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The compressive deformation behavior and constitutive
analysis of Hastelloy X superalloy were investigated
in the temperature range of 950 to 1150 °C and strain
rate range of 0.001 to 1 s— on Gleeble-3500 thermo-
simulation machine. The obtained experimental stress-
strain data were used to establish strain-dependent
constitutive equations. The correlation between the
strain-dependent constitutive parameters and flow
behavior was analyzed. The results showed that
dynamic recovery was the main softening effect during
hot deformation at low temperatures, while dynamic
recrystallization or dynamic recrystallization with
grain growth were the predominant softening
mechanisms on deforming at high temperatures. The
constitutive analysis showed that it was not
necessary to use power and exponential laws to
determine the strain-dependent stress multiplier (a)
used in the hyperbolic sine-type constitutive
equation. A comparatively high scattering in the
calculated stresses was found in the analysis with «
determined by power and exponential laws, whereas
better estimations between the experimental and
calculated flow stresses were obtained in the
analysis with a obtained according to hyperbolic



sine law.

#~ M4t Ni-base superalloy Hastelloy X, Flow behavior,
Dynamic recrystallization, Dynamic recovery,
Constitutive equation
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Abstract

POEL RS AT 4

The compressive deformation behavior
and constitutive analysis of Hastelloy X
superalloy were investigated in the
temperature range of 950 to 1150 °C and
strain rate range of 0.001 to 1 s' on
Gleeble-3500 thermo-simulation machine.
The obtained experimental stress-strain data
were used to establish strain-dependent
constitutive equations. The correlation
between the strain-dependent constitutive
parameters and flow behavior was analyzed.
The results showed that dynamic recovery
was the main softening effect during hot
deformation at low temperatures, while

dynamic recrystallization or dynamic
recrystallization with grain growth were the
predominant softening mechanisms on
deforming at high temperatures. The
constitutive analysis showed that it was not
necessary to use power and exponential laws
to determine the strain-dependent stress
() used

constitutive

multiplier in the hyperbolic

sine-type equation. A
comparatively high scattering in the

calculated stresses was found in the analysis



with o determined by power and exponential
laws, whereas better estimations between the
experimental and calculated flow stresses
were obtained in the analysis with «

obtained according to hyperbolic sine law.

Keywords: Ni-base superalloy Hastelloy X,
Flow behavior, Dynamic recrystallization,

Dynamic recovery, Constitutive equation

1. Introduction
The  high

properties of the superalloys are strongly

temperature ~ mechanical

dependent on the changes in the
microstructures during hot working [1,2].
Superalloys undergo work hardening,
dynamic recovery (DRV) [3] and dynamic
recrystallization (DRX) [4,5], leading to
variations in the flow behavior during hot
deformation. Changes in the microstructure
because of theses metallurgical phenomena
influences the deformation mechanism [6,7],
deformation

which is dependent on

conditions, particularly temperature and
Understanding  the  hot
of Hastelloy X

superalloy is essential in optimizing its hot

strain  rate.

deformation behavior

workability.

The effects of deformation temperature
and strain rate on the hot deformation
behavior are generally expressed by
constitutive equations, which are often used
to represent the flow behaviors of metals
and alloys. McQueen and Ryan [8] indicated
that the constitutive equation for creep is the
power law, which is limited at a low stress.
The exponential law is suitable for
hot-working processes, but fails at high

temperatures below a strain rate of 1 s

Sellars and Tegart [9,10] introduced a
hyperbolic sine constitutive equation that
considers both power and exponential laws.
The hyperbolic sine law combines the power
law and the exponential law at low and high
stress limits, respectively, thereby forming
an expression that is suitable for analysis in
hot-working processes.

