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Abstract: Hot tensile behavior of C276 superalloy was studied in the deformation temperature range of 650—750 °C with the strain
rate range of 0.35—-35 mmy/s. The results show that deformation temperature and strain rate both have significant influence on the flow
stress. The flow stress decreases with the increase of deformation temperature, while increases with the increase of strain rate. The
deformation of C276 superalloy exhibits dynamic recovery feature in the case of deformation temperature of 700 °C. However, when
the deformation temperature increases to 750 °C, dynamic recrystallization behavior may occur. The flow stress of C276 alloy during
hot deformation process can be characterized by Zener-Hollomon parameter including the Arrhenius term and the deformation
activation energy is 327.66 kJ/mol. Therefore, a scientific basis is provided for the reasonable choice of processing parameters of

C276 superalloy.
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1 Introduction

Hastelloy C276 alloy is a Ni-Cr—Mo wrought alloy
that is generally considered a versatile corrosion-
resistant alloy. C276 alloy is also an improved wrought
version of alloy C in which it usually doesn’t need to be
solution heat-treated after welding and has vastly
improved fabricability [1]. Due to its good high
temperature strength, resistance to neutron radiation, and
perfect anti-oxidation ability, it has been widely used in
the field of chemical, oil, nuclear industry and so on in
the last four decades.

In the program of the fourth generation of advanced
nuclear energy systems-Thorium Molten Salt Reactor
(TMSR), Hastelloy C276 alloy was selected as a
candidate material for molten salt high-temperature
experimental circuit. Previous study on this kind of
material was mainly focused on the microstructure,
oxidation resistance and the mechanism of corrosion
resistance [2—5]. However, there was little research
related to the deformation behavior of high temperature
tensile deformation of C276 alloy. MAO et al [6] studied

the tensile properties of C276 at 500—650 °C, and the
results show that C276 alloy has yield stress flow
behavior and good plasticity at high temperature. But the
highest working temperature of TMSR experimental
circuit is about 700 °C, so it is necessary to study the
tensile properties at higher temperature.

Recently, finite element (FE) simulation has become
one of the most important and effective methods for
analyzing material deformation processing. As we know,
the value of flow stress has significant influence on the
simulation accuracy. Flow stress is one of the basic
parameter to material plastic deformation depending on
the deformation temperature, strain rate and chemical
composition. Hot deformation processing is generally
used for C276 super alloy because of its high
deformation stress [2,3].

In this work, effect of the deformation temperature,
strain rate and strain on the flow stress is analyzed to
illustrate the mechanical behavior of C276 super alloy.
The activation energy for deformation of hot tensile
C276 alloy is calculated. Besides, the deformation
mechanisms are proposed through the activation energy
under different deformation parameters. Finally,
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constitutive equation of C276 alloy described by
Zener-Hollomon parameter is established so as to
optimize the processing parameters.

2 Experimental

The materials used in this work were from the
solid-solution state plates with thickness of 6 mm. The
chemical composition (mass fraction) is as follows: Ni
57.48%, Cr 15.49%, Mo 15.45%, Fe 6.41%, W 3.57%,
Mn 0.55%, V 0.236%, Co 0.0099%, Si 0.069%, C 0.009
4%, P 0.002%, S 0.0018%. The as-received micro-
structure of the C276 alloy consisting of y phase and a
small amount of carbide phase is illustrated in Fig. 1. It
can be seen that the microstructure contains fine
equiaxed-shaped y grains having grain size of about
30 um.

25um

Fig. 1 Original optical microstructure of C276 superalloy

Tensile specimens with 180 mm in length and 40
mm in width were machined from C276 plate. According
to Chinese Standard Database GB4338—2006 “Method
of hot tensile test for metals”, hot tensile deformation
behavior of C276 alloy was carried out on a Shimadzu
AG-X/250 testing machine. The test temperature ranged
from 650 °C to 750 °C and strain rates were kept at 0.35
mm/s, 3.5 mm/s and 35 mm/s, respectively. The samples
were heated to the setting temperature at the heating rate
of 10 °C/s and held for 10 min. Three samples were
employed to obtain average data of mechanical
properties.

