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The microstructure evolution during hot deformation of 80MnSi8-6 nanobai-
nitic steel was investigated through hot compression tests at deformation
temperatures of 900—-1250°C and strain rates of 0.1-20 s~ . The flow curves
revealed strain-hardening behavior at the beginning of deformation followed
by softening effects caused by microstructure evolution. A Johnson—-Mehl-
Avrami-Kolmogorov (JMAK) model for grain growth and dynamic recrystal-
lization was developed, and the kinetics were determined. Critical and peak
strains were identified, and coefficients for the microstructure evolution
models were determined using linear regression. The analysis of S-curves
revealed that decreasing the temperature delays the onset of recrystallization
and that the strain rate significantly effects the recrystallization rate at lower
temperatures. Constitutive modeling and determination of the Zener—Hol-
lomon parameter allowed the determination of the influence of hot processing
conditions on material behavior during deformation. Microstructure analysis
showed that, at higher deformation temperatures, grain growth occurs
simultaneously with grain refinement. Coefficients for the JMAK model were
implemented in QForm software. Simulation results were compared with
experimental measurements exhibited good arrangement, which confirms the
accuracy of the JMAK model in predicting the microstructure evolution. This
study demonstrated how microstructure evolution modeling and FEM simu-
lations combined can be used to predict the grain size of 80MnSi8-6 steel after
hot deformation.

INTRODUCTION

The description of material behavior during hot
deformation is highly significant yet quite complex
due to the accompanying phenomena. It is possible
to distinguish the following processes: grain growth,
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work hardening (WH), dynamic recovery (DRYV),
and dynamic recrystallization (DRX).1? All these
phenomena significantly influence the flow stress
and microstructure evolution. Analyzing the flow
stress curves obtained from hot compression tests
helps in understanding the material’s behavior and
enables the identification of the occurrence of
phenomena related to microstructure evolution.
Describing the correlations between hot deforma-
tion parameters, such as temperature, strain, and
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strain rate, and the microstructural changes mostly
associated with DRX, is crucial in the design and
optimization of plastic deformation processes such
as hot forging.

In recent years, the subject of DRX kinetics has
been frequently investigated by researchers. Such
studies are important because metal alloys and
steels are sensitive not only to changes in deforma-
tion parameters but also to modifications in chem-
ical composition.>* That is why there is a high
demand for analysis of the hot deformation behavior
of metallic materials. For instance, Liu et al.’
presented a classical approach to calculating the
kinetics of recrystallization in ferritic-martensitic
steel, enriched with a model that allows for deter-
mine the average grain size of austenite and
processing maps. Guo et al.® undertook the deter-
mination of recrystallization kinetics for steels for
which no clear peak stress is observed on the flow
curves at high strain rates. This complicates the
determination of the onset of DRX. Kumar et al.”
investigated the effect of nitrogen on the recrystal-
lization kinetics of Fe-Cr-Ni-Mo steel. Calculations
based on flow stress curves and accompanying
microstructure observations after deformation
under various conditions showed that an increase
in nitrogen content reduces the critical strain for
recrystallization and changes the behavior of DRX.
This leads to the generation of more dislocations
within the grains, resulting in an increased number
of nucleation sites for new DRX grains and, conse-
quently, a finer microstructure. A great effort has
also been made to determine recrystallization kinet-
ics for materials other than steel. DRX analysis
based on flow stress curves has also been conducted
for titanium,® magnesium,9 or aluminum alloys,10
often enriched with constitutive equations.!! Deter-
mining DRX kinetics can contribute to the develop-
ment of models like the Johnson—-Mehl-Avrami—
Kolmogorov (JMAK) model.'> A well-developed
model implemented into finite element method
(FEM) software is valuable for predicting grain size
changes during plastic deformation processes, elim-
inating the need for extensive laboratory or indus-
trial tests.'® This results in financial and time
savings for companies that manufacture steel or
other metal products. However, the process is
relatively complex due to the challenging and
time-consuming optimization of correlations
between experimental results, computational anal-
ysis, and simulations, making it less frequently
undertaken.

Nanobainitic steel is a relatively new material
that has been under development since the begin-
ning of the twenty-first century. It has found
application in the production of large-sized compo-
nents that undergo prolonged cooling times and
exhibits exceptionally high strength while main-
taining plasticity. The excellent properties of nano-
bainitic steels are the result of their unique
chemical and phase composition. The high content

