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Abstract
In the present study, the variation of the critical ductile damage during hot deformation was investigated using hot compression
testing and finite element simulation. Based on the obtained results, the critical ductile damage diagram was developed for
AISI 321 austenitic stainless steel. Results showed that the value of critical damage is not constant during deformation in
the temperature range of 800–1200 ◦C. It is also concluded that the critical ductile damage value is varied between 0.24 and
0.41 depending on hot deformation conditions. This means that, the critical ductile damage value is increased with increasing
deformation temperature and decreased by increasing strain rate.

Keywords Hot compression deformation · Finite element simulation · Critical ductile damage · Failure · Austenitic stainless
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1 Introduction

Manufacturing of high-performance and defect-free parts by
the use of hot deformation processes such as hot forging and
rolling depends significantly on the applied thermomechan-
ical parameters during the production process. Deformation
with high-temperature metal forming techniques not only
changes the shape of the part to a desirable form, but also
alters the microstructure of material and therefore leads to
the substantial change in the flow stress during deformation
[1]. So, in order to produce defect-free parts with the proper
microstructure, deformation temperature and strain ratemust
be selectedwith care [2]. In the case ofmetallicmaterialswith
low stacking fault energy (SFE) like as austenitic stainless
steels and copper alloys, dynamic recrystallization occurs
during hot deformation even though theSFE is increasedwith
increasing deformation temperature [3]. Dynamic recrystal-
lization is a thermal activated metallurgical phenomenon in
which the deformedmicrostructure is replacedwith equiaxed
dislocation-free grains by a set of nucleation and growth
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mechanisms [4]. As a result of dynamic recrystallization,
the flow stress of material is changed in a trend similar to
flow curve shown in Fig. 1.

As it is seen, at the beginning of deformation process,
the flow stress increases rapidly and then reach to a peak
value (σp) at a certain strain (εp). The presence of peak
in the hot flow curve of materials demonstrates the occur-
rence of dynamic recrystallization [5]. After a peak strain,
the hot flow stress level decreases continuously to a con-
stant valuewhich is called steady-state stress (σss). Austenitic
stainless steels usually show a dynamic recrystallization type
flow behavior during hot deformation. Dynamic recrystal-
lization is technologically important because it refines the
final microstructure of workpiece and also decreases the load
required for execution of the hot deformation process [6]. In
the case of materials with strain hardening behavior, critical
values of deformation parameters that lead to crack initia-
tion and failure of component could be determined directly
by conducting different mechanical examinations. But defor-
mation conditions inwhich ductile fracture is initiated cannot
be evaluated precisely because voids and cracks are formed
inside deformed sample and propagated to outside regions
[7]. Thus, providing an indirect method to determine the crit-
ical conditions for ductile failure is of great importance. As
it is clear in Fig. 2, for evaluation of the amount of ductile
damage, a cubic element is considered. In this case, δS is the
area of X plane and δSDx is the total area of fractured regions
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Fig. 1 True stress versus true strain curve during dynamic recrystal-
lization

on X plane. Therefore, the amount of ductile damage at point
M and in a direction perpendicular to X plane is evaluated
according to the following equation [8]:

D(M .�n.x) = δSDx

δS
(1)

Different damage criteria were developed by researchers
to investigate the ductile fracture behavior of materials.
Craft–Latham damage criterion is the most important one
[9,10]. As indicated in this model, the ductile fracture is ini-
tiated at a point inside workpieces when tensile strain energy
exceeds a critical value. The Craft–Latham ductile damage
value can be obtained using the following equation [11]:

D = εF∫
0

σT

σ̄
dε̄ (2)

where εF is a fracture strain, σT is a maximum tensile stress,
and σ̄ is VonMises equivalent stress value. It is inferred from
this equation that the ductile damage value is increased with
increasing plastic strain. Therefore, the maximum amount
of damage factor is related to a moment of the initiation of
voids at the end of defamation process. In order to inves-
tigate the trend of the variations of Craft–Latham damage
during finite element simulation, the Craft–Latham damage
sensitivity factor is introduced as follows [8]:

