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Abstract The hot deformation characteristics and con-
stitutive analysis of Inconel (IN) 600 superalloy were
investigated at elevated temperatures. Hot compressive
tests were carried out in the temperature and strain rate
ranging from 900 to 1150 °C and 1 x 107°-10 s,
respectively. The flow behavior analyses and microstruc-
tural observations indicate that the softening mechanisms
were related to dynamic recrystallization (DRX) and grain
growth. DRX played a dominant role in the microstructural
evolution at low temperatures (or high strain rates). DRX
was the dominant softening effect at low strains on testing
at high temperatures with low strain rates, whereas growth
of the dynamically recrystallized grains was responsible for
softening at high strains. The flow stress of IN 600 was
fitted well by the constitutive equation of the hyperbolic
sine function under the deformation conditions performed
in this study. A constitutive equation as a function of strain
was established through a simple extension of the hyper-
bolic sine constitutive relation.
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Introduction

The Inconel (IN) 600 Ni-base superalloy combines excel-
lent oxidation and corrosion resistance at high tempera-
tures. IN 600 is widely used as a high-temperature material
in the nuclear and aerospace industries, in which control-
ling the microstructure of the hot-worked component is
required. During hot deformation, the dynamic softening
process operates simultaneously with the deformation
process. The softening process, such as dynamic recovery
(DRV) and/or dynamic recrystallization (DRX), relaxes the
hardening caused by the deformation process [1, 2]. The
high-temperature mechanical properties of superalloys are
highly sensitive to the flow characteristic and microstruc-
tural changes during hot working [3, 4]. Changes in the
microstructure of an alloy also influence its deformation
mechanism [5, 6], which is dependent on the deformation
conditions, particularly temperature and strain rate. An
understanding of the constitutive behavior of superalloys is
essential in optimizing workability and controlling the
microstructural evolution during hot working.

In describing the hot deformation behavior of a metal,
the constitutive relationship among the flow stress, defor-
mation temperature, and strain rate is generally expressed
by the hyperbolic sine law [7-10]:

i — Alsinh(x)]" exp L_?_ﬂ (1)

where A (s™') and o (MPa™") are constants, n is the stress
exponent, Q is the activation energy, and o is the steady
state stress, peak stress, or the stress for a given strain.
Constitutive analysis has been carried out on a large
number of alloys. Cai et al. [11] investigated the charac-
teristics of the hot deformation behavior of a Ni-base
superalloy based on the peak stress and found that the
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stress exponent n could be taken as a constant in the strain
rate range of 0.001-1 s~!. Yuan and Liu [12] studied the
effect of the ¢ phase on the hot deformation behavior of IN
718 using a hyperbolic sine equation to characterize the
dependence of the peak stress on the deformation temper-
ature and strain rate. Thomas et al. [13] explored the high-
temperature deformation of IN 718 and showed that the
n value, derived from the peak stress, does not depend on
the temperatures greater than 900 °C. Jiang et al. [14]
found that the relation of the peak stress with the strain rate
and temperature satisfies the hyperbolic sine law for 8% Cr
steel. Farnoush et al. [15] investigated the hot deformation
characteristics of 2205 duplex stainless steel using the
steady state flow stress.

In general, Eq. 1 relates the peak stress or steady state
flow stress to the temperature and strain rate on the hot
deformation test. However, the steady state may not be
reached in deformation at high strain rates or low tem-
peratures even at large strains [16—18]. According to Slooff
et al. [16], the constitutive parameter A increases with the
increasing strain for magnesium AZ series alloys. Strain is
one of the major controlling parameters during the hot-
forming process. Therefore, strain-dependent constitutive
analysis is required to model the non-steady state defor-
mation behavior in high-temperature deformation.

In this study, the hot compression tests of IN 600 were
performed at various temperatures and strain rates. Based
on the measured flow stress, hot deformation characteris-
tics were analyzed, and a strain-dependent constitutive
relationship was developed. The constitutive parameters
obtained were validated by comparing the predicted flow
stresses with the experimentally measured ones.