of carbon and silicon lowers the temperature of the
bainitic transformation, which strengthens the
austenite and makes it possible to obtain very thin
plates of bainitic ferrite. During the isothermal
holding process, nanostructured plates of bainitic
ferrite of about 50 nm in size are formed, arranged
alternately with the retained austenite.!* As a
result, nanobainitic steels have tensile strengths
as high as 2 GPa with an elongation of about 20%.
Unfortunately, obtaining bainite or nanobainite
through the austempering process is highly time-
consuming, taking up to 4 days, making its indus-
trial implementation uneconomical.’® In order to
accelerate bainitic transformation, some concepts
have been proposed to modify the chemical compo-
sition of the material. One approach involves
replacing the manganese with nickel, which,
although more expensive, has shown potential to
enhance the transformation kinetics.'” Other stud-
ies have suggested the addition of cobalt and
aluminum, along with a reduction in carbon con-
tent.'®! These solutions shorten the transforma-
tion time to 1 day, but they increase the material
cost, thus the problem of cost-effectiveness remains
unsolved. Bhadeshia®® conducted research on the
influence of the austenite state (deformed, recrys-
tallized, or fine-grained) on the bainitic transforma-
tion rate. The obtained results concerning the
effects of adding cobalt and aluminum and achiev-
ing very fine-grained austenite were promising but
still insufficient. Moreover, deformed but non-re-
crystallized austenite hindered the bainitic trans-
formation. This effect is known as the mechanical
stabilization of austenite. A very promising
approach to accelerate nanobainite formation was
presented by Garcia-Mateo et al.?' who proposed
inducing external stresses during the bainitic trans-
formation. The transformation time can be reduced
to just a few minutes by applying tensile or com-
pressive stresses, but their application during
bainite transformation in large, forged shapes can
be problematic. However, a simple way to introduce
these stresses is through torsional shear stress. This
stress state allows for the separation of volumetric
changes and plasticity induced by transformation,
providing an opportunity to understand the essence
of the Gibbs energy balance associated with
mechanical stabilization of austenite (high disloca-
tion density),?? stress-induced transformation,?
and chemical driving force.?*

The properties of high-carbon forged steels, such
as nanobainitic steels, are limited due to their
susceptibility to cracking. Therefore, accurately
defined and applied thermomechanical processing
parameters are crucial for effective forging cycle
design. This study has focused on investigating the
microstructure evolution of 80MnSi8-6 nanobainitic
steel during hot deformation. Hot compression tests
were conducted at different temperatures ranging
from 900°C to 1250°C and various strain rates
between 0.1 and 20 s~'. This range of parameters
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was chosen to ensure deformation in the austenite
range and to be able to investigate the influence of
deformation conditions on the size of prior austenite
grains (PAGs). The proposed temperatures can be
applied to the open die hot forging process under
industrial conditions. A grain growth and DRXmo-
del based on the JMAK model was developed to
describe the microstructure changes. The kinetics of
DRX were determined by analyzing the flow curves
and identifying critical and peak strain points. The
coefficients for the microstructure evolution models
were obtained through linear regression.
Microstructure analysis involved revealing the
PAGs. The JMAK model was then implemented in
QForm software, allowing for simulations that were
subsequently compared to the experimental results.
This approach facilitated the prediction of the
microstructure evolution of 80MnSi8-6 steel after
hot deformation. By understanding and accurately
predicting the microstructural changes during hot
deformation, it is possible to tailor the final grain
size, and, consequently, influence the properties of
the final product.

EXPERIMENTAL

80MnSi8-6 steel with the chemical composition
presented in Table I was used for the study. The
material was obtained through casting processes
followed by preliminary open die hot forging. To
determine the PAG size for the grain growth model,
the samples were heated to temperatures of 900°C,
1150°C, and 1250°C, held for 0 s, 30 s, 60 s, 120 s,
and 240 s, and then quenched in water. Subse-
quently, the samples were sectioned, polished, and
etched to reveal the PAG boundaries. Microstruc-
ture observations were carried out using a setup
equipped with an automated image analysis system
consisting of a NIKON X light microscope and
dedicated to metallographic stereology Metilo® soft-
ware for quantitative image analysis.?® Image
acquisition on the light microscope was performed
at magnifications of x 100, x 200, and x 500 using
bright-field techniques. To eliminate the shadow
effect, present in the recorded images, a procedure
called the correction function was applied. This
procedure allowed for the proper identification of
grain boundaries and enabled the application of
automatic image binarization, with occasional man-
ual corrections for accurate indication of the
revealed microstructural boundaries. This approach
facilitated the determination of the average

diameter of the austenite grains in the analyzed
images. Measurements were carried out based on a
series of three images for each sample.

Cylindrical samples with a diameter of 12 mm
and a height of 18 mm were cut from the investi-
gated steel for hot compression tests. The tests were
conducted using a thermo-mechanical deformation
simulator, WUMSI, at temperatures of 900°C,
1000°C, 1100°C, and 1250°C, with strain rates of
0.1s! 157! 10s7!, and 20 s~ . To minimize the
friction effect during hot deformation, the top and
bottom surfaces were covered using graphite lubri-
cant. The samples were heated up in heat-resistant
steel compression containers in a furnace to 1250°C
and held for 10 min to ensure microstructure
homogenization. Based on data from the thermo-
couples that controlled the temperature during
heating, the heating rate was determined to be
5°C/s. After reaching the desired temperature, the
samples were cooled to the desired test tempera-
ture, deformed to a strain of 1.2, then taken out of
the compression containers and quenched in water.
The hot compression test schedule is shown in
Fig. 1. After compression, the samples were cut
along the axis parallel to the compression direction.
The metallographic procedure, microstructure
observations, and grain size analysis were con-
ducted similarly to the samples for the grain
growth. Grain size measurements were performed
based on a series of three images for each sample.
The central part of the samples was the area where
microstructure observations of the investigated
steel were carried out.