The constitutive behavior in various
metals and alloys has been investigated
using different analytical, phenomenological
and empirical models [11-23]. For instance,
Phaniraj et al. [11] proposed a new
relationship between the stress multipliers of
hyperbolic constitutive equation in hot
deformed modified 9Cr—1Mo (P91) steel.
Mandal et al. [12] developed
dependent constitutive equations to predict
high
Ti-modified austenitic stainless steel. Cai et
al. [15] showed that

parameters can be expressed as polynomial

strain-

temperature  flow stress in a

the constitutive

functions of strain in a Ti—-6Al-4V alloy.
Krishnan et al. [16] predicted high
temperature flow stress in 9Cr—1Mo ferritic
steel during hot compression by use of
constitutive equation incorporating
compensation for both strain and strain rate.
Constitutive modeling of 1Cr12Ni3Mo2VNbN
martensitic steel based on the Arrhenius-
type equation has been introduced by Xiao
and Guo [18]. Maheshwari [20] established
a new phenomenological material flow
model to describe the dynamic deformation
behavior of Al-2024 alloy.

The constitutive behavior of an annealed
Hastelloy X supperalloy was investigated in
this study. Hot compression tests were

performed at various temperatures and strain



rates. Based on the measured flow stress, the
constitutive equations as a function of strain
were established using strain-dependent
constitutive parameters. In the analysis, two
different methods were applied to determine
the strain-dependent o wused in the
hyperbolic sine-type equations. In the first
method, which has been adopted by most
researchers, the strain-dependent a was
estimated according to power and
exponential laws. In the second method,
only the hyperbolic sine law was considered
to determine a. The obtained constitutive
equations as a function of strain were
validated by comparing the calculated flow

stresses with experimental ones.

2. Materials and experimental procedure
The analyzed chemical composition (in
wt%) of the annealed Hastelloy X superalloy
rod used in this study was 22.1Cr, 17.8Fe,
9.2Mo, 1.48Co, 0.62W, and Ni balance. The
initial microstructure of the as-received
material is demonstrated in Fig. 1.
Cylindrical specimens with a height of 9
mm and a diameter of 6 mm were machined
out of the as-received stock along the axial
direction for compression tests. Isothermal
hot compression tests were conducted on the
Gleeble 3500 thermal simulation machine at
temperatures ranging from 950 to 1150 °C
and at constant strain rates between 0.001
and 1 s™'. The stimulator was equipped with
a control system to induce the exponential
decay of the actuator speed to achieve a
constant strain rate. The specimens were
lubricated with graphite foil to reduce
friction at the punch-specimen interface. The

specimen temperature was measured by

Fig. 1. Microstructure of the annealed Haste-

lloy X superalloy.

means of a thermocouple spot-welded at the
central region on the specimen surface.
Before the samples were subjected to hot
compression, the specimens were heated
until the

reached. This deformation temperature was

deformation temperature was

then kept constant for 3 min to eliminate
thermal gradients and ensure the uniform
temperature of the specimens. The decrease
in height at the end of the compression tests
was 50%, which corresponds to a true strain
of approximately 0.7. The true stress-true
strain curves were constructed using the
load-stroke  data obtained from the
compression tests. The specimens were
quenched with water immediately after they

were subjected to hot compression.

3. Results and discussion
3.1 Stress-strain curve and microstructure
Fig. 2 demonstrates the flow curves
obtained at a strain rate of 1 s ' and at a
temperature of 950 °C. The flow curves
exhibit typical flow behavior with dynamic
softening. The flow stress increases due to
work hardening at the onset of plastic
deformation. The flow stress increases at a

decreasing rate with increasing strain and
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Fig. 2. Flow curves of the annealed
Hastelloy X superalloy deformed at various
temperatures and strain rates: (a) at 1 s~ and
(b) at 950 °C.

reaches a peak value, after which the flow
stress either decreases with increasing strain
or reaches a steady-state value. The effects
of the temperature and strain rate on the
flow stress are significant for all test
conditions. The flow stress level decreases
with increasing temperature and decreasing
strain rate. Fig. 3 shows the microstructures
of the specimens deformed at 950 °C and at
two different strain rates. Microstructures
with elongated grains observed on
deforming at the temperature of 950 °C
suggest that DRV is the major softening
effect under the deformation conditions of
low temperatures [24]. Microstructures of
the specimens deformed at 1150 °C and at