Experimental procedures

Table 1 shows the chemical composition of the IN 600
used in this study. The starting material was in the annealed
condition. Figure 1 shows the as-received microstructure.
Cylindrical specimens with a height of 9 mm and diameter
of 6 mm were machined from the rod for the compression
tests. Hot compressed tests were conducted on a Gleeble-
3500 thermal simulation machine at temperatures ranging
from 900 to 1150 °C and at strain rates varying between
1 x 1072 and 10 s~'. Graphite foil was used as a lubricant
between the specimen and the compression dies. Thermo-
couples were welded on the surface of the compression

Table 1 Composition of IN 600 investigated

specimen to measure temperature. Specimens were heated
to the test temperature and maintained for 3 min before hot
compression. The initial height of the specimen was
reduced to approximately 50%, which corresponds to the
true strain of approximately 0.7. Some specimens were
compressed to the height corresponding to the true strains
of approximately 0.2, 0.4, and 0.6, to examine the micro-
structural evolution during hot deformation. The specimens
were water quenched immediately after hot compression.
The flow stress data obtained at various temperatures and
strain rates were corrected for the adiabatic temperature
increase.

The specimens for microscopic examination were pre-
pared using conventional metallographic techniques. The
polished specimens were electrically etched in an etchant
composed of 10% natal. An optical microscope was used to
examine the microstructures.

Results and discussion
Flow behavior

Figure 2 illustrates the stress—strain curves obtained at
temperatures of 900 and 1050 °C. The flow curves exhibit
typical flow behavior with dynamic softening. The flow
stress increases and reaches a peak value, after which the
stress decreases with increasing strain. The steady state can
be reached at low strain rates but not at high strain rates.
The features of the flow curves for IN 600 alloy indicate
the occurrence of DRX phenomenon during hot deforma-
tion [1, 2]. The rates of strain hardening and strain soft-
ening vary with deformation temperature and strain rate. At
high strain rates, hardening followed by softening is more
noticeable, whereas at low strain rates, a dynamic equi-
librium between hardening and softening occurs at the very
beginning of deformation. The initial rapid rise in stress is
associated with an increase in dislocation density, as a
result of strain hardening. At high strain rates, dislocation
multiplication is more rapid than at low strain rates and
contributes to higher strain hardening effect.

Figure 3 shows the variation in the peak stress as a
function of temperature at various strain rates. The peak
stress is evidently dependent on the strain rate and tem-
perature. The stress decreases with decreasing strain rate at
a fixed temperature. However, the extent of decrease
depends on the temperature. The effect of the strain rate on

Element C Mn Si

wt% 0.08 0.75 0.35

0.009 15.9 9.41 0.22 Bal.
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Fig. 2 Compression curves for the IN 600 specimens at various strain
rates at a 900 °C and b 1050 °C

Temperature (°C)

Fig. 3 Peak stress as a function of temperature at various strain rates

the peak stress is more pronounced at low temperatures.
Moreover, peak stress increases with decreasing tempera-
ture at a given strain rate. 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.
Decreases in the peak stresses at low strain rate can be
related to DRX whereby there is more time for nucleation
and growth of DRX.

Constitutive analysis

Taking the natural logarithms of both sides of Eq. 1 yields
the following:

. I . 0/l 1
In[sinh(ao)] = Elns + R (T) - ;lnA (2)
The value of o may be chosen in a way that parallel lines
are obtained from the curves of Inéversus In[sinh(co)].
According to Eq. 2, n is the slope of the plot of Iné versus
In[sinh(xo)] at a given strain and temperature. The value of
Q can be calculated using the slope of the plot of
In[sinh(c:o)] versus 1/T at a constant strain and strain rate.

