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Abstract: To better understand the hot deformation behaviors of Hastelloy C-276 alloy under elevated temperatures,
hot tensile tests were carried out in the temperature range of 1223—1423 K and the strain rate range of 0.01-10 s ',
respectively. Based on the modified Zerilli—Armstrong, modified Johnson-Cook, and strain-compensated Arrhenius-
type models, three constitutive equations were established to describe the high-temperature flow stress of this alloy.
Meanwhile, the predictability of the obtained models was evaluated by the calculation of correlation coefficients () and
absolute errors (4), where the values of r for the modified Zerilli—Armstrong, Johnson—Cook, and Arrhenius-type
constitutive models were computed to be 0.935, 0.968 and 0.984, and the values of 4 were calculated to be 13.4%,
10.5% and 6.7%, respectively. Moreover, the experimental and predicted flow stresses were compared in the strain
range of 0.1-0.5, the results further indicated that the obtained modified Arrhenius-type model possessed better
predictability on hot flow behavior of Hastelloy C-276.
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understand the underlying deformation behaviors of

1 Introduction

Hastelloy C-276 alloy, a Ni-Cr—Mo superalloy,
has been widely used in oil, chemical and nuclear
industries for its high elevated temperature strength,
good resistance to neutron radiation and excellent
anti-oxidation ability [1,2]. As well recognized, the
mechanical behaviors of metals and alloys are
closely related to their hot forming process [3],
during which the materials are subjected to complex
strains, strain rates and temperatures. Thus, to better
design and optimize the processing technology of a
specific member, it is of great importance to

metals and alloys [4]. In this regard, numerical
simulation offers an effective approach to predict
deformation behaviors and has been successfully
applied to instructing extrusion, rolling and forging
technologies of metallic materials [5,6].

For the numerical simulation model, the
constitutive equation that describes the flow
behaviors of materials is a critical input to simulate
the deformation behaviors of materials under
specified loading conditions [7,8]. It is well accepted
that the reliability of the numerical simulation
results is largely dependent on the accuracy of
the constitutive equation which describes the flow
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stresses. In the past years, several constitutive
models were proposed to describe the deformation
behaviors of metallic materials, which mainly
include physically-based models, and empirical or
semi-empirical models [9,10]. The physically-based
models (such as MTS model and BCJ model [11])
can be built based on the experimental data, and the
obtained models can predict the deformation
behavior over a wide range of temperatures and
strain rates accurately [12]. However, to establish
such a physically-based constitutive equation is
always time-consuming and expensive, as a large
number of experimental data were needed.
Accordingly, the empirical or semi-empirical
models were highly developed for their simple
manner, and the Johnson-Cook (JC) [13],
Zerilli—Armstrong (ZA) [14] and Arrhenius type
constitutive models [15] are three popular examples
that have been widely used in numerical simulation
softwares.

The JC model has been applied in many finite
element analysis cases to predict the hot
deformation behavior of alloys for its simple
multiplication form [16,17]. However, the
prediction accuracy of original JC model is limited
by lacking of considering the comprehensive
impact of temperatures, strains and strain rates on
the flow behavior of materials [18]. Therefore, it
has been revised several times by considering the
effect of adiabatic temperature rise and strain rate
sensitivity during material deformation [19-21].
The ZA model was also used to describe the
deformation behaviors of materials under different
strain rates and temperatures [22,23]. Based on the
original ZA model, SAMANTARAY et al [24]
developed a modified model by taking into account
the influence of thermal softening, strain-state
hardening and isotropic hardening, as well as the
coupled impacts of temperature, strain and
strain-rate on flow stresses, and the flow behaviors
of modified 9Cr—1Mo steel under -elevated
temperatures were accurately predicted with
this model. Moreover, the Arrhenius type
constitutive model, proposed by SELLARS and
MCTEGART [15], has been successfully applied to
predicting the flow behavior of metals at elevated
temperatures. In the original model, the flow stress
is expressed by the sine-hyperbolic law in an
Arrhenius type equation, and several modified
models have been proposed to depict the flow

behavior for different alloys at elevated
temperatures. SLOOFF et al [25] revised the model
by introducing a strain-dependent parameter into
the hyperbolic sine constitutive equation, which
turned out to well predict the flow behavior of a
wrought magnesium alloy. Meanwhile, LIN
et al [26] proposed a strain and strain-rate
compensation method to this model, and the flow
behaviors of 42CrMo steel were well described
under different deformation temperatures and strain
rates with the modified model. Furthermore, this
modified model was also successfully employed to
predict the flow behaviors of hot deformation in
many other metals and alloys [27,28].

