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Hot compression tests were conducted to determine the processing window for deformation of
solutionized Inconel 718 over a range of high temperature and strain rate. Hot working map
based on the dynamic material model was developed to establish the hot-processing regime.
Maximum hot deformation efficiency within the processing regime is marked by the dynamic
recrystallization, whereas an instability regime exhibits the highly deformed grains with shear
bands. Further, selected deformed specimens were aged at 750 �C for 8 hours. Using electron
back scattered diffraction and microhardness analyses, different microstructural properties such
as grain size, twin fraction, grain average misorientation, and hardness were correlated. For
deformed specimens, it was found that hardness is a function of misorientation and grain size.
However, after aging treatment, hardness for all the specimens was found to lie in the range of
400 to 425 HV. Further, through transmission electron microscopy analysis, it was confirmed
that deformed specimens are devoid of any precipitates while the deformed specimens followed
by aging showed c¢¢ precipitates. Thus, the lack of correlation between the hardness and the
grain size in the aged specimen was due to evolution of precipitates.
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I. INTRODUCTION

INCONEL 718 is extensively used in gas turbine
engine components because of its excellent mechanical
properties and corrosion resistance at elevated temper-
atures.[1,2] High-temperature properties in this alloy are
achieved by precipitation and solid solution harden-
ing.[3,4] The most common precipitates in this alloy are c¢
(Ni3 (Al, Ti)—FCC), c¢¢ (Ni3Nb—BCT) and d
(Ni3Nb—orthorhombhic).[5,6] Yuan et al.[7] in their
work reported that the presence of c¢/c¢¢ precipitates in
the material enhances the peak stress during hot
deformation. In contrast, the presence of d precipitates

not only reduces the peak stress but also provides higher
softening. Thus, the existence of these precipitates
significantly impacts the hot deformation behavior of
Inconel 718.
Agnoli et al.[8] correlated the stored energy and grain

growth mechanism during annealing near sub-solvus
temperature (985 �C) of Inconel 718. They found that in
the absence of stored energy grain size remains
stable during annealing, which is controlled by d-phase
precipitates. On the other hand, a significant grain
growth with bimodal distribution was observed in the
specimen subjected to deformation prior to true strain
< 0.1, whereas a homogeneous grain growth was
observed for true strain> 0.1. Moreover, Azarbarmas
et al.[9] in their study demonstrated that high-strain and
temperature favor dynamic recrystallization (DRX)
whereas a high deformation rate inhibits DRX. In
addition, Inconel 718 has low stacking fault energy and
therefore, it is susceptible to DRX during the hot
working.[10,11] In general, DRX is the major flow-
softening mechanism and it is largely employed to
control the microstructure in a wide range of temper-
atures and strain rates in Inconel 718.[12–14] High-
temperature deformation is a widely used processing
methods for forming Inconel 718. However, the defor-
mation process at high temperatures and high strain are
likely to produce undesirable manifestations of
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microstructure in the form of microvoids at intergran-
ular particles, shear band formation and flow local-
ization etc.[15,16] Therefore, a processing window in
terms of strain rate _eð Þ and temperature Tð Þ for
microstructure control is required. The concept of
processing maps has evolved in the last couple of
decades relating the processing parameters and the
microstructures.

Wray[17] firstly formularized the failure mechanism in
high-temperature tensile deformation by considering
the strain rate vs temperature maps. The comprehen-
sive quantitative approach to determine a processing
window for high temperature and deformation was
described by Raj.[18] Later, Prasad et al.,[19] Murty
et al.,[20] Malas and Seetharaman,[21] Semiatin and
Lahoti,[22] and Montheliate et al.[23] suggested different
approaches to develop the processing windows _e;Tð Þ.
Xiong et al.[24] performed a comparative study of
various instability criteria. Processing map proposed by
Prasad et al.[19] based on a dynamic material model is
extensively employed for hot working. Various studies
conducted on the hot deformation of Inconel 718 have
established a good correlation between experimental
flow, unstable zones and models. A database of this
can be found in the work of Prasad et al.[25] It has been
observed that the maximum efficiency in a wide range
of temperatures and strain rates is achieved by
DRX.[26–28]

In the past, many researchers have extensively studied
the hot deformation behavior of solutionized and aged
Inconel 718.[29–32] In addition to this, many other studies
on aging behavior of Inconel are available.[33–35] In
practice, the processing route usually involves hot
deformation and then aging to optimize the microstruc-
ture and its mechanical behavior. Very few studies have
been performed on the microstructure evolution after
deformation and aging in Inconel 718.[36,37] Studies
conducted on nickel super alloy PER 72 by Bozzolo
et al.[38] found that the final microstructure obtained
after annealing depends upon the former straining cycle.
The objective of the study was to determine the
processing window of solutionized Inconel 718 using
the model proposed by Prasad et al.[19] Further
deformed specimens were selected for aging treatment
such that a wide range of possible microstructure
conditions could be analyzed. Through an extensive
electron back scattering diffraction (EBSD) and micro-
hardness analysis, for both deformed and deformed-
aged specimens, microstructure–property relations were
studied. Transmission electron microscopy (TEM) anal-
ysis was performed to gain further insight into the
hardening of the precipitates. It was found that different
deformed microstructures show different aging behavior
of the material.

