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Abstract

The paper mainly focuses on calculating and comparing a mathematical model of the de-
formation behaviour at high temperatures. Analysis of the high-temperature plastic behaviour
of lean medium-manganese steel 0.2C3Mn1.5Si was carried out in the temperature range of
900–1200◦C and the deformation rate in the range of 0.01–10 s−1 to the maximum value of the
true strain 0.8. Microstructural changes were observed using light optical microscopy (LOM)
and scanning electron microscopy (SEM). The effect of hot deformation temperature on true
stress, peak stress, and the true strain was evaluated using the flow curves. Based on these
results, transformations in steel were discussed from the dynamic recovery and recrystallisa-
tion point of view. Furthermore, a present model, taking into account the Zener-Hollomon
parameter, was applied to predict the true stress and strain over a wide range of temperatures
and strain rates. Using constitutive equations, material parameters and activation energy for
the investigated steel could be derived. Results demonstrate the use of the model for lean
medium-Mn quenching and partitioning steel (Q&P) compositions in hot deformation appli-
cations with acceptable accuracy.

K e y w o r d s: deformation curve, hot deformation, microstructure, manganese, true strain,
true stress

1. Introduction

The present paper deals with the use of dilatome-
try to determine the deformation resistance of lean
medium-manganese steels and points to its depen-
dence on the deformation rate and the deformation
temperature. In 2003, Speer et al. [1] first proposed
an approach designated as the Q&P process to exploit
novel martensitic steels containing retained austenite
(Q&P steel), based on the fact that carbon can dif-
fuse from supersaturated martensite into neighbour-
ing untransformed austenite and stabilise it to room
temperature. Early investigations also proposed a cor-
responding thermodynamic model for Q&P steel and
its heat treatment, which is now referred to as con-
strained carbon equilibrium [2]. Many researchers [3–
10] have investigated the relationship between prop-
erties and microstructures of Q&P steels subjected to
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various heat treatments and showed that the ultra-
high strength of Q&P steel results from martensite
laths, while its good ductility is attributed to TRIP-
-assisted behaviour of retained austenite during defor-
mation. De Moor et al. [11] examined the stability of
retained austenite and showed that the TRIP effect
occurs in Q&P steels, thereby effectively contributing
to the significant strain hardening. Santofimia et al.
[12] and Takahama et al. [13] analysed microstruc-
tural evolution during annealing by using a model
considering the influence of martensite–austenite in-
terface migration on the kinetics of carbon partition-
ing and indicated that different interface mobilities
lead to profound differences in the evolution of mi-
crostructures during the partitioning process. In ad-
dition, processing opportunities for Q&P steels were
discussed by Matlock and Speer [14] and Thomas et
al. [15, 16] based on the considerations in the appli-
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Ta b l e 1. Chemical composition of the 0.2C3Mn1.5Si examined steel (wt.%)

Element C Mn Si P S Al

Min 0.195 2.95 1.45 – – –
Max 0.205 3.05 1.55 0.01 0.005 0.05
Spectral analysis 0.196 2.96 1.46 0.007 0.001 0.04

cation of the Q&P concept to automotive AHSS pro-
duction.
Standard medium-manganese alloyed steels with

Mn content between 3 to 12 wt.% belong to the 3rd
generation of advanced high strength steels used in
the automotive industry. The microstructure of the
steels consists of metastable retained austenite (about
30 vol.%) in the ferritic matrix. Metastable retained
austenite transforms to martensite during forming
processes of the components for the automotive in-
dustry, such as deep drawing. This mechanism, well
known as the TRIP (Transformation Induced Plastic-
ity) effect, results in an excellent combination of me-
chanical properties where the conjunction of tensile
strength Rm and elongation A80 commonly exceeds
30 000MPa%. These steels are designed to produce
high strength automotive components with very com-
plex shapes produced by deep-drawing, as are pillars
and reinforcements with a purpose to protect passen-
gers during possible car collisions.
Lean medium-Mn steels are a subgroup of medium-