Meanwhile, KONG et al [29] reported the hot
deformation characteristics and processing map of
nickel-based C-276 superalloy using the hot
compression test in the temperature range of
950—1250 °C  with the strain rate range of
0.01-10.0s™'. In addition, based on the hot
compression tests in the temperature range of
1000—-1200 °C with the strain rate range of
0.01-10.0 s™', ZHANG et al [30—32] characterized
the hot deformation behavior, dynamic
recrystallization and microstructure evolution of
Hastelloy C-276 using constitutive equation and
processing map. LU et al [33] studied the hot
tensile behavior of C-276 superalloy in the
deformation temperature range of 650—750 °C with
the strain rate range of 0.35—35 mm/s. As can be
seen, many reported works on Hastelloy C-276
alloy were focused on the flow behaviors under hot
compression, studies on the hot tensile behaviors
of this alloy at elevated temperatures are still
limited. Thus, to fully understand the hot
deformation behavior of this alloy, the hot tensile
deformation behaviors of Hastelloy C-276 alloy in
the temperature range of 1223—1423 K and the
strain rate range of 0.01-10 s are studied in this
work. The modified Johnson—Cook, Zerilli—
Armstrong and Arrhenius-type constitutive models
are established to predict the hot tensile behaviors
of this alloy, also, a comparative study was
performed to evaluate the prediction accuracy of the
three established models by calculating the
correlation coefficients and absolute errors.

2 Experimental

In the present study, Hastelloy C-276 alloy
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with a chemical composition (wt.%) of 15.49Cr—
15.45Mo0—6.41Fe—3.57W-0.55Mn—0.236V—0.26Co
—0.23Si—Ni(Bal.) was used for the experiments.
According to ISO 783—1999, the tensile specimens,
tested on a Gleeble—3500 thermo-simulation
machine, were machined from a cold-rolled sheet
with a thickness of 2 mm. Firstly, the specimens
were solution treated at 1393 K for 30 min, and
subsequently quenched by water to room
temperature before testing. Secondly, the specimens
were reheated to the testing temperature at a heating
rate of 10 K/s, and held for 3 min to eliminate the
thermal gradients on the whole specimen. The
testing temperatures were in the range of
1223—1423 K at an interval of 100 K, and the strain
rates were set to be 0.01, 0.1, 1, and 10 s/,
respectively. After the specimens were completely
cracked, samples were quickly cooled to room
temperature with liquid nitrogen.

3 Results and discussion

3.1 Strain and stress curves of tensile testing

Figure 1 presented the strain—stress curves at
1423 K with different strain rates and at 0.01 s~
with different deformation temperatures. As can be
seen, the peak stress of Hastelloy C-276 alloy was
significantly decreased with increasing deformation
temperature or lowering strain rates, also the flow
behaviors of this alloy were quite different under
different deformation conditions. In this work, we
mainly interested in the plastic deformation stage,
as the relatively steady-state presented in the strain
range of 0.1-0.5. In particular, it has been widely
reported that this steady-state plays an important
role in understanding the whole deformation
process in metals and alloys [19,21]. Thus, in the
following studies, the constitutive equations were
built based on the true strain and stress in the
deformation strain range of 0.1-0.5.

3.2 Constitutive equations for predicting flow
stress of Hastelloy C-276 alloy
3.2.1 Modified Zerilli-Armstrong model
The modified Zerilli-Armstrong model can be
expressed as [14]

o =(C, +C,e")exp[~(C; + C,&)T" +
(Cs+C,T)Iné (1)#

where C,, C;, C3, C4, Cs, Cs and n are material

constants; o and ¢ are flow stress and equivalent
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Fig. 1 Typical strain—stress curves of Hastelloy C-276
alloy at 1423 K (a) and at 0.01 s (b)

plastic strain, respectively; 7 and T,f are
deformation temperature and reference temperature,
and T'=T-T. & and &, are strain rate and
reference strain rate, and & =£/&,. In the present
study, 1223 K and 0.01s' were selected as
reference temperature and reference strain rate,
respectively, to determine the material constants.

