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In this study, the hot deformation behavior of austenitic stainless steel was investigated using Gleeble-3500
thermomechanical simulator at deformation temperatures in the range of 900-1200 °C and strain rates in
the range of 0.001-10 s−1. The effects of initial austenitic grain size and deformation conditions on hot
deformation behavior of 316LN were analyzed through true stress-strain curves under different defor-
mation conditions. Both the constitutive equation and processing map for 316LN were obtained. The results
show that, with the increase of the deformation temperature and the decrease of the strain rate, the peak
stress decreases, and the initial austenitic grain size has a little influence on the peak stress. The relative
error between the peak stress values calculated using the constitutive equation and the values measured is
less than 10%. Using the processing map, the best hot-working condition for 316LN in the range of
experimental deformation parameters appears when T = 1200 °C and _e ¼ 0:001 s�1:
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1. Introduction

316LN austenitic stainless steel featuring excellent
corrosion resistance, high temperature mechanical properties,
work hardening ability, and impact toughness is used as the
material of main pipes in AP1000 (AP means Advanced
Passive, 1000 means 1000 megawatts of electricity) which is
based on the technology of third generation pressurized water
reactor developed by the Westinghouse Electric Corporation in
America.

The hot deformation behaviors of 316- and 316L- in 316-
type stainless steels have been well studied (Ref 1–7), but little
has been reported on 316LN. 316LN, which has a larger
strength, can be obtained by adding the element N on the basis
of the characteristics of 316L. Although other characteristics of
316LN, such as fatigue damage resistance, corrosion resistance,
and microstructure, have been widely researched (Ref 8–14),
the hot deformation behavior has not received sufficient
attention. Nevertheless, the primary coolant pipes in AP1000
nuclear power station reactor and other nuclear forgings using
316LN as material require higher grain size, and the samples
produced so far have not reached the required standard; 316LN
is an austenitic stainless steel the grain refinement of which can
be achieved only through the hot deformation process.
Therefore, the hot deformation behavior of 316LN needs to
be studied in-depth more to provide theoretical basis for
process determination.

2. Material and Experimental Procedure

2.1 Testing Material

The chemical composition of the steels used in the
experiment is given in Table 1. The specimens were from the
trial product (which is manufactured by a nuclear forging
manufacture) of the primary coolant pipes in AP1000 nuclear
power station reactor.

2.2 Experimental Procedure

The samples used in the tests were cylindrical specimens of
8 mm in diameter and 12 mm in length. The hot compression
tests were carried out on Gleeble-3500 thermomechanical
simulator. In order to decrease the friction effects in the
deformation process, high-temperature lubricant was applied,
and tantalum plates were placed onto both ends of the
specimens.

The specimens were heated to 1250 °C at a rate of 10 °C/s,
held for 5 min to obtain the same initial austenitic grain size,
cooled to deformation temperatures at a rate of 10 °C/s, thermally
retarded for 30 s, and then subjected to compressive deformation
at different strain rates. The deformations were performed at
temperatures ranging from 900 to 1200 °C at 50 °C intervals. The
strain rates used were 0.001, 0.01, 0.1, 1, and 10 s−1, and the
deformation value was 70%.

In order to investigate the effects of initial austenitic grain
size on flow stress of 316LN, a total of 27 different tests were
performed under various conditions covering the total possible
combinations of three different heated temperatures, three
different deformation temperatures, and three different strain
rates at which the deformation processes were carried out. The
specimens were, heated to 1150, 1200 and 1250 °C, held for
5 min to obtain different initial austenitic grain sizes, cooled to
the specified deformation temperatures at a rate of 10 °C/s, and
then subjected to compressive deformation at specified strain
rates. The three deformation temperatures were 950, 1050 and
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1150 °C. The three strain rates used were 0.01, 0.1 and 1 s−1,
and the deformation value was 50%.

3. Results and Discussion

Figure 1 shows the true stress-strain curves of 316LN
obtained from the experiments at different deformation tem-
peratures and strain rates. These true stress-strain curves can be
divided into dynamic recovery type and dynamic recovery plus
dynamic recrystallization type.

