most lim-
iting condition for these steels, is not studied in the literature [37]. Ac-
cording to these calculations, the selected deformation temperatures
are above Md* so martensite stress or strain induced transformations
are avoided. However, all Tger are inevitably in the range where bainite
can be stress or strain induced. Note that the formation of bainite is not
fast enough to happen during the elastic regime under continuous
straining, meaning that bainite is most likely strain induced [37].

4. Results and discussion
4.1. Results on pure isothermal and ausforming treatments

Dilatometry curves obtained during the isothermal holding in all the
studied steels reached a steady state, see Fig. 7, indicating that the trans-
formation had been completed after less than 1 h. The 04C3Si steel was
shown to be the fastest one, followed by the 02C2Si steel and the 477 L
steel, respectively. For some ausforming treatments, the longitudinal
change in length was shown to decrease with respect to time. For the
02C3Si and 04C3Si steels subjected to LT and MT ausforming, it only oc-
curred during the first 125 and 200 s, respectively. However, for the
04C3Si and 477 L steels subjected to LT ausforming, this behavior was
kept for the entire holding. Such an effect has been observed in other
ausforming treatments in which anisotropic microstructures were
found [29].

Martensitic transformation was not detected on cooling to room
temperature for the 04C3Si and 477 L steels, whereas it was detected
for the 02C2Si steel in all treatments. Martensite formation occurs
when, once the T, curve is reached, the associated carbon enrichment
is still not high enough for the austenite to be stable at room tempera-
ture. For the 02C2Si steel, the martensite volume fraction, V., was
quantified from the dilatometry curve by applying the level rule
[22,59,60] and the estimated fractions of martensite are included in
Table 5, being all of them lower than 7%.

Fig. 8-9 show the microstructures obtained after the pure isother-
mal, MT and LT ausforming treatments, respectively. Apart from the
mentioned fresh martensite, the microstructures are composed of
bainitic ferrite and austenite, see Table 5 for volume fractions of those
phases (Vqg and V,, respectively). Note that Vg was obtained by
subtracting V- from the ferrite volume fraction obtained by XRD. Re-
garding the bainitic ferrite morphology, it can be seen that, while it is al-
ways plate-like in the microstructures obtained by pure isothermal
treatments, see Fig. 8, this morphology is only observed for the two me-
dium carbon steels subjected to ausforming treatments, whereas the
microstructure obtained by ausforming in the 02C2Si steel consists of
granular bainite with some plate-like bainitic areas, see Fig. 9a and d
and Fig. 10a and d. Concerning a possible anisotropic growth, an align-
ment of the bainitic ferrite plates was observed for the low temperature
ausforming performed to the 04C3Si steel, phenomenon characteristic
of anisotropic transformations, in good agreement with the dilatometric
results [29]. This alignment is also slightly present in some regions of the
sample corresponding to MT ausforming performed on the 02C2Si steel,
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Fig. 7. Relative change in length vs. time plots obtained by treatments in Fig. 1a for the steels a) 02C2Si; b) 477 L and c¢) 04C3Si. where MT and LT stand for medium and low temperature,
respectively. d) Detail of the relative change in length vs. time plot and derivative of change in length vs. time plot corresponding to the pure isothermal treatments.

although it was not found in the sample where LT ausforming was car-
ried out on the same steel. Such effects are not so evident for the 477 L
steel, even though dilatometry suggests otherwise.

The microstructures also differ from each other in terms of austenite
block sizes, i.e. the size of the blocks of austenite which are located in be-
tween bainitic sheaves. While the microstructures obtained in the
04C3Si steel only have sub-micron blocks, the rest of the other steels
have many coarser blocks homogeneously distributed along the
microstructure.

Plate thicknesses have been measured as described in Section 2 and
their corresponding average plate thicknesses can be found in Table 5.
Note that, for the 02C2Si steel, granular bainite areas have not been con-
sidered as the stereology used in Ref. [19] only applies for plate-like fea-
tures. Fresh martensite could not be distinguished from bainitic ferrite
in the 02C2Si samples and, although its fraction was low, it might
have slightly influenced the plate thickness measurements. Note that
martensite plates or laths are usually from 200 to 500 nm thick [61].