II. EXPERIMENTAL

Commercially available Inconel 718 was procured in
the form of a 25 mm diameter extruded rod. The
chemical composition of the procured Inconel 718 was
determined using wet chemical analysis and is shown in
Table I. For the hot compression tests, cylindrical
specimens of 15 mm in height and 10 mm in diameter
were machined using a wire electrical discharge machin-
ing (EDM). These specimens were vacuum sealed (10�5

bar) to prevent oxidation and heat treated in a temper-
ature-controlled (± 2 �C) muffle furnace. The specimens
were completely solutionized at 1040 �C for 2 hours
followed by water quenching. Hot compression tests
were conducted on a computer-controlled Gleeble�
3800 thermomechanical simulator in displacement con-
trol mode. A constant temperature was maintained
throughout the specimen by electric resistance heating.
The temperature of the specimen was measured using a
chromel–alumel thermocouple spot welded to the mid-
dle of the specimen surface. A high-temperature inor-
ganic ceramic adhesive cement (SYALUCEM—2) was
applied on the welded spot and cured for 10 to 12 hours
for better bonding. This method of bonding retains the
thermocouple intact during the hot deformation and
high-strain rate at an elevated temperature. The ther-
mocouple was remained intact in most of the conditions
during the deformation. For a few conditions at high
temperature and high-strain rate, the thermo couple got
detached. In such cases, the tests were repeated for
better accuracy. At temperatures below 1000 �C, two
layers of graphite and at temperatures above 1000 �C a
tantalum layer was used as a lubricant between anvil
and specimen. The specimens were heated up to defor-
mation temperature at the rate of 5 �C s�1. For uniform
temperature, the specimens were soaked for 5 minutes at
the deformation temperature before the compression
test. The specimens were deformed in the temperature
range of 900 �C to 1100 �C at an interval of 50 �C and
at strain rates of 0.001, 0.01, 0.1, 1 and 10 s�1. All the
specimens were deformed up to 50 pct height reduction
(0.69 true strain). Immediately after deformation, the
specimens were subjected to forced air cooling.
All the specimens obtained after the compression tests

were sectioned parallel to the compression axis into two
halves. Based on the microstructure analyses, one split
half of the deformed specimens at strain rate of 0.01 and
1 s�1 were aged at 750 �C for 8 hours. All the deformed
and aged specimens were prepared for microstructural
analysis using the standard metallography technique.
Specimens were manually polished on silicon carbide
polishing papers of grid size ranging from 300 to 2500.
These specimens were then polished for 30 minutes using
0.04 lm particle sized Active Oxidant Polishing

Table I. The Chemical Composition of the Inconel 718 Used in the Current Study

Element Ni Cr Nb Mo Al Ti Co C Fe

Weight Percent 53.65 18.10 5.18 3.01 0.51 0.89 0.85 0.05 Bal.
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Suspension (OPS). In spite of the double layer of
graphite, a bulging is observed in the specimen after the
hot deformation, which leads to the inhomogeneous
deformation. The microstructure analysis is performed
on center region in the specimen where maximum
deformation is observed.[39]

For microstructure analysis, EBSD data were
acquired using OXFORD HKL system mounted on
FEG Zeiss SEM Gemini 300. All the EBSD maps were
obtained from the maximum-strained zone i.e., the
center of the specimens. EBSD scans were acquired
using the step size of 0.8 lm or lower with the binning
size of 4 9 4. EBSD data analysis was performed using
commercially available TSL OIM� orientation imaging
software. The data were analyzed to calculate
microstructural parameters such as average grain diam-
eter size, grain average misorientation (GAM) and twin
boundary fraction. All the results and analyses are
reported in this work with a minimum Confidence Index
of 95 pct.

Microhardness measurements were performed to get
an insight into the hardness correlation with microstruc-
ture evolution. Microhardness data were acquired from
a table top Shimadzu made HMV-2 hardness tester
equipped with a square-based pyramid indenter. All
hardness readings were acquired at a load of 9.8 N with
a dwell time of 10 seconds and ten readings were taken
from the center of the specimen. The indenter size for
10 N load was approximately 70 to 80 micron.

TEM analyses were carried out on the selected
deformed and aged specimens. To prepare specimens
for TEM analysis, a thin section of about 500 to 700 lm
was initially sliced from the bulk specimen by a slow
speed Isomet cutter. Then the sliced discs were mechan-
ically thinned down to 100 to 120 lm using various
grades of SiC emery sheets. Twin jet electro-polishing
techniques were used to obtain the electron transparent
thin region. Electrolyte containing 10 pct perchloric acid
and 90 pct methanol was used for electro-polishing.

During polishing, the temperature of � 30 �C and
potential of 24 V were followed. The FEI, Tecnai T20
tungsten-based TEM was used for microstructural
analysis.

III. RESULTS AND DISCUSSION

A. Heat Treatment

Thermomechanical processing was conducted on
solutionized specimens (Figure 1(b)) to capture the
effect of microstructural parameters on the deformation
behavior of Inconel 718 in the absence of precipitates.
Some of the studies show hot deformation behavior at
precipitate-hardened condition.[29,40] However, in stan-
dard industrial practice, initial hot deformation is done
at the solutionized condition.[41,42] Therefore, solution-
izing heat treatment was adopted to dissolve all the
precipitates present in the as-received condition. Image
quality (IQ) maps [43] of as-received and solutionized
condition of Inconel 718 used in the current study are
shown in Figures 1(a) and (b). Twin boundary havingP

3 111h i; 60 degð Þð Þ orientation relationship with the
maximum deviation of 5 deg is also plotted on IQ maps
and shown as a red line in the Figure 1. The as-received
specimen shows inhomogeneous grain size distribution
with a very low fraction of twin boundary. The GAM of
the as-received material is 1.26 deg which indicates
existence of the local strain. The hardness value corre-
sponding to the solution treated specimen is
214 ± 2 HV, which is close to the precipitates free
Inconel 718 specimen.[34] Inconel 718 obtained after
solutionizing is precipitate-free with a large fraction of
annealing twins.[44] The average grain size diameter
(area fraction method) was measured to be ~ 56 lm and
twin boundary fraction is ~ 0.56. After solutionizing,
GAM decreases to 0.29 and local strain is minimal.
High-temperature deformation studies at different

Fig. 1—IQ maps of (a) as-received and (b) solutionized Inconel 718 used in the current study. Grain and twin boundaries are marked in black
and red color, respectively.
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temperatures and strain rates were conducted in a
solutionized condition where grains are mostly strain
free, without precipitates and having more than 50 pct
twin boundaries.