The FEM simulations were conducted using com-
mercially available QForm 10.2.1 software. During
simulation, the elastic range of deformation was not
considered and deformed material was treated as an
incompressible isotropic continuum. The software
conducted computations using a structured viscous
model incorporating reinforcements. In this model,
the flow stress was determined by considering the
extent of strain, strain rate, and temperature. The
calculations also incorporated heat generated dur-
ing the deformation process. Levanov’s law*® was
employed to characterize friction in the system. To
accurately replicate the hot compression process
and material behavior, machine characteristics and
material properties such as flow stress curves,
chemical composition, as well as density, thermal
conductivity, and specific heat as a function of
temperature, were implemented in the software’s
database. To simulate the grain size change during

Table I. Chemical composition of 80MnSi8-6 steel (wt.%)

C Si Mn P

0.79 1.55 1.9 0.003 0.003

Cr Mo A% Fe

1.3 0.25 0.11 Balance
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heating and deformation, coefficients of the grain
growth model as well as static, dynamic, and meta-
DRX models based on the JMAK model were
implemented in the software. These models allowed
for the accurate prediction of grain evolution during
the hot compression process.

RESULTS AND DISCUSSION
Grain Growth Kinetics

Grain growth phenomena occur while heating
and annealing the material before deformation. It
can also take place during or after deformation if
the material is not subjected to external forces
causing deformation and if temperature is high

A deformation
holding

1250 °C

1100 °C
1000 °C
900 °C

temperature

Buouen® et

time
Fig. 1. Experimental procedure for hot compression tests.

enough. The driving force behind this process is the
reduction of grain boundary energy bg minimizing
the grain boundary area or defects.”’?® Figure 2
shows selected microstructures of the 80MnSi8-6
steel samples after annealing at temperatures of
900°C, 1150°C, and 1250°C with grain boundaries
highlighted by Metilo® software as well as corre-
sponding grain size distributions. As expected, with
an increase in temperature and annealing time, the
grain size increases. Temperature and annealing
time are crucial parameters that significantly influ-
ence the process of austenite grain growth and its
size. Proper selection of these parameters allows
achieving the desired material properties and
impacts the subsequent processing. Fernandez
et al.?® correctly noted that, as PAGs increase,
there is a reduction in the number of available
nucleation sites at the grain boundary. This will
have the effect of lowering the DRX rate and
increasing peak strain. By understanding the kinet-
ics of grain growth, it is possible to tailor the
annealing parameters to precisely control the grain
size directly before hot deformation, which affects
the final grain size. For instance, annealing at the
lowest temperature with a holding time of 30 s
(Fig. 2a) gives the same effect as annealing at
1150°C (Fig. 2¢) without any holding time. Grain
size measurement results for temperatures of
900°C, 1150°C, and 1250°C, and holding times of
0s, 30s, 60s, 120 s, and 240 s (Fig. 3, symbols)
were incorporated into the grain growth model
calculations.

The grain growth kinetics is g;enerally described
by Eq. 1, that can be written as:*°

A — e = ct (1)

where dg, is the mean grain size at the annealing
temperature and time, dj is the initial mean grain
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B 8

3
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(b1) 900°C /120
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8 8

3

200 250 300 350 400
Grain size, pm
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Fig. 2. Microstructures of 80MnSi8-6 steel after annealing at (a) 900°C/30 s, (b) 900°C/120 s, (c) 1150°C/0 s and (d) 1250°C/240 s with applied
PAG analysis results by Metilo® software and corresponding grain size distributions for each annealing conditions (a1-d1).
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Fig. 3. Comparison between experimental (symbols) and calculated
(lines) mean grain sizes after annealing.

size at ¢ = 0, mg, is the grain growth exponent, and c
is a grain growth rate constant, and can follow the
Arrhenius-type equation:

¢ = Aggexp (— %ﬁ) (2)

where A,, is a material constant, @, is the activa-
tion energy, R is the universal gas constant, and T'is
the annealing temperature. As evident from Fig. 3,
at a temperature of 900°C and at the initial time,
the austenite grain size increases to a certain value,
and then the growth rate stabilizes at a low level
with increasing time. For temperatures of 1150°C
and 1250°C, the grain size gradually grows with the
increase in time. A particularly pronounced grain
size increase is observed during annealing at
1250°C between 60 and 120 s, reaching over
125 ym. Considering the above, a combined grain
size model after annealing can be deduced, taking
into account Eqs. 1 and 2, expressed as:

1

mgg
dgg = |dy® +Agg -t - €xp (— %)} (3)
The mg, constant can be calculated by linear
regression using experimental data from quantita-
tive microstructure analysis of PAGs. In Fig. 4a the
relationship between In(dg,) versus In(f) is pre-
sented. The mean value of slope of each curve allows
the calculation of the m,, exponent, which is 3.55.
Similarly, taking the In(dg) with respect to
1000/T, the Q,, can be calculated by multiplying
the absolute value of the mean slope and R (Fig. 4b).
The mean value of grain growth activation energy is
equal to 103.7 kd/mol. By substituting the values of
mge and %’% in Eq. 3, the value of A, can be
calculated.”™*? Equation 3 was implemented in the
QForm software for calculation of the grain size

after grain growth phenomenon. The coefficients
used in the QForm software are shown in Table S8
(refer to online supplementary material).