First of all, the pure isothermal conditions were studied. Although all
microstructures are plate-like, the microstructure obtained in the
04C3Si steel is the most refined one, whereas the remaining steels mi-
crostructures are coarser. As the isothermal temperatures were selected
so that AG¥j.y, is the same for all steels and those temperatures are all

Table 5

close to each other, see Table 3. The only parameter that differs from
one sample to the other is YStiso,. When comparing the results of the
477 L and the 04C3Si steels, see Table 5, it is evident that the plate thick-
ness differences cannot be explained based on the parameters of the
current theory, as both steels have comparable Tis, and the difference
in yield strength values at the selected isothermal temperatures be-
tween both steels is only 14 MPa, as shown in Table 3.

If the variations of plate thickness are assessed from a theoretical
point of view, using the model developed by Yang et al. [8], variation
of the original model by Singh and Bhadeshia [5], the same conclusion
is made. This model's inputs are the ones already discussed, i.e. Tjs,
(in °C), AG¥, at the isothermal temperature (in J mol™!), and YSriso
(in MPa). It reads as follows:

t [nm] =222 4 0.01242 - T, +0.01785 - AGY,

chem

—0.5323 - YSpse  (4)

Note that this model does not consider the PAGS, even though some
works have shown that it affects plate thickness, as previously ex-
plained. However, there are no holistic more complete models at this
point. Results thus obtained are gathered in Table 5, where it can be
seen that, while there is a reasonably good fitting for 04C3Si, for the
other two steels, the experimental plate thicknesses are about twice

Data regarding all treatments, where Tis, and Tger stand for isothermal temperature and deformation temperature, respectively, €is the applied strain. The volume fractions of the different
phases: martensite (V.), bainitic ferrite (Vqg) and austenite (V,), besides the plate thicknesses, measured on the transverse and the longitudinal sections, tr and t;, the predicted t (PrEd.),

the austenite carbon content, C,, and the Vickers hardness (load of 10 kg, HV10).

Steel Tiso T def € Vo Vag (£3) Vy (£3) tr L Pred. t/nm Gy HV10
/°c rc /% (£1) /% /% /nm /nm (+0.06)
/% wiz

02C2Si 367 - - 3 87 10 219 +£ 9 226 £ 7 121 0.80 407 £ 3
530 16.0 7 77 16 236 £ 6 245 + 8 - 0.63 404 £ 5
410 20.0 2 88 10 218 £ 9 2344+ 9 - 0.74 403 £ 5

477 L 342 - - - 82 18 170 £ 5 187 £5 90 0.92 466 + 2
512 8.5 - 81 19 171 £ 5 173 £ 5 - 0.85 479 £ 5
392 10.5 80 20 252 £ 6 244 £+ 6 - 0.97 475 £ 5

04C3Si 350 - - - 79 21 82 +2 93 +3 80 1.07 485 + 2
520 10.0 - 76 24 101 £ 3 103 + 3 - 1.04 489 £ 5
400 10.0 - 73 27 102 + 3 96 + 2 - 1.24 487 + 1
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Transverse section

Longitudinal section

Fig. 8. Microstructures obtained after isothermally treating the samples at the corresponding Tis,, Where a), b) and c) show the transverse sections, whereas d), e) and f) show the
longitudinal sections of the 02C2Si, 477 L and 04C3Si respectively.

02C2Si 04C3Si

Transverse section

Longitudinal section

Fig. 9. Microstructures obtained after the medium temperature (MT) ausforming treatments, where a), b) and c) show the transverse sections, whereas d), ) and f) show the longitudinal
sections of the 02C2Si, 477 L and 04C3Si respectively. The deformation - 16% (a,d); 8.5% (b,e) and 10% (c,f) - has been applied vertically.
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04C3si

Fig. 10. Microstructures obtained after the low temperature (LT) ausforming treatments, where a), b) and c) show the transverse sections, whereas d), e) and f) show the longitudinal
sections of the 02C2Si, 477 L and 04C3Si respectively. The deformation - 20% (a,d); 10.5% (b,e) and 10% (c,f) - has been applied vertically.

the predicted ones, meaning that the model is not taking into account
one or several factors which are rather influent for those two steels.