-Mn steels with a reduced Mn content from 3
to 4.5 wt.% and carbon content limited to about
0.2 wt.%. Standard medium manganese steels are
treated by intercritical annealing to achieve 70 vol.%
of ferrite and 30 vol.% of retained austenite in the fi-
nal microstructure. However, heat treatment of lean
medium Mn steel is based on a different process named
Q&P, consisting of quenching and following partition-
ing of carbon from martensite to retained austenite.
These steels are still in the laboratory develop-

ment phase. Q&P process consists of the following
basic steps: The steel is subjected to cold working
and then heated to a temperature in a stable austen-
ite area (above Ac3 line). After some holding period
on that temperature (annealing temperature – Tan),
very fast quenching occurs to the temperature below
Ms, resulting in microstructures consisting of a high
fraction of martensite and retained austenite (TQ –
Tquech). The next step is reheating the steel up to the
partitioning temperature (above Ms) and holding a
certain period on this temperature. By this partition-
ing temperature (T -partitioning), the carbon can be
redistributed from martensite to austenite. As a re-
sult of TP, the martensite is tempered, and austen-
ite becomes enriched in carbon. Therefore, the final
structure consists of about 10–15 vol.% of metastable
retained austenite, which allows the TRIP effect to
be triggered by deformation-induced transformation

of the austenite to martensite. Then, the final mecha-
nical properties of such treated steel are as follows:
tensile strength above 1100MPa and higher elonga-
tions than conventional quenched and tempered steels
(Q&T).
These steels will be used due to their high strength

and good elongations in the near future, mainly as the
side and anti-intrusion car body reinforcement struc-
tures (A, B, and C pillars, fenders, etc.) [17].
The primary purpose of the present paper is to

investigate the impact of the hot working parameters
such as temperature and deformation rate on the flow
curves and material parameters of 0.2C3Mn1.5Si steel.
In addition, the influence of these parameters on the
microstructural evolution during hot deformation is
thoroughly investigated.

2. Material and methods

The base material used in the present experiments
is a lean medium-manganese Q&P steel 0.2C3Mn1.5Si
foreseen to be used primarily in the automobile indus-
try. The chemical composition of experimental sam-
ples was verified by a spectral analyser Q4 TASMAN,
and it is presented in Table 1. The microstructure
and mechanical properties of the cold-rolled steel sub-
jected to the final Q&P heat treatment are thoroughly
described in [18].
The base material was cast into 80 kg of ingot un-

der laboratory conditions in a medium frequency fur-
nace; the ingot dimensions were 80× 120× 1000mm3,
followed by hot rolling to a final thickness of 6 mm.
Dilatometer DIL805A/D is a laboratory device used
to measure and record dilatation curves or to mea-
sure hot deformation resistance. Therefore, it is well
designed for the physical modelling of hot forming
processes [19–22]. An experimental sample of the pre-
scribed shape and dimensions of ø 5 × 10mm2 from
the as hot rolled condition is inserted into the work-
ing chamber between two ceramic jaws. An actual
measurement consisted of heating the samples us-
ing the induction coil to the desired temperature
at the heating rate 1◦C s−1, followed by holding at
the desired deformation temperature in the range
of 900–1200◦C for 30min. Upon completion of the
soaking stage, the sample was subsequently com-
pressed by a hydraulic cylinder using the desired de-
formation rate in the range of 0.01–10 s−1. The en-
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Fig. 1. True stress-strain curves of high-strength steel 0.2C3Mn1.5Si under different strain rates: (a) ε̇ = 0.01 s−1, (b) ε̇ =
0.1 s−1, (c) ε̇ = 1 s−1, and (d) ε̇ = 10 s−1.