Fig.3. Microstructures of the specimens de-
formed at 950 °C and at two different strain
rates: (a) at 1 s and (b) at 0.001 s ™.

two different strain rates are given in Fig. 4.
Fine dynamically recrystallized grains found
in the microstructure of the specimen
deformed at 1150 °C and strain rate of 1 '
(Fig. 4a) indicates that DRX is the dominant
softening mechanism. Microstructure with
large grains observed on deforming at 1150
°C and strain rate of 0.01 s~ (Fig. 4b) shows
that DRX and grain growth are the main
softening mechanisms.
3.2.  Constitutive analysis with stress
multiplier o determined by power and
exponential laws

The constitutive equations of the power
law, the exponential law, and the hyperbolic
sine law can be expressed as Egs. (1), (2),

and (3), respectively:



Fig. 4. Microstructures of the specimens de-
formed at 1150 °C and at two different strain
rates: (a) at 1 s and (b) at 0.01 s

é=A,(o)" exp{%}, (D
&= A, exp(fo) exp[ﬁ} , (2)
RT

and
& = A[sinh(ac)]" exp{ﬁ} , 3)
RT

where ¢ is the strain rate, o is the stress
multiplier, n is the stress exponent, Q is the
activation energy, R is the universal gas
constant, and o is the flow stress. A4;, A, A,
n;, and f are the material constants (a =
p/ny). Taking the logarithm of both sides of
Egs. (1), (2), and (3) yield the following

equations, respectively:

lno:ilné—LlnAl+£[lj, 4)

n n mR\T

a=llné—llnA2 +g(1], (5)
p s PR\T
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Fig. 5. Relationships between the strain rate

and flow stress at a strain of 0.2: (a) In¢ —Ino
and (b) In¢ —0.

and
In[sinh(ao)] = llne’ - llnA + g(l) , (6)
n n nR\T
where n; and £ are the slopes of the lines in
Iné—Ino plot (Eq. (4)) and Iné—o plot (Eq.
(5)) at a particular strain and temperature,
respectively. Fig. 5 shows the relationships
between the strain rate and the stress at a
strain of 0.2. The calculated n; and £ based
on the slopes of the lines in Figs. 5a and 5b
are 6.61 and 0.0335 MPa ', respectively.
Thus, a = f/n; = 0.00507 MPa .

In Eq. (6), n is the slope of Iné-—
In[sinh(ao)] plot at a particular strain and
temperature. O can be calculated using the
slope of In[sinh(ao)]—1/T plot at a particular

strain and strain rate. The relationships
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Fig. 7. Variation in In[sinh(ao)] as a
function of reciprocal temperature at various

strain rates and a strain of 0.2.

between the logarithmic strain rate (Iné)
and the logarithmic stress (In[sinh(ao)]) at a
strain of 0.2 are given in Fig. 6. The value of
the stress multiplier o used to calculate
In[sinh(ao)] was equal to 0.00507 MPa';
which was obtained by power and
exponential laws. The average value of
stress exponent n estimated from Fig. 6 is

4.81. Fig. 7 illustrates the changes in flow

stress as a function of reciprocal temperature.

0, which was calculated using the slopes of
the plots in Figs. 6 and 7, is approximately
469 kJ/mol.

48
i Strain = 0.2 .
o = 0.00507 MPa™'
44
10 L
£
36 n,=4.76
- A =4.76x10"® s
32 A ] | ] | ]
-2 -1 0 1 2
In[sinh(a.o)]

Fig. 8. Variation in InZ as a function of
In[sinh(ao)] at various temperatures and a
strain of 0.2.