B. Stress–Strain Response and Hot Compressed
Microstructures

Flow stress at the true strain level of 0.1 to 0.6 with
the increment of 0.1 obtained from the hot compression
test at an above-mentioned range of temperature and
strain rate condition is given in Table II. The complete
stress–strain plots are given elsewhere.[45]

At constant temperature, flow stress increases with
increase in strain rate. However, at a constant strain
rate, flow stress decreases with increasing temperature.
The flow stress increases initially at lower strain rates
due to the work hardening, which is reported in
Reference 44. Immediately after reaching the peak
stress, flow stress decreases with further strain. This
typical behavior of decreasing flow stress is attributed to
dislocation annihilation/recrystallization and is charac-
teristic of flow softening.[46] Though dynamic recovery
(DRV) is activated after the initial stage (work harden-
ing) of hot deformation of Inconel 718, the primary
flow-softening mechanism is attributed to DRX.[32,47]

Since, the Inconel 718 has lower stacking fault energy,
the recovery process will be slower compared to the DRX
after reaching the critical strain.[7] Moreover, the hot
deformation activation energy based on the flow stress
curve is a good measure to predict the softening
mechanism such as DRX/DRV. When the activation
energy of the hot deformation is higher than the self-
diffusion activation energy, the deformation process is
mostly governed by the DRX; otherwise the process is
DRV.[48] The average deformation activation energy
calculated for this alloy is 364 kJ mol�1, which is much
higher than the self-diffusion (250 kJ mol�1) and suggests
that the deformation is mainly dominated by DRX.[45]

A comprehensive microstructure analysis was carried
out using EBSD to understand the microstructure
evolution for the wide range of _e;T. The analysis shows
the distinct evolution of the microstructure depending
on the deformation conditions. High-temperature defor-
mation (> 1000 �C) evidences the complete DRX for all
the deformation strain rates (shown by black arrow in
Figure 2). However, the low strain rate deformation
(0.001 to 0.01 s�1) produces coarser grain structure as
compared to the higher strain rate deformation. This
observation suggests that the elevated temperature
deformation at a lower strain rate induces the DRX
early (lower strain) and provides enough duration to

Table II. Flow Stress (MPa) Data at Various Deformation Conditions

True Strain Strain Rate (s�1)

Temperature

900 �C 950 �C 1000 �C 1050 �C 1100 �C

0.1 0.001 206 137 103 85 63
0.01 305 233 182 140 106
0.1 292 332 270 212 170
1 326 327 355 294 254
10 378 349 408 390 365

0.2 0.001 217 144 94 79 57
0.01 317 239 180 138 99
0.1 419 369 279 219 172
1 449 449 362 294 252
10 504 483 514 432 370

0.3 0.001 215 139 87 71 51
0.01 311 234 169 127 90
0.1 465 369 272 210 164
1 544 458 346 289 246
10 605 583 528 424 355

0.4 0.001 205 131 81 64 47
0.01 302 227 154 116 80
0.1 473 364 259 199 152
1 566 450 323 278 233
10 657 614 506 403 336

0.5 0.001 192 121 76 60 45
0.01 299 219 142 109 72
0.1 468 355 242 182 142
1 555 435 308 266 224
10 663 598 467 376 315

0.6 0.001 179 112 74 58 44
0.01 274 211 134 102 69
0.1 456 341 230 174 132
1 536 421 290 257 220
10 640 567 436 352 298
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promote the grain growth. As a result, the grains
structure becomes coarser in the lower strain deforma-
tion. In the case of higher strain deformation (0.1 to
1.0 s�1), although the DRX is prevalent but the grains
sizes are relatively smaller because of short period of
deformation.

The microstructure evolution was observed to be
slightly different when the sample deformed at 1000 �C.
The microstructure shows that the selected deformation

temperature is enough to induce the DRX for different
strain rates. In comparison to the elevated temperature
where DRX grains were more equiaxed, these are more
elongated in the radial direction. At intermediate temper-
ature and strain rate (1000 �C and 1 s�1), the microstruc-
ture (Figure 3(d)) shows the signature of the deformation
characteristics (elongated grains); however, the grains are
observed to be newly developed suggesting that the nearly
complete DRX occurs even at a lower strain.

Fig. 2—IQ map after 50 pct deformation: variation with strain rate and temperature (CD is compression direction and RD is radial direction).
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The microstructure evolution is distinctly different in
the low temperature (< 1000 �C) as it shows only
partial or no DRX. The deformation at lower temper-
atures (900 �C and 950 �C) and lesser strain rates
(0.001 and 0.01 s�1) lead to simultaneous occurrence of
severe deformation and DRX of the grains. As a result,
the grain boundary serration and DRX grain nucle-
ation are prevalent in the sample deformed with lower
strain rate of 0.01 s�1 at 900 �C and 950 �C.
Microstructure analysis at the lower temperature and
strain rate, (900 �C and 0.01 s�1), exhibits the grain
boundary nucleation (shown by hollow arrow in
Figure 2) along with an extensive low angle boundary

formation (marked by the yellow boundaries > 2� in
Figure 2). Lower strain rate deformation favors the
occurrence DRX (encircled in Figure 2) as it was seen
in high-temperature deformation. However, the signa-
ture of DRX is reduced with increasing strain rate
(> 0.01 s�1). The microstructure of the high-strain rate
deformed sample shows significantly less DRX grains
and the grain structure appears to be more elongated
(shown by dotted black arrow in Figure 2) and
resembles the deformed structure. Nevertheless, the
low IQ of these grains also indicates that the grains
possess enormous internal-stored energy during the
deformation.