tire heating and deformation process took place in
a vacuum of 5–10 millibar. After the deformation
stage, each sample was cooled at 50◦C s−1 by an
inert gas (He). The cooling rate of all samples af-
ter deformation was set to 20◦C s−1. Based on the
force required to overcome the deformation resistance
of the sample, we created the resulting true stress-
true strain high-temperature flow curves for each
tested combination of temperature and strain rate.
The microstructure of each sample was evaluated us-
ing LOM. The samples were etched by a 3% Nital
etchant.
A different approach was used to prepare the sam-

ples for grain size measurement. The quenched spec-
imens after deformation were sliced along the axial
section. The sections were polished and etched in a
solution of picric acid (5 g) + H2O (100ml) + HCl
(2 ml) + benzene sulfonic acid (2 g) at 50◦C for 3–
4min. Then, the optical micrographs were recorded in
the centre region of the samples using a metalloscope,
and the average recrystallised grain size of specimens
was measured using the software Image-Pro Plus, ac-
cording to the line interception method described in
ASTM E112-96 standards.

3. Results

3.1. True stress-strain behaviour and
microstructure of 0.2C3Mn1.5Si steel

The flow curves of lean medium-manganese of
0.2C3Mn1.5Si steel at different temperatures and
strain rates are displayed in Fig. 1. All curves show a
rapid increase in the flow stress due to a pronounced
work hardening in the first phase of compression [23,
24]. It is also noticeable that the flow stress decreases
with an increase in temperature or a decrease in defor-
mation rate due to a dynamic recovery (DRV). This
effect was also observed in [25]. All curves have sin-
gle peak stress in the range of 0 to 0.9 deformations,
resulting from dynamic recrystallisation (DRX). The
peak stresses were obtained for all flow curves in a
deformation range of 0.1–0.3. When peak stress is
reached, true stress decreases with increasing deforma-
tion due to softening mechanisms [26]. In the case of
higher temperatures (1100–1200◦C), it can be stated
that there has been reached a balance between soften-
ing and hardening mechanisms, and the steady-state
stress has been achieved from deformations above 0.5.
Moreover, in a temperature range of 900–1000◦C in
the deformation’s region of about 0.6–0.7, the harden-
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Fig. 2a–h. Microstructure of specimens obtained by LOM and SEM: temperature of 900◦C, strain rate of 0.01 s−1 – (a)
LOM, (b) SEM; temperature of 900◦C, strain rate of 10 s−1 – (c) LOM, (d) SEM; temperature of 1000◦C, strain rate of
0.01 s−1 (near the outer surface) – (e) LOM, (f) SEM; temperature of 1000◦C, strain rate of 10 s−1 – (g) LOM, (h) SEM.

ing mechanism again begins to prevail, resulting in a
slight rise of the flow curves.
The microstructure of the selected samples refers

to the limiting temperature conditions and the de-
formation rates in Fig. 2. All microstructures contain
tempered martensite formed upon final cooling. Obvi-
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Fig. 2i–p. Microstructure of specimens obtained by LOM and SEM: temperature of 1100◦C, strain rate of 0.01 s−1 – (i)
LOM, (j) SEM; temperature of 1100◦C, strain rate of 10 s−1 – (k) LOM, (l) SEM; temperature of 1200◦C, strain rate of

0.01 s−1 – (m) LOM, (n) SEM; temperature of 1200◦C, strain rate of 10 s−1 – (o) LOM, (p) SEM.

ously, with increasing deformation rate and decreasing
deformation temperature, the microstructure tends to
refine and vice versa. The refinement at lower tempe-

ratures and higher deformation rates is a consequence
of the DRX process confirmed by quantitative analy-
sis of grain size. This holds for both primary austenite
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grains size as well as the bath size of tempered marten-
site.