Zener and Hollomon [25] showed that the
effects of strain rate and temperature on hot
deformation can be expressed by a
compensated strain rate (Zener-Hollomon)

parameter, Z, as shown below:
. 0 . n
Z = ¢exp| — | = A[sinh(ao)]”. 7
p[ RT [sinh(ao)] (7

Taking the natural logarithms of both sides
of Eq. (7) yields the following equation:

InZ =1n A + nin[sinh(ao)]. (8)
A and n at a particular strain can then be
obtained by plotting the
between InZ and In[sinh(ao)]. The values of
In4 and n are the intercept and slope of InZ

relationship

versus In[sinh(ao)] plot, respectively. Fig. 8
shows the InZ wersus In[sinh(ao)] plot,
indicating a fairly good linear fit with a
coefficient of fit determination R* of 0.984.
Thus, 4 at a strain of 0.2 obtained from Fig.
8 was 4.76 x 105",

Fig. 9 shows a, n, O, and 4 as a function
of strain. Q is the rate controlling parameter
for hot deformation. Suery and Baudelet [26]
explored constitutive equations according to

the structure during deformation and
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Fig. 9. Variations in the constitutive
parameters as a function of strain with a
determined by power and exponential laws:
(a) a value; (b) n value; (c) Q value; and (d)

InA4 value.

indicated that O can vary with strain at a
non-steady state flow condition; thus, Q is a
non-unique parameter of the constitutive
relationship for deformation at high
temperatures. Variations in the constitutive
parameters with strain can be related to the
stress-strain behavior. At strains smaller
than approximately 0.3, o and n decrease
with increasing strain, whereas Q and 4 do
not change significantly with increasing
strain. This result satisfies the increase in
flow stress with increasing strain at low
strains in most flow curves (Fig. 2). The
decreases in a and n with approximately
constant QO and 4 meet the requirement for
the increasing flow stress at low strains. At
strains greater than approximately 0.3,
increase in Q and decrease in n with
increasing strain are balanced by increases
in a and 4 with increasing strain to keep the
decrease in flow stress as a response to
dynamic softening at high strains.
Polynomial fittings are used to correlate
the constitutive parameters with strain (Fig.
9). Hence, the strain-dependent constitutive
equation with a determined by power and
exponential laws for Hastelloy X superalloy
can be expressed as follows:
: . 90,
¢ = A [sinh(a,0,)] eXp{— RT} , 9)
where a, = 0.0054 — 0.0002¢ — 0.0159& +
0.0516& —0.0373¢",
n.=5.78—6.83c+ 10458 — 5.48¢,
0, = 405.6 + 810.5¢ — 3716.7& +
7203.5& —4379.2¢", and
In 4. = 32.80 + 69.73c — 311.158 +
597.03&’ —360.55¢".

The polynomial fittings for different

constitutive parameters were chosen to
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Fig. 10. Experimental and calculated flow
stresses at various deformation conditions
with o determined by power and exponential
laws: (a) 950 °C; (b) 1000 °C; (c) 1050 °C;
(c) 1100 °C; and (d) 1150 °C.

represent the influence of strain on the

constitutive parameters with a good
correlation.

Fig. 10 shows the comparisons of the
experimental stress-strain curves and the
stress values calculated using Eq. (9). The
calculated flow stress is in reasonable
agreement with the experimental flow

curves, however, comparative large

scattering could be observed at
This
should result from the method which a was

some
deformation conditions. scattering
determined in the analysis. a is an adjustable
constant that sets ao into the correct range to
make the lines in In ¢ —In[sinh(ao)] plot
parallel at a particular temperature. However,
a cannot be adjusted in the hyperbolic sine
constitutive equation in the analysis with a

determined by power and exponential laws.

3.3. Constitutive analysis with a determined
according to hyperbolic sine law

Eq. (6) shows that n is the slope of Iné—
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In[sinh(ao)] plot at a particular strain and
temperature. a may be chosen based on the
parallel lines that are obtained from the
curves of In ¢ —In[sinh(ao)] plot without
considering power and exponential laws.
The parallelism of the In & —In[sinh(ao)]
lines can then be evaluated by the STDEV
respect to the average n to determine a. a
with a smaller STDEV with respect to the
average n value shows a higher degree of
parallelism. Detailed descriptions on the
obtaining suitable o for hyperbolic sine-type
constitutive analysis are given in the
previous study [27].