Figure 3 presents a comparison between the
experimentally determined average grain size and
the size calculated based on the developed model.
Both the experimental data and the model indicate
that the grain growth generally follows exponential
behavior. At the temperatures of 1250°C after 60 s,
the experimental data slightly deviate from this
trend, which could signify sudden changes in the
microstructure that the model developed for the full
range of data cannot incorporate. Such a phe-
nomenon has been observed before, and many
researchers have proposed explanations. Cota
et al.®® observed rapid grain growth after dissolu-
tion of niobium carbonitrides above 1100°C in
micro-alloyed steel. Meanwhile, a similar effect
was confirmed by Zhang and Kannengiesser®* for
HSLA steel, where, above 1100°C, there was disso-
lution of niobium carbonitrides and AIN caused
accelerated austenite grain growth. Ivaniski et al.
studied grain size evolution in bainitic steel during
hot forging, and associated the rapid grain growth
at 1200°C with the dissolution of precipitates
formed by micro-alloying elements such as Ti, N,
and Al. However, carbide dissolution in the inves-
tigated steel is unlikely, since nanobainitic steels
are considered carbide-free. In addition, the high Si
content of the 80MnSi8-6 steel should effectively
block carbide precipitation and coalescence. Kro-
licka et al.?® directly excluded the effect of carbide-
forming additives on grain growth during anneal-
ing, attributing the rapid grain growth above
1100°C to the abnormal grain growth phenomenon.
As noted, in nanobainitic steels, the absence of
carbide-forming additives and the inhibition of
carbide precipitation in bainite by high Si content
results in the absence of high-melting precipitates
that could inhibit grain boundary growth. In this
case, the disappearance of obstacles hindering the
movement of grain boundaries leads to a noticeable
increase in grain size, which is reflected in the
relatively low average value of Q.. Generally, the
activation energy for grain growth in low-allogi
high-carbon steels is relatively low. Lee et al.
demonstrated that, with the increase in tempera-
ture above 1200°C, the activation energy dramati-
cally decreased. This was related to the dissolution
of carbon in the austenite, which as an interstitial
element is responsible for controlling the growth of
austenite grains. Carbon dissolved in austenite
reduces the binding energy between iron atoms,
thereby facilitating grain growth.*® Carbon also
plays an important role in grain boundary segrega-
tion, which can be an inhibitor of the DRX process.>’
Additionally segregation of carbon to austenite
grain boundaries strongly influences the subse-
quent formation of bainite.?’ Therefore, the phe-
nomenon of grain growth involves several
mechanisms operating simultaneously, which are
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Fig. 4. The relationship between (a) In(dyg)— In(t) and (b) In(dye)—1000/T.

also linked to complex diffusion processes. As evi-
denced by the study findings, the determining factor
affecting the size of PAGs is primarily temperature,
followed by the duration of exposure.

Flow Curves

The true stress—strain curves of 80MnSi8-6 steel
deformed at different temperatures and strain rates
are presented in Fig. 5. To accurately determine the
true stress during the hot compression test, correc-
tions considering the influence of frictional force
and adiabatic heating must be applied. These
necessary corrections were calculated during the
development of the flow stress curves using the
Hensel-Spittel method and the Siebel equation.*!*
Material data, such as the friction coefficient during
hot deformation, the density, and the thermal
conductivity of the investigated material, were used
during the curve correction process to accurately
determine the true flow stress.

The flow curves demonstrate that the 80MnSi8-6
steel exhibits typical strain rate and temperature
sensitivity. The flow stress increases rapidly during
the initial stages of deformation, which is associated
with the generation and accumulation of disloca-
tions at the grain boundaries, which is known as
WH. This state remains until reaching the peak
strain (¢,), where the highest stress, known as peak
stress (o,), is observed. The peak stress is more
pronounced at lower deformation temperatures or
higher deformation rates. It was also observed that,
for the investigated steel, both peak strain and
related peak stress occur relatively late. Subse-
quently, with further increase of strain, there is a
decrease in stress as high-temperature microstruc-
ture evolution mechanisms such as DRV and DRX
(known as deformation softening effects) occur
simultaneously, counteracting the effects of the
WH. The DRV is activated even before the stress

curve reaches peak stress, resulting in a slowing
down of the stress increase before ¢, is reached.
DRX leads to the annihilation of dislocations and
the nucleation of new grains. The last stage is the
steady-state flow, during which the material flows
at a constant stress, and the effects related to WH
and deformation softening reach an equilibrium
state. At this stage, the material exhibits stable flow
behavior, characterized by a constant flow stress, as
the effects of WH and deformation softening balance
each other out. For temperatures of 1100°C and
1250°C at low strain rates (0.1 s and 1 s71), the
flow curves reach equilibrium relatively early, that
is, already at a strain equal to 0.4. For temperatures
of 900°C and 1000°C, such an effect is evident only
for strain rates of 0.1 s™1. Regardless of the defor-
mation temperature, for high strain rates (10 s !
and 20 s™Y), a continuous decrease in flow stress
with increasing strain is evident. Only for the two
highest temperatures is a stabilization above a
strain of 1.0 apparent.

