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High Strain Rate Deformation Behavior
and Recrystallization of Alloy 718

MARIE ANNA MORETTI, BISWAJIT DALAI, PAUL ÅKERSTRÖM,
CORINNE ARVIEU, DIMITRI JACQUIN, ERIC LACOSTE,
and LARS-ERIK LINDGREN

To study the deformation behavior and recrystallization of alloy 718 in annealed and aged state,
compression tests were performed using Split-Hopkinson pressure bar (SHPB) at high strain
rates (1000 to 3000 s�1), for temperatures between 20 �C and 1100 �C (293 K to 1373 K). Optical
microscope (OM) and electron back-scatter diffraction (EBSD) technique were employed to
characterize the microstructural evolution of the alloy. The stress–strain curves show that the
flow stress level decreases with increasing temperature and decreasing strain rate. In addition, up
to 1000 �C, the aged material presents higher strength and is more resistant to deformation than
the annealed one, with a yield strength around 200 MPa higher. For both states, dynamic and
meta-dynamic recrystallization occurred when the material is deformed at 1000 �C and 1100 �C,
leading to a refinement of the microstructure. As necklace structures were identified,
discontinuous recrystallization is considered to be the main recrystallization mechanism. The
recrystallization kinetics is faster for higher temperatures, as the fraction of recrystallized grains
is higher and the average recrystallized grain size is larger after deformation at 1100 �C than
after deformation at 1000 �C.

https://doi.org/10.1007/s11661-021-06463-7
� The Author(s) 2021

I. INTRODUCTION

ALLOY 718 is a nickel-chromium superalloy. It was
developed in the 1960s and it is, nowadays, one of the
most widely used superalloys due to its high strength,
high corrosion resistance and good mechanical proper-
ties at high temperature. It also presents good fatigue,
creep and wear resistance. It is used mainly in the
aerospace and oil industries, for instance in the hot parts
of gas turbine engines. Alloy 718 is a precipitate
hardening alloy with a face-centred cubic Ni-Cr matrix,
the c phase. Two precipitates contribute to its strength:
the c0 phase (Ni3(Al,Ti)), which is face-centred cubic and
spherical or cuboid, and the c00 phase (Ni3Nb(Ti,Al)),
which is body-centred tetragonal and disc-shaped. The
c00 precipitates are usually considered as the main
hardening precipitates in this alloy.

During hot working, metallic materials can undergo
recrystallization, which corresponds to the replacement
of deformed grains by a new defect-free grain structure
by formation and migration of high angle boundaries
(HABs).[1] It was observed that recrystallization takes
place in alloy 718 and other Ni-based alloys during
manufacturing processes, for example during hot forg-
ing,[2,3] friction welding[4,5] and machining.[6–8]

The deformation behavior of alloy 718 at low strain
rate (below 1 s�1) was extensively investigated for a wide
range of temperatures. These studies showed and
characterized the occurrence of dynamic recrystalliza-
tion at high temperatures (above 900 �C) in this
alloy.[9–17] Iturbe et al.[18] investigated the behavior of
alloy 718 for medium strain rates (from 1 to 100 s�1) and
they concluded that dynamic recrystallization also takes
place above 900 �C for these strain rates. Studies on the
deformation behavior of alloy 718 at high strain rate
(above 1000 s�1) focused on temperatures up to 800 �C
and thus did not report any recrystallization.[19–24]

Johansson et al.[25] reported that dynamic recrystalliza-
tion occurs in shear bands forming during both metal
cutting and shear tests, due to local adiabatic heating
and strain localization.
This research work is part of a project which aims to

simulate the deformation of alloy 718 during high
temperature and high strain rate manufacturing pro-
cesses. The objective of the current study is to
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ÅKERSTRÖM, and LARS-ERIK LINDGREN are with the
Department of Engineering Sciences and Mathematics, Luleå
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characterize the deformation behavior and recrystalliza-
tion of alloy 718 for both high strain rates (1000 to 3000
s�1) and high temperatures (up to 1100 �C), conditions
that were not tackled by previously published research
on this alloy.