When it comes to the ausforming treatments, it is evident that ap-
plying the current theory was not enough to obtain similarly refined mi-
crostructures. As can be observed, the average plate thickness values do
not vary significantly when applying ausforming. Additionally, a signif-
icant coarsening is detected in the LT ausforming sample of the 477 L
steel, most likely due to the strain induced formation of bainite during
the compression step, as anticipated above. Although the comparison
of the JC stress strain curves with the experimental curves performed
in section 3.2.2 suggest that the 02C2Si steel subjected to LT ausforming
also presented strain induced transformations, it is possible that the
formed strain induced bainite is granular bainite, which was been in-
cluded in these measurements. Note that, for the 04C3Si steel, no strain
induced transformations were detected by the comparison of the JC
stress strain curve with the experimental curve at 400 °C for a 10% strain
(they were detected for strains higher than 12%) and, although a previ-
ous study has shown that for that stage some strain induced
transformation had already started, it can be assumed that its fraction
was rather low and the average plate thickness was barely changed
by it [37].

Regarding the hardness values, in the case of the pure isothermal
treatments, it is clear that they mainly depend on the plate thickness,
as previously reported [62]. For the ausforming treatments, the
strengthening due to plastic deformation and (only for the 02C2Si
steel) the presence of fresh martensite seem to compensate the strength
loss because of the increase of austenite volume fraction and the plates
coarsening, see Table 5, as the hardness values are very similar for all
conditions in every steel regardless of which thermal and
thermomechanical treatment had been applied.

At this point, the representation of the line intercept histograms pro-
vides a valuable insight on the understanding of the topic of research of

12

this work. Fig. 11 includes box and whisker plots of the line intercepts
measured on SEM micrographs of the pure isothermal and the MT
ausforming samples. The histograms of the LT ausforming treatments
were not represented as they were altered by strain induced bainitic
transformations. These plots enable to obtain extensive information
about statistical data, such as the lower and upper quartiles, Q; and
Qs, respectively, which are represented by a box, the median, Q-.,
drawn as a line crossing through the box, the fifth and ninety-fifth per-
centiles, Ps and Pgs, illustrated by filled diamonds and the mean value,
depicted by filled squares. The end of the whisker marks off the lowest
datum within 1.5 times IQR (IQR = Q3—Q;) below Q; and the highest
datum within 1.5 times IQR above Qs.

In the analysis of the above data, it must be noted that, while the
477 L and the 02C2Si line intercepts histograms point to a normal distri-
bution behavior, the distribution looks to be less mean-centered, as in a
lognormal distribution, in the case of 04C3Si. Also, the largest interquar-
tile range (IQR = Q3—Q,) is found for the 02C2Si steel, followed by the
one for the 477 L and the 04C3Si steels. Note that, under the assumption
of isotropy, the IQR should be constant for any fixed plate thickness, as it
would only depend on stereology. Different IQR values mean that the
plate thickness values are more scattered, most likely because the
plate thickness evolves throughout the transformation and because
this evolution was not identical for all steels.

4.2. Dynamic changes of the system as the transformation progresses

At this point, and with the theory and tools at hand, we must note
that, so far, the parameters considered to study the scale of bainitic mi-
crostructures have been calculated based on the chemical composition
of the bulk. In other words, the whole system has been considered static
throughout the transformation. However, the system has been proved
to evolve as the transformation advances. It is worth noting that most
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Fig. 11. Box and whisker plots representing the line intercepts dataset measured from the transverse (T) and longitudinal (L) sections of the microstructures obtained by pure isothermal
(ISO) and medium temperature ausforming (MT) treatments in a) steel 02C2Si; b) steel 477 L and c) steel 04C3Si. The boxes are delimited by the lower and upper quartiles, Q; and Qs,
respectively, the line crossing through them is the data median, Q.. The end of the whisker marks off the lowest datum within 1.5 times IQR below Q; and the highest datum within 1.5
times IQR above Qs. The fifth and ninety-fifth percentiles, Ps and Pgs, are illustrated by filled diamonds, whereas the mean value is represented by a filled square.

of the works published so far on the topic deal with such evolution by
comparison of the beginning and end of the transformation, but not
its actual evolution as the transformation progresses [8,18].

In an attempt to put some light in this matter, the following para-
graphs depict how some of those parameters evolve during the trans-
formation, and how their evolution might affect the final scale of the
microstructure.