DRX Kinetics

The development of DRX kinetics requires accu-
rate determination of characteristic points on the
flow stress curve, such as critical stress o¢., peak
stress o,, saturation stress g;, and steady-state
stress og. These characteristic stress values can be
determined from the flow curve by calculating the
derivative using:*?

do
& @

where 0 represents the WH rate and is the deriva-
tive of the flow stress curve. Figure 6a shows
exemplary 0 curves as a function of ¢ at the
temperature of 1000°C and different strain rates.
To start with, the value of 0 decreases rapidly due to
the occurrence of the DRV at the beginning of

0
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Fig. 5. Stress—strain curves of 80MnSi8-6 steel samples deformed at temperatures of (a) 900°C, (b) 1000°C, (c) 1100°C, and (d) 1250°C.
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plastic deformation. At the point of the first distinct
inflection of the curve, the critical point occurs,
where the softening rate increases, indicating the
initiation of the DRX. This critical point is indicated
as o.. To accurately determine the characteristic o,
value, the double differentiation of the work

hardening rate 0 method was used with respect to
stress, as described by Eq. 5,** while an exemplary
curve is shown in Fig. 6b:

%0

0=,

(5)
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If DRX does not occur, and the only softening
mechanism is DRV, the 0 curve behaves as it is
schematically shown by the dashed line in Fig. 6a
for a strain rate of 20 s '. Extrapolating the dashed
line to a value of 0 allows for the determination of o.
Then, when 0 = 0, the flow stress curve reaches the
peak stress (g,). Afterward, the WH rate reaches a
minimum and starts to rise again until it reaches 0,
which is the point where a balance between WH,
DRV, and DRX is achieved. At this point, steady-
state flow (o) is reached.

Based on the behavior of the studied material
during the hot deformation, a universal deformation
scheme and the accompanying phenomena can be
developed, as shown in Fig. 6¢. Stage I begins at the
start of deformation and lasts until the critical
strain, &, is reached. The increase in flow stress is
associated with WH, and, towards the end of this
stage, the WH rate decreases, and sub-grains begin
to form, indicating the occurrence of DRV. Stage II
is associated with the onset of DRX. The flow stress
significantly decreases, and nucleation and growth
of new grains occur, with substantial amounts of
dislocations being absorbed. In Stage III, the state
of equilibrium is achieved, and the material flows at
a constant flow stress.

Knowing the deformation softening scheme, it is
possible to determine the volume faction of the DRX
based on Eq. 6 and calculate the strain value for
50% recrystallization ¢ 5:

Xpnx = Ao _ OG-0 (6)

Os — Oss Os — Oss

The kinetics of DRX are commonly described
using the so-called S-curves, which represent the
volume of recrystallized grains as a function of time,
or, in the case of a constant strain rate, as a function
of strain. The fraction of recrystallized grain volume
can be expressed using a modified Avrami
equation:*®

k
Xprx = 1 —exp <—ﬁ(855_f08 ) ) (7)

where f equals In(1 — X509 ), which is 0.693. Taking
the logarithm of both sides, Eq. 8 can be obtained,
and, using values calculated by Eq. 7, the & value
can be obtained as shown in Fig. 7. The mean slope
value of In(¢—e¢.)—In (—In(1/(1 — Xpgx)) for differ-
ent deformation conditions was 3.5.

In(—In(1 — Xprx)) :1n0.693+k1n(88808 ) (8)
0.5 — ¢c¢

Substituting the known value of ¢ and the
determined material constants into Eq. 7 allows
for the development of DRX curves, as shown in
Fig. 8. Regardless of the temperature and strain
rate, all the DRX kinetics curves exhibit a typical S-
shaped profile. With increasing strain, the volume
fraction of DRX grains increases and, depending on

the deformation parameters, reaches a value of 1 or
close to it, which corresponds to steady-state flow.
This state represents an equilibrium between accu-
mulated dislocations and their annihilation associ-
ated with the nucleation of new grains. Taking the
deformation parameters into consideration, the
behavior of DRX during hot deformation can be
considered in two different manners by taking into
account the influence of temperature or of strain
rate. In Fig. 8a, the influence of temperature on the
degree of recrystallization of the investigated steel
during deformation at a strain rate of 0.1 s~* can be
seen. A typical relationship is observed where the
critical strain for recrystallization decreases with
increasing temperature, resulting in a faster recrys-
tallization rate. It can also be observed that the S-
curves are clearly divided into two groups. The
recrystallization at temperatures of 900°C and
1000°C occurs at similar rates and noticeably later
than for temperatures of 1100°C and 1250°C. Also,
for these higher temperatures, a similar rate of
recrystallization proceeding at a strain rate of
0.1 s7! is evident. Thus, it can be assumed that
1100°C is the critical temperature for microstruc-
tural changes during the processing of the investi-
gated steel. Similar conclusions were drawn from
the analysis of grain growth kinetics, where increas-
ing the annealing temperature to 1100°C increased
the grain growth rate. Figure 8b shows S-curves at
the strain rate of 20 s ! for different temperatures,
from which it can be seen that an increase in the
strain rate reduced the effect of temperature on
recrystallization. Regardless of the temperature at
this strain rate, the material recrystallizes at a
similar rate. What is important is that it was also
observed that the recrystallization for a strain rate
of 20 s~ is not complete while for a strain value of
1.2 it is about 90 %, and, for a strain rate of 0.1 s~ !
for each temperature, basically complete recrystal-
lization was observed.