The true stress-strain curve of 316LN is dynamic recovery
plus dynamic recrystallization type at deformation temperature
of 900 °C and strain rate of 0.01 s−1, see Fig. 1(a). It can be
seen from the curve that, when the true strain ε is smaller than
0.01, the true stress increases rapidly with the increase of true
strain because of the dominant effect of work hardening. When
the true strain ε is larger than 0.01, the growth of true stress
values slows down owing to dynamic recovery. With defor-
mation going on, the softening effect is more significant than
hardening due to dynamic recrystallization. The true stress
decreases after reaching the peak value, and then keeps a steady
state as softening and hardening effects are basically in balance.

The true stress-strain curve of 316LN is dynamic recovery
type at deformation temperature of 1100 °C and strain rates of
10 s−1, see Fig. 1(b). It can be seen from the curve that, when the
true strain ε is smaller than 0.03, the true stress increases rapidly
with the increase of true strain because of the dominant effect of
work hardening. When the true strain ε is larger than 0.03,
although the true stress continues to increase with the increase of
true strain, softening makes the growth of true stress values slow
down owing to the dynamic recovery. Nevertheless, there is no
obvious peak stress in these curves, as dynamic recrystallization
never or rarely occurs in the deformation process.

3.1 Effect of Deformation Parameters on the Flow Stress

It can be seen from Fig. 1(a) that dynamic recrystallization
occurs at all deformation temperatures at the strain rate of
0.01 s−1, and the stress values decrease with the increase of
deformation temperature when the strain values are the same.
Figure 2 shows the effect of deformation temperature on peak
stress at a specific strain rate ( _e ¼ 0:01 s�1). As shown in the
figure, when the deformation temperature is 900 °C, the peak
stress is 208 MPa, and when the deformation temperature
increases to 1200 °C, the peak stress decreases to 53 MPa. In
other words, the peak value decreases with the increase of the
deformation temperature. Furthermore, the decreasing rate of
flow stress gradually deceases with the increase of deformation
temperature, i.e., the higher the deformation temperature, the
lower the sensitivity of flow stress on temperature.

Figure 3 shows the effect of strain rate on peak stress. It can
be seen from this figure that, at the same deformation
temperature of 1100 °C, the peak stress is 48 MPa at strain
rate of 0.001 s−1; it increases to 210 MPa when the strain rate
rises to 10 s−1. It can be concluded that, at the same

deformation temperature, the lower the strain rate, the smaller
the peak stress.

3.2 Effect of Initial Austenitic Grain Size on the Flow Stress

Figure 4 shows the grain microstructures, which were
obtained through water quenching after the materials were,
respectively, heated to 1150, 1200 and 1250 °C and held for
5 min. The resulting initial austenitic grain sizes of the
specimens measured using transversal method are 50, 120, and
185 μm, respectively.

Figure 5 shows the effect of initial austenitic grain size on
peak stress. It is seen that, under the deformation conditions of
T = 1050 °C and _e ¼ 0:01 s�1, the peak stresses corresponding
to the initial austenitic grain sizes of 50 and 120 μm differ by
12%, and the peak stresses corresponding to 120 and 185 μm
differ by 8%. Under another deformation condition of
T = 1150 °C and _e ¼ 0:1 s�1, similarly, the peak stresses
corresponding to 50 and 120 μm differ by 4%, and the values
corresponding to 120 and 185 μm differ by 1%. These results
indicate that the initial austenitic grain size only has a slight
influence on the peak stress (Ref 15, 16).

