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Abstract: In order to study the microstructure evolution and flow stress behavior of as cast an-
tibacterial austenitic stainless steel containing 1.52 wt.% copper, Gleeble 3800 was used for thermal
compression simulation test. Through OM and EBSD analysis, it is found that the dynamic recrystal-
lization mechanism of thermal deformation is mainly discontinuous dynamic recrystallization. With
the increase of deformation temperature and deformation rate, the proportion of recrystallization
nucleation gradually increases. The growth of twins relies on recrystallization and, at the same time,
promotes dynamic recrystallization. Considering the influence of strain on flow stress, the strain
compensation Arrhenius model is established according to the obtained stress-strain curve, and
high accuracy is obtained. The correlation coefficient and average relative absolute error are 0.979
and 7.066% respectively. These results provide basic guidance for the technology of microstructure
control and excellent mechanical properties of antibacterial stainless steel.

Keywords: austenitic stainless steel; dynamic recrystallization; hot compression; hot deformation be-
havior

1. Introduction

Antibacterial stainless steels are widely used for artificial joints, kitchen tableware,
food industry, heart stent and so on [1,2]. Compared with light metals, Cu bearing an-
tibacterial stainless steel is a kind of most frequently applied antibacterial stainless steels,
mainly due to its excellent combination of good mechanical properties, exceptional durable
performances, and manufacturing process [3–6]. Cu precipitation is the key to obtain
antimicrobial ability of stainless steel. Some related works [7] indicated there were Cu
precipitations observed in the antibacterial stainless steels by transmission electron mi-
croscopy. The mean size of Cu precipitations appeared especially small, with the content
of Cu in the chemical composition is as high as 80%. Moreover, the addition of Cu can
prevent recovery and recrystallization softening and suppress grain growing up for the
pinning effect by forming ε-Cu phase. Cu ions dissolved from the surface of stainless
steel can destroy the protein structure in bacteria, inhibit the replication of bacterial DNA
and the synthesis of related proteins/enzymes, destroy the metabolic activities in bacteria,
make bacteria inactive and lead to bacterial death [8]. Therefore, the bactericidal rate
increases with the increase of Cu content, and the killing time decreases with the increase
of Cu content. However, “Cu embrittlement” will happen when the Cu content is over
0.35 wt.%, which can restrict the industrial production of antibacterial stainless-steel [9].
It is well known that deformation behavior of the steels greatly relies on various factors
in hot working [10–16]. Proper Cu content is still controversial for the favorable thermal
deformation behavior because the thermal deformation behavior is different for different
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Cu contents. Therefore, the deformation behavior of steel with Cu addition is needed to be
studied.

When the Cu content of 0.5~4 wt.% is added to stainless steel, good antibacterial
properties can be obtained after heat treatment. At present, the hot working of antibacterial
austenitic stainless steel (3.6 wt.% Cu and 2.42 wt.% Cu) has been studied in the literature,
the constitutive equation has been established, and the microstructure change law of hot
working has been analyzed [17–19]. However, there are few studies on economical antibac-
terial austenite stainless steel with low Cu content. Thermal deformation is an important
way to explore its forming properties, and the constitutive model can better reflect its
rheological behavior. In addition, with the increase in research on the hot deformation
behavior of austenitic stainless steels with different copper content, machine learning has
made major breakthroughs in materials, and the application of these technologies is of
great significance for optimizing the copper ratio [20–24].

It has been widely confirmed that thermomechanical processing is an effective tech-
nology to control microstructure and obtain excellent mechanical properties by optimizing
thermal deformation parameters, such as temperature and strain rate. Therefore, a system-
atic work of 304 L stainless steel with 1.52 wt.% Cu- under various processing conditions
have been conducted. In addition, the microstructure and flow stress curves will be
investigated based on the microstructure characterization and constitutive equation.