In Fig. 8¢ and d, the influence of strain rate on
DRX behavior at a constant temperature has been
analyzed. In this case, depending on the deforma-
tion temperature, two different material responses
to the increase in strain rate were observed. At low
temperatures, the DRX rate is faster at high strain
rates, and it decreases with decreasing strain rate.
An opposite trend is observed at the highest tem-
perature of 1250°C, where the DRX rate decreases
with increasing strain rate. The analysis of Fig. 8
indicates that combinations of the strain rate and
temperature parameters have a complex influence
on the DRX process. At lower temperatures, the
material is more sensitive to strain rate, and the
energy delivered for the nucleation of new grains
due to high strain rate has a greater significance
than temperature. On the other hand, high temper-
ature and prolonged exposure to it cause DRX to
occur earlier even at low strain rates, as typically
observed in other steels.*® Similar behavior was
observed by Mandal et al.*” who studied the DRX
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behavior of 316L steel with elevated nitrogen con-
tent during hot deformation, particularly focusing
on strain rate. They demonstrated that strain rate
has a complex influence on DRX kinetics during
deformation and categorized its influence into two
fundamental domains: low strain rate values and
high strain rate values. Based on EBSD analysis,
they demonstrated that, for high strain rates, the
dislocation density is higher in samples deformed at
higher strain rates due to the greater energy stored
in those samples. Similar conclusions were reached
by Jiang et al.*®* who studied nickel-based alloy
617B. In this alloy, the DRX rate also accelerates at
both low and high strain rates. It was observed that
higher strain rates generate more energy and
dislocation density, which promote DRX nucleation.

Additionally, the earlier investigation of the flow
curves revealed that both ¢, and ¢, occur relatively
late, regardless of the applied deformation param-
eters, which also corresponds with the DRX rate
analysis. The reason for this may lie in the large

grain size resulting from the annealing process
before deformation. The nucleation sites for new
DRX grains are grain boundaries where energy
accumulates due to the piling up of dislocations
during deformation. If the austenite grain is large,
it is evident that there are fewer grain boundaries
available for nucleation of new DRX grains, result-
ing in a slower recrystallization rate.

There is a widely accepted concept that thermally
activated stored energy, developed during the hot
deformation process, governs softening mechanisms
such as DRX. The key material parameter is the
activation energy of DRX, which defines the critical
conditions for initiating this process. Several empir-
ical equations have been presented in the literature
to determine the activation energy in the hot
deformation of metals and to analyze their behavior.
In particular, the commonly used Arrhenius equa-
tion introduces the Zener—Hollomon parameter (Z)
as a measure of the influence of temperature and
strain rate on material behavior during deformation
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(Eq. 9).*° The nature of the flow in the investigated
material and the relationship between deformation
conditions and high-temperature deformation acti-
vation energy can be described using:

Z = texp (1%) 9)

¢ = A[sinh(a0)]"exp (—%) (10)

where ¢ is strain the rate, T is the deformation
temperature (K), ¢ is the flow stress, @ is the
deformation activation energy, R is the universal
gas constant (8.314 J/mol K), and A and « equal to f§
divided by n; and n, respectively, are material

constants. So, the relationship between yield stress
and Z can be expressed as:

Z = Alsinh(o0)]" (11)

This equation refers to the entire range of stress
values and reveals an approximate hyperbolic rela-
tionship between Z and the flow stress. Applying the
approach based on the hyperbolic sine function in
the Arrhenius-type equation leads to a better fit
between the yield stress and Z. This approach is
also more universal and effective when applied
across a wide range of stresses.’® The material
constants at true strain value can be calculated

from:
e (aalglai,)T (12)
Olnég
b= ( dop )T (13)
Olnég
" <8ln(sinh(ocop))>T (14)
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Then, to estimate the material’s susceptibility
to initiation of DRX, the deformation activation
energy @ needs to be determined for a value of ¢,
using:

dln(sinh(xap))
a(L/T)

Applying linear regression to the relationships
between Iné — Ino (Fig. 9a), Iné — g, (Fig. 9b), and
Iné—1In|[sinh(o0,)] (Fig. 9c) as functions of defor-
mation temperature allows the obtaining of the
material constants, n, f, and n;. Meanwhile, the
linear relationship between Insinh(s,)—1/T
(Fig. 9d) at different deformation rates enables the
calculation of the activation energy. Taking the
mean value of all the slopes and multiplying by the
gas constant, R, and the calculated n gives an
average activation energy value of 372.1 kdJ/mol.
This energy must be overcome during deformation
for nucleation and growth of new grains to occur.
Given the values of A, o, n, and @, Eq. 10 for the
80MnSi8-6 nanobainitic steel can be expressed as:

i =205
x 10" [sinh (0, 008460, )]***exp (

Q:R~n-’ (15)

&

372100
RT

(16)

The calculated average value of energy for &, is
higher than the lattice self-diffusion activation
energy of austenite, which is 270 kJ/mol.*! The
impact on the activation energy value of deforma-
tion can be influenced by deformation parameters
and the strain value. Mohamadizadeh et al.?? pre-
sented 3D activation energy maps over a wide range
of temperature, strain rate, and strain value for a
steel with similar carbon content. They demon-
strated, among other findings, that, as deformation
increases, the value of @ also increases, and the
temperature has the most significant influence on
the activation energy. In particular, with an
increase in temperature, the value of @ decreases.
Similarly, Zhao et al.’® presented results related to
activation energy values at different ranges of
strain rates for low and medium carbon steels with
micro-alloyed vanadium. They observed that, at
higher carbon content, there is a noticeable differ-
ence in @ values between deformation in the range
of =0.01-1s ' and & =10-30s ' (292.3 kJ/mol
and 475.0 kd/mol, respectively).