4. Establishment of Constitutive Equation
for 316LN

Sellars and McTegart (Ref 17) considered that the relation-
ship among flow stress, deformation temperature, and strain
rate in the plastic deformation process of metallic materials at
high temperature can be expressed by hyperbolic sine form
including deformation activation energy Q and deformation
temperature T, shown as follows:

_e ¼ A0f ðrÞ exp �Q=RTð Þ ðEq 1Þ
where f(σ) represents stress function, _e is strain rate, σ is
stress (in this article, it represents peak stress), Q is deforma-
tion activation energy, T is thermodynamics temperature, R is
gas constant (R = 8.314 J/(mol·K)), and A0 is a constant. f(σ)
can be expressed by the following equation:

a: f ðrÞ ¼ rn1 ; under lower stress ar< 0:8ð Þ; ðEq 2Þ

b: f rð Þ ¼ exp brð Þ; under higher stress ar> 1:2ð Þ;
ðEq 3Þ

c: f rð Þ ¼ sinh arð Þ½ �n; under all stress: ðEq 4Þ
By substituting of Eq 2 and 3 into Eq 1, we have

_e ¼ A1r
n1 exp �Q=RTð Þ ðEq 5Þ

_e ¼ A2 exp brð Þ exp �Q=RTð Þ ðEq 6Þ
By substituting of Eq 4 into Eq 1, we have

_e ¼ A½sinh arð Þ�n exp �Q=RTð Þ ðEq 7Þ
where n represents strain hardening exponent, and n1, β, α,
A1, A2, and A are the constants determined by deformation.

Table 1 Main chemical composition of 316LN for test (%)

Elements C Si Mn S P Cr Ni Mo N

Content ≤0.03 ≤1.00 ≤2.00 ≤0.03 ≤0.035 ≤16.00-18.50 ≤10.50-14.50 ≤2.00-3.00 ≤0.12-0.22
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a ¼ b
n1

ðEq 8Þ

where T and _e are deformation parameters set by experiment,
σ is obtained from the experiment; n1, β, α, n, Q, and A are
the parameters needed to be determined.

Zener and Hollomon (Ref 18) found that the relationship
between stress and strain of steel material cannot be fully
determined by the material characteristics only. It is also related
to the deformation temperature T and strain rate _e: The
relationship between T and _e can be expressed using parameter
Z as follows:

Z ¼ _e exp Q=RTð Þ ¼ A sinh arð Þ½ �n ðEq 9Þ
The physical meaning of parameter Z is temperature

compensation of the strain rate factor.
According to Eq 7 and 9, the constitutive equation can be

expressed using parameter Z as follows:

r ¼ 1=að Þ ln Z=Að Þ1=nþ Z=Að Þ2=nþ1
h i1=2� �

ðEq 10Þ

4.1 Solution of Parameters

Take the logarithm of both sides of Eq 5, and plot the curve
between ln_e and lnσ. When the deformation temperature T is

specified, the slope of the straight line, which represents n1 at
the corresponding temperature, can be obtained by linear
regression. Through averaging the multiple n1 obtained by
changing T, the value of n1 (n1 = 6.56607) can be obtained.
Similarly, the value of β (β = 0.0556) can be solved. According
to n1 and β, α can be solved: (a ¼ b

n1
¼ 0:008468).

Take the logarithm of both sides of Eq 7, and plot the curve
between ln _e and ln[sinh(ασ)] under different deformation
temperatures (as shown in Fig. 6). The slopes of the straight
lines corresponding to different deformation temperatures can
be obtained by linear regression. Through averaging the slopes,
strain hardening exponent n can be solved (n = 4.69141).

Take the logarithm of both sides of Eq 7, and plot the curve
between ln[sinh(ασ)] and 1/T at a constant strain rate _e (as
shown in Fig. 7). The slope of the straight line at the
corresponding strain rate, which equals the rate between Q and
Rn, can be obtained by linear regression. The value of Q/Rn
(Q/Rn = 11764) can be solved through averaging the multiple
Q/Rn obtained by changing the strain rates. By substituting
R = 8.314 J/(mol·K) and n = 4.69141 into Q/Rn, Q can be
determined as 458848 J/mol.