Fig. 3—Different stages of microstructure evolution (a) deformed microstructure, (b) misorientation profile across the red line marked in (a), (c)
recrystallized grains at grain boundaries, (d, e) completely recrystallized grains, (f) DRX grain with extreme grain growth.
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In all the cases, it is interesting to note that the DRX
process in terms of nucleation and growth are significant
at a very high-strain rate of 10 s �1. Regardless of the
deformation temperature, the microstructure develop-
ment (DRX grains) is significant with lower strain rate
and reduces with increasing strain rate. At higher strain
rates, the DRX grains again become coarser as observed
in the lower strain rate deformation. Similar observa-
tions have been reported by Guo et al.,[14] and Chen
et al.[32] during hot deformation of nickel-based super
alloys. It has been suggested that at a very high-strain
rate, the deformation induces severe dislocation density
and a significant amount of adiabatic heat in the
material.[9] The high-dislocation density increases the
internal-stored energy that favors the occurrence of
DRX. The simultaneous occurrence of defect generation
and adiabatic heat rise develops the coarser grain
structure at higher strain rate deformation in all the
deformed sample regardless of the deformation
temperature.

Based on the microstructure evolution at lower and
higher temperature, another interesting observation that
came to light is twin formation. The pre-existing twin
boundaries

P
3 111h i; 60 �ð Þ typeð Þ in the starting

microstructure disappears after deformation. However,
it emerges again in the DRX grains (shown by the white
dotted arrow) after deformation and are dominant at
elevated temperature deformation. Existing annealing
twin boundaries during deformation are indexed (red
boundaries in Figure 2) as regular boundaries during
EBSD analysis due to large in-grain misorientation
development.[49]

From the inverse pole figure (IPF) maps shown in
Figure 3, various stages of microstructure evolution and
DRX can be realized. At a lower temperature (900 �C)
and high-strain rate (10 s�1), grains are highly deformed
and no DRX is observed (Figure 3(a)). Therefore, high
in-grain misorientation development can be observed
and shown by the origin-to-point misorientation plot

(Figure 3(b)) of the grain (dotted line marked in
Figure 3(a)). As the strain rate is decreased (900 �C
and 0.01 s�1) proliferation of small DRX grains can be
seen at the grain boundaries (Figure 3(c)). At interme-
diate temperature and strain rate (1000 �C and 1 s�1),
the microstructure (Figure 3(d)) shows the signature of
the deformation characteristics (elongated grains); how-
ever, the grains are observed to be newly developed
suggesting that the nearly complete DRX occurs even at
a lower strain. At higher temperatures (1050 �C and
1100 �C) DRX occurs even at a very high-strain rate of
10 s�1 as sufficient activation energy is provided by
temperature alone for DRX to occur (Figure 3e). If the
specimen is allowed to remain at the higher elevated
temperature (1100 �C) for a longer duration through
slow deformation (0.001 s�1) considerable grain growth
occurs (Figure 3f).
To quantify the effect of temperature and strain rate

on DRX, the DRX fraction corresponding to each of
the deformation conditions was calculated and is shown
in Figure 4. To accomplish this, grain size and GAM
was used as cutoff criteria. The cutoff grain size was
altered for different deformation conditions as DRX
grain size may vary with combination of temperature
and strain rate. However, the GAM value was consid-
ered less than 0.2 for the DRX grains.[50] Based on this
calculation the DRX fraction with temperature and
strain rate is plotted in Figure 4(a). Also, a colored
contour map was plotted to show the extent of DRX
grains at different deformation conditions using cubic
spline fitting, as shown in Figure 4(b). The contour map
clearly evidences the two distinct regions (red and blue),
where the red region dominantly represents the DRX
whereas the blue region demonstrates the highly
deformed region. Two processing conditions, ‘A’
(1100 �C and 0.01 s�1) and ‘B’ (950 �C and 0.1 s�1)
have been identified from the contour map (Figure 4(b))
to illustrate the extent of DRX. As observed by IQ maps
(Figure 2) complete DRX is observed at higher

Fig. 4—DRX fraction, (a) variation with temperature and strain rate after 50 pct deformation, (b) color contour map based on cubic spline fit.
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temperatures and it decreases with decrease in temper-
ature. DRX is also a function of strain rate for
temperatures below 1000 �C. As the strain rate
increases, the DRX fraction decreases and at higher
strain rate (10 s�1) DRX fraction increases. Increase in
DRX at higher strain rate is possibly due to higher
adiabatic temperature rise. It has to be noted that the
extent of DRX and grain size are dependent on strain
rate and temperature. To achieve the desired or homo-
geneous microstructure after deformation a processing
window needs to be identified. To correlate the
microstructures obtained at different deformation con-
ditions with processing parameters, a processing map
was drawn considering dynamic material flow model
proposed by Prasad et al.[19]

C. Processing Map

The most widely used theory for predicting the
processing window is based on the dynamic material
model given by Prasad et al.[19] This theory of predicting
the unstable flow zone where hot deformation is most
susceptible to cracks and unstable plastic flow is based
on the principles of irreversible thermodynamics derived
by Ziegler[51] for the first time in 1963. Building upon
Ziegler’s work Prasad et al.[19] derived that strain rate
sensitivity, m, based model to determine processing
conditions.

The total power (P) supplied externally in hot
working can be divided into two components, power

dissipated in plastic deformation (G ¼
R _e
0 rd_e) and

power dissipated for bringing microstructural changes
(J ¼

R r
0
_edr).[19] These two power terms are represented

as integral and are shown in Eq. [1]

P ¼ r_e ¼
Z _e

0

rd_eþ
Zr

0

_edr; ½1�

where r is true stress and _e is strain rate. To evaluate the
energy dissipated in bringing microstructural changes
(J), a function describing the variation of flow stress
with strain rate is needed. For this purpose, the power
law describing the dynamic response of the material is
used.

r ¼ K_em; ½2�

where K is material constant and m is strain rate
sensitivity given by m ¼ d lnrð Þ=d ln_eð Þ.