Figure 4 shows the relationship between the logarithmic
peak stress (In[sinh(ao,)]) and the logarithmic strain rate
(Iné) at the temperature range of 900-1150 °C. The value
of o, which has the best fit among the experimental data, is
obtained as 0.005 MPa~'. The average value of the stress
exponent n is 4.7, with a maximum deviation of approxi-
mately 4.7%. Figure 5 presents the changes in peak stress
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Fig. 5 Variation in In[sinh(xg},)] as a function of reciprocal temper-
ature at various strain rates

as a function of reciprocal temperature. The value of the
activation energy Q calculated using the slopes of the plots
in Figs. 4 and 5 is approximately 330 kJ/mol for IN 600.
The Q value is higher than the value of 285 kJ/mol for self-
diffusion in pure Ni [13], whereas the Q value is lower than
the reported values of other Ni-base superalloys. The
reported Q values are 379.28, 443.2, 449, and 380.215 kJ/
mol for Nimonic 80A [19], IN 718 [20], Haynes230 [21],
and IN 690 [3], respectively. The calculated Q value is
approximately 13% lower than that for IN 690. Both IN
600 and IN 690 are Ni-base superalloys with Fe and Cr
additions. The addition of Fe reduces the activation energy
for Cr in Ni [22]. Cr leads to the formation of Cry3Cg

@ Springer

intermetallic carbide in superalloys. In comparison with IN
600, IN 690 presents more carbide particles because of its
higher Cr content. An alloy with a higher content of
intermetallic particles raises the activation energy [23, 24].
Therefore, a lower activation energy Q value for IN60O is
caused by a lower content of Cr.

The constitutive equation can be related to the Zener—
Hollomon parameter Z [25], which is defined as follows:

Z=iexp {%] = A[sinh(o0)]" (3)

Z combines the deformation variables strain rate and
temperature through an Arrhenius function with the
activation energy Q. Taking the natural logarithms of
both sides of Eq. 3 yields the following:

InZ =1nA + nln[sinh(og)] (4)

Equation 4 indicates that a linear relation between
In[sinh(xo)] and InZ should exist. The relationship
between InZ and In[sinh(ac,,)] shown in Fig. 6 indicates
that the relation of peak stress and temperature satisfies
Eq. 4. The coefficient of determination R* of the fit is 0.99.
By substituting the calculated parameters into Eq. 1, the
constitutive equation for IN 600 based on the peak stress is
expressed as:

(5)

RT
The peak stresses, as calculated using Eq. 5, are com-
pared with the measured peak stresses, as shown in Fig. 7.
Clearly, the calculated stresses match the measured stresses
well. The constitutive equation obtained in this study gives
reasonable fit to the measured values. This result indicates
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Fig. 6 Calculation of the Zener—Hollomon parameter of the hot
compressed IN 600
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Fig. 7 Comparison between the calculated and the measured peak
stresses for IN 600. The dashed line indicates a perfect match between
the calculation and measurement

that the constitutive relationship among the flow stress,
deformation temperature, and strain rate for IN 600 during
hot deformation satisfies the hyperbolic sine law.

Microstructure analysis

Figure 8 shows the microstructures of the IN 600 speci-
mens deformed under different conditions. The micro-
structures indicate that DRX occurs during hot
compression. The grain size decreases with decreasing
temperature (or increasing strain rate). The grain size
depends sensitively on the deformation temperature and/or
strain rate. These observations reveal that the microstruc-
tural behaviors are related to the Zener—Hollomon param-
eter Z. Table 2 shows the InZ values, obtained from Eq. 3,
under different deformation conditions. Figure 8 shows
that the grain size decreases with increasing Z value.
Increasing the Z value, that is, decreasing the deformation
temperature or increasing the strain rate. A high Z value
leads to a lower DRX kinetics because of lower diffusivity
at lower temperatures and/or insufficient time at higher
strain rates. As there is not enough time for diffusion to
take place at high strain rates, therefore the grain growth is
not so pronounced. The growth of the new grains is limited,
thereby reducing the size of the dynamically recrystallized
grains. Similar relationships were also observed in IN 718
[20] and AISI 304 austenitic stainless steel [26].