II. MATERIAL AND METHODS

A. Material

In this study, alloy 718 was used in two different
states: annealed and aged. As hardening precipitates c00

form during aging,[26] aged alloy 718 presents higher
strength and hardness but lower ductility than the
annealed material.[27] Thus, both states are used in the
industry, depending on the application.[28,29] For this
work, two bars of alloy 718 were provided by Sandvik
Coromant with a diameter of 9.5 mm. One of the bars
was used in its as-received annealed state and the other
was aged according to the aging treatment presented in
Figure 1. It consisted of solution heat-treatment for one
hour at 954 �C, cooling to 593 �C in one hour and then
cooling to room temperature, followed by aging for 5
hours at 760 �C, cooling to 649 �C in two hours, holding
at this temperature for one hour before cooling to room
temperature. Cylindrical samples were cut from both
bars with a length of 4 mm and a diameter of 9.5 mm.

B. Mechanical Tests

Compression tests at high strain rate on alloy 718
samples were performed using Split-Hopkinson pressure
bar (SHPB) coupled with an induction heating sys-
tem,[30] as shown in Figure 2. The tests were conducted
at 20 �C, 400 �C, 800 �C, 1000 �C and 1100 �C, for strain
rates between 1000 and 3000 s�1. For each test, a K-type
thermocouple was welded on the curved side of the
sample to measure the temperature and the sample was
placed in an induction coil between the two Split-Hop-
kinson bars. The sample was heated to the selected
temperature and solenoids were used to push the bars in
contact with the sample just an instant before the arrival
of the first compressive wave, thus avoiding heat
dissipation in the bars. Strain gauges on both bars

allowed to measure the incident, transmitted and
reflected strains. After the test, the samples were
quenched in cold water. Figure 3 shows the temperature
of the sample over the entire testing procedure, includ-
ing heating, compression and cooling, when the aimed
deformation temperature was set to 1000 �C.
The stress rs, strain rate _es and strain es in the sample

were calculated from the acquired data according to the
classic Split-Hopkinson theory,[31] assuming that the
specimen is in force equilibrium and that it deforms
uniformly:

rs ¼
AEet
As

; ½1�

_es ¼
2Cber
Ls

; ½2�

es ¼
Z t

0

_esdt ¼
2Cb

Ls

Z t

0

erdt; ½3�

where A and E are the cross-sectional area and the
Young’s modulus of the Split-Hopkinson bars, respec-
tively; As and Ls are the instantaneous cross-sectional
area and length of the specimen, respectively; Cb is the
longitudinal wave speed in the bars; ei, et and
er ¼ et � ei, are the incident, transmitted and reflected
strains in the bars, respectively.
The curves presented in this paper were smoothed

using a moving average algorithm. The strain rate in the
sample was not constant throughout the test, thus the
strain rates indicated in this paper correspond to an
average of the actual strain rate over the duration of the
compressive test. Each test was repeated two to three
times and the variation in flow stress was less than
10 pct.

C. Microstructural Characterization

Microstructural characterization using optical micro-
scope (OM) and scanning electron microscope (SEM)
was performed on the initial material, as well as on
several samples deformed with the SHPB at 800, 1000
and 1100 �C. For each sample, the surface perpendicular
to the compression direction was observed and the
images presented in this study were taken at the center
of the samples. All the samples were hot mounted in
hard resin (Bakelite with carbon filler), ground with SiC
papers and polished with a diamond paste (3 lm and 1
lm).
For the optical microscopy, the samples were polished

with 0.05 lm colloidal sillica for a few minutes and then
electro-etched with a solution of 10 g of oxalic acid and
100 mL of distilled water for 10 to 15 seconds at 6 V.
The samples were observed with an Olympus PMG 3
optical microscope equipped with a numerical camera
and Stream software and with a LEICA DMI 5000
optical microscope with MultiFocus software.
For scanning electron microscopy, the samples were

polished with 0.05 lm colloidal sillica for 30 to 45
minutes. Observations were made with an FEI-NovaFig. 1—Temperature history of the present aged alloy 718.