Using Eq. [2], the second integral component of
Eq. [1] (J) can be derived.

J ¼ m

mþ 1

� �

r_e: ½3�

The maximum possible power that can be dissipated
in microstructural changes occurs at a strain rate
sensitivity m = 1.[19] The efficiency g in hot deformation
process is given as the ratio of the experimental value of
power dissipated in microstructural changes to

maximum possible value. In view of this definition,
strain rate sensitivity m of flow stress turns out to be an
important parameter that determines the efficiency of
thermomechanical processing.

g ¼ J

Jmax
¼ 2m

mþ 1
: ½4�

Together with the efficiency map, the instability map
derived from Ziegler criteria[51] determines the process-
ing map. Stability criteria are given as

J

_e
>

dJ

d_e
: ½5�

Substituting Eqs. [4] in [5] determines the expression
for stability value (n) and is given as

n ¼
@ ln m

mþ1

� �

@ ln _e
þm>0: ½6�

The processing map combines the efficiency map
based on the Prasad et al.[52] model and stability map
based on Ziegler’s criteria.[51] To construct the efficiency
map, direct experimental data obtained from the hot
compression test was used to compare the microstruc-
ture evolution at the end of deformation with processing
maps.[19,21,25]

The entire process and formulation are discussed
elsewhere.[52] At a particular true strain (say 0.6) and
temperature (say 900 �C), stress values at various strain
rates were fitted using cubic spline and strain rate
sensitivity (m) as a function of strain rate as given in
Eq. [2] was calculated. The same procedure was
adopted to determine m at all the other five temper-
atures. Discrete values of variations of m at five
different temperatures were interpolated through cubic
spline to get a continuous variation. The 2D plot of the
efficiency gð Þ (colored contour line with efficiency
value) at a strain of 0.6 was plotted and is shown in
Figure 5(a). Calculated m values were substituted in
Eq. [6] to evaluate stability parameter (n) at 0.6 true
strain and overlapped (color contour) on efficiency
maps to obtain the complete processing map as shown
in Figure 5(a).
From the efficiency contour of the processing map, it

is clear that the maximum efficiency value of 0.4
corresponds to the lower strain rate. In these regions,
it is evident from the IQ maps that partial DRX occurs
at lower temperatures and complete DRX with uniform
grain size occurs at higher temperatures. The region
corresponding to the stable and unstable processing
zones is also shown as colored contours and white
region, respectively. The unstable zone observed in the
processing map (white region) corresponds with the
intermediate value of strain rate i.e. 0.1 s�1 and low
temperature (up to 1000 �C). The locations indicated by
‘A’ and ‘B’ in Figures 4(b) and 5(a) represent the
exclusively stable and unstable region, respectively. The
stress–strain curve corresponding to the stable (1100 �C/

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 50A, OCTOBER 2019—4721



0.01 s�1) and unstable zone (950 �C/0.1 s�1) is plotted
in Figure 5(b). It can be noted that in the stress–strain
curve for 950 �C/0.1 s�1, the hardening phase is too
high (up to strain 0.2) along with the flow stress
magnitude. This indicates that there is a significant
accumulation of storage energy (dislocation) in the
deformed grain. On the other hand, the flow stress for
1100 �C/0.01 s�1 is significantly less with a very low-
hardening stage (< 0.03 strain). This implies that the
deformation at elevated temperature and slow strain
rate is governed by flow-softening mechanisms such as
DRX. The processing map can be correlated with the
IQ map of ESBD analysis. The IQ value for the
unstable zone is very low and inhomogeneous
microstructure is observed. Lower IQ value is an
indication of strain localization or very high-disloca-
tion density.[53] It has also been observed that all the
grains are heavily deformed and almost no DRX is
observed. In addition to this, highly deformed grains
also show the presence of shear bands. Due to such
highly strained or deformed microstructure, this zone is
considered as an unstable zone as suggested by the
processing map (Figure 5(a)).

The maximum efficiency in the processing map of
Inconel 718 is mostly observed with the DRX grain
development.[26–28] In the present work on Inconel 718
in solutionized condition (precipitate-free), maximum
efficiency can be achieved at a high temperature and
low-strain rate regime. The dissipation of energy mostly
occurs by the DRX process and the stored energy is the
driving force for DRX.[54] This energy is supplied
externally through deformation and is stored in the
form of GNDs.[54] This also corresponds to the theo-
retical prediction of the processing map which gives the

fraction of energy that goes into microstructure changes.
Hot deformation at elevated temperatures and lower
strain rates results into lowering the critical strain for
the occurrence of DRX.[14,55,56] Moreover, grain growth
after DRX is mainly dependent on stored internal
energy.[54] The grain growth is slower at low tempera-
tures, whereas it is faster at higher temperatures and low
strain rates where the dislocation density is mini-
mum.[12,13,40] This is also evident from the grain size
variation with the temperature in the lower strain rate
regime as shown in the IQ map in Figure 2. Therefore,
optimum microstructure based on the processing map
can be achieved in a wide range of temperature and
strain rates.
It should be noted that the processing parameters

(_e;T) for hot deformation were designed using TTT
diagram of Inconel 718, such that the precipitates were
absent in the deformed specimen. The various
microstructures were selected from microstructure map
and aged further. Relationships have been established
between the microstructure and property and discussed
in the following section:

D. Aging of Deformed Specimens

Two regions of the processing map were chosen for
further studies to understand the effect of aging on
deformed specimens. These two regions mostly cover
almost all different kinds of microstructure present in
the whole processing map (Figure 2). These two regions
correspond to a strain rate of 0.01 s�1 with highest
efficiency (~ 0.4) and a strain rate of 1 s�1 with lowest
efficiency (~ 0.1). Specimens deformed at strain rate 0.01
and 1 s�1 (at all the five different temperatures) were

Fig. 5—(a) Processing map for Inconel 718 in the temperature range 900 to 1000 �C and strain rate 0.001 to 10 s�1 based on Prasad et al.’s[52]

model and (b) the stress–strain plot corresponding to the stable (1100 �C/0.01 s�1) and unstable (950 �C/0.1 s�1) zones.
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aged at 750 �C for 8 hour and the corresponding IQ and
IPF maps are shown in Figure 6.

