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The hot deformation behaviour of Inconel alloy IN718 was studied in the temperature range of 950–1100 °C and
at strain rates of 0.01 and 1 s−1 with a view to understand the microstructural evolution as a function of strain
rate and temperature. For this purpose, a single hit, hot isothermal plane strain compression (PSC) technique
was used. The flow curves obtained during PSC exhibited weak flow softening at higher temperatures. Electron
backscattered diffraction analysis (EBSD) of the PSC tested samples at the location of maximum strain revealed
dynamic recrystallisation occurring at higher temperatures. Based on detailed microstructure and microtexture
analyses, it was concluded that single step, large strain deformation has a distinct advantage in the thermo-
mechanical processing of Inconel alloy IN718.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Nickel based superalloys have unique combination of properties
such as strength retention at elevated temperatures coupled with
resitance to high temperature oxidation, which makes them suitable
for high temperature applications. Inconel alloy IN 718 is a
precipitation-strengthened nickel based superalloy, having excel-
lent creep resistance and high temperature oxidation resistance. In
view of its excellent mechanical properties up to intermediate temper-
atures (650 °C) and processing versatility, this alloy is beingwidely used
in the gas turbine industry for static structures as well as rotating disc
and shaft components [1–6].

Optimisation of hot workability and control of microstructure are
essential for obtaining products with repeatable properties in a
manufacturing environment. The microstructural evolution in
Inconel alloy IN718 is very sensitive to the thermo-mechanical pro-
cessing parameters such as strain, strain rate and temperature. In
order to establish the thermo-mechanical processing parameters to
obtain the most desirable mechanical properties and microstruc-
tures, computer simulation of thermo-mechanical processing of IN7I8
has been carried out [7,8]. Therefore, it is important to study the effect
of strain rate on the flow stress andmicrostructural evolution in Inconel
alloy IN718 deformed to large strains.

Although there were many studies focused on the flow behaviour of
Ni-based superalloys during bulk forming processes bymeans of uniaxial
compression [9,10],] few investigations addressed theflow characteristics
yana Murty).
in forming process such as hot rolling. Uniaxial compression is widely
used to simulate forging operations upto strains of unity, beyond which
specimen barreling occurs leading to inhomogeneous deformation. On
the other hand, large strains can be introduced into a specimen through
plane strain compression testing and therefore PSC is particularly suited
for the physical simulation of hot rolling, which is of major technological
importance. Plane strain compression testing, first proposed by Orowan
is a modified compression test which could simulate material flow
behaviour experienced during rolling. The test was later popularized by
Watts and Ford [11] and this was followed by rigorous assessment and
validation of the test, both experimentally and numerically by Sellars
et al. [12]. One of the useful outputs of the PSC test is the generation of
numerical data for optimizing constitutive equations for predicting the
flow behaviour and microstructural evolution. These are subsequently
used in numerical models of industrial scale processes and those based
on finite element methods.

In a plane strain compression test, strain gets localized at the
center of the specimen and it varies from zero at the surface of
the specimen to a maximum at the centre of the specimen. This
enables observation of microstructures of specimens deformed to dif-
ferent strains under given test conditions. For this purpose, a single
hit, hot isothermal plane strain compression testing has been used in
the present study.

Therefore thepurpose of thepresent study is twofold;firstly to study
the large strain deformation behaviour by conducting hot isothermal,
single hit, plane strain compression tests on Inconel alloy IN718 and
study the stress–strain behaviour under large strain conditions; and
secondly to evaluate the microstructure and micro-texture of the
deformed specimens to understand the mechanism of deformation
under plane strain conditions.
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Fig. 1. Initial microstructure of thematerial used in the present study. Thematerial is in as
forged condition and has elongated grains in the direction of perpendicular to the
direction of forging. The arrow marks indicate twin boundaries.