2. Experimental

The tested material consisted of components as given in Table 1, which is electro-slag
remelted stainless steel ingots with 1.52 wt.% Cu addition. Compression samples are made
into round bars, 10 mm in diameter and 15 mm in length. Thermal simulation tests were
carried out with a compression deformation of 50% using Gleeble 3800 (DSI, Tucker, GA,
USA). Heat the sample at 10 ◦C/s to 1250 ◦C and hold it for 5 min, then separately cooled to
900~1150 ◦C (at 50 ◦C intervals), followed by loading at corresponding strain rates (0.01, 0.1,
1, 2.5, 5, 10, 20 s−1), finally arrived at room temperature with a drop speed of 50 ◦C/s (as
shown in Figure 1). Microstructural observations were performed using the Zeiss optical
microscope (OM) and the electron backscatter diffraction (EBSD) (Oxford, UK). Corrosion
of OM samples were performed by 10% oxalic acid after standard mechanical polishing.
Electropolishing of EBSD samples with perchloric acid alcohol were implemented.

Table 1. Chemical composition (wt.%) of Cu bearing antiseptic stainless steel.

C Si Mn P S Cr Ni Cu

0.003 0.44 1.54 0.009 0.001 18.05 8.50 1.52
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3. Results and Discussions
3.1. Microstructure

Figure 2 exhibits the microstructure of Cu bearing-antiseptic stainless steel as a func-
tion of deformation temperature. At 900 ◦C, the microstructure presented an elongated
feature, and the recrystal grains were hardly found (Figure 2a). Lots of recrystal grain
appears at the original grain boundary at 1000 ◦C, which indicates the occurrence of dy-
namic recrystallization (DRX) (Figure 2b). A large number of annealing twins and equiaxed
grains existed at 1100 ◦C, which may be related to the reason that the higher deformation
temperatures increase grain boundary migration ability and promote not only nucleating
but also growing up of dynamic recrystallisation [25].
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Figure 2. Microstructures of austenitic stainless steel with 1.52 wt. % Cu at 0.01 s−1 for different deformation temperatures
(a) 900 ◦C; (b) 1000 ◦C; (c) 1100 ◦C.

From Figure 3, the increase in the deformation rate leads to more recrystallized grains
and enhanced grain refinement at 1000 ◦C. The grain size presents uneven when the
deformation rate is 1 s−1. From Figure 3b, the increase of dislocation density, driving
force of DRX, and recrystallization nucleation position will result in grain refinement.
These factors affect the formation of more twins simultaneously [26]. A majority of the
recrystallization grains comprises twins at high rate, as shown in Figure 3c. According to
previous studies, higher energy storage will be generated at high rate, which promotes the
nucleation of twins and the rapid expansion of DRX region [27].
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(b) 2.5 s−1; (c) 10 s−1.

Figure 4 further shows the microstructure evolution of EBSD. The grain boundaries
present serrated feature, which will become the potential nucleation sites at low temper-
atures. It can be seen the nucleation and recrystallization take place at original grains
boundaries, from the enlarged Figure 4a. At 1150 ◦C, most of the grain boundaries have
not only recrystallized grains but also containing twins, and the grains grow significantly,
as shown in Figure 4b. According to EBSD statistical results (Figure 5), the proportion of
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the twins is higher with the increase of the strain rates. M. Azarbarmas [28] also reported
that twins emerged in the course of recrystallized grains growing up.
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Figure 5. The fraction of recrystallized, substructured, deformed microstructure and twin of austenitic stainless steel with
Cu-1.52% in different condition.

Based on the results presented in Figure 4c, it is obviously the nucleation driving force
is small because of the higher temperature (1100 ◦C) and lower strain rate (0.01 s−1), and
the deformed grain reaches to 44.20%, but the degree of recrystallization is only 30.00%
(Figure 5). As the strain rate increases up to 10 s−1 (Figure 4d), the dislocation density and
driving force are higher, and the degree of recrystallization increase up to 35.10%. However,
the recrystallization nucleation is less, and the fine recrystallization grains appears due
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to the short deformation time. In addition, recrystallization grain appeared at higher
temperature. The proportion of twins were higher since deformation temperatures and
strain rates rise (Figure 5). The energy of the growing grain boundaries is reduced by twins.
The twinning can adjust the orientation of the grains and release the energy storage in
the alloy, which stimulates more new slip systems. In addition, the twins can promote
DRX, and consume deformation stores energy. Therefore, the twins can make the grains
refinement and increase the ductility of the alloy [29].

The internal orientation is relatively simple at the low strain rates during thermal
deformation, and most of orientations are <001> and <101>, which are agreement with the
previous studies [18]. As shown in Figure 4b–d, the deformation texture occurs with the
recrystallization texture simultaneously. The grain orientation changes gradually with the
occurrence of DRX. Twins and the microstructure interior distributed randomly. Finally,
most of the banded grains are mainly <101> orientation.