3 Results and discussion

3.1 True stress—true strain curve

True stress—true strain curves of C276 alloy under
different deformation temperatures and strain rates are
shown in Fig. 2. From Fig. 2, it can be seen that flow
stress increases rapidly with increasing strain in the
initial stage of deformation, and as the strain continues to

increase until the alloy rupture occurs. At the same
deformation temperature, the flow stress increases with
increasing strain rate. When the temperature is 650 °C
and the deformation rate is 0.35 mm/s, the peak stress is
785 MPa. When the strain rate increases to 35 mm/s, the
peak stress increases to 1177 MPa. The reasons for these
results are as follows: Firstly, heating time is not enough
for material softening; Secondly, the density of
dislocations increases with increasing strain rate, which
can enhance the degree of hardening. At the same strain
rate, the flow stress decreases with increasing
temperature. For example, when the strain rate is 3.5
mm/s and the temperature is 650 °C, the peak stress is
1104 MPa; when the temperature increases to 750 °C,
the peak value of stress is reduced to 570 MPa. This is
because the higher the temperature, the greater the
dynamic recovery and recrystallization driving force, and
the sooner the softening, reducing the resistance to
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Fig. 2 True stress—true strain curves for C276 alloy at different
temperatures and strain rates: (a) 0.35 mm/s; (b) 3.5 mm/s;
(c) 35 mm/s
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deformation. This indicates that deformation temperature
and strain rate are two important factors that affect the
alloy flow stress.

It is also can be seen from Fig. 2 that when the
temperature is 700 °C, the strain rate is 0.35 mm/s or 3.5
mm/s, true stress — true strain curve shows the
steady-state flow stress characteristics, that is, in the
given temperature and strain rate, stress is a fixed value,
and true stress—strain curve is close to a horizontal line.
There is cross-slip with the increasing of deformation
strain, and the degree of softening is also enhanced. This
also improves dislocations capacity to overcome the
resistance, making a dynamic balance between softening
and strain hardening, so dynamic recovery occurs. At the
temperature of 750 °C, the curve reaches peak stress with
the increase of strain. With the increase of the strain,
austenite in the alloy will appear dynamic
recrystallization. This results in the gradually
disappearance of dislocations, and dynamic softening
greater than the work hardening; curve appears
downward trend. So alloy dynamic recrystallization may
occur.

The measured peak stresses
conditions are presented in Table 1.

under different

Table 1 Peak stresses of C276 alloy at different deformation
temperatures and strain rates

Peak stress/MPa
Temperature/°C
0.35 mm/s 3.5 mm/s 35 mm/s
650 785 1104 1177
700 531 813 989
750 391 570 757

3.2 Constitutive equation

High temperature deformation of the metal is a hot
activation process. Strain rate and deformation
temperature have important effects on the flow stress,
and the relationship can be depicted by Arrhenius
equation[7—10]:

& = Asinh(ao)" exp[-Q/ RT] (D

where ¢ is the strain rate; 4 and o are constants; o is
the stress peak value; n is the strain constant; Q is the
deformation activation energy; R is the mole gas constant;
T is the deformation temperature.
For the strain value smaller than 0.8 (a0<0.8), there
is
é=A4,0" 2)
For the strain value higher than 1.2 (ag>1.2) , there
is
&= 4, exp(fo) 3)

where A, A, and S are constants. The relationship of a,

and n can be written as o=0/n.
Equations (4) and (5) can be calculated by Egs. (2)
and (3):

Ing=In4, +nlno 4)
Ing =In4, + fo (%)

By wusing regressive method, two curves of
Iné-Ino and Iné—o are obtained, n» and S are the

slopes of the curve, respectively, as shown in Figs. 3(a)
and (b).
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Fig. 3 Relationship between strain rate and peak stress of C276

alloy: (a) Iné-In 0ps (b) Iné-o

It can be seen that the linear relationship is
consistent with the experimental data at each temperature.
By taking the average of the slope of lines in Figs. 3(a)
and (b), we can obtain: »n=7.9476, £=0.0109, so
0a=f/n=0.0109/7.947=0.00137.