Fig. 3. Stress–strain curves of the plane strain compressed specimens deformed at different
temperatures and strain rates.
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2. Experimental

A large strain, single pass, simple compression technique extensively
used by one of the co-authors [13–15] is utilized in the present study. In
contrast to the other large strain deformation processes, where large
strains are imposed by multi-pass deformation processes, this tech-
nique is a single pass deformation process. Therefore, this technique
eliminates the possibility of the sample undergoing complex micro-
structural changes during static holding/reheating between the pro-
cessing steps or avoids the sample undergoing complex multi-axial
deformation. In the plane strain compression test used in the present
study, the strain imposed gets concentrated at the center of the speci-
men and the strain varies in the range of 0–4 from the surface to the
center of the specimen. This strain distribution facilitates the observa-
tion of microstructures of specimens deformed to various strain levels
in a single specimen.

Test samples with dimensions of 15 mm (length) × 13 mm
(width) × 12 mm (thickness) were fabricated from the hot rolled
plate of IN718 superalloy. The specimens were machined in such a
way that the compression axis is perpendicular to the rolling direction.
The initial microstructure of the material used in the present study is
shown in Fig. 1. The microstructure consisted of large equiaxed grains
with a large number of twins where both grain and twin boundaries
are straight with no sub-structural features. The X-ray diffractogram of
the sample (Fig. 2) shows peaks for face centred cubic phase though
Fig. 2. X-ray diffractogram of the IN718 material under study.
the superalloy consists of γ and γ′ phases due to coherent nature of
the γ′ precipitate. The superlattice peaks of the precipitates were not
observed due to faster scanning speed.

Using a thermo-mechanical simulator (Gleeble 3500) capable of
controlling the specimen temperature, strain and strain rate, plane
strain compression tests were performed. In order to conduct the
test, the specimens were heated to the desired temperature in the
range of 950 °C to 1100 °C. Heating of the specimen was done at
5 K s−1 from ambient temperature to the specified temperature by
direct resistance (Joule heating) and then compressed in a single
stroke after soaking at the desired temperature for 60 s. The com-
pressive deformation was carried out in the time periods of 1.38 s
and 138 s so as to impose nominal strain rates of 1 s−1 and 0.01 s−1, re-
spectively. Immediately after the deformation, the specimens were in-
situ water quenched. Post compression, specimens were cut from the
sample by a slow speed diamond saw for optical microscopy and for
EBSD analysis.

Specimens for EBSD analysis after plane strain compression testing
were carefully polished through mechanical polishing followed by
electro polishing with Struers A2 solution containing perchloric acid,
ethanol, butoxy ethanol and distilled water. The electron back scattered
diffraction system attached to a FEI Quanta scanning electron micro-
scope was used in the present study. TSL OIM 6 data collection and
analysis software were used to collect and process the orientation
information.
Fig. 4. Variation of vickers hardness with distance measures from the edge of the plane
strain compression tested samples tested at various temperatures and strain rates.



Fig. 5. Optical microstructures of specimens deformed at (a): 950 °C and 1 s−1; (b): 950 °C and 0.01 s−1; (c): 1000 °C and 1 s−1; (d): 1000 °C and 0.01 s−1. The microstructures are
characterized by compressed grains without the evidence of any recrystallisation.

Fig. 6. Optical microstructures of specimens deformed at (a): 1050 °C and 1 s−1; (b): 1050 °C and 0.01 s−1; (c): 1100 °C and 1 s−1; (d): 1100 °C and 0.01 s−1. The microstructures are
characterized by the evidence of clear recrystallised grains.
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3. Results and discussion

3.1. Characteristics of flow curves

Themicrostructural evolution during hot deformation can be studied
through the analysis of stress–strain curves [16–18]. The stress–strain
curves obtained at various temperatures and strain rates of 0.01 and
1 s−1 are presented in Fig. 3. Further, to visualize the combined effect
of strain rate and temperature on the flow behaviour of material,
Zener-Holloman (Z) parameter defined as Z ¼ _ε expðQ=RTÞ was used
and the Z values are also presented in Fig. 3. It can be clearly seen from
Fig. 3 that the flow stress is very sensitive to test temperature and strain
rates. The flow stress decreases monotonically with increase in temper-
ature and decrease in strain rate.