The sub-grain boundary transition can be investigated by analyzing the orientation
difference using EBSD, and then the recrystallization deformation mechanism can be
studied. It can be seen from Figure 6a, when the temperature is 900 ◦C and the strain rate
is 0.01 s−1, the value of average orientation difference is 12.5◦. The orientation difference is
mainly concentrated between 0~15◦ and distributed continuously. It can be inferred that
most of the microstructures are sub-grain boundaries. It is well known that the deformation
mechanism of austenitic steel is mainly dislocation slip [30]. At low strain rate, the grains
are mainly composed of sub-grains with small angle grain boundaries and a variety of
dislocation structures.
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During the classic continuous DRX, the sub-boundary will transform into a large-
angle interface under a certain accumulation of deformation through increasing orientation
difference [31]. The misorientation distribution displays as a typical bimodal type <10◦

and 50~60◦ with increase of deformation temperature from 1100 ◦C to 1150 ◦C, therefore
the dominant recrystallization mechanism is discontinuous dynamic recrystallization. The
atom diffusion ability and crystal boundary migration sharply increase with the increase in
temperatures. The growth of recrystallization grains leads to the increase in the difference
of the orientation of large-angle grain boundaries (Figure 6b–d). The increase in strain rate
increases the distortion energy at 1000 ◦C. Therefore, the twins increase and the proportion
of 60◦ orientation difference increases from 0.1% to 0.19% for the 304 stainless steel, with a
lower stacking-fault energy.

3.2. The Deformation Behaviors during Hot Deformation
3.2.1. Effect of Recrystallization on Deformation Behavior

It can be seen from Figure 7 that the stainless steel under test exhibits work hardening
firstly and then softening during hot compression deformation. The dislocation density
increases at the initial deformation stage. At this stage, the samples exhibit obvious work-
hardening, and flow stress increases rapidly. Then flow stress increase slowly, which may
be related to the increased internal energy. The dislocations rearrangement occurs to some
degree and produces sub-crystals, resulting in the slower enhancement of dislocation
density and the increasement of dynamic recovery (DRV) softening.
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Figure 7. The stress-strain curves of antimicrobial austenitic stainless steel with Cu-1.52% for different temperatures during
hot compression (a) 0.01 s−1, (b) 5 s−1, (c) 10 s−1.

The rapid recrystallization nucleation of a material with a lower dislocation energy
hardly happens. The stage, shown in Figure 7, is mainly work hardening with the softening
mechanism of dynamic recovery, such as 900 ◦C/0.01 s−1, and rheological stress keeps
increasing when strain enhances in this stage. The other parts of curve present a small peak
and the material undergoes dynamic recrystallization and softening behavior. The curve
tends to be horizontal when the offset is achieved between softening and work hardening
behavior. For example, it can be deduced that the curves for 1100 ◦C/0.01 s−1 show
complete recrystallization and the equiaxed microstructures are uniformly distributed.
Atomic motion is accelerated with deformation temperatures rising at a certain strain
rate, and which can cause the flow stress and peak stress decrease with the increases in
temperature. The atomic heat activation energy increases with the increase in temperature,
which will promote the slip and climbing of dislocation. In addition, the stress reaches the
peak quickly with increase in strain rate in Figure 7. Softening and offset of the deformation
resistance cannot be fully carried out due to the time famine for dynamic recrystallization
and recovery. The stress is higher due to the longer time continuous work hardening
after stabilization. The rheological curves exhibit typical dynamic recovery features at
high strain rates. Based on the statistical chart shown in Figure 5, it can be seen that
the recrystallization is only 30% at low strain rate. The driving force and position of
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recrystallization nucleation increase with strain rate, which result in an increase in grain
recrystallization degree from 30.00% to 35.10%.

Normally, DRV benefits the hot working performance in a particular range of pro-
cessing parameters during thermal deformation [32,33], and so is DRX. The strain rates
were preset to be at the range of 0.01~20 s−1 in the experiments. Equations (1) and (2) are
usually used to calculate the temperature rise caused by deformation [34].