When ¢=¢,=0.01 s”', Eq. (1) can be written
as

0 =(C,+Cye")exp[~(C; + C,e)T ] (2)

Then, by taking the natural logarithm of
Eq. (2), we can obtain Eq. (3):

In o=In(C,+Cae")~(C5+Cye) T (3)

Based on the reference strain rate, we
substituted the experimental temperatures and
different strains of 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,
0.4, 0.45, 0.5 into Eq. (3). Then, the relationship
between Ino and T* can be obtained, as presented
in Fig. 2.

By means of the linear fitting to the data in
Fig. 2, the obtained intercept /; and slope S; can be



Yu LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 3031-3042

3034
6.2
" —=0.10
601 % o —£=0.15
Y 4—e=0.20
58¢F v—=0.25
: «—&=0.30
< L »—e=0.35
g 39 *—=0.40
T sal H o — ¢=0.45
7 > 8 o —=0.50
521
50t
:
48} :
0 50 100 150 200
T"/K

Fig. 2 Plot of In o vs T" at strain rate of 0.01 s~

expressed as

{11 =In(C, + C,e") @

S, =—(C, +C,£)

Taking the natural logarithm to both sides, the
first part of Eq. (4) can be rewritten in the form of

Eq. (5):
In(exp 1,—C;)=In Cy+nln ¢ %)

With the true strain—stress curve at reference
temperature and reference strain rate, C; can be
determined from the yield stress (C;=222.64).
Substituting C; into Eq.(5), we can plot the
relationship between In(exp /;—C;) and Ineg, the
result is shown in Fig. 3(a), from which we can
calculate the intercept and slope values by linear
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fitting of the above data. Then the value of # and C,
were determined.

In terms of the second part of Eq.(4),
constants of —C, and —C; can be gained from the
intercept and slope values in Fig. 3(b), which
presented the relationship between S and .

Finally, taking the natural logarithm to Eq. (1),
the following equation can be gained:

Ino =In(C, + C,e")—(C, + C,e)T" +
(Cs+C,T)Iné" (6)#

Substituting the obtained C;, C,, C;, and C,
into Eq. (6), and performed linear fitting to Iné’
and Ino, the slope of this fitted line can be
expressed as

S2:C5+C(,T : (7)

Here, Cs and Cg can be obtained from the
linear fitting of S, and T7* Therefore, all the
parameters needed for a modified Zerilli—
Armstrong model were gained, and they are
summarized in Table 1. Accordingly, the modified
Zerilli-Armstrong model of Hastelloy C-276 alloy
to describe its hot tensile flow behaviors was
established as

0 =(222.64 +324.54"014%).
exp[—(0.00424 +0.00197&)T" +
(0.04925 +0.00056257 ) In &"] (®)

3.2.2 Modified Johnson—Cook model
The modified Johnson—Cook model employed
in the present study can be expressed as [21]#
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Fig. 3 Relationship between In(exp/;—C/) and In ¢ (a) and between S, and ¢ (b)

Table 1 Parameters of modified Zerilli—Armstrong model for Hastelloy C-276 alloy

Ci G G C,

Cs Cs n

222.64 324.54 0.00424

0.00197

0.04925 0.0005625 0.50142
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o=(4 +Be+B,e* +B,e’)1+Chné")-
exp[(4 + 4, néNT] )

where A4y, By, By, B;, C, 4; and A, are material
constants.

Similarly, 1223 K and 0.01 s are selected as
reference temperature and reference strain rate
again. When the deformation temperature and strain
rate are 1223 K and 0.01 s, respectively, the above
formula can be expressed as

0=(A4,+B &+Bc*+Bse”) (10)

Based on the reference temperature and
reference strain rate, the stress and strain data
obtained from experiments were substituted into
Eq. (10). Then, the relationship between ¢ and ¢
was plotted in Fig. 4(a), thus, parameters of 4;, B,
By, and B; can be gained by the 3rd order
polynomial fitting of the plotted curve [34—36].