5244—VOLUME 52A, DECEMBER 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



NNS 450 SEM coupled with an EDS-BRUKER detec-
tor for energy-dispersive X-ray spectroscopy (EDS) and
with an EBSD-EDAX detector for electron backscatter
diffraction (EBSD) analysis. The beam voltage for both
EDS and EBSD was set to 20 kV. All the EBSD scans
were taken in view field area 277 � 277 lm2 with a step
size of 0.5 lm. OIM software was used for analyzing the
EBSD images, by defining a ‘‘grain’’ with grain toler-
ance angle of 15 deg, minimum grain size of 10 pixels
and the minimum confidence index (CI) of 0.1.

III. RESULTS

A. Initial Microstructure

The as-received material was characterized using OM
and SEM. The initial microstructure, shown in Figure 4,
is equiaxed with an average grain size close to 15 lm, for
both states. The chemical composition in weight percent
(wt pct) of the as-received material obtained from the
EDS analysis is shown in Table I. It is imperative to note
that EDS works as best as only ‘‘semi-quantitative’’ in
capability,[32] and therefore, the chemical composition
presented here need to be viewed in a semi-quantitative
light without more standardization. Variations of less
than ± 3 pct in nickel, chromium and iron contents
indicate that the composition of the alloy used in the

current study is consistent with the recommendations
for a standard alloy 718.[28]

B. Stress–Strain Behavior

The stress–strain curves of alloy 718 in both annealed
and aged states for temperatures between 20 and 1100
�C are shown in Figure 5. It is observed that the flow
stress level decreases with increasing temperature. This
is an expected result considering that dislocations
become more mobile when the temperature increases,
due to diffusion of atoms, as well as possible dissolution
of the precipitates and other thermal effects. Similarly,
the strain hardening, which is related to the slope of the
flow stress curve in the plastic region, decreases with
increasing temperature, as thermally activated mecha-
nisms make movement and annihilation of dislocations
easier. For the annealed material, Figure 5(a), it is also
observed that the temperature sensitivity decreases with
increasing temperature, the flow stress level being
similar for deformations at 1000 �C and 1100 �C. This
phenomenon was also reported by Lee et al.[19,20] in the
high strain rate domain but at lower temperatures.
The effect of strain rate was also investigated for the

annealed and aged materials. In both cases, similar
observations were made and the results for the annealed
state are presented in Figure 6. As a general trend, the
flow stress level increases with increasing strain rate.
This is explained by a lack of time for thermal activation
during deformation at high strain rate, thus the density
of dislocations increases and they impede each other’s
movements. However, the strain rate sensitivity, which
can be obtained by
m ¼ ðlogðr2Þ � logðr1ÞÞ=ðlogð_e2Þ � logð_e1ÞÞ,[33,34]
decreases with increasing temperature. On Figure 6, for
a strain of 0.1, m is equal to 0.38 at 20 �C and to 0.13 at
800 �C, and at 1100 �C, the effect of strain rate is
negligible. This result corroborates the observations
made by Wang et al.[22] and Lee et al.[19] in the high
strain rate domain (103 to 104 s�1), who explain that
strain rate hardening is restrained by thermal softening
at high temperatures.
When comparing the two states of alloy 718, as shown

in Figure 7, the yield stress and the flow stress level are
higher for the aged material. The aging process allows
hardening precipitates to form in large amount within
the material, resulting in greater hardness and strength
compared to the annealed state.[27] On the other hand,

Fig. 2—Split-Hopkinson pressure bar set-up (adapted from[30]).

Fig. 3—Evolution of the temperature for a sample deformed at 1000
�C (measured with a thermocouple).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 52A, DECEMBER 2021—5245



elongation is larger for the annealed material, which is
more ductile. Nevertheless, the difference in flow stress
between the annealed and aged states decreases at 1000
�C and disappears at 1100 �C. Above the homogenisa-
tion temperature, around 950 �C, the precipitates start
to dissolve and the aged material loses its hardening
properties.[18,35] In addition, the aged material exhibits
less hardening than the annealed one, as it has also been
observed by other authors.[36,37]