∆T =
(
0.95η/ρCp

)∫ ε

0
σdε (1)

η = (0.316)lg
·
ε + 0.95 (2)

where, Cp stands for the specific heat, and its value is selected according to the published
papers [35]; η is the thermal efficiency, obtained by Equation (2) [36]; ρ is 7.94 g/mm3, the
density of the material.

The heat transformation changes from isothermal to adiabatic during the thermal
deformation and the increase of equivalent strain rate will affect the flow stress. The
deformation heat effect cannot be ignored.

The contour of temperature rise at different rates and temperatures is given in
Figure 8a. The value of temperature rises when the temperature increases and the stress
decreases. The rheological curves cannot require any correction for the neglect of adiabatic
heating due to long-term deformation at lower strain rates [37,38]. The maximum value
of temperature rises from 1 ◦C to 24 ◦C. The difference between the measured value and
the isotherm caused by the rapid increase of deformation heat research maximum at a
high strain rate. Therefore, the stress-strain curves are corrected when strain rates are
greater than 1 s−1. Then, the constant value (σ2) in T0 + ∆T has been used to represent the
uncorrected value (σ1) in T0. The correction can be seen from the fitted line (Figure 9b),
and the stress value can be expressed by Equation (3) [36].

σ2(T0)
∣∣∣
ε
·
ε
≈ σ1(T0)

∣∣∣
ε
·
ε
− σ′2(T0)

∣∣∣
ε
·
ε
∆T (3)
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Figure 9. The corrected true strain-strain curves of antimicrobial austenitic stainless steel with Cu-1.52% at different
temperatures (a) 5 s−1, (b) 10 s−1.

The curves of true stress-strain of antibacterial stainless-steel with 1.52 wt. % Cu
during thermal simulation compression process by using various temperatures have been
available at Figure 9. Flow stress curves (dotted lines in the Figure 9) are obtained based
on the above formula. Apparently, the deformation temperature has important effects on
the flow stress, especially for high-rate thermal deformation.

3.2.2. Hot Deformation Constitutive Equation

There are many factors that affect the thermal deformation behavior of metal materials.
Among various flow stress curve equations, the classical Arrhenius relation is in good
agreement with the flow stress behavior of Cu bearing stainless steel [39,40]:

•
ε = A[sinh(ασ)]n exp(−Q/RT) (4)

Z =
.
ε exp

(
Q
RT

)
= A[sinh(ασ)]n (5)

In the formula, the activation energy of hot deformation is expressed by the let-
ter Q (kJ/mol); α, A are the material factors; R represents a universal gas constant
(8.314 J/(mol·K)); n is called stress exponent; Zener-Hollomon parameter (z) is temperature
dependent and compensates for the strain rate factor, independent of α. Substituting the
two sides of Equation (5):

ln
[
sinh

(
ασp
)]

=
1
n

ln
.
ε +

Q
nRT

− ln A
n

(6)

Multiply linear regression was performed to analyze the peak stress data of the true
stress-strain curves when strain rates changing and various temperatures, which was
measured by the least squares method, and α was 0.00998. As shown in Figure 10a, the
slope calculated by plotting ln[sinh(ασP)] remains unchanged with temperature variations,
in addition, Z and the peak stress increases with the enhancement of strain rates step by
step (Figure 10c). As shown in Figure 10b, the peak stress increases when deformation
temperature decreasing. The average slope and intercept were obtained from the linear
regression lines, and n = 6.56, Q = 421635.0315 J/mol, A = 1.27 × 1016, respectively. There-
fore, based on the above data, the constitutive equation for austenitic stainless steel with
1.52% Cu addition can be expressed as the following equations:
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•
ε = 1.27× 1016[sinh(0.00998σ)]6.56 exp

(
−421635.0315

RT

)
(7)

Z =
•
ε exp

(
421635.0315

RT

)
= 1.27× 1016[sinh(0.00998σ)]6.56 (8)

Equation (7) can be rewritten as a hyperbolic sine function equation:

σ =
1

0.00998
ln


(

Z
1.27× 1016

) 1
6.56

+

[(
Z

1.27× 1016

) 2
6.56

+ 1

] 1
2

 (9)

However, the above equation does not consider the effect of strain on flow stress
during high-temperature deformation. To better predict the flow stress of the material
in this study, a constitutive equation is established every 0.1 strain in the 0.1–0.9 strain,
and the α, n, Q and lnA under different strains are calculated. Assuming that the material
constant and thermal activation energy are based on the polynomial functions of strain, the
five-order polynomial fitting shows better accuracy through polynomial fitting. The fitting
of each parameter is shown in Figure 11. It is found that α, n, Q and lnA exhibit obvious
changes to different strains. The coefficients of the polynomial function Equation (10) are
shown in Table 2. 