When the deformation temperature is 1223 K,
Eq. (9) can be rewritten as

* Data point

300 k 3rd order polynomial fit
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&

0.12 - (0)

0.10
= Data point

0.08 | 3rd order polynomial fit
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Fig. 4 Relationship between stress and strain at reference
temperature and strain rate and its 3rd order polynomial
fitting (a) and between C and ¢ (b)

o
A +Bie+B,e” + Bye

+=(1+Cln¢’) (11)

where C is the material constant that relates to
strain, when the deformation temperature is 1223 K,
and the strain in the range of 0.1-0.5, the
relationship between a/(A1+Ble+Bzez+B3e3) and
Iné" can be figured out, the value of material
constant C at different strains can be gained from
the slope of the corresponding fitting line, and the
results are listed in Table 2.

Table 2 Material constant C at different strains

e C
0.10 0.02029
0.15 0.02939
0.20 0.03234
0.25 0.04052
0.30 0.05039
0.35 0.06106
0.40 0.07338
0.45 0.09428
0.50 0.11319

As shown in Table 2, it can be seen that C
varied with the change of strain. Therefore, a
multiple function was defined to describe the
relationship between C and ¢, according to the
characteristics of flow stress for Hastelloy C-276,
i.e., C=Cy(e)=C,+Cre+Cse*+Cye’. Here, Cy, Cs, Cs,
and C, can be obtained by fitting C and ¢, and the
result is shown in Fig. 4(b).

When the deformation temperature is 1323 K,
Eq. (9) can be expressed as

o
(A +Be+B,e* +B,e’)1+Chné")

=exp(AT")

(12)
where A=A +A,Ing , then taking the natural

logarithm of Eq. (12), the following formula was
gained:

In s —|=ar"
(4 +Be+Bye  +Byg)(1+Cyln¢ )
(13)#
For different strain rates, the relationship
between  In{o/[(4;+Bie+Bye’+Bse’)(1+Coln £)]}

and T* at different strains can be obtained, as
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presented in Fig. 5(a). Then 4 at different strain
rates can be obtained from the slope of linear fitting
lines, and the results are listed in Table 3.
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Fig. 5 Relationship between In{o/[(4,+B c+Bye’+Bse)
(I+C,Iné")]} and T* at strain rate of 0.01 s' (a) and
between A and In &’ (b)

Table 3 Material constant / at different strain rates

In(e"/s™") A
0 ~0.00482
2.303 ~0.00317
4.605 -0.0012
6.908 ~0.0011

Finally, 4, and 4, can be gained by calculating
the intercept and slope from the linear fitting of A
and In¢", as shown in Fig. 5(b). Thus, parameters
of a modified Johnson—Cook model for Hastelloy

C-276 alloy are all determined, which are listed in

Table 4.

3.2.3 Arrhenius-type model and its modification
The Arrhenius-type model can be expressed as

follows [37]:

Ao", ac<0.8
&=14,exp(fo), ac<1.2
A[sinh(ao)]" exp[-Q / (RT)], forall o

(14)

where A;, A,, A, ny, n, a, f are material constants, O
is the hot deformation activation energy (kJ/mol), R
is the universal gas constant (8.31 J/(mol-K)), o is
flow stress. Here, the relationship among a, £ and
n; can be related as a=p/n;.

In this work, a Zener—Hollomon parameter (2)
to describe the comprehensive effects of
deformation temperature and strain rate on hot
deformation behavior of Hastelloy C-276 alloy was
introduced, which can be expressed as [38]

Z =éexp[O/ (RT)] (15)

Taking natural logarithm to Eq. (14), and for
low-stress level (00<0.8) and high-stress level
(ac>1.2), we can get

Iné=In4 +nlnc
Ing=In4, + fo

(16)

As an example, the strain rate of 0.3 was used
to demonstrate the calculation of material constants
for low-stress level. Firstly, we substituted the
experimental result of true stress and strain rate
under the strain of 0.3 to Eq.(16), and the
relationship of In o to Iné is shown in Fig. 6(a).
Then the value of n; can be derived by taking the
average value of the three linear fitted slopes at
different deformation temperatures.

In terms of high-stress level ao>1.2 and all ¢
states, peak stress o, was employed to study the
corresponding material constants. Figure 6(b)
shows the relationship between o, and Iné, as
well as the linear fitting results under peak stress.
Thus, the value of S can be calculated by taking the
average value of the three slopes at different
deformation temperatures.