C. Microstructure Analysis

Characterization of the deformed material was per-
formed using OM and EBSD to gather information
about the microstructural mechanisms taking place
during deformation. The effect of deformation temper-
ature on alloy 718 microstructure in annealed and aged
states is shown in Figures 8 and 9, respectively. The
standard stereographic triangle for the color coding of
the inverse pole figure (IPF) maps shown in the current
study represents the crystal direction along the axis
perpendicular to the plane of the maps. As previously
mentioned, the initial grain size is approximately 15 lm,
and the EBSD analysis reveals that many twin bound-
aries can be found in the initial state, as indicated by the
black arrows in Figures 8 and 9. In the material
deformed at 800 �C, the grains have the same average
size as the initial material (around 15 lm) and twin
boundaries are also present in the material. For higher
deformation temperatures, 1000 �C and 1100 �C, a
significant transformation of the microstructure was
observed. At 1000 �C, the grain size is non homoge-
neous, containing small grains between 1 and 6 lm and
large grains with an average size of 15 lm. It can also be
noted that very few twin boundaries are observed at this
temperature. At 1100 �C, the grain size is relatively
homogeneous. Depending on the strain rate, the average

grain size is in the range of 5 to 9 lm. For this
temperature, there are also very few twin boundaries.
It is known that dislocations in a material generate

local variations in the lattice orientation. Thus, mea-
surements of such misorientations give evidence for
plastic deformation.[38] In OIM analysis, the grain
orientation spread (GOS) corresponds to a calculation
of local misorientations. Figures 10 and 11 present the
GOS maps for the same areas as the ones in Figures 8
and 9, respectively. Blue grains correspond to grains
with a low GOS value (between 0 and 2), meaning that
they are undeformed or recrystallized, depending on
their deformation history. Green and red grains corre-
spond to grains with a high GOS value (above 2), which
means that there is a high number of dislocations in
those grains. Thus, they are described as deformed
(GOS between 2 and 5, green grains) or heavily
deformed (GOS between 5 and 15, red grains). It can
be noted that the black spots correspond to zones which
are not defined as grains, according to the settings
mentioned in Section II–C. Figure 12 summarizes the
information of the GOS maps in a histogram, for the
annealed and aged material. It can be observed that the
initial material contains approximately 80 pct of unde-
formed grains for both states. For a deformation
temperature of 800 �C, the annealed material appears
to be highly deformed, with roughly 55 pct of the grains
having a GOS value above 2, but in the aged material,
the proportion of deformed grains is similar to the initial
state, close to 20 pct. As mentioned in Section III–B, the
aged material is harder and more resistant to deforma-
tion compared to the annealed state. The material
deformed at 1000 �C presents, in both states, approx-
imately 70 pct of undeformed or recrystallized grains
and 30 pct of deformed grains. In this non-homoge-
neous microstructure, the largest grains are all deformed
or heavily deformed. After deformation at 1100 �C, the
material is mostly composed of recrystallized grains
(approximately 80 pct).

Fig. 4—Optical micrographs of the initial microstructure of the alloy 718 samples (a) in annealed (b) in aged state.
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IV. DISCUSSION

A. Recrystallization Process

Recrystallization phenomenon is usually divided into
static recrystallization (SRX) and dynamic recrystalliza-
tion (DRX). The first one takes place during annealing,
whereas the second one is defined as a mechanism
occurring during deformation. Meta-dynamic recrystal-
lization (MDRX), which can follow the dynamic one,
corresponds to a coarsening of the newly-formed
recrystallized grains.[39] In the current study, the com-
pressive wave going through the sample has a duration

of around 200 ls, making it unlikely for the recrystal-
lized microstructure to form only during this short
period of time. It is instead assumed that the recrystal-
lization starts during the deformation and continues
after it, before quenching.[40] Thus, the studied phe-
nomenon in this work corresponds to dynamic and
meta-dynamic recrystallization. As it is not possible to
distinguish the contribution of DRX and MDRX using
standard EBSD data,[41] the term ‘‘recrystallization’’ in
this study refers to both dynamic and meta-dynamic
recrystallization.