RStep = �D

Dacc
(3)

where �D is a variation of damage factor during specified
step of simulation and Dacc is the cumulative amount of
damage at the end of that step. The critical values of duc-
tile damage for nonferrous alloys such as AZ80 magnesium
[8] and Al7075 alloy [12] have been reported in literature,
but there is no systematic investigation on ferrous alloys and
stainless steels. Therefore, in the present study, the variation
of critical ductile damage for AISI 321 austenitic stainless
steel was obtained using hot compression deformation and
finite element simulation at different temperatures and strain
rates. The results can be used for determination of safe defor-
mation conditions that can avoid ductile fracture duringmetal
forming processes at high temperatures.

2 Material and Experimental Procedure

The chemical composition of the AISI 321 austenitic stain-
less steel used in the present study is shown in Table 1.

At first, cylindrical samples with 10 mm diameter and 15
mm length were prepared from as received rod. Afterward,
the total number of 36 hot compression tests were con-

Fig. 2 Schematic representing
the simple definition of damage
[8]
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Table 1 Chemical composition of the investigated steel

C Si Mn Cr Ni Mo Ti Fe

0.04 0.36 1.873 18.16 10.52 0.24 0.32 Bal.

ducted over the temperature range of 800–1200 ◦C and strain
rates in the range of 0.001–1 s−1 using Zwick–Roell Z250
testing machine and the hot flow curves were acquired by
computer software. The force–displacement curves obtained
fromcompression testswere converted to engineering stress–
strain curves (S–e), and then the true stress–true strain curves
(σ–ε) were calculated using the well-known equations (σ =
S (1 − e), ε = ln (1 − e)). In the simulation, the Von Misses
yield criterion was assumed and the material is considered
as isotropic material. Also, the stress and strain fields are
not uniaxial during compression test due to the existence of
friction between sample and punches. Therefore, the flow
curves must be corrected and the effect of stress triaxial-
ity (increased flow stress level) must be removed from the
obtained curves. In the present work, a classic formula to
correct the effect of friction has been used, which is shown
as follows [13]:

σ̄ = σ

1 +
(

2
3
√
3

)
m

(
r0
h0

)
exp

( 3ε
2

) (4)

where σ̄ is corrected flow stress, σ is true stress, and ε

is true strain obtained directly from experimental data, m
is friction coefficient calculated from the final shape of
deformed samples, r0 and h0 are the initial radius and height
of samples. Finite element simulation of hot compression
deformation was performed by importing corrected experi-
mental flow stress curves to DEFORM 3D V 10.2 software.
Important parameters in the simulation procedure are defor-
mation temperature, strain rate and the friction coefficient
between sample and punches which are to be determined
for achieving correct simulation results. Temperature and
strain rate are constant during deformation process and are
already defined for each simulation run. But the friction coef-
ficient must be determined using a method that is explained
later. For simulation of compression deformation, a cylindri-
cal sample with dimensions similar to experimental sample
(10 mm in diameter and 15 mm in length) was considered as
deformable part and meshed with 10,000 tetrahedron ele-
ments. Upper and lower punches were assumed as rigid
parts, and their temperature was set to deformation temper-
ature. Also, the environment and sample temperatures and
the punch speed were considered as experimental condi-
tions.

3 Results and Discussions

3.1 Determination of Friction Coefficient

One of the most important parameters that affects the results
of finite element simulation is the friction coefficient between
workpiece and grips of compression testing machine. When
frictionless condition is considered, the plastic strain distri-
bution inside sample will be uniform. In such a condition,
every element is deformed similar to the whole shape of the
sample.As it is seen inFig. 3, the presence of friction between
sample and grips leads to barreling and non-uniform distri-
bution of plastic strain inside sample.