Table 4 Parameters of modified Johnson—Cook model for Hastelloy C-276 alloy

Al Bl Bz B3 Cl

C2 C3 C4 /1 1 /12

181.20 1316.07 —2625.46  1891.79 0.0071

0.16 —0.33 0.86 —0.00454 0.000566
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Then, we adopted the natural logarithm to the
third part of Eq. (14).

In[sinh(ao)] = 0 4 € _Ind (17)#
n  nRT n
As shown in Eq.(17), by fitting the

relationship of In[sinh(ao)] to Iné, the value of n
can be gained from the average slope of the fitting
lines at different strains, as presented in Fig. 7(a).

By calculating the average slope of
In[sinh(ao)] as a function of 7°' under the four
kinds of strain rates, as presented in Fig. 7(b), the
following Eq. (18) that differentiated from Eq. (17)
can be used to calculate Q.

0- Rn{alnsinh(aa)}

oln(1/T)

Based on the obtained » and Q, we can
calculate the value of A easily. However, in the
above study, we assumed that the influence of strain
on flow behavior at elevated temperature of metals
is insignificant, and thus we did not take it into

(18)
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account in the above established model, 1i.e.
Eq. (14). Actually, the flow stress was highly
influenced by the strain, especially at the beginning
of the deformation process. Hence, the effect should
be considered when establishing the model. In the
present study, a strain-compensated method was
used to further improve the accuracy of the
prediction.

Here, polynomial fitting to
performed based on the material constants that
determined from different strains. And as a
consequence, a fifth-order polynomial, as presented

strains was

in Eq.(19), correlates well to represent the
influence of strain on material constants (see
Fig. 8), and the obtained coefficients of the
polynomial functions are listed in Table 5.

n=n tne+ I’l382 + n483 + 1’1584 + n685

o=o0, +0[28+0C382 +oc4$3 +a584 +a685 (19)

0=0,+0,e+0:” + 0,6 +0se* + O’

In A=A + e+ 48" + A + Ae” + 4.8

Fig. 6 Relationship between In ¢ and In ¢ (a) and between o, and In & (b)
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Table 5 Coefficients of polynomial for a, n, O and In 4
a n O/(kJ-mol ") In 4
o=4.457x10"* n1=25.643 01=593.483 A=150.620
0=1.33x10"* ny=—157.736 0,=—4247.070 A;=—1561.493
a5=1.265%x10"* n;=742.541 0;=31848.798 A3;=9832.143
o=—7.288x107* n=—2006.497 0+~113363.287 A=31540.454
as=1.621x10"" ns=2697.436 Q+s=187433.566 A5=48929.091
a=1.194x10"" ne=—1425.641 0~—116869.744 A¢=—29236.308
On the basis of these obtained material where 0.y, 1s the stress of experimental, o, is the

constants, the flow stress at a particular strain can
be calculated. Also, according to the definition of
the hyperbolic law, the flow stress of Hastelloy
C-276 can be expressed as a function that includes
the Zener—Hollomon parameter, as presented in
Eq. (20).

azlmKZMﬂ”HQM®W+HW} (20)
(44

3.3 Comparisons of three modified constitutive

models

After the constitutive models were established,
one important step is to assess the accuracy of
the above-established models, thus, correlation
coefficient (r) was employed in the present study,
which could provide details on the linear
relationship between experimental data and the
predicted data. The » value can be calculated
by [36]

5 (vhy et -3)

y= i=1\" Xp eXp p p
N i _ 2 N P — 2
ZFI Texp O-eXP) ZiZI % O-P)

stress of prediction, &, and &, are average
values of 0.y, and o, respectively, N is the total
number of data employed in the calculation.

Then, the experimental and predicted data
were substituted into Eq. (21), the results are
presented in Fig. 9. The correlation coefficients for
the modified Zerilli-Armstrong model, modified
Johnson-Cook model and modified Arrhenius-type
model are 0.935, 0.968, and 0.984, respectively.