Table I. Chemical Composition of Alloy 718 Material Used in This Study Measured by EDS Analysis

Element Ni Fe Cr Nb Mo Ti Al

Wt Pct 49:62� 1:35 17:58� 0:49 17:18� 0:49 4:75� 0:20 2:58� 0:12 1:08� 0:06 0:43� 0:05

Fig. 5—True stress–strain curves of alloy 718 (a) in annealed state (b) in aged state for different temperatures.

Fig. 6—True stress–strain curves of alloy 718 in annealed state for
different strain rates at 20 �C, 800 �C and 1100 �C.

Fig. 7—True stress–strain curves of alloy 718 in annealed state
(continuous curves) and aged state (dashed curves) for different
temperatures.
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Two types of dynamic recrystallization mechanisms
can be differentiated: discontinuous dynamic recrystal-
lization (DDRX) and continuous dynamic recrystal-
lization (CDRX).[1,42] DDRX is characterized by
nucleation and growth of new grains and occurs
mainly in materials with low stacking fault energy.[43]

As nucleation occurs preferentially at defects, such as
grains boundaries, a necklace microstructure often
characterizes this type of recrystallization, the large
initial grains being surrounded by smaller recrystal-
lized grains.[44] On the other hand, CDRX occurs by
progressive transformation of low angle boundaries
(LABs) into high angle boundaries (HABs) and it is

promoted in materials with high stacking fault energy.
It can be noted that a third type of dynamic
recrystallization has been identified, the geometric
dynamic recrystallization (GDRX), which corresponds
to the formation of a new grain structure resulting
from a change in grain geometry in high stacking fault
materials.[43] Alloy 718 having a relatively low stacking
fault energy (in the order of 10-2 J/m2[45]), its defor-
mation behavior at high temperature is expected to be
dominated by DDRX,[44] but studies of the deforma-
tion behavior of alloy 718 at low strain rates have
shown that both DDRX and CDRX take place in the
material.[10–12,16]

Fig. 8—Inverse Pole Figures (IPF) obtained by EBSD analysis of alloy 718 in annealed state (a) initial material (b) deformed at 800 �C (c)
deformed at 1000 �C (d) deformed at 1100 �C (strain rate between 1300 s�1 and 1800 s�1)—black arrows indicate twins (Color figure online).
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Considering the mechanical results and the
microstructural analysis, evidence for the occurrence
of recrystallization, both dynamic and meta-dynamic,
are provided and it is then discussed whether this
recrystallization is discontinuous or continuous. In
addition, the equiaxed grains of the initial microstruc-
ture of both annealed and aged materials (Figure 4)
indicate that the as-received materials were relieved of
stress and internal stored energy during a previous
heat-treatment process. So static recrystallization can-
not occur during heating of the sample[42] and instead,

dynamic and meta-dynamic recrystallization were initi-
ated due to deformation at high temperature.
Evidence for recrystallization Recrystallization usually

leads to a very typical flow stress behavior, for which the
decrease in stress is visible on the stress–strain curves. In
the current study, such a softening stage is not clearly
visible on the curves of Figures 5 through 7, but a
relative softening is observed for the highest tempera-
tures, 1000 �C and 1100 �C. As previously mentioned,
the recrystallization is thought to initiate during the
deformation and to continue after removal of external

Fig. 9—Inverse Pole Figures (IPF) obtained by EBSD analysis of alloy 718 in aged state (a) initial material (b) deformed at 800 �C (c) deformed
at 1000 �C (d) deformed at 1100 �C (strain rate between 1000 s�1 and 1900 s�1)—black arrows indicate twins (Color figure online).
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forces. Then, only the initiation of the recrystallization
mechanism can be observed on the stress–strain curves,
explaining the lack of a clear softening stage. The
microstructural characterization using EBSD, Figures 8
through 12, shows that new small grains are formed
when the material is deformed at 1000 �C and 1100 �C,
and that those grains exhibit low plastic deformation. It
can be deduced that they are recrystallized. On the other
hand, the large deformed grains observed at 1000 �C
correspond to the grains inherited from the initial
microstructure. For further discussion, quantification
of boundary rotation, misorientation angle and grain

size distribution in the material was performed, as
displayed in Figures 13 and 14 for the aged material.
LABs have a boundary rotation angle and a misorien-
tation angle below 15 � and they appear in red and green
in the grain boundary rotation maps. HABs have a
boundary rotation angle and a misorientation angle
above 15 � and they correspond to the blue lines in the
grain boundary rotation maps. For both annealed and
aged state, the material deformed at 1000 �C and 1100
�C presents a larger proportion of HABs compared to
the initial material and the one deformed at 800 �C.
Figure 13 shows that, for the aged state, there is around