σ = 1
α ln

( Z
A

) 1
n
+

[(
Z
A

) 2
n
+ 1
] 1

2


Z =

•
ε exp

(
Q
RT

)
α = a0 + a1ε + a2ε2 + a3ε3 + a4ε4 + a5ε5

n = n0 + n1ε + n2ε2 + n3ε3 + n4ε4 + n5ε5

Q = Q0 + Q1ε + Q2ε2 + Q3ε3 + Q4ε4 + Q5ε5

ln A = A0 + A1ε + A2ε2 + A3ε3 + A4ε4 + A5ε5

(10)

Table 2. Coefficients of the polynomial equations in Equation (10).

α n Q LnA

a0 0.01364 n0 7.20089 Q0 177857.4301 A0 16.31829
a1 −0.03141 n1 −2.7189 Q1 3009200 A1 257.78717
a2 0.13479 n2 −3.13846 Q2 −15454900 A2 −1333.17329
a3 −0.3247 n3 16.2329 Q3 37634900 A3 3256.41102
a4 0.39356 n4 −12.16705 Q4 −43657000 A4 −3771.69205
a5 −0.18333 n5 −2.17917 Q5 19264800 A5 1656.975
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Figure 12 shows the experimental and predicted values of flow stress under different
deformation conditions. It can be found that the predicted values are in good agreement
with the experimental values. The correlation coefficient (R) and the average absolute
relative error (AARE) are employed to illustrate the accuracy of the constitutive equation.
The equations for the calculation of R and AARE are expressed as [41]:

R =
∑N

i=1
(
Ei − E

)(
Pi − P

)√
∑N

i=1
(
Ei − E

)2
∑N

i=1
(

Pi − P
)2

(11)

AARE =
1
N

N

∑
i=1

∣∣∣∣Ei − Pi
Ei

∣∣∣∣× 100% (12)

where E refers to the experimental data, P represents the predicted data, E and P denote
the average values, and N is the number of data points.
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Figure 13 shows that a good linear relationship exists between the experiment and the
prediction. The correlation coefficient R is 0.979, and the AARE is 7.066%, which further
shows that the constitutive equation has a better predictive ability for the flow stress of the
alloy.
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4. Conclusions

In this paper, the hot deformation behavior of 1.52 wt.% Cu austenitic stainless steel
under the deformation conditions of 0.01–20 s−1 and 900–1150 ◦C is studied. The mi-
crostructure changes under different deformation conditions are analyzed, and the strain
compensation Arrhenius constitutive model is constructed. The results are as follows:

(1) The ratio of recrystallization nucleating sites, located in the twin boundaries, is higher
when the strain rates are increasing. The twins depend on recrystallization and
promote dynamic recrystallization. The dynamic recrystallization mechanism of
thermal deformation is mainly discontinuous dynamic recrystallization.
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(2) The adiabatic temperature rise increases with the decrease of temperature and the
increase of strain rate. By modifying the stress-strain curve, the influence of adiabatic
temperature rise at high rate (≥1 s−1) is eliminated.

(3) The constitutive equation of peak stress is established through kinetic analysis as
follows.

•
ε = 1.27× 1016[sinh(0.00998σ)]6.56 exp

(
−421635.0315

RT

)
Z =

•
ε exp

(
421635.0315

RT

)
= 1.27× 1016[sinh(0.00998σ)]6.56

In addition, a strain compensation model based on Arrhenius model was established.
The calculated values of correlation coefficient R and AARE are 0.979 and 7.066%, respec-
tively when fitting the experimental and predicted results, indicating that the model is
accurate and available to better predict the flow stress.

Author Contributions: Methodology, J.L.; software, G.Z.; writing—original draft preparation, H.L.
(Huaying Li) and L.G.; writing—review and editing, L.G. and Y.S.; project administration, L.M. and
H.L. (Haitao Liu). All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Natural Science Foundation of Liaoning Province (2019-
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the National Key Research and Development Program of China (2018YFB1308700).
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Data Availability Statement: Not applicable.
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