3.2. Constitutive modelling

The Arrhenius equation, a phenomenological ap-
proach, was used to predict the constitutive equation
[27, 28], which gives the flow stress and strain at dif-
ferent temperatures and expresses the Z parameter,
known as the Zener-Hollomon parameter [29]. The Z
parameter represents the temperature compensated
strain rate, which has been widely used to characterise
the behaviour of materials in hot working [30]. The Z
parameter is formulated as:

Z = ε̇ exp

(
− Q

RGT

)
, (1)

where ε̇ is the strain rate, T is the temperature in
K, RG is the gas constant (R = 8.314 Jmol−1 K−1),
and Q is the activation energy. The strain rate can be
expressed:

ε̇ = AF (σ) exp

(
− G

RGT

)
, (2)

where

F (σ) =

⎧⎨
⎩

σn′
(ασ < 0.8),

exp (βσ) For all σ,
[sinh (ασ)]n (ασ > 1.2),

(3)

where A, n′, β, α, and n are the material constants.
These constants can be directly determined from ex-
perimental data obtained by the hot compression test.
The following section will give the calculation proce-
dure to obtain the material constants for the peak
stress. For the low flow stress level (ασ < 0.8) and the
high-stress level (ασ > 1.2), the relationship between
the flow stress and strain rate can be expressed as the
power-law and exponential law of F (σ) in Eq. (2), re-
spectively. Thus, the correlation between low and high
stress can be as follows:

ε̇ = Bσn′
(for ασ < 0.8), (4)

ε̇ = B′ exp (βσ) (for ασ > 1.2), (5)

where B and B’ are material constants independent of
the deformation temperature. After logarithmization
in the Eqs. (4) and (5) one obtains:

ln (σ) =
1
n′ ln (ε̇)−

1
n′ ln (B) , (6)

σ =
1
β
ln (ε̇)− 1

β
ln (B′) . (7)

Fig. 3. (a) Relationship between ln(σ) and ln (ε̇) for deriva-
tion of n′ parameter, (b) relationship between σ vs ln (ε̇)

for the derivation of the β parameter.

Based on Eqs. (6) and (7), it is possible to de-
termine the parameters n′ and β from the graphical
dependences ln(σ) vs ln (ε̇) and σ vs ln (ε̇), substitut-
ing for the stress values the peak stress values of the
respective strain rates and temperatures. Then, the
parameters will be defined as:

n′ =
[
∂ ln ε̇
∂ lnσ

]
T

, (8)

β =

[
∂ ln ε̇
∂σ

]
T

. (9)

The value of the parameter n′ is obtained as the re-
ciprocal value of the slope in the ln(σ) vs ln (ε̇) plot
(Fig. 3a) and the parameter β as the reciprocal value
of the slope in the σ vs ln (ε̇) plot (Fig. 3b). It is obvi-
ous from the graphical dependences that the respec-
tive points can be linearly fitted, whereby fitting the
lines for individual temperatures have a similar slope.
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Fig. 4. (a) Relationship between ln [sinh (ασ)] vs ln (ε̇)
for obtaining n parameter, (b) relationship between
ln [sinh (ασ)] vs 1000/T for obtaining Q parameter.

Subsequently, the mean peak stress values will be de-
termined as the average values of the slopes, which
are supposed to be temperature independent, namely
n′ = 7.534 ± 0.5589 and β = 0.07878 ± 0.00651. Con-
sequently, the α parameter is α = β/n′ = 0.0105.
For all stress levels (low and high), Eq. (2) can be

represented as follows:

ε̇ = A [sinh (ασ)]n exp

(
− Q

RGT

)
. (10)

By logarithmization the Eq. (10), the following equa-
tion can be obtained:

ln [sinh (ασ)] =
ln ε̇
n
+

G

nRGT
− lnA

n
. (11)

By differentiating the Eq. (11) at a constant tem-
perature, it can be written:

1
n
=

[
∂ ln [sinh (ασ)]

∂ ln (ε̇)