Fig. 10—Grain Orientation Spread (GOS) maps obtained by EBSD analysis of alloy 718 in annealed state (a) initial material (b) deformed at
800 �C (c) deformed at 1000 �C (d) deformed at 1100 �C (strain rate between 1300 s�1 and 1800 s�1) (Color figure online).
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35 pct of HABs in the initial material, 40 pct in the
material deformed at 800 �C, 65 pct in the material
deformed at 1000 �C and 70 pct in the material
deformed at 1100 �C. The proportion of twin bound-
aries, which correspond to misorientation angles of
around 60 deg around h111i axis, is decreased signifi-
cantly in the material deformed at 1000 �C and 1100 �C,
compared to the initial state. Figure 14(a) displays that,
for the aged material, there is around 45 pct of twin
boundaries in the initial material, 30 pct in the material
deformed at 1000 �C and 20 pct in the material
deformed at 1100 �C. In addition, the grain size

distribution presented in Figure 14(b) shows that, after
deformation at 1000 �C and 1100 �C, the material
contains mainly small grains below 5 lm, whereas the
average grain size for the initial material is approxi-
mately 15 lm. All these observations indicate that
recrystallization took place when the material was
deformed at 1000 �C and 1100 �C, through removing
of the old grains and twins, which are replaced by a
refined and defect-free microstructure. It must be noted
that a comparison between the material deformed at
1000 �C and the one deformed at 1100 �C is not possible
with the EBSD data only, as, for 1000 �C, they are not

Fig. 11—Grain Orientation Spread (GOS) maps obtained by EBSD analysis of alloy 718 in aged state (a) initial material (b) deformed at 800 �C
(c) deformed at 1000 �C (d) deformed at 1100 �C (strain rate between 1000 and 1900 s�1) (Color figure online).
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representative of the entire sample, which presents a
very inhomogeneous recrystallization. This is further
discussed in the next Section IV–B.

Discontinuous or continuous recrystallization? As men-
tioned in Section III–C, very small grains were observed
in the microstructure of the material deformed at 1000
�C. Those grains are located at defects, like grain
boundaries, as shown in Figure 15. Necklace structures
are clearly visible, as indicated within the black frames
in Figures 15(b) and (c). This indicates that new grains
nucleate at defects and grain boundaries, thus establish-
ing the occurrence of discontinuous recrystalliza-
tion.[43,46] Therefore, it appears that recrystallization
occurred mainly through discontinuous mechanisms,
especially at the first stages of recrystallization. How-
ever, continuous recrystallization probably also takes
place, as it has been observed for deformation at low
strain rates.[10–12]

B. Effect of Deformation Temperature

Occurrence of recrystallization in a material depends
on the temperature, as well as material parameters,
strain and strain rate. For alloy 718, recrystallization
has been observed above 900 �C for low strain
rates.[10–14] In the current study, similar results have
been observed for high strain rates: for the material
deformed at 800 �C, recrystallization did not occur at
all, whereas a significant amount of recrystallized grains
was identified in the material deformed at 1000 �C and
above.

For a deformation temperature of 1000 �C, it appears
that only partial recrystallization took place. As previ-
ously mentioned in Section III–C, the grain size is highly
non-homogeneous and Figure 15 highlights that differ-
ent zones of the same section of a sample present
different recrystallization stages. In some areas, the
recrystallization has not started and the initial grains (�
15 lm) and twins (indicated by the black arrows in
Figure 15(a)) are observed. In the ‘‘transition’’ zones,
both recrystallized grains and initial grains are found