Fig. 11 shows the values of a, n, O, and 4
as a function of strain. o decreases with
increasing strain, whereas n, O, and 4
increase with increasing strain. At low
strains, variations in n, Q, and 4 with strain
are not so obvious, rapid decrease in a with
increasing strain is the major factor to
maintain the increasing flow stress (Fig. 2).
At high strains, the decrease rate of a with
strain decreases with increasing strain and
approaches near constant rate, while the
increases rates of n, O, and 4 with strain
increase with increasing strain. Decrease in
a and increase in Q with increasing strain
are balanced by increases in n and A4 with
increasing strain to maintain the decline in
the flow stress at high strains.

The effect of strain on the constitutive
equation with a determined according
hyperbolic sine law is also considered by
using the constitutive parameters as a
polynomial function of strain. Thus, the
strain-dependent constitutive equation can

be expressed as follows:
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Fig. 12. Experimental and calculated flow
stresses at various deformation conditions
with a determined by hyperbolic sine law: (a)
950 °C; (b) 1000 °C; (c) 1050 °C; (c) 1100
°C; and (d) 1150 °C.

¢ = A [sinh(0.024c,)]™ exp[— %} (10)

where a, = 0.0128 — 0.0508¢ + 0.14718 —
0.2119& +0.1098¢",
n.=3.36+ 6.85¢— 28.51& + 57.66¢
—35.10¢",
0, = 386.1 + 988.8¢ — 431425 +
8135.0&" —4997.2¢", and
In A, =25.15 + 123.94¢ — 494.138 +
902.50&’ — 535.86¢".
Comparisons between the experimental and
the predicted flow stresses calculated using
Eq. (10) are given in Fig. 12. The calculated
flow stress values are in good agreement
with the experimental flow curves.

Figs. 10 and 12 also show that more
accurate stresses are predicted using analysis
the
hyperbolic sine law. These results suggest

with a determined according to
that a is not necessary to be determined by
power and exponential laws. Determining «
by the parallel Iné—In[sinh(ao)] lines can
the
simplify the analysis

accurately stress-strain

predict

relationships and



procedure to obtain the strain-dependent
for constitutive

in Hastelloy X

constitutive parameters
equation construction

superalloy.

4. Conclusions
In this study, hot compression tests were
the hot

annealed

carried out to investigate

deformation behavior of an
Hastelloy X

modeling of the flow stress was also

superalloy. A constitutive

performed. The constitutive parameters a, n,

A and activation energy O were calculated

by compensation of strain using polynomials.

Considering the strain-dependent a obtained
according to power and exponential laws,
higher deviations were obtained with respect
to average n at low and high strains. Thus, a
comparatively  higher scattering  was
observed on the predicted flow stress. The
constitutive analysis with a determined by
the parallel Iné—In[sinh(ao)] lines showed
that a could be estimated according to the
hyperbolic sine equation, in which the
obtained constitutive equation could provide
better prediction in flow stress under the
deformation conditions performed in this
the

results

study. Comparisons between

experimental and  predicted
confirmed that the developed constitutive
equations could be used to numerically
simulate the hot deformation of Hastelloy X
superalloy. Constitutive analysis with «
estimated according to hyperbolic sine law
provided more accurate prediction capability

in flow stress calculation.
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Constitutive Analysis of Ni-Base Superalloy Hastelloy X under Hot
Compression Based on Thermodynamics
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Abstract. Hot deformation characteristics of Hastelloy X Ni-base superalloy were investigated at
elevated temperatures. Hot compressive tests were carried out in the temperature and strain rate
ranges from 900 to 1150 °C and 0.001 to 1 s™', respectively. The constitutive equation relating flow
stress, temperature, and strain rate was obtained based on the peak stresses. The flow behavior
showed that the softening mechanisms were related to the dynamic recovery (DRV) and dynamic
recrystallization (DRX). The flow stress of Hastelloy X was fitted well by the constitutive equation of
the hyperbolic sine function. The constitutive analysis suggested that the hot deformation mechanism
of the Hastelloy X was dislocation creep.