]
, (12)

where the value of n is again determined as the recip-
rocal value of the average values of the slopes of the
linear fitting in the graphical dependence ln [sinh (ασ)]
vs ln (ε̇) for each temperature (Fig. 4a), and its value
is n = 3.9 with a standard error of 0.018. According to
Eq. (10), for given deformation rates, it is possible to
construct the graphical dependences ln [sinh (ασ)] vs
1000/T (Fig. 4b). The slopes of the individual linear
fittings formQ/RGn values, and thus the hot deforma-
tion activation energy values Q can be determined. Its
average value is 300.88 kJmol−1. For comparison, in
the study of Choudhary [31], the energy for austenitic
stainless steel was determined to be Q = 206 kJmol−1,

and for the magnesium alloy in the study of Dong [32],
the value was Q = 156.14 kJ mol−1. Krbata et al. [33]
derived Q = 305.84 kJmol−1 for X153CrMoV12 high
strength steel activation energies that were associated
with the peak stress.
From this graphical dependence ln [sinh (ασ)] vs

ln (ε̇), the parameter lnA can also be derived from
the intercept of the linear fitting according to:

lnA =
Q

RGT
+

C′

n
, (13)

where parameter C′ represents the intercepts of the
linear fitting for each temperature. Using this ap-
proach, the lnA parameter for the respective tempera-
ture is obtained, and their mean value is lnA = 24.85.
Subsequently, using Eq. (1), the peak flow stress value
can be expressed taking into consideration Eq. (10):

σp =
1
α

⎧⎪⎪⎨
⎪⎪⎩

⎛
⎝ ε̇ exp

(
Q

RGT

)
A

⎞
⎠

1
n

+

⎡
⎢⎣
⎛
⎝ ε̇ exp

(
f3(ε)
RGT

)
A

⎞
⎠

2
n

+1

⎤
⎥⎦
1
2
⎫⎪⎪⎬
⎪⎪⎭

.

(14)
Similar to the material parameters for peak stres-

ses, these parameters can also be determined for the
entire strain range. In this case, all of the parameters
were calculated for the strain from 0.1 to 0.8 with the
step of 0.05. To predict the flow stress over a wide
range of temperatures and strains, it is necessary to
interpolate the obtained values by a specific contin-
uous function. Strain-dependent material parameters
are often translated by a polynomial curve of a cer-
tain degree [34–36]. To select the polynomial degree
correctly, we fitted obtained points by the polynomi-
als from the 2nd to 7th order, and based on the quality
of fitting, represented by the coefficient of determina-
tion R2, the final decision for an appropriate equation
selection could be made. The polynomial of 3rd or-
der is sufficient to correctly determine the α, n, Q,
and A parameters since at higher polynomial, the fit-
ting accuracy increased negligibly. Finally, the mate-
rial parameters can be expressed using the following



386 M. Krbaťa et al. / Kovove Mater. 59 2021 379–390

Fig. 5. Material parameter dependence in full range of strain, (a) parameter α, (b) parameter n, (c) parameter Q, and (d)
parameter ln A.

equations (15)–(18):

α = D0 +D1ε+D2ε
2 +D3ε

3, (15)

n = E0 + E1ε+ E2ε
2 + E3ε

3, (16)

Q = F0 + F1ε+ F2ε
2 + F3ε

3, (17)

lnA = G0 +G1ε+G2ε
2 +G3ε

3. (18)

In Fig. 5, it can be seen the evolution of individual
material parameters depending on the true strain in
the range from 0.1 to 0.8. It is evident from the polyno-
mial fitting that the strain has a significant influence
on the evolution of the parameters and when predict-
ing the true stress during hot deformation, it is neces-
sary to use the functional dependence of these param-
eters, not just a specific value. After determining the
material parameters using functional equations, it is
possible to express the Arrhenius equation (Eq. (14))
for different strain and temperature values as follows:

σ =
1

f1 (ε)

⎛
⎝ ε̇ exp

(
f3(ε)
RGT

)
exp [f4 (ε)]

⎞
⎠

1
f2(ε)

+

+
1

f1 (ε)

⎡
⎢⎣
⎛
⎝ ε̇ exp

(
f3(ε)
RGT

)
exp [f4 (ε)]

⎞
⎠

2
f2(ε)

+ 1

⎤
⎥⎦
1
2

, (19)

where the values of fi (ε) (i = 1, 2, 3, 4) represent
the individual polynomial functions of the material
parameters depending on the applied strain.