and the twin boundaries are disappearing
(Figure 15(b)), indicating that the recrystallization has
started but is not completed. Finally, some areas, where
the grain size is homogeneous and smaller than the
initial one, appear to be mostly recrystallized
(Figure 15(c)). On the other hand, after deformation
at 1100 �C, the material is mostly recrystallized, with an
homogeneous recrystallized grain size. Similar observa-
tions were made by Krawczyk et al.[2] in forging
conditions.
Furthermore, microstructural analysis of the material

deformed at higher strain rate than previously discussed
(around 2400 s�1) are presented in Figure 16 for the
annealed material and in Figure 17 for the aged mate-
rial. These images show that the average recrystallized
grain size is larger for the material deformed at 1100 �C,
suggesting that the recrystallized grains grow to a larger
extent during deformation at higher temperature and
strain rate (1100 �C and 2400 s�1).
It is, therefore, concluded that the material deformed

at 1100 �C presents a more advanced stage of recrystal-
lization than the one deformed at 1000 �C. At 1000 �C,
the recrystallized grains just started to nucleate in some
areas of the sample, the material being only partially
recrystallized. However, at 1100 �C, the material is fully
recrystallized and the thermally-activated diffusion
mechanism is more active, so growth of the recrystal-
lized grains was promoted. Considering that, at a
constant strain rate, the time for all the compression
tests is similar, it was concluded that, during deforma-
tion at high strain rate of alloy 718, recrystallization
kinetics increases with increasing temperature.

C. Influence of Initial Heat Treatment

Depending on the initial heat treatment, the material
contains different types and amounts of precipitates, and
exhibits a different mechanical behavior. From the
mechanical results presented in Section III–B, it was
deduced that the aged material undergoes at least a

Fig. 12—Grain Orientation Spread (GOS) distribution obtained by EBSD analysis of alloy 718 (a) in annealed state (b) in aged state
corresponding to Figs. 10 and 11, respectively (Color figure online).
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partial dissolution of its precipitates when heated and
deformed at 1000 �C and above. Figure 18 supports this
observation, as a sudden drop in the yield strength can
be observed in the aged material for deformation at 1000
�C and above. However, it can be noted that, even for
those temperatures, the aged material still exhibits a
slightly higher yield strength than the annealed one,
suggesting that the dissolution of precipitates is not
completed. This could be explained by the short
duration for which the sample is exposed to tempera-
tures above 950 �C (around 20 seconds, see Figure 3).
The microstructural characterization, presented in

Section III–C and further supported by Figures 16 and
17, suggests that the initial heat treatment does not
affect the recrystallized microstructure to a great extent.
Even so, it seems that, after deformation at 1100 �C and
higher strain rate (2400 s�1), the recrystallized grains are
larger in the annealed material. In Figures 16(b) and
17(b), the average grain size is 8.8 lm for the annealed
material and 7.6 lm for the aged material. This could
mean that the remaining precipitates in the aged
material deformed at 1100 �C impede grain growth to
some extent, by pinning of grain boundaries.[6,47]

Another possible explanation is related to the total

Fig. 13—Grain boundary rotation maps obtained by EBSD analysis of alloy 718 in aged state (a) initial material (b) deformed at 800 �C (c)
deformed at 1000 �C (d) deformed at 1100 �C (strain rate between 1000 and 1900 s�1) (Color figure online).
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strain. The annealed material being more prone to
deformation than the aged one, it accumulates more
strain and internal energy (as it is suggested by the
stress–strain curves in Figure 7), thus increasing the
dislocation density and promoting recrystallization.

D. Influence of Strain Rate

Considering the mechanical results presented in Sec-
tion III–B, the effect of strain rate appears not to be
significant for the recrystallization conditions (1000 �C

Fig. 14—(a) Misorientation angle distribution and (b) grain size distribution obtained by EBSD analysis of alloy 718 in aged state corresponding
to Figure 13 (Color figure online).

Fig. 15—Optical micrographs of alloy 718 in annealed state deformed at 1000 �C and 1800 s�1 for three different zones in the same sample: (a)
non-recrystallized (b) partially recrystallized (c) mostly recrystallized—black arrows indicate twins—black frames show necklace structures.