Introduction

The Hastelloy X Ni-base superalloy is solid-solution-strengthened with very good high-temperature
strength and very good resistance to oxidizing environments up to about 1095°C. Applications
include materials for fabricated or forged parts in gas turbine engines, and chemical and
petrochemical plants, power plant and industrial heating applications. The high temperature
mechanical properties of the superalloys are highly sensitive to flow characteristic and
microstructural changes of the material during hot working [1,2]. An understanding of the flow
behavior of the alloys is essential for optimizing workability and controlling microstructural
evolution during hot working. During hot deformation, dynamic softening processes are operating
simultaneously with deformation process. The hardening due to deformation process is relaxed by the
softening process, such as dynamic recovery (DRV) and/or dynamic recrystallization (DRX) [3.4].
Deformation temperature and strain rate are the main parameters for controlling the microstructural
softening effects. At temperatures above recrystallization temperature, the influence of strain rate
becomes increasingly important and the degree of dependency of flow stress on temperature varies
considerably among different materials.

In the present paper, the flow characteristics of Hastelloy-X superalloy are investigated by hot
compression tests at various temperatures and strain rates. The study focuses on the effects
deformation conditions on the flow characteristics during hot compression.

Experimental procedures

The experimental material was annealed Hastelloy X Ni-base superalloy rod with a chemical
composition of Ni-22.1Cr—17.8Fe-9.2Mo-1.48C0—-0.62W (wt%). Cylindrical specimens 6 mm in
diameter and 9 mm high were machined out of the as-received stock for compression tests. The initial
microstructure is demonstrated in Fig. 1. Hot compressed tests were conducted on a Gleeble-3500
thermal simulation machine at temperatures ranging from 900 to 1150 °C, at strain rates varying
between 0.001 and 1 s™'. Specimens were heated to the test temperature and kept for 3 min before hot
compression. The initial height of the specimen was reduced to 50% corresponding to a true strain of
approximately 0.7. The specimens were water quenched immediately after hot compression.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 116.228.110.92-12/10/12,14:57:30)


http://www.ttp.net

74 Advanced Research on Applied Mechanics and Manufacturing System

400 00151
_ B 900 °C
& 300
% ———_950°C
;”3, 1050 °C
= 100 1100 °C
1150 °C
0 L l L l L l L |
0 0.2 0.4 0.6 0.8
True strain
Fig. 1. Optical image of the initial microstructure Fig. 2. Compression curves for the Hastelloy X
of the Hastelloy X superalloy. at a strain rate of 0.01 s ' and various
temperatures.
%90 ™ 1000°c
= 400 =
o
s s
~— 300 -
@ @
o o
@ 200 o
~ 100
0 |
0 0.2 04 0.6 0.8 900 950 1000 1050 1100 1150
True strain _ Temperatl_Jre (°C)
Fig. 3. Compression curves for the Hastelloy X Fig. 4. Peak stress. asa fungtlon of temperature at
at a temperature of 1000 °C and various strain various strain rates.
rates.

Results and Discussion

Flow Behavior. Figs. 2 and 3 illustrate the stress—strain curves obtained at a strain rate of 0.01 s and
various temperatures (Fig. 2) and at a temperature of 1000 °C and various strain rates (Fig. 3). The
flow curves exhibit the typical flow behavior with dynamic softening. The flow stress increases and
reaches a peak value, after which the stress decreases with increasing strain, eventually reaching a
steady-state value. At higher strain rates (or lower temperature), hardening followed by softening is
more obvious, whereas at lower strain rates (or higher temperatures), a dynamic equilibrium between
hardening and softening takes place at the very beginning of deformation. The initial rapid rise in
stress 1s associated with an increase in dislocation density, as a result of strain hardening. At high
strain rates, dislocation multiplication is more rapid than that at low strain rates and contributes to
higher strain hardening effect. The flow curves with higher work hardening effect at higher strain
rates (or lower temperatures) suggest that DRV may be the major softening effect, while DRX is the
dominant softening mechanism at low strain rates (or higher temperatures).