The deformation activation energy Q and strain hardening
exponent n of 316, 316L, and 316LN in 316-type austenitic
stainless steel from the references are shown in Table 2. It
shows that the values of Q mainly vary over the range from
410,000 to 490,000 J/mol. The deformation activation energy

Fig. 1 True stress-strain curves at different deformation temperatures and strain rates. (a) For different deformation temperatures at
_e ¼ 0:01 s�1. (b) For different strain rates at T = 1100 °C
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of 316LN given in this study is close to those of both 316 (Ref
5) and 316L (Ref 6). It can be seen that there are no obvious
changes in the deformation activation energy among 316, 316L,
and 316LN, and the value of n varies between 4.00 and 5.00.

4.2 Establishment of Constitutive Equation

By substituting strain rate _e, deformation temperature T, gas
constant R, and deformation activation energy Q into Eq 9, the
corresponding parameter Z can be obtained.

Take the logarithm of both sides of Eq 9, and the following
equation can be obtained.

ln Z ¼ n ln sinh arð Þ½ � þ lnA ðEq 11Þ
Plot the curve between lnZ and ln[sinh(ασ)] (as shown in

Fig. 8), and straight intercept (lnA = 37.276) can be obtained by
linear regression. Then, A, whose value is 1.54 × 1016, can be
obtained.

As discussed above, the relationship among flow stress,
deformation temperature, and strain rate in the hot deformation
process of 316LN can be expressed as follows:

_e ¼ 1:54� 1016½sinh 0:008468rð Þ�4:7 exp �55190=Tð Þ
ðEq 12Þ

The expression of parameter Z is as follows:

Z ¼ _e exp 55190=Tð Þ ¼ 1:54� 1016 sinh 0:008468rð Þ½ �4:7
ðEq 13Þ

By substituting the calculated parameters into Eq 10,
constitutive equation for 316LN can be expressed as follows:

Fig. 2 Effect of deformation temperature on peak stress at
_e ¼ 0:01 s�1

Fig. 3 Effect of strain rate on peak stress at T = 1100 °C

Fig. 4 Microstructures of 316LN at different heating temperatures.
(a) 1150 °C. (b) 1200 °C. (c) 1250 °C
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r ¼ 1=0:008468ð Þ ln Z=Að Þ1=4:7þ Z=Að Þ2=4:7þ1
h i1=2� �

ðEq 14Þ
By substituting the deformation parameters from the

experiment into Eq 14, the difference in the values between
the calculated peak stress and the data measured by experiment,

which is within 10%, are shown in Fig. 9. Therefore, it can be
considered that the constitutive equation is comparatively
accurate.

5. Processing Map of 316LN

Dissipative structure theory regards that the energy received
by per unit volume of material in machining process equals the
product of stress and strain rate. However, dynamic material
model (Ref 20) presumes that the total power dissipated by
workpiece at any time consists of G content and J co-content
(Ref 21), where G content represents the power dissipated by
plastic deformation, and J co-content represents the power
dissipated by microstructure change. The mathematical descrip-
tion is

P ¼ r _e ¼ Gþ J ¼
Z _e

0

rd _eþ
Zr

0

_edr ðEq 15Þ

Based on dynamic material model, constitutive equation can
be expressed as

Fig. 5 Effect of initial austenitic grain size on peak stress. (a)
_e ¼ 0:01 s�1. (b) _e ¼ 0:1 s�1. (c) _e ¼ 1 s�1

Fig. 6 Relationship between strain rate and stress at different defor-
mation temperatures

Fig. 7 Relationship between deformation temperature and stress at
different strain rates
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r ¼ K � _em ðEq 16Þ
where σ is stress, _e is strain rate, K is a constant, and m is
the sensitivity coefficient of strain rate.