Fig. 16—Inverse Pole Figures (IPF) obtained by EBSD analysis of alloy 718 in annealed state (a) deformed at 1000 �C and 2400 s�1 (b)
deformed at 1100 �C and 2400 s�1—black arrows indicate twins (Color figure online).
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and 1100 �C). However, the microstructural analysis of
the material deformed at 1100 �C suggests that the
recrystallized grain size at this temperature increases
with the strain rate. For the annealed state, Figures 8(d)
and 16(b), the average recrystallized grain size is 5.3 lm
when deformed at 1500 s�1 and 8.8 lm when deformed
at 2400 s�1. For the aged state, Figures 9(d) and 17(b),
the average recrystallized grain size is 5.3 lm when
deformed at 1900 s�1 and 7.6 lm when deformed at
2300 s�1. Tan et al.[14] have made similar observations in
the low strain rate domain. It was also noted that the
samples deformed at 1000 �C and 1100 �C tend to be
more recrystallized when deformed at higher strain rate,
for both states. This observation is consistent with the
studies made by Zhou and Baker[48] for low strain rates
and Iturbe et al.[18] for medium strain rates, where it was
observed that increasing the strain rate leads to a higher
proportion of recrystallized grains. These results could
be explained by the conclusions made by Guest and
Tin.[40] They observed that, although a higher strain rate
leads to a lower volume of recrystallized grains during
the deformation (dynamic recrystallization), the

meta-dynamic recrystallization rate is higher for a
higher strain rate. They explained it by a higher
adiabatic heating of the sample, as well as the limitation
of recovery, which allows a greater dislocation density
accumulation, thus higher driving force for the recrys-
tallization. In any case, the effect of strain rate on the
combined dynamic and meta-dynamic recrystallization
is complex, as it affects those mechanisms in a different
way and as it is intertwined with the effect of temper-
ature (adiabatic heating). In addition, others factors
have to be taken into account when investigating its
effect, such as the variation of strain rate during the test,
the non-homogeneous recrystallization and the quan-
tification of grain size only on specific areas. Neverthe-
less, the strain rate has much less effect on the
deformation behavior than the temperature.

V. CONCLUSION

The behavior of alloy 718 in annealed and aged states
at high strain rates and high temperatures has been
characterized using Split-Hopkinson pressure bar, OM
and SEM. It has been observed and deduced the
following:

– The flow stress decreases with increasing tempera-
ture and decreasing strain rate, which is the common
behavior of metals and alloys.

– For deformation temperatures below 1000 �C, the
aged material presents a yield strength approxi-
mately 200 MPa higher than the annealed material.
It is also more resistant to deformation, with only
20 pct of the grains being deformed after compres-
sion at 800 �C, against more that 50 pct for the
annealed material. However, at 1100 �C, the differ-
ence in yield strength between the two states
decreases significantly and the flow stress level of
both states are similar, suggesting a dissolution of
the strengthening precipitates in the aged material.Fig. 18—Yield strength vs temperature for alloy 718 in annealed and

aged states.

Fig. 17—Inverse Pole Figures (IPF) obtained by EBSD analysis of alloy 718 in aged state (a) deformed at 1000 �C and 2400 s�1 (b) deformed at
1100 �C and 2300 s�1—black arrows indicate twins (Color figure online).
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– Recrystallization (DRX and MDRX) takes place in
both annealed and aged alloy 718 when deformed at
1000 �C and 1100 �C, leading to refinement of the
microstructure.

– Discontinuous recrystallization (or DDRX) was
identified as the main recrystallization mechanism,
via the formation of necklace structures.

– Recrystallization kinetics increases with increasing
temperature, meaning that a higher deformation
temperature leads to a higher fraction of recrystal-
lized grains and a larger recrystallized grain size.
Deformation at 1000 �C generates an incomplete
recrystallization, whereas deformation at 1100 �C
results in a fully recrystallized microstructure.

The current study gives a better understanding of alloy

718 deformation behavior at high strain rates and high

temperatures, conditions which have seldom been studied

in the literature.Thiswork aims at improvingmodellingof

the microstructural evolution, including recrystallization,

in this alloy, and it will be used to better predict the final

mechanical and microstructural state of the material

during and after manufacturing processes.
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