Thus, almost no qualitative microstructure distinction
between deformed and aged specimens at the same
processing conditions was observed (as shown in IQ
maps of deformed (Figure 2) and deformed + aged
(Figure 6) specimens). Therefore, a systematic analysis
of GAM, grain size distribution, twin boundary fraction
and Vickers hardness, were performed to get an insight
into the microstructural evolution of deformed and
deformed + aged specimens.

E. Microstructure–Property Relationship

1. Grain Size
Different microstructural parameters are compared at

strain rate 0.01 and 1 s�1 to get an insight into the effect
of deformation on aging. In deformed specimens, there
is very high variance in grain size due to the presence of
small recrystallized grains and a deformed matrix at the
same time. Thus, grain size area rather than grain size
diameter was used as the comparison parameter.
Figures 7(a) and (b) show grain size variation with

Fig. 6—IQ and IPF micrographs of deformed and aged specimens at temperature 900 �C, 950 �C, 1000 �C, and 1050 �C, and strain rate 0.01
and 1 s�1.
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temperature at strain rates 0.01 and 1 s�1, respectively. It
is evident from the figure that at temperatures above
1000 �C, grain size increases very significantly and there is
very slight variation of grain size after the aging treatment.
The aging temperature was not enough for any significant
recrystallization or grain growth. The slight variation in
grain size mostly at a lower deformation temperature is
because the stored energy or local strain is higher at this
condition that may provide stored energy for recovery/
recrystallization or slight grain growth.

2. GAM and Twinning
It is expected that after deformation GAM will

increase due to accumulation of dislocations and lattice
rotation.[57] Deformation at higher temperatures may
also involve softening mechanisms such as DRV and
recrystallization of Inconel 718.[26–28,58] The misorienta-
tion development is also a function of strain rate.[40] It
can be observed from Figures 8(a) and (b) that GAM is
very low for the as-deformed specimen as compare to
the deformed + aged specimens. The only exception is

the specimen deformed at 1000 �C with the strain rate of
1 s�1 where the trend gets reversed. At this condition,
the grain size (Figure 7) is very small (2.65 lm) after the
deformation and almost no DRX grain (Figure 2) is
observed (less than 20 pct). Due to very high-deforma-
tion GAM will increase and after the aging treatment
GAM may have decreased. However, after aging treat-
ment at 750 �C for 8 hour, GAM value is expected to
decrease for all the deformation conditions but it
increases significantly (Figures 8(a) and (b)). Precipi-
tates are also an important factor in the increased
misorientation after aging. The GAM value is already
very low (less than 0.5 deg) after the hot deformation
and it may not decrease after the aging treatment, since
this GAM value is very close to the measurement error
during EBSD data collection. The precipitates may
cause lattice distortion and will increase the misorien-
tation. This is a likely reason behind higher misorien-
tation of the deformed + aged specimens.
It is also understood that misorientation development

can have an effect on twin boundary fraction.[49] As

Fig. 7—Variation of grain size with temperature at strain rate (a) 0.01 s�1, (b) 1 s�1.

Fig. 8—Variation of GAM with the temperature at strain rate (a) 0.01 s�1, (b) 1 s�1.
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observed from Figures 9(a) and (b), twin fraction
decreases for deformed and aged conditions for all the
specimens except the specimen deformed at 1000 �C
with the strain rate of 1 s�1. This trend compares well
with the development of misorientation after the aging
treatment. Hence, a plot between GAM and twin
boundary fraction was obtained for all deformed and
deformed + aged conditions and shown in
Figures 10(a) and (b) respectively. It is evident that as
the GAM value increases, the twin fraction decreases,
and it follows the power law curve. The three conditions
showing maximum deviation in Figure 10(a) are shown
in red. Deviation from the observed character may be
due to abnormal grain growth as observed in the
deformation condition of 1100 �C and 0.001 s�1. The
larger the grain size the higher the twin boundary
fraction, since the fraction of high angle grain bound-
aries will decrease. Hence, it can be concluded that

misorientation development and decrease in twin frac-
tion in the deformed + aged condition is due to
precipitate formation. These precipitates will also have
an effect on hardness of the specimen, as discussed in the
following section.

3. Microhardness
Microhardnesses for all the twenty-five deformed

specimens were measured and are shown in Figure 11.
At a constant strain rate, hardness was found to
decrease from the specimen deformed at 900 �C to
1100 �C. This is in correspondence with the fraction of
DRX grains. From the DRX fraction map (Figure 4) it
is clear that the DRX fraction increases from 900 �C to
1100 �C and finally at 1100 �C, fully recrystallized
grains are obtained. Hardness measurements at a
constant temperature with varying strain rates show
that hardness value increases from 0.001 s�1 strain rate

Fig. 9—Variation of twin boundary fraction with the temperature at strain rate (a) 0.01 s�1, (b) 1 s�1.