In the early stage of deformation, strain hardening dominates which
leads to increase inflow stress due to the combined effect of loading and
temperature, work hardening and thermally activated softening mech-
anisms takes place simultaneously. The stress–strain curve can be divid-
ed into four parts based on the micro-mechanism taking place during
loading. These stages are Stage I (Work hardening stage), Stage II (Tran-
sition stage), Stage III (Softening stage) and Stage IV (Steady stage). In
stage I, the strain hardening due to pile of dislocations dominates over
softening rate induced by dynamic recovery (DRV) and thus the stress
rises steeply. Stage I is followed by stage II, where work hardening and
softening phenomenon induced by dynamic recovery and recrystalliza-
tion compete. In stage III, the stress drops steeply, which is due to dom-
inance of dynamic recovery and dynamic recrystallization over strain
hardening. Finally, in stage IV, the stress stabilizes due to balance be-
tween softening and hardening.
Fig. 7. Inverse Pole Figure and Image Quality map of In718 sample deformed at (a) 950
The presence of peak due to strain hardening is not distinct at lower
Z values (below Z = 4 × 1015). The deformation at Z = 2.1 × 1018 is
characterized by a complete balance between strain hardening and
dynamic softening.

Based on the shape of stress–strain curves, it can be concluded that
the mechanism of deformation at Z = 2.1 × 1018 is dynamic recovery
whereas at lower Z values, it is dynamic recrystallisation.

Fig. 4 shows the variation of Vickers microhardness with distance
from the edge of the plane strain compression tested samples tested
under various Z conditions. The distance from the edge to the centre
of the specimen is indicative of different strains from the edge (ε = 0)
to the centre line (ε = 4.0). It can be seen from the figure that at all
test temperatures and strain rates, work hardening type behaviour
is observed with a common general trend being higher hardening
with increasing Z parameter. It can be noticed from that for a given
temperature, the sample deformed at higher strain rate has higher
hardness. The hardness increase from the edge of the deformed sam-
ple to the centre line of the deformed sample is significantly higher
for sample tested at higher stain rates as compared to that tested at
lower stain rate.
3.2. Effect of strain on microstructural evolution

Fig. 5(a) and (c) show the optical microstructures of specimens
deformed at 1 s−1 at 950 °C and 1000 °C respectively. The microstruc-
tures are characterized by compressed grains without the evidence of
any recrystallisation. Presence of shear bands with intense deformation
and elongated grains can also be noticed. Coarse slip bands in the
°C at 10−2 s−1 (b) 950 °C at 1 s−1 (c) 1100 °C at 10−2 s−1and (d) 1100 °C at 1 s−1.



Fig. 8. (a)Misorientation distribution and (b) cumulativemisorientation distribution for thedeformed IN718 samples. The identification given in the inset corresponds to temperature (°C)
and strain rate (s−1) respectively.
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interior of the grains and localized shear bands are also observed. The
microstructural features depict non uniform deformation.

On the other hand, the microstructures (Fig. 5 (b) and (d)) of spec-
imens deformed at 950 °C and 1000 °C at strain rates of 0.01 s−1 are
characterized by grains much smaller than the undeformed sample.
The microstructure can be characterized by wavy grain boundaries.
This is indicative of dynamic recrystallisation of the material where a
completely new microstructure evolves out having grains surrounded
by clear grain boundaries. It can be observed that dynamic recrystalliza-
tion has occurred uniformly throughout the grains. The microstructure
of samples deformed at 1050 °C and 1100 °C are shown in Fig. 6(a–d).
It is clearly evident that the uniform recrystallization throughout the
sample has taken place. Hence, dynamic recrystallization is the structur-
al softening mechanism responsible for the decreasing flow stress
at higher temperatures. It can be clearly observed that samples de-
formed at high strain rates (1 s−1) have finer grains (Fig. 6(a) and
(c) compared to low strain rates (0.01 s−1) Fig. 6(b) and (d). The finer
structuremay be due to pinning of grain boundaries by δ phasewhereas
at lower strain rates it starts dissolving and grain coarsening takes place.
Grain coarsening during DRX is found above 1150 °C (Fig. 6). Further-
more, at temperatures above 1050 °C, grain growth occurs at lower
strain rates.