3.3. Grain size measurement

Light microscopy has been selected to observe mi-
crostructure evolution for all used deformation pa-
rameters. Figures 6a,b show the microstructure of
0.2C3Mn1.5Si steel deformed at a constant strain rate
of 1 s−1 and the temperature of 900 and 1200◦C. For
the increased deformation temperature of 1200◦C, the
growth of the grains turned to be easier. As shown
in Fig. 6b, big grains were formed, and tiny grains
between the grain boundaries were observed, which
indicated the growth of recrystallised grains. It was
pointed that because recrystallisation activation en-
ergy increased with deformation temperature, dislo-
cation motion and crystal slip were promoted, which
enhanced grain-boundary migration, facilitating nu-



M. Krbaťa et al. / Kovove Mater. 59 2021 379–390 387

Ta b l e 2. Average dynamic recrystallisation grain size (µm)

Temperature (◦C) 0.01 s−1 0.1 s−1 1 s−1 10 s−1

900 13.43 8.51 5.73 3.96
1000 25.76 19.73 11.88 8.64
1100 48.76 36.58 22.92 16.28
1200 84.24 62.69 39.11 32.66

Fig. 6. Microstructure of 5CrNiMoV steel with strain rate 1 s−1 etched for grain size observation: (a) T = 900◦C and (b)
T = 1200◦C.

Fig. 7. Comparison between measured and predicted flow stresses of 0.2C3Mn1.5Si steel, (a) ε̇ = 0.01 s−1, (b) ε̇ = 0.1 s−1,
(c) ε̇ = 1 s−1, and (d) ε̇ = 10 s−1.

cleation and growth of DRX grains [37]. In summary,
although it was possible to cause incomplete recrys-
tallisation by reducing the temperature of hot de-
formation or increasing the strain rate, it showed a

favourable impact on grain refinement when complete
recrystallisation occurred.
It was observed that the total DRX grain size

usually increased with the increase of the deforma-
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tion temperature or the decrease of the strain rate.
The average dynamic recrystallisation grain size of
5CrNiMoV steel at different deformation conditions
was measured by the quantitative metallography
method according to the ASTM E112-96 standard.
The measured results are listed in Table 2. The av-
erage grain size of dynamic recrystallisation depends
on the deformation temperature and the strain rate.

4. Discussion

A comparison of the measured data with the data
obtained by the constitutive model is shown in Fig. 7.
The present comparison was carried out for the de-
formation rates from 0.01 to 10 s−1 and deformation
temperatures from 900 to 1200◦C. It is clear that at
a strain rate of 0.01 s−1, the difference between the
measured and predicted data is minimal. In other con-
ditions, the experimental and predicted data are in
relatively good agreement.
For an overall assessment of the applicability of

the given constitutive model for 0.2C3Mn1.5Si steel,
the coefficient of determination R2 and MAPE (Mean
Absolute Average Error) were calculated for the flow
stress values at all deformation rates and tempera-
tures. Statistic parameter MAPE is calculated by the
equation:

MAPE =
1
N

N∑
i=1

∣∣∣∣σE − σM
σE

∣∣∣∣× 100, (20)

where N is the data number, σE and σM are exper-
imental and predicted flow stress, respectively. The
correlation dependence between measured and pre-
dicted flow stress is shown in Fig. 8. The values of the
R2 and MAPE are 0.905 and 19.06%, respectively.
The value of the coefficient of determination shows
that the prediction of stress values by the constitu-
tive model is at an acceptable level. The value of the
MAPE parameter also, according to [38], speaks of
a good to sufficient quality of prediction by the pre-
sented model.
As shown, the above procedure for obtaining mate-

rial constants into the constitutive model based on
the Zener-Hollomon parameter can also be used in
the case of high-strength steel 0.2C3Mn1.5Si. This
model can predict flow stress in a relatively large range
of deformation rates and temperatures. The bound-
aries where the model already shows large differences
with experimental data are very low deformation rates
(≈ 0.01 s−1) or large deformation rates (≈ 10 s−1) at
deformation temperatures of about 900◦C. This may
be related to the fact that these parameters do not
cause any structural changes in the materials. There-
fore, it can be said that this model is better suited