Additionally, due to its relatively high carbon
content, the investigated steel can be considered as
high-carbon steel. Elwazri et al.’* studied the
recrystallization kinetics of high-carbon steel with
micro-additions. They found that, with an increase
in ¢,, the activation energy slightly increased with
carbon content, but their obtained values still
remained close to the lattice self-diffusion activation
energy of austenite. Therefore, the high activation
energy was also influenced by other alloying

elements, such as vanadium, chromium, molybde-
num, or manganese, as demonstrated in various
studies.?5456

Average Grain Size After DRX

In order to accurately predict the grain size
evolution after deformation through FEM simula-
tions, it is necessary to establish a model for the
austenite grain size after DRX. For this purpose, a
modified JMAK model was considered, which is
incorporated into the QForm software, and can be
expressed as Eq. 17:

dons = Ady i exp (2] (17)
RT

where dprx is the grain size after DRX, d is the
initial grain size, ¢ is the strain rate, @y is the
activation energy, R is the universal gas constant, T
is the temperature, and A,, L.y, and M,,; are
material constants which have been determined
through linear regression, considering the grain
size determined based on microstructure observa-
tions after deformation on the WUMSI simulator
and rapid quenching in water. These coefficients
were used during simulation of the hot compression
test in the QForm software. Figure 10 presents
selected microstructures with revealed PAGs.
Microstructure measurements were conducted in
the central section area of the sample after defor-
mation, in a plane parallel to the deformation
direction. Additionally, one sample was subjected
to heat treatment according to the scheme in Fig. 1,
but, instead of immediate deformation, it was
quenched in water in order to determine the grain
size just before deformation, which amounted to
526 ym, consistent with observations during
annealing tests. Microstructure observation and
the results of grain size analysis of samples after
deformation showed that grain refinement occurred,
regardless of the applied parameters. With increas-
ing deformation temperature, the grain size was
also larger, indicating that grain growth was also
one of the mechanisms of microstructure evolution
during deformation. It was also observed that, at a
constant temperature, the deformation rate had no
significant influence on the grain size. Therefore,
the temperature was the decisive factor affecting
the final grain size after deformation. Proper selec-
tion of temperature and deformation rate allows for
controlling the grain size. For instance, deformation
at 900°C and a rate of 20 s~ ! gives a similar grain
size as deformation at 1000°C and a rate of 10 s~ 1.

Grain Size Prediction by FEM Simulations

The verification of developed models of grain
growth, recrystallization kinetics, and grain size
after DRX was conducted based on FEM simula-
tions of hot forging, replicating the plastometric
tests. To describe the behavior of the investigated
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Fig. 10. Microstructures after hot deformation at (a) 900°C/20 s, (b) 1000°C/10 s~", (c) 1100°C/1 s, and (d) 1250°C/0.1 s~ ' with applied

PAG analysis results by Metilo® software.

material, flow curves were introduced into the
QForm software, developed from hot compression
tests, as well as the thermal characteristics of the
materials determined within the range of the hot
processing temperature of the studied steel. In
addition to the previously described microstructure
evolution models, the critical strain model, which
was developed based on flow curves, was also
implemented into the QForm material database.
Furthermore, metadynamic recrystallization (MRX)
and static recrystallization (SRX) model coefficients,
along with model coefficients for average grain size
after SRX or MRX, were implemented into the
QForm material database, as these phenomena
were identified to have a significant impact on grain
size following deformation. In Tables S1-S8 in the
online supplementary material, all the coefficients
that have been implemented into the QFrom soft-
ware database regarding the microstructure evolu-
tion of the examined steel are summarized, along
with the corresponding equations. Due to the simple
geometry of the sample, a 2D axisymmetric process
was simulated. The sample had a diameter of
10 mm and a height of 18 mm and was deformed
to a strain value of 1.2. The simulation was con-
ducted at a constant ambient and tool temperature,
which was equal to the deformation temperature of
the material in the given simulation variant. The
implemented tool speed replicated the displacement
characteristics at a constant strain rate. Since, in
the actual process, the samples were heated in steel
containers in an external furnace, and then

removed from the containers and cooled in water,
which takes a certain amount of time, 5 s of holding
before and 10 s after the compression during the
simulation were added to each. A friction factor of
0.4 was assumed between the material and the
tools, corresponding to the use of a graphite
lubricant.

Figures 11 and 12 show exemplary simulation
results for two combinations of hot forging param-
eters: 1000°C temperature and 10 s~ ! strain rate,
and 1250°C temperature and 0.1 s~ ! strain rate.
The distribution of strain intensity (Figs. 11a and
12a) is typical for hot compression tests, regardless
of the applied parameter combination. In both cases,
the occurrence of strain inhomogeneity is observed.
The highest intensity is noted at the center of the
sample cross-section, and lower intensities are
observed at the surfaces in contact with the tools,
which is naturally a consequence of friction between
the material and the tools. The distributions of
strain intensity between the two considered vari-
ants differ only slightly, mainly due to the different
strain rates and deformation temperatures.