Fig. 4 shows the variation in the peak stress as a function of temperature at various strain rates. The
peak stresses are evidently dependent on the strain rate and temperature. The stresses increase with
increasing strain rate at a fixed temperature. Moreover, they decrease with increasing temperature at a
given strain rate. However, the extent of decrease depends on the temperature. The effect of the strain
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In[sinh(ao,)] at various temperatures.

rate on the stresses is more pronounced at low temperatures. The peak stress significantly decreases
with increasing temperature at high strain rates. In contrast, the differences in the peak stress between
different temperatures are smaller at low strain rates. Increasing strain rate at low temperatures leads
to an increase in the dislocation density, resulting in higher-stress concentration regions. Therefore,
peak stress increases noticeably with strain rate at low temperatures.

Constitutive analysis. The relation between the flow stress, deformation temperature, and strain rate
is generally expressed by the hyperbolic sine law [5,6]

¢ = A[sinh(ao)]" exp{%}, (1)

where 4 (s™') and a (MPa ') are constants, o is the flow stress (MPa), 7 is the stress exponent, and O is
the activation energy. The rate-controlling mechanism may be evaluated based on the activation
energy. By taking the natural logarithms of both sides of Eq. (1), Equation (1) can be rewritten as

In[sinh(ao)] = % Ing + % (%) 1 In4. (2)

The value for a may be chosen in such a way that parallel lines could be obtained from the curve of
Iné¢ versus In[sinh(ao)]. According to Eq. (2), n is the slope of the line in the plot of Iné versus
In[sinh(ao)] at constant strain and temperature. The value of O can be calculated using the slope of the
line in the plot of In[sinh(ao)] versus 1/T at constant strain and strain rate.

The relationships between the logarithmic peak stress and the logarithmic strain rate (In¢) are
given in Fig. 5. The value of the stress multiplier a was equal to 0.003 MPa'; this yields the best fit of
the experimental data. The average value of stress exponent n is 5.5. The n-value suggests that
dislocation creep could be a dominant deformation process [7]. The variation in In[sinh(ao})] as a
function of the reciprocal of the temperature is given in Fig. 6. The activation energy Q calculated
using the slopes of the plots in Figs. 3 and 4 is 432 kJ/mol.

The constitutive equation could be related to the Zener—Hollomon parameter (Z), in which case Eq.
(1) can be shown as [8]

Q

7 = sexp[—
p[RT

] = A[sinh(ao)]". 3)

By taking the natural logarithms of both sides of Eq. (3), Equation (3) can be rewritten as
InZ =1n A + nin[sinh(ao)] . 4)
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Equation (4) indicates that a linear relation should exist between In[sinh(ac)] and InZ. The
relationship between InZ and In[sinh(ao,)] is given in Fig. 7. The linear relation between InZ and
In[sinh(ao,)] indicates that the relation of the peak stress with the strain rate and temperature satisfies
Eq. (4) well for Hastelloy X superalloy. The coefficient of determination R* of the fit is 0.99. By
substituting the calculated parameters into Eq. (1), the constitutive equation can be obtained as

¢ =5.45x10"[sinh(0.0030,,)]> exp[%} . (5)
The flow stresses calculated using Eq. (5) were compared with the measured flow stresses, as shown
in Fig. 8. It is clear that the calculated stresses match the measured stresses well. The constitutive

equation obtained in this work gives reasonable fit to the measured values.

Summary

The hot deformation behavior of a Hastelloy X Ni-base superalloy was investigated in compression at
900—1150 °C, with strain rates from 0.001 to 1 s '. The peak stress did not significantly decrease with
increasing temperature at low strain rates. In contrast, the differences in the peak stress between
different temperatures were much greater at high strain rates. Constitutive analysis indicated that the
hot deformation behavior of the Hastelloy X superalloy satisfied the hyperbolic sine constitutive
equation. The stress exponent n was 5.5. This result indicated that dislocation creep could be a
dominant deformation process during hot deformation.
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