To begin with, we should consider the evolution of austenite carbon
content and the dislocation density, which increases as the degree of
transformation increases. First of all, as generally agreed, bainite
sheaves usually nucleate at the austenite grain boundaries and then
propagate toward the grain center by a stress-induced autocatalytic
phenomenon, i.e. individual ferrite plates nucleate at the surface of pre-
viously formed ones, not triggered by strain but by stress [10]. As the
transformation goes on, both, the austenite dislocation density and the
austenite carbon content increase [10,63,64], although they do not in-
crease homogeneously along the retained austenite. The dislocations
created to plastically accommodate the transformation strain in austen-
ite are accumulated near the ferrite/austenite interphase [65-68],
where the austenite carbon enrichment is also more pronounced
[69-74]. Therefore, the austenite surrounding a just-grown plate is
modified in several ways: a) the local driving force in that area is de-
creased (in absolute value) because of the carbon enrichment, making
the transformation less likely to happen. However, because of the intro-
duced stress state, more plates are stimulated to grow and b) the local
austenite yield strength - note that he word “local” is used so that the
term is not mistaken for the “global” yield strength of the microstruc-
ture, which would be an average along the whole specimen - is in-
creased as the local dislocation density and the local carbon content in
that region do, which in principle should imply a refinement of the sub-
sequent bainitic ferrite plates. Note that, as a result of the increase in the
local yield strength of austenite, the interface of the next plate to grow
will have to exert more tension to advance and overcome it, and
again, it is likely that the advancing interface generates even more dis-
locations than in previous stages, which in turn affects the next growing
plates. The concept of a dynamic system in continuous change as the
bainitic transformation proceeds has been also introduced by van
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Bohemen [64] when explaining why bainitic transformation is so slug-
gish in the latest stages.

Therefore, the C content of austenite, far from remaining static,
evolves from that of the bulk (right before transformation starts) to
that given by the Ty curve (end of transformation) [71,75] and, as al-
ready mentioned, this modifies the austenite strength and the driving
force for the transformation, with the consequent plate thickness varia-
tion as the transformation progresses.

In this regard, it is possible to calculate the maximum C enrichment of
the retained austenite by correlating its lattice parameter with its chemi-
cal composition by means of Dyson and Holmes [26] formulation. As
shown in Table 5, the 04C3Si steel, which shows the finest bainitic ferrite
plates, presents the highest enrichment level (C,-Cyyx, where Cpyy is the
carbon content of the bulk steel), in between 0.61 and 0.81 + 0.03 wt%, as
compared to the 477 L, with a C-enrichment of 0.45-0.57 + 0.03 wt%.
Note that, in the case of 02C2Si steel, in which martensite formation
was detected on cooling to room temperature, the C-enrichment at Tiso
should be smaller than the one obtained by XRD, which is 0.43-0.60 +
0.03 wt%. The C-enrichment differences are due to the different solute
contents in the steels, which modify the T, curve [76-78].

Another factor to consider is that a high growth rate is equivalent to
a high strain rate, which not only makes yielding more difficult but also
increases the impingements events, again affecting the plate thickness
[10]. In this regard, Fig. 7d clearly shows that the transformation kinetic
of the 04C3Si steels is far faster than that of 02C2Si and 477 L, in decreas-
ing order. If we also consider that the above-mentioned C enrichment of
austenite is superior in the former, and it is attained in a much faster
fashion than the later, we could find a lead to explain the differences
found in the plate thickness and its distribution. Note that the incuba-
tion times, shorter in the cases of the 04C3Si and 02C2Si steels, do not
affect the transformation in this matter.

This work demonstrates that the physical mechanisms laying behind
the effect of these parameters on the final microstructure need to be
clarified. This requires other tools and an independent research that
considers the dynamic character of the system as the transformation
progresses in order to promote the design of new steel grades with im-
proved properties.
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5. Conclusion

In this work, ausforming treatments were designed to obtain the
same bainitic plates thicknesses by means of yield strength and driving
force for the transformation, according to the literature. However, the
application of ausforming was not successful, because of two factors:
(1) the deformation seems to have promoted strain induced bainitic
transformations, especially at low temperatures; the presence of such
phase alters the average plate thickness; and (2) even for the
ausforming treatments in which no strain induced transformations oc-
curred, the plate did not have the same scale, showing that there may
be other parameters but the ones studied in the literature that influence
the bainitic ferrite plate thickness.

The analysis of the line intercepts data indicates that the variability
of the plate thickness is different for the three steels, suggesting that
the evolution of the local austenite conditions could play a role in the
final microstructure scale. Based on the kinetics of the transformation
and on the carbon content of austenite at the end of the transformation,
a possible explanation has been proposed to explain the different scales
of the microstructures.
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