3.3. EBSD analysis

Fig. 7 shows the inverse pole figures and image quality maps (IPF
and IQ) for the plane strain compression tested IN718 samples. It can
be observed that the microstructure shows dynamically recrystallized
grains with the exception of sample deformed at 950 °C 1 s−1. The IPF
Fig. 9. CSL fraction of IN718 samples. The identification given in the inset corresponds to
temperature (°C) and strain rate (s−1) respectively.
maps show very little change in colour within the grains indicating
lower intragranular misorientation and a completely recrystallized mi-
crostructure. This observation is corroborated by the misorientation
and cumulative misorientation plot of the deformed samples (Fig. 8 a
and b). With the exception of the sample deformed at low temperature
and high strain rate, all the samples show higher fraction of HAGB. The
microstructure is characterized by the presence of twins for the sample
deformed at lower temperature and low strain rate and the sample de-
formed at higher strain rate and higher temperature. It can be concluded
that at higher temperature and lower strain rate, twins grow and this
contributes to gradual deviation from the twin boundary character to
a high angle boundary thereby decreasing the fraction of twin bound-
aries. This result is further corroborated by the highest fraction of
sigma 9 boundaries in this sample compared to other samples (Fig. 9).
It is well known that sigma 3 boundaries can react with each other to
form sigma 9 boundary. With the progress of recrystallization, grains
with random HAGB may consume the twins and lead to a reduction in
sigma 3 boundary content in the sample. At lower temperatures and
higher strain rates, recrystallization is retarded and therefore, recrystal-
lization twinning is impeded contributing to lower fraction of twin
boundaries.

Intragranularmisorientation in terms of KAM (Fig. 10) also indicates
similar trend with lower dislocation content in the sample deformed at
higher temperature or lower strain rate. The sample deformed at the
lowest temperature and highest strain rate shows higher KAM value
indicating a well developed dislocation structure. Further, the average
misorientation of all samples reveals similar trend. The sample de-
formed at higher strain rate and lowest temperature shows lowest aver-
age value indicating larger fraction of low angle grain boundaries. The
Fig. 10.Kernel AverageMisorientation (KAM) distributions. The identification given in the
inset corresponds to temperature (°C) and strain rate (s−1) respectively.
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Zener–Holloman parameter predicts the deformation behaviour of ma-
terials in a lucid way and even gives information about microstructural
features like grain size. However, a detailed microstructural analysis in-
dicates that finer details inmicrostructure like grain boundary character
cannot be completely understood with this parameter. The presence of
twinning during DRX affects the microstructural evolution and in turn
can affect the constitutive behaviour of the material.

4. Conclusions

Isothermal hot PSC tests on Inconel 718 to a true strain of 1.2 indicate
dominant role of dynamic recrystallization over a temperature range of
950–1100 °C and at strain rates of 0.01 and 1 s−1. Only the sample de-
formed at 950 °C and strain rate of 1 s−1 shows dynamic recovery.
Thus at higher strains dominant in PSC, dynamic recrystallization re-
gime is expanded in the temperature-strain rate space at the expense
of dynamic recovery regime. However, the complex state of stress and
the role of twinning in dynamic recrystallization needs further investi-
gation. Nevertheless, the present investigation clearly indicates a direct
advantage of single step large strain rolling reduction for Inconel alloy
IN718.
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