From Eq 15 and 16, it can be concluded as follows:

m ¼ @ðlnrÞ
@ðln _eÞ

� �
e;T

¼ _e@r
r@ _e

� �
e;T

¼ @J

@G

� �
e;T

ðEq 17Þ

Therefore, the sensitivity coefficient of strain rate m
determines the distribution relation between G and J

(Ref 21, 22). As for the ideal linear dissipation, when m = 1,
the maximum value of J is as follows:

Jmax ¼ P=2 ðEq 18Þ
when the ratio of co-content and its maximum value is

defined as the dissipation factor η:

g ¼ J

Jmax
ðEq 19Þ

From Eq 15, 18 and 19, the following equation can be
obtained:

g ¼ P � G

P=2
¼ 2 1� 1

r _e

Z _e

0

rd _e

0
@

1
A ðEq 20Þ

while

Z _e

0

rd _e ¼
Z _e

0

K _emd _e ¼ K _em _e
1þ m

¼ r _e
1þ m

ðEq 21Þ

g ¼ 2 1� 1

1þ m

� �
¼ 2m

1þ m
ðEq 22Þ

The efficiency of power dissipation that is a non-dimen-
sional parameter represents the proportion of the power
dissipated by microstructure evolution to total power. The
power dissipated by microstructure evolution increases with the
increase of the value of η, i.e., the deformation process needs
more energy for dynamic recrystallization, and the maximum
value of η appears in the region of dynamic recrystallization
(Ref 21). The contour map that η varies with the variation of
deformation temperature and strain rate is the power dissipation
map, which is important part of hot processing map, and the
map is an important reference for the determination of the best
technological parameters of hot deformation in a hot-working
process.

Figure 10 shows the power dissipation map of 316LN at true
strain of 0.5. It shows that the values of efficiency of power
dissipation η are generally larger in the region of higher
temperature and lower strain rate, i.e., the power used for
microstructure evolution in hot deformation process in this
region is more than those in the other regions. When hot
deformation of 316LN is carried out in the region of higher

Table 2 Comparison of Q and n of 316, 316L
and 316LN

Material

Deformation
activation

energy Q, J/mol

Strain
hardening
exponent, n Reference

316 413,800 4.93 Ref 4
316 460,000 4.30 Ref 5
316L 450,218 4.12 Ref 6
316LN 485,000 5.70 Ref 19
316LN 458,848 4.70 This study

Fig. 8 Relationship between parameter Z and stress

Fig. 9 The difference between measured and calculated values of
stress

Fig. 10 Dissipation efficiency map for 316LN obtained at strain of
0.5
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temperature and lower strain rate, complete dynamic recrystal-
lization occurs; therefore, this is the preferred hot-working
region for the material. The efficiency of power dissipation η is
small in the region of lower temperature and higher strain rate,
as dynamic recovery or partial dynamic recrystallization occurs
if hot deformation is carried out in the region.

For example, under the deformation condition of T= 1100 °C,
_e ¼ 0:001 s�1 and η = 0.37 (as shown in Fig. 1(b)), complete
dynamic recrystallization occurs; and when T is 1100 °C, _e is
10 s−1 and η is 0.20, only dynamic recovery occurs; andwhen T is
900 °C, _e is 0.01 s−1 and η is 0.27 (as shown in Fig. 1(a)), partial
dynamic recrystallization occurs.

Figure 10 shows that the maximum value of η in the range
of experimental deformation parameters appears at T = 1200 °C
and _e ¼ 0:001 s�1. Hence, this is the best hot-working
condition for 316LN.

6. Conclusions

Based on the results and discussion on hot deformation
experiments at temperatures of 900-1200 °C with strain rates of
0.001-10 s−1, the basic conclusions can be drawn as follows:

1. In the range of experimental deformation parameters of
316LN, the higher the deformation temperature and the
lower the strain rate, the smaller the peak stress of flow
stress. The initial austenitic grain size has a slight influ-
ence on peak stress.

2. When deformation activation energy Q and strain harden-
ing exponent n of 316LN during hot deformation are
458848 and 4.69141 J/mol, respectively, the constitutive
equation for 316LN can be expressed as Eq 13 and 14.

3. According to the power dissipation map of 316LN, the
region of high temperature and low strain rate is more
conducive to a better microstructure of 316LN. The best
hot-working condition for 316LN in the range of experi-
mental deformation parameters appears at T = 1200 °C
and _e ¼ 0:001 s�1.
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