The extent of barreling is attributed to the amount of fric-
tion between sample and punches. The following equation
can be used for determination of friction coefficient from the
final shape of the deformed sample [14]:

μ = (R/h) b(
4/

√
3
)

−
(
2b/3

√
3
) (5)

where μ is friction coefficient, b is barreling coefficient, h
is the height of sample after deformation, and R is an aver-
age radius. The average radius (R) is the radius of deformed
sample after compression deformation in the frictionless con-
ditions. The barreling coefficient (b) and average radius (R)
can be obtained by the following equations [13]:

b = 4

(
RM − RT

R

)(
h

h0 − h

)
(6)

R = r0

√
h0
h

(7)

where r0 and h0 are initial radius and height of sample, and
RM and RT are the maximum radius and upper radius of
sample, respectively (see Fig. 3). Friction coefficients are
obtained by the use of mentioned equations at different tem-
perature and strain rates. Figure 4 shows the contour plot of

Fig. 3 Sample dimensions before and after hot compression
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Fig. 4 Contour plot showing the effect of deformation temperature and
strain rate on the magnitude of friction coefficient

the variations of friction coefficients with deformation tem-
perature and strain rate. As it is seen, the friction coefficient is
variedwith deformation conditions in the range of 0.41–0.58.

These variations can be attributed to the influence of
deformation temperature and strain rate on flow stress of
material through the occurrence of dynamic recrystallization
or dynamic recovery. Accordingly, the variations in strength
and hardness of material with temperature and strain rate
can influence the friction between samples and punches. It
is also worth noting that the small differences in the surface
roughness of samples can also influence the friction coef-
ficient. The non-monotonic variation of friction coefficient
with temperature and strain rate is attributed to the effect of
difference in the contact surface conditions between different
samples and punches.

3.2 Hot Flow Curves

Figure 5 shows examples of hot flow curves of AISI 321
austenitic stainless steel obtained at different deformation
conditions.

In Fig. 5a, the effect of deformation temperature at a con-
stant strain rate of 0.001 s−1 is represented. Also, the effect
of varying strain rate at constant deformation temperature of
1200 ◦C is shown in Fig. 5b. It is concluded that the flow
stress of AISI 321 austenitic stainless steel is increased with
decreasing deformation temperature and increasing strain
rate. All hot flow curves show a similar trend. So that, flow
stress increases rapidly at low strains and reaches to a max-
imum value that is the clear indication of the occurrence
of dynamic recrystallization during hot deformation. Rapid
increase in flow stress level at lower strains is explained by
the work hardening of material due to generation and mul-
tiplication of dislocation [15]. The strain hardening rate is

Fig. 5 Hot flow curves of AISI 321 stainless steel: a the effect of defor-
mation temperature at constant strain rate of 0.001s−1 and b the effect
of strain rate at constant deformation temperature of 1200 ◦C

decreased by increasing strain that is a direct consequence
of the increase in dynamic recovery rate. Dynamic recovery
proceeds by annihilation and rearrangement of dislocation
inside deformed grains [16]. All flow curves in Fig. 5 show
a dynamic recrystallization type flow behavior. Although
the presence of peak stress and strain in hot flow curve of
material demonstrates the occurrence of dynamic recrystal-
lization, this phenomenon occurs at lower strains which is
denoted by εc (Fig. 1). The peak strain is achieved when
the work hardening due to generation and multiplication of
dislocations is fully compensated by the softening occurred
as a result of dynamic recrystallization. Afterward, the flow
stress decreases continuously to a steady-state value (σss).
The steady-state region is a consequence of the dynamic bal-
ance betweenworkhardening and softening processes. In this
stage of deformation, the grain size and dislocation density
remain constant [17].
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Fig. 6 Distribution of Craft–Latham damage inside deformed sample

3.3 Distribution of Craft–LathamDamage Factor

Figure 6 represents the distribution of Craft–Latham damage
factor inside deformed sample at 800 ◦C and strain rate of
0.01 s−1.