Fig. 8. The correlation between predicted and measured
flow stresses for all measurements.

in cases where the materials undergo microstructural
changes.
The flow curves of the investigated material gen-

erally exhibit signs of DRX with a broad peak that
is different to the plateau, characteristic of a material
that undergoes only dynamic recovery. This was also
confirmed by the microstructural examination of this
material, where coarse martensitic laths were formed
in a temperature range from 1000–1200◦C after cool-
ing, as opposed to significant grain refinement at a
lower temperature of 900◦C.
Variations and inaccuracies were caused by the in-

accuracy of the model itself, the linear fitting of the
material constants. The change in material structure
also significantly impacts the stress-strain relationship
as a function of the grain size [39]. In other areas of
deformation and temperature, the model is relatively
well correlated with experimental data, thus determin-
ing the interval at which the model is applicable. An-
other indicator of the suitability of the model for this
material is that the material parameters could be ap-
proximated by the polynomial function of the 3rd or
the 5th order, respectively, while in other works, poly-
nomial functions of the 6th or the 7th order must be
applied.

5. Conclusions

In this work, deformation analysis of high strength
lean-manganese Q&P steel 0.2C3Mn1.5Si at high tem-
perature was investigated at deformation tempera-
tures from 900 to 1200◦C and strain rates from 0.01
to 10 s−1. Constructed flow curves were evaluated us-
ing a constitutive model based on the Zener-Hollomon
parameters.
The following conclusions can be drawn from the

present work:
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1. 0.2C3Mn1.5Si steel exhibits DRX with single
peak stress in the entire range of temperatures and
deformation rates. A typical flow stress curve with
DRX is more recognisable at higher temperatures and
lower strain rates, and the flow stress level increases
with increasing strain rate and decreasing deforma-
tion temperature. When peak stress is reached, soft-
ening mechanisms start to prevail, which, at higher
deformation temperatures, is balanced with the hard-
ening mechanisms. Finally, the steady-state stress sta-
bilises the flow stress. In the case of lower tempera-
tures, where the peak stress is also significant, there
is also a significant DRX process in play. Therefore, a
significantly refined structure could be observed using
the LOM technique.
2. With the constitutive model and flow curves, it

is possible to obtain material parameters and thus pre-
dict true stress and strain behaviour in a wide range
of temperatures and deformation rates. Material pa-
rameters can be obtained by polynomial fitting of the
3rd and 5th order, respectively, preserving a particular
physical meaning of the parameters while maintaining
relative mathematical simplicity.
3. The derived hot deformation activation energy

Q = 300.88 kJ mol−1 falls well into the range of the
hot deformation activation energies known from other
high strength steel. Also, the measured activation en-
ergy value is close to the self-diffusion activation en-
ergy of iron (285 kJmol−1), which supports the dom-
inancy of the DRX mechanism in terms of activation
energy as well.
4. The flow stress prediction using the above proce-

dure is in acceptable agreement with the experimen-
tal flow stress patterns as the correlation in Fig. 8
between experimental versus predicted flow stress in-
dividual values has shown. Such a result, along with a
graphical comparison of predicted and measured flow
stress curves, allows the use of a constitutive model to
predict the flow curves during hot deformation (e.g.,
hot rolling) for these types of high strength steel.
5. Quantitative microscopy results indicated that

DRX was the primary mechanism of work soften-
ing for steels during large deformation, and austenite
grains were significantly refined by reducing the tem-
perature of hot deformation or increasing the strain
rate when complete recrystallisation occurred.
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