Fig. 10—Twin boundary fraction variation with GAM for (a) deformed specimens, encircled red legend indicates the deviation from the trend
line, (b) deformed and aged specimens.
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and reaches a maximum at 0.1 or 1 s�1 and then further
decreases at 10 s�1. It can be inferred from the DRX
fraction since the amount of DRX decreases at high-
strain rate deformation.

Variation of hardness with grain size for all the 25
combinations of deformation states was plotted and
found to follow a trend mathematically depicted as a
power law as shown in Figure 12(a). The hardness value
decreases with increasing grain size and is found to be
maximum for 900 �C and 0.1 s�1 deformation condi-
tion. This observation follows the classical relation
between grain size and hardness.[59] Hardness values of
deformed + aged specimens increased almost twofold
as compared to only deformed specimens. However,
unlike deformed specimens where microhardness shows
a power law relation with the grain size of specimen,
hardness after aging was found to lie in the range of 400
to 450 HV, irrespective of grain size. As is clear from
Figure 12(b), hardness of aged specimens was found to
be independent of grain size.

It is clear that for specimens deformed at both 0.01
and 1 s�1 strain rates, aging treatment causes a signif-
icant increase in hardness as shown in Figures 13(a) and

(b). After aging, hardness of specimens deformed at
0.01 s�1 was found to increase by about 125 HV
(Figure 13(a)) as compared to only deformed specimens,
while those specimens which were deformed at 1 s�1

after aging possessed hardness lying in the narrow range
of 400 to 450 HV (Figure 13(b)) irrespective of the
temperature at which they were deformed.
The higher hardness of the deformed + aged spec-

imen indicates the formation of precipitates. The TTT
diagram also suggests the formation of c¢¢ for the aged
specimen.[34] It was found that the deformed + aged
specimen hardness is significantly higher in comparison
to the deformed specimen. Moreover, the relationship
between hardness and grain size is very prominent and it
shows higher hardness for low-grain size (which is
expected). Considering the above observation, it was
concluded that the presence of precipitates during the
deformation at the lowest temperature and strain rate is
either very low (insignificant) or absent. To confirm this,
the precipitation behavior of selected specimens was
examined using TEM and discussed in the following
section:
From microstructural observations, it was found that

misorientation increased after aging as compared to
deformed specimens and a direct correlation of misori-
entation with twinning was observed for both deformed
and deformed + aged condition. A power law relation
with grain size and hardness could be established for the
deformed specimens. However, for the deformed and
aged specimens, no such correlation could be estab-
lished. To get an insight into the microstructural
changes, TEM analysis was performed. Two specimens
(i) deformed at 1050 �C and 0.1 s�1 and (ii) deformed
(at 1050 �C and 0.1 s�1) and aged at 750 �C for 8 hours
were subjected to TEM analysis and the corresponding
TEM images are shown in Figures 14 and 15
respectively.
Figure 14 shows the montage of TEM micrographs

and the selected area diffraction pattern (SADP) of the
specimen deformed at 1050 �C and 0.1 s�1. The

Fig. 11—Microhardness variations for deformed specimens.

Fig. 12—Microhardness variation with grain size for (a) deformed specimens, (b) deformed and aged specimens.
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microstructural features clearly depict the processing
history of the specimen. Deformation at the strain rate
of 0.1 s�1 results in severe accumulation of lattice
defects in the material. The accumulation of dislocations
due to deformation is distinctly evident in the
microstructure. The energy stored due to accumulation
of defects drives the recovery and the recrystallization
process during annealing.[46,54] In this case the specimen
was subjected to deformation at 1050 �C, which pro-
motes the recovery and recrystallization process dynam-
ically. The formation of sub-grain boundaries indicated
by arrows (Figure 14(a)) suggests the occurrence of
recovery during deformation at high temperature.
Regions with completely dynamically recrystallized
grains were also evidenced in this specimen. The
presence of dynamically recrystallized grains has been
marked in the microstructure. The development of
faceted grain and triple junctions can be clearly seen in
Figures 14(c) and (d), which demonstrate the extent of
DRX that occurred during deformation at 1050 �C.[60]

TEM analysis of the deformed and aged specimen is
shown in Figure 15. Aging at 750 �C for 8 hour results
in precipitation. Figure 15(a) shows the triple junction
of three dynamically recrystallized grains with precipi-
tates. The lenticular precipitates reported as c¢¢ having
DO22—ordered structure were observed to be dominant
in the microstructure.[61] The pair of bright-field and
dark-field images of the lenticular precipitates have been
shown in Figures 15(b) and (c). To establish the
orientation relationship between ordered precipitates
and the disordered matrix, the precipitates were
observed in different zone axis. Figure 15(d) shows the
precipitate observed in [110] zone and its corresponding
diffraction and its schematic are provided in
Figures 15(e) and (f), respectively. The intense reflec-
tions are from the matrix and the faint super lattice
reflections are corresponding to the precipitate. The
schematic of the SADP shows the orientation relation-
ship between the matrix and the precipitate. The
observation of precipitate in [111] zone and the diffrac-
tion and schematic of SADP is shown in Figures 15(g)

through (i). The analysis of the diffraction pattern
reveals the orientation relationship between precipitate
and matrix as 001ð Þc00== 001f gmatrix and
100½ �c00==h001imatrix.
From the TEM micrographs, it is clear that due to

deformation the specimen undergoes DRV and recrys-
tallization which decreases the misorientation of the
deformed specimen significantly (Figure 8(a)).
Deformed and aged condition shows c¢¢ precipitates
that increase the in-grain misorientation due to lattice
distortion.[62,63] These precipitates also increase the
hardness significantly (Figure 13). The increase in hard-
ness for the deformed specimen is due to grain size only,
whereas hardness of the aged specimen was dictated by
the precipitates. This is the reason that there is no
correlation between the grain size and hardness for the
deformed + aged specimens.
The lowest temperature selected for the thermome-