Moreover, the absolute error was also
introduced to evaluate the deviation of predicted
data from experimental data in the present study.
The calculation of absolute error can be expressed

as [36]

— CXP

x100% (22)

1 N
ﬁ?

The absolute errors of the modified
Zerilli—Armstrong, Johnson—Cook, and modified
Arrhenius-type models for Hastelloy C-276 are
13.4%, 10.5% and 6.7%, respectively, which are
presented in Fig. 10, together with the correlation
coefficient obtained above.
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Fig. 9 Correlation between experimental and predicted
flow stress values with modified Zerilli—Armstrong
model (a), modified Johnson—Cook model (b) and
modified Arrhenius-type model (c)

Obviously, the modified Arrhenius-type model
possesses the highest correlation coefficient, and
the lowest absolute error in comparison with the
other two models, indicating that the prediction of
flow stress of Hastelloy C-276 with modified
Arrhenius-type model has the highest precision in
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~ 112 ~N
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Zerilli- Johnson- Arrhenius-
Armstrong Cook type

Fig. 10 Comparison of correlation coefficient and
absolute error of modified Zerilli—Armstrong model,
modified Johnson-Cook model and modified Arrhenius-
type model

the present study. Moreover, a comparison of flow
stresses between the experimental results and the
predicted values with the three obtained constitutive
equations was performed, which are presented in
Fig. 11. Apparently, it is found that the
predictability of the modified Zerilli-Armstrong
model at 1223 K is not as good as both the modified
Johnson-Cook model and modified Arrhenius-type
model. In particular, the predicted stresses with
modified Arrhenius-type model were excellently
agreement with the experimental results for a wide
range of deformation conditions, which agrees well
with what the correlation coefficient and absolute
error indicated.

On the other hand, it is notable that the
modified strain-compensated Arrhenius-type model
involves thirteen numbers of material constants,
while the number of material constants associated
in these two models are both only half of
total number that in Arrhenius-type model.
Consequently, the time required to determine these
material constants of Arrhenius-type model is much
longer than that of the modified Johnson-Cook
model and modified Zerilli—Armstrong model.

4 Conclusions

(1) The modified Zerilli-Armstrong, modified
Johnson-Cook, and strain compensated Arrhenius-
type constitutive models of Hastelloy C-276 were
established based on the true strain and stress under
different tensile conditions. It is found that the
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Fig. 11 Comparison between experimental and predicted
flow stress with modified Zerilli—Armstrong (a),
modified Johnson—Cook (b), and strain-compensated

Arrhenius-type equation (c) at strain rate of 0.01 s’

strain compensated Arrhenius-type model possesses
the highest predictability.

(2) The correlation coefficients of the modified
Zerilli-Armstrong, Johnson—Cook, and Arrhenius-
type constitutive models were calculated to be
0.935, 0.968 and 0.984, while the absolute errors
were 13.4%, 10.5% and 6.7%, respectively, which

further evidenced the predict precision with the
strain compensated Arrhenius-type model to be the
highest.

(3) Nevertheless, the determination of the
material constants for the strain compensated
Arrhenius-type model is much complicated and
time-consuming than the modified Johnson-Cook
model and Zerilli-Armstrong model, which
involves thirteen material constants and almost
twice the other two.
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{&1F Y Zerilli-Armstrong. Johnson—Cook A
Arrhenius ARIJREITF C-276 MBEKA SR N BTN

WOF F R R, HHE D, R, FA

1. R BEEMk, K 410083;
2. R A ES RS RS RS RGO, KYD 410083;
3. R AR A G E K E IR R, Kb 410083;
4. HRERYE MU TR, K7D 410083

W OE: N BER C-276 WA S RIRMARAT N, TEIREN 1223~1423 K, NMAREAEN 0.01~10 s 5K AFF
W% A AT IRBPIR, IR TBIEM Zerilli-Armstrong #% . Johnson—Cook f5 1 AW AR ¥Ms£ ) Arrhenius 5
B, Oy BIR AR RLI A 77 FER S B C-276 W& IRA & it B R Jy. TN, SRR RE()FILIHRZE ()RR 3
AT () TS B PR B AT AN, TS5 BN Zerilli-Armstrong. Johnson—Cook 1 Arrhenius A4 R4 ) 7 18 5+ %)
4°0.935. 0.968 F10.984, A3 51N 13.4% 10.5%H 6.7%. B4k, StEEAHTLE 0.1~0.5 BARE FE AL R 111
SEHE S TME, 45 Rt — R B U R Arrhenius BN C-276 WS KA 4 1 iR I AR AT 9 BA B Tt e
KPR C276 MGIRESE; MRPIT R MR, RN
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