Fig. 8 Optical microstructures of the hot compressed IN 600 specimens under different deformation conditions at a 900 °C and 10 s~ ',

b950°Cand 1 s, ¢1050°Cand 1 x 107" s7!, andd 1100 °C and 1 x 1072 s~!
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Table 2 InZ values based on the peak stresses for the IN 600 specimens under different deformation conditions (sfl)

1x 1073571 1 x 1072571 1 x1071s7t 1s7! 10s7!
900 °C 26.94 29.24 31.55 33.85 36.15
950 °C 25.56 27.86 30.16 32.46 34.77
1000 °C 2428 26.58 28.89 31.19 33.49
1050 °C 23.10 25.41 27.71 30.01 32.31
1100 °C 22.01 2431 26.61 28.92 31.22
1150 °C 20.99 2330 25.60 27.90 30.20

Fig. 9 Microstructures of the specimens tested under different
conditions with similar Z values at a 950 °C and 10~
(Z =30.16), b 1050 °C and 1 s~' (Z = 30.01), and ¢ 1150 °C and
10 s7! (Z = 30.20)
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The microstructures under the deformation conditions
with similar Z values are given in Fig. 9. Figure 9a shows
that a lower degree of DRX was observed at a lower
temperature with a lower strain rate. The degree of DRX
should decrease at lower temperatures because of lower
diffusivity. The decrease in strain rate could provide more
time for diffusion to take place, which should increase the
degree of DRX. Hence, a lower degree of DRX observed at

R

Fig. 11 Microstructural evolution analyzed by EBSD tested at
1050 °C and a strain rate of 1 x 1077 s atae=02,be=04,
and ¢ £¢=0.6 (green =5°-15° low angle grain boundary,

a lower temperature with a lower strain rate indicates that
temperature has higher effect than strain rate on the degree
of DRX under the deformation conditions with similar
Z values. Figure 9c shows that a larger grain size was
found on testing at a higher temperature with a higher
strain rate. The DRX kinetics increases with increasing
temperature, which should result in an increase in the size
of DRX grains. However, the increase in strain rate

blue = 15°-62.8° high angle grain boundary, red = (111) 60° twin
grain boundary, yellow = (110) 38.9° twin grain boundary) (Color
figure online)
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Table 3 n values obtained from stress—strain data at various strains for IN 600
Strain 0.2 0.3 04 0.5 0.6 0.7
n value 4.72 £ 0.14 4.59 + 0.23 4.51 £0.22 4.49 £+ 0.22 4.60 £ 0.23 4.78 £+ 0.21

corresponds to a decrease in the DRX kinetics, which
should lead to a decrease in the size of DRX grains.
Therefore, a larger grain size observed at a higher tem-
perature with a higher strain rate also shows that temper-
ature has higher influence than strain rate on the
recrystallized grain size under the deformation conditions

with similar Z values.

Figure 10 shows the microstructural evolution tested at
900 °C and at a strain rate of 1 x 107! s (Z = 33.85),
indicating the degree of DRX increases with increasing
strain. DRX is the major softening effect in the flow behavior
tested at a high Z value. The increase in the degree of DRX
with strain results in continuously decreasing flow stress in
the flow curve after reaching the peak stress (Fig. 2a).

The EBSD microstructures at various strains on testing
at 1050 °C and at a strain rate of 1 x 107> s !
(Z = 23.10) are given in Fig. 11. Grain size distributions at
various strains analyzed by EBSD are given in Fig. 12.
Figure 11 shows that the microstructural evolution at a low
Z value is different from that at a high Z value. Figure 12

@ Springer

shows that the number fraction for the smallest grain size
(~5 pm) increases with increasing strain, reaches a max-
imum value at a strain of approximately 0.4, and then
decreases. Decreases in the number fractions of the grains
with small sizes and increases in the number fractions of
the grains with large sizes at a strain of 0.6 reveal the
occurrence of grain growth of the dynamically recrystal-
lized grains (Fig. 12d). These results indicate that DRX is
the dominant softening effect at low strains, whereas
growth of the dynamically recrystallized grains is respon-
sible for softening at high strains. Figure 11 shows that the
more important microstructural feature is twinning. The
shape of the twins reveals that most of the twins are
annealing twins. Mechanical twins tend to be lens shaped
with sharp edges since this reduces the long range elastic
strains. Annealing twins are not pointed because there are
formed as a consequence of growth accidents during
recrystallization of deformed cubic-close packed metals
such as copper, austenitic iron, and nickel [27-29]. The
microstructure observations indicate that strain influences
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Fig. 13 Variations in constitutive parameters as a function of strain.
a n value, b Q value, and ¢ A value

the microstructural changes. Changes in the microstructure
also affect the deformation mechanism, consequently
influencing the constitutive analysis.