chanical processing was 900 �C. The TTT diagram
suggests that heat treatment at 900 �C induces precip-
itates in the Inconel alloy. However, the duration
required to initiate the precipitates is about 20 minutes.
In the present work, the total duration including heating
(3 minutes, at the rate of 5 �C s�1), annealing (5 minute)
and deformation (12 minutes) were calculated to be
maximum (20 minutes) for the lowest strain rate
(0.001 s�1) deformation and minimum (8 min) for the
highest strain rate (10 s�1) deformation. The duration
required for complete deformation reduces with increas-
ing strain rate. To confirm whether the deformation
process induces precipitation, TEM analysis was carried
out on the low-temperature (900 �C)-deformed speci-
mens. Two specimens deformed at 0.001 s�1 for (i)
50 pct deformation and (ii) 60 pct deformation were
subjected to TEM analysis and the results are provided
in Figure 16. The microstructure of the 50 pct deformed
specimen in Figures 16(a) and (b) illustrating the
dynamically recrystallized grains and its SADP corre-
sponding to Figure 16(b) is shown in Figure 16(c). The
rearrangement of dislocations leading to the formation
of low angle grain boundaries are distinctly evident in

Fig. 13—Variation of Vickers microhardness with the temperature at strain rate (a) 0.01 s�1, (b) 1 s�1.
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the microstructure. The microstructure specimen
deformed to 60 pct (Figures 16(d) and (e)) also shows
the dynamically recrystallized grains and dislocation
structure. The diffraction pattern obtained from the
region shown in Figure 16(e) is provided in Figure 15(f).
As compared to the 50 pct deformation, the higher
deformation (60 pct) microstructure showed a relatively
higher fraction of dislocations. The microstructural
analysis did not provide any evidence of precipitates in
the microstructure. From the analysis, it is evident that
low-temperature deformation does not favor any pre-
cipitation even at a lower strain rate. This is also
confirmed through the microhardness analysis as the

values are nearly the same while varying the strain rate
from 0.001 to 10 s�1. Moreover, the hardness value
corresponding to 0.001 s�1 strain rate is marginally
lower than the hardness value of 0.1 s�1 strain rate. On
the other hand, the hardness value of the deformed +
aged specimen is significantly higher than that of the
deformed specimen. These observations suggest that the
deformation at the lowest strain rate at the lowest
temperature is possibly devoid of precipitates, though it
is close to the c + Ni3Nb curve in TTT diagram.
Thus, the thermomechanical processing parameters

were designed initially to avoid precipitate development
during hot deformation. The processing window for a

Fig. 14—TEM micrograph of the deformed specimen at 1050 �C and 0.1 s�1. (a) DRX grain adjacent to highly deformed grain and its
corresponding SADP (b), (c, d) faceted grains and triple junctions.
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wide range of _e;T, evidences a variety of microstructures
such as DRX, deformed grains. The stable region of the
processing map shows a higher efficiency for the DRX
grain whereas the unstable region mostly shows highly
deformed grains. Based on the stable and unstable do-
main of the processing map aging treatment were
carried out on selected specimens. Interestingly, though
aging does not have any significant effect on the
microstructure morphology, higher hardness in the aged
specimen highlights the development of precipitates.
These precipitates influence the microstructural param-
eters such as local misorientation development and twin

fraction. Therefore, the overall objective of the manu-
script was to link the microstructural features with
processing conditions and precipitation behavior for
different deformed microstructure, which is hitherto
missing in the scientific literature.

IV. CONCLUSIONS

The processing map for high deformation of Inconel
718 was developed over the temperature range of 900 �C
to 1100 �C and strain rate range of 0.001 to 10 s�1.

Fig. 15—TEM micrograph of deformed (1050 �C and 0.1 s�1) and aged specimen. (a) BF image of c¢¢ precipitate, pair of (b) bright-field and (c)
dark-field images of the lenticular precipitates. (d through f) The lenticular precipitate observed in [110] zone and its corresponding diffraction
and schematic illustration. (g through i) The precipitate in [111] zone and its diffraction and schematic of SADP.
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Further, aging treatment of these deformed specimens
was performed at 750 �C for 8 hours. The following
conclusions can be drawn from the present study:

1. Microstructure analysis of the wide _e; T suggests
that, DRX is the major flow-softening mechanism
at elevated temperatures (> 1000 �C) and favored
by the slow strain rate deformation, whereas in the
case of lower temperature deformation (950 �C to
1000 �C) a high GAM with partial DRX/DRV are
the main flow-softening mechanism.

2. The maximum processing efficiency for Inconel 718
used in this study is found to be 0.4, that
corresponds to the region of low strain rate, where
considerable microstructural changes are observed
in terms of DRX and grain growth.

3. The unstable zone as predicted by the dynamic
material model lies in the low-temperature regime
(900 �C to 1000 �C) and intermediate values of
strain rate (1 s�1). In this regime, highly deformed
grains and partially recrystallized grains at grain
boundaries were obtained.

4. Twin formation is significant at an elevated tem-
perature. The maximum volume fraction of

P
3

( 111h i; 60 deg) twin boundaries were observed at
1050 �C and strain rate of 0.1 to 1 s�1. As the
misorientation increases, twin fraction decreases

and the relation between them was found to be a
power law.

5. Hardness and grain size results obtained after
deformation are complementary to each other.
Hardness increases with decreasing grain size.
However, after aging treatment hardness increases
and particularly for specimens deformed at 1 s�1, it
was found to be independent of grain size.

6. The increase in hardness is solely attributed to the
grain size as no precipitates are observed in for two
deformation temperatures 900 �C and 1050 �C.
However, the higher hardness after aging at
750 �C for 8 hours, is due to the c¢¢ precipitates
that are formed.
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