As it is seen, the damage factor is distributed non-
uniformly. Also, the damage value at upper, lower and
inner regions is considerably low and the maximum value is
belonged to the peripheral regions of the middle of sample.
Therefore, points A and B in Fig. 6 have a maximum damage
value and ductile fracture may initiate from these regions.
Therefore, the value of damage at these points is considered
as critical damage that sample can sustain without fracture.

3.4 Effect of Temperature and Strain Rate on Critical
DamageValue

Figure 7 shows the variations of the critical damage value
with strain rate at different deformation temperatures.

It can be seen that the maximum damage factor decreases
with increasing strain rate. In addition, damage factor is
increased with deformation temperature at constant strain
rate. Therefore, strain rate and deformation temperature have
an opposing effect on the critical damage value. Also, it is
concluded that the effect of strain rate on ductile damage
value is more significant than the effect of deformation tem-
perature. Therefore, the ductile fracture is more sensitive to
strain rate than deformation temperature.

3.5 Deformation Conditions with Higher Risk of
Ductile Fracture

Figure 8 illustrates the contour plot of the variation of ductile
damage values with temperature and strain rate.

Fig. 7 Variation ofmaximumdamagewith strain rate at different defor-
mation temperatures

Fig. 8 A contour plot showing the effect of deformation temperature
and strain rate on the magnitude of ductile fracture criterion
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As can be seen, the ductile damage varies non-uniformly
over the investigated temperature and strain rate ranges.Also,
theminimumandmaximumvalues are 0.24 and 0.41, respec-
tively. The maximum value of ductile damage is located in
regions marked by A and B letters. These regions correspond
to deformation with strain rate of 0.001 s−1 in the tempera-
ture ranges of 1025–1075 and 1150–1200 ◦C, respectively, in
which the dynamic recrystallization is a prevailing softening
phenomenon. In addition, the minimum value for damage
factor corresponds to strain rate of 1 s−1 both at low (region
C) and high (region D) deformation temperatures. Region C
corresponds to the deformation conditions where dynamic
recovery is occurred. In contrast, region D coincides with
conditions in which the dynamic recrystallization is initi-
ated during deformation. From these observations, it can be
concluded that at low strain rates the maximum amounts of
damage can be tolerated by material that is due to the occur-
rence of dynamic recrystallization. But at high strain rates the
minimum amounts of ductile damage are sustained. It is seen
that the occurrence of dynamic recrystallization or dynamic
recovery has no pronounced effect on the amount of tolerated
ductile damage at high strain rates. It is also worth noting that
the ductile fracture more likely to occur at deformation con-
ditions corresponds to lower critical values of damage factor
(regions C and D in Fig. 8).

4 Conclusions

In the present investigation, the critical ductile damage values
of AISI 321 austenitic stainless steel were determined using
hot compression deformation and finite element simulation.
The following conclusions were attained:

1. Friction coefficient between sample and plunger is not
constant over the investigated temperature and strain rate
ranges.

2. Hot flowcurves ofAISI 321 austenitic stainless steel indi-
cate the occurrence of dynamic recrystallization during
deformation.

3. The Craft–Latham damage is not distributed uniformly
inside sample. It has a minimum value at upper, lower
and inner regions of sample. Also, the maximum value
of damage factor is located at peripheral regions of the
middle part of deformed sample.

4. The Craft–Latham damage increases with strain. The
variations of damage are nonlinear at strains lower than
0.6, but it increases linearly at higher strains.

5. The maximum ductile damage is increased with increas-
ing temperature and decreasing strain rate.

6. The contour plot obtained by finite element simulation
shows that the maximum damage value is related to
deformation with strain rate of 0.001 s−1 and tempera-

ture ranges of 1025–1075 and 1150–1200 ◦C. Therefore,
these conditions have a lower risk of ductile fracture dur-
ing metal forming processes.
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