an AA6060 aluminum alloy and showed that the hyper-
bolic sine constitutive equation could be used to calculate
the flow stress at any strain, with constant values for the
parameters A, n, and Q, and a strain-dependent o value.
However, this study does not exhibit similar results for IN
600. Table 3 tabulates the stress exponent n values
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obtained using Eq. 2 at various strains with a single « value
of 0.005 MPa~'. The maximum standard deviations for
n values at various strains are all less than 5%. These
results indicate that parallel lines can be obtained from the
plots of Inéversus In[sinh(xg)] at various strains using a
single o value for IN 600. Hence, « value is treated as
constant in this study.

Figure 13 shows the values of n, Q, and A as a function
of strain. The decreases in the n, Q, and A values at low
strains are consistent with the flow behavior, in which the
flow stresses increase in this region. At high strains, the
Q value remains constant, whereas the n and A values
increase again. The variations in constitutive parameters
with strain can be related to the stress—strain behavior. As
shown in Fig. 2, most of the flow curves show decreasing
flow stress after reaching the peak value. Therefore, the
increases in the n and A values at large strains on testing at
a given strain rate and temperature compensate for the
decline of flow stress in response to dynamic softening.

Although Fig. 13a, b shows that the variations in n and
Q values are not significantly sensitive to the strain, they
cannot be treated as constants. If n and Q values are treated
as constants at a given strain rate and temperature, Eq. 1
indicates that the variations in flow stress at different
strains will follow the changes in A value under all test
conditions. However, these are not the flow behaviors
observed in the stress—strain curves (Fig. 2). Figures 10
and 11 also show that changes in the microstructures,
which influence the deformation mechanisms, are strain-
dependent. Consequently, the constitutive parameters are
strain-dependent. Based on the data shown in Fig. 13,
polynomial fittings are used to correlate the constitutive
parameters with strains in this study. Hence, the strain-
dependent constitutive equation for IN 600 can be
expressed as follows:

. . e 0.

& = A,[sinh(0.0050,)]" exp [ﬁ} (6)
with A, = (24.38 — 116.04¢ + 185.57¢* — 96.66¢°) x
10" 57! n, = 5.06 — 1.58¢ — 1.20&> + 4.14¢°, and Q, =
322.2 + 185.5¢ — 740.64¢> + 632.4¢°.

A comparison of some experimental stress—strain curves
and the stress values calculated using Eq. 6 is given in
Fig. 14. The figure shows that the calculated flow stress
values are in close agreement with the experimental flow
curves.

Conclusions
The hot deformation behavior of an IN 600 superalloy was

investigated in compression at 900-1150 °C, with strain
rates ranging from 1 x 107> to 10 s~'. The flow stress

@ Springer

varied not only with the strain rate and temperature but also
with strain. The peak stress did not significantly increase
with decreasing temperature at low strain rates. In contrast,
the differences in the peak stresses between different
temperatures were much greater at high strain rates. Flow
behavior was associated with the microstructural evolution
during hot deformation. Microstructure observations
showed that the degree of DRX increased with increasing
strain at a high Z value, resulting in a decline in the flow
stress after reaching the peak stress. Constitutive analysis
indicates that the hot deformation behavior of the IN 600
superalloy satisfied the hyperbolic sine constitutive equa-
tion. When the stress multiplier « in the hyperbolic sine
equation was kept unchanged while the other parame-
ters were made to be strain-dependent, the constitutive
equation obtained could be used to calculate flow stress at
any strain.
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