In cross-sectional areas where the strain intensity
was low, recrystallization occurred to a small extent
or not at all, if the required critical strain was not
exceeded (Figs. 11b and 12b). In the center of the
sample cross-sections, the high strain value resulted
in near 100% DRX fraction. Additionally, the dis-
tribution of grain size is closely linked to the
distribution of DRX fraction. As expected, where a
higher percentage of DRX occurred, the grain size
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was finer. It can be observed that, for the temper- forging (Figs. 11e and 12e) and covered a broader
ature of 1000°C, the DRX fraction reached a higher range (Figs. 11b and 12b), which resulted in a more
value compared to the 1250°C temperature of uniform  distribution of the dynamically
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recrystallized fraction and grain size over the cross-
section of the sample. For a temperature of 1250°C,
a higher intensity of material flow is seen in the
middle part of the sample, and a lower intensity is
seen at the point of contact between the material
and the tool.

The cross-sectional views of the numerically
calculated austenitic microstructure after complete
recrystallization following hot compression at
1000°C and a strain rate of 10 s, as well as at
1250°C and a strain rate of 0.1 s~1, are shown in
Figs. 11c and 12¢c, respectively. By comparing the
obtained grain size from the measurement point
located at the center of the cross-section of the
forged sample, in a plane parallel to the direction of
forging, with the results of the experimental mea-
surements, it can be concluded that the simulation
is in good agreement with the experiment. For
variant 1250°C/0.1 s™!, during the simulation, a
grain size value of 177.8 ym was recorded at the
measurement point, whereas the experimental
measurement showed a value of 164.0 um. On the
other hand, for variant 1000°C/10 s™!, an even
better agreement was achieved. Simulation results
at the measurement point revealed a grain size of
123.7 ym compared to 124.6 ym, determined from
microstructure observations. In addition, Figs. 11d
and 12d show the distributions of grain size on the
section after hot compression simulation. It can be
seen that in both the considered cases the grain
distribution is relatively uniform and in agreement
with the determined grain size at the measuring
point. This is because the DRX covered most of the
volume of the sample, excluding the areas near the
contact surface with the tool. Figure 13 shows a
comparison of the simulation and experimental test

results for all combinations of hot compression
parameters. Considering all 16 investigated simu-
lation variants, the average percentage error in
grain size was 8.3 + 5.4%.

The developed models for the microstructure
evolution of 80MnSi8-6 steel, implemented into
FEM software, were successfully verified through
a comparison of simulation results with the analysis
of the grain size of the samples after hot compres-
sion tests. Industrial hot deformation processes of
steel are commonly carried out at the temperature
of stable austenite. Therefore, the austenite grain
size plays a crucial role in tailoring the strength
properties of the final product. Understanding the
kinetics of evolution in the microstructure during
hot deformation and the ability to control the
austenite grain size are invaluable assets for indus-
trial partners producing steel products. Modeling
hot deformation processes with simultaneous simu-
lation of grain size changes allows for time and cost
savings for industrial companies when implement-
ing the processing of new materials or optimizing
previously designed technologies. With knowledge
of microstructure evolution models, it is possible to
replace time-consuming and costly laboratory and
technological trials using FEM simulations.

The presented results can be valuable for indus-
tries producing products not only from nanobainitic
steels but also from high-carbon alloy steels. The
developed models can be successfully applied to
simulate more complex hot deformation processes of
the investigated steel and grades of similar chem-
ical composition under various temperature condi-
tions and applied strain rates.
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CONCLUSION

The effects of deformation parameters on the
microstructure evolution behavior in 80MnSi8-6 steel
were investigated at temperatures of 900-1250°C and
strain rates of 0.1-20 s !. The Arrhenius equation
was developed based on the true stress—strain curves.
Grain growth and DRX kinetic models were devel-
oped, as well as grain size after the DRX model and
verified by FEM simulations of the compression tests.
The following conclusions were drawn:

(1) The microstructures of 80MnSi8-6 steel an-
nealed at different temperatures show an
increase in grain size with temperature and
annealing time. The modeled grain growth
kinetics for different austenitizing tempera-
tures and times were in agreement with exper-
imental data, except for holding at 1250°C
where an intense grain growth was observed.

(2) The flow curves demonstrate that the investi-
gated material exhibits typical strain rate and
temperature sensitivity. Based on them, it was
possible to develop a constitutive equation for
the examined  steel, expressed as:
i = 2.05 x 10™[sinh(0,008460,) |-

, as well as a DRX model known as the S-type
relationship, which was later used in the FEM
simulations.

(3) Analysis of the S-curves showed that lowering
the temperature delays the onset of recrystal-
lization, increasing the required critical strain.
On the other hand, higher temperatures result
in faster recrystallization due to a lower critical
strain. At lower temperatures, the strain rate
significantly influences the DRX rate, where
energy delivered by high strain rates outweighs
the influence of temperature. At higher tem-
peratures, DRX occurs earlier even at low
strain rates due to increased energy and dislo-
cation density.

(4) Microstructure observations after deformation
confirm that grain refinement occurred
regardless of the applied parameters. Higher
deformation temperatures resulted in larger
grain sizes, indicating simultaneous grain
growth. Modification of deformation tempera-
ture has a greater effect on the final grain size
than change in the strain rate.

(5) Developed models for grain growth, recrystal-
lization kinetics, and grain size after DRX
were validated using FEM simulations of hot
compression, replicating laboratory plastomet-
ric tests. Grain size distribution for all combi-
nations of deformation parameters were
calculated using FEM. Comparison of com-
puted grain size with experimental measure-
ments showed good agreement, and the
average percentage error was 8.3 + 5.4%.
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