Then Eq. (6) can be obtained from taking logarithm
of Eq. (1):

Iné =In A+ nin[sinh(@o)]-Q/(RT) (6)

Assuming that Q and T are independent, Eq. (7) can
be obtained from taking differentiation of Eq (6):
_gl__omé | |omfsinh@o)]] @)
|oIn[sinh@o)l|,| o(/T) |,
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Olng and 0lIn[sinh(ao)]
0ln[sinh(ao)] o(/T)
the relation curves of Ing&—In[sinh(eo)] and
In[sinh(ao)]-1/T , respectively, as shown in Figs. 4(a)
and (b). Using the slope value calculated in Figs. 4(a)
and (b) by Eq. (7), O value is 327.66 kJ/mol.

where are slopes of

-3
(@)
A | |
=
_9 1 1 1
-0.6 -0.2 0.2 0.6 1.0
In[sinh(a o)]
0.9 1(b) .
0.6
8
3 03f
=
=
Z o
=—(.35 mm/s
4.3 4—3.5 mm/s
*—35 mm/s
-0.6 ! |
0.70 0.75 0.80 0.85

T71/103K™!
Fig. 4 Relationship between peak stress and strain rate,
deformation temperature of C276 alloy

The relationship between strain rate and
temperature in process of hot deformation can be
expressed as Zener-Hollomon parameter [11]:

Z = ¢exp[Q/(RT)] ®)
Then Eq. (9) can be obtained from putting Eq. (1)

into Eq. (8):

Z = Alsinh(ao)]" )
Then Eq. (10) can be obtained from taking

logarithm of Eq. (9):

InZ =1n A+ nin[sinh(ao)] (10)

Z can be obtained by substitution of the Q value in
Eq. (9), the relationship between InZ and In[sinh(ao)]
is shown in Fig. 5. In A4=33.0707, »n=5.487, and
A=2.3x10".

In Z and In[sinh(ao)] meet a linear relationship, and
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Fig. 5§ Relationship between In[sinh(ao)] and In Z parameter of
C276 superalloy

correlation coefficient is 0.96. So this model can describe
the flow stress behavior of the C276 alloy deformation.
The constitutive equation can be obtained from
putting a, Q, 4, n into Eq. (1):
& =2.3x10"[sinh(0.001375)*7 .
exp[—326.28x10° /(RT)]

Equation (11) can be obtained based on Eq. (7) and
the definition of hyperbolic sine function as follows:

1 7 1/n 7 2/n
o=—In{| — +|| — +1
a A A

Therefore, the flow stress constitutive equation can

1/2

(1)

be expressed as:

o =729.921n{(0.43x10742)"18 &
[(0.43x107'4 2)"3¢ 4 17/

In order to validate the calculation results, we use
the following formula to calculate the relative error of
the flow stress:

N
Aclo = {Z (1/(0exp o)’ /aexp)}/zv =0.759%
i=1

4 Conclusions

1) Deformation temperature and strain rate have
significant effects on the flow stress of C276 superalloy.
The flow stress decreases with increasing the
deformation temperature and increases with the increase
of strain rate.

2) The strain—stress curve of C276 superalloy has
an obvious peak value when the deformation temperature
is 750 °C, and the deformation mechanism is mainly
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dynamic  recrystallization. = However, when the
temperature is 700 °C, the strain—stress curve becomes
steady, and the deformation of C276 superalloy exhibits
a dynamic recovery feature.

3) According to Zener-Hollomon, the constitutive
equation of C276 superalloy is as follows:

o =729.921n{(0.43x10742)"18 &
[(0.43x107'4 2)%3¢ 4 17/

4) Deformation activation energy value of C276
superalloy is 327.66 kJ/mol.
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