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Abstract: The formation and evolution of shear bands in Inconel 718 nickel-base superalloy under
plane strain compression was investigated in the present work. It is found that the propagation
of shear bands under plane strain compression is more intense in comparison with conventional
uniaxial compression. The morphology of shear bands was identified to generally fall into two
categories: in “S” shape at severe conditions (low temperatures and high strain rates) and “X” shape
at mild conditions (high temperatures and low strain rates). However, uniform deformation at the
mesoscale without shear bands was also obtained by compressing at 1050 ◦ C/0.001 s−1 . By using the
finite element method (FEM), the formation mechanism of the shear bands in the present study was
explored for the special deformation mode of plane strain compression. Furthermore, the effect of
processing parameters, i.e., strain rate and temperature, on the morphology and evolution of shear
bands was discussed following a phenomenological approach. The plane strain compression attempt
in the present work yields important information for processing parameters optimization and failure
prediction under plane strain loading conditions of the Inconel 718 superalloy.
Keywords: alloys; hot working; compression and shear; deformation

1. Introduction
The precipitation-hardened Inconel 718 nickel-base superalloy has been widely used in the
manufacturing of critical components in aircraft engines and land-based gas turbines, primarily
due to the excellent mechanical properties at high temperatures as well as the extraordinary
corrosion-oxidation resistance [1,2]. Due to the severe working conditions Inconel 718 alloys are
usually subjected to, obtaining a defect-free part with appropriate microstructure is essential for
reliability. Therefore, special attention must be paid to each step of the thermomechanical treatments.
Hot-working operations are usually conducted above half the melting temperature for this alloy to
achieve finished or semi-finished components with desired performance. However, the hot-working
approach at high temperature usually results in complex localized deformation. In this case, the alloys
will experience a softening process and the applied forming force is sensitive to processing parameters
such as temperature and strain rate [3]. Recent studies show that the flow softening behavior is closely
related to various special microstructure characteristics such as shear bands, the precipitation of second
phase and strain localization [4–6], except for the well-known dynamic recrystallization (DRX) [7] and
dynamic recovery (DRV) [8], wherein the propagation of shear band characterized by narrow bands
is usually found during the high strain rate inelastic deformation process due to the intense shear
straining. Once a shear band is initiated, it may become self-propagating because the intrinsic adiabatic
heating produces a remarkable decrease of the local flow stress [9]. The shear band is a potentially
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Figure 1. Initial microstructure of the received Inconel 718 superalloy.
Figure 1. Initial microstructure of the received Inconel 718 superalloy.
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Table 1. Chemical composition of the present Inconel 718 superalloy.
Table 1. Chemical composition of the present Inconel 718 superalloy.
Element
Element
wt.
wt.%%

Ni
Cr
Ni
Cr
53.02
53.02 18.50
18.50

Nb Mo
Mo Ti Ti Al Al Co. Co. Si Si Mn Mn Ta Ta CuCu
Nb
5.34
5.34 3.26
3.26 1.041.04 0.520.520.12 0.120.08 0.080.0540.0540.050
0.050 0.048
0.048

C
C
0.029
0.029

Fe
Fe
Bal.
Bal.
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3.2. Characterization of Shear Bands
3.2. Characterization of Shear Bands
The etched microstructures of the specimens are shown in Figure 3, from which the shear bands
The etched microstructures of the specimens are shown in Figure 3, from which the shear bands
and strain localization regions under different deformation conditions can be seen as dark‐colored
and strain localization regions under different deformation conditions can be seen as dark-colored
regions. It can be concluded that the shear bands exhibit approximate “S” shape which passes totally
regions. It can be concluded that the shear bands exhibit approximate “S” shape which passes totally
through the entire width of the sample under “severe” conditions (low temperatures and high strain
through the entire width of the sample under “severe” conditions (low temperatures and high strain
rate, e.g., 900 ◦°C/10 s−1−1shown in Figure 3a). Note that the samples were asymmetrically deformed
rate, e.g., 900 C/10 s shown in Figure 3a). Note that the samples were asymmetrically deformed
under these severe conditions. It must be confirmed that the parallelism of the Gleeble anvils and the
under these severe conditions. It must be confirmed that the parallelism of the Gleeble anvils and the
samples was controlled below 0.01 mm. Therefore, the asymmetry of deformation cannot result from
samples was controlled below 0.01 mm. Therefore, the asymmetry of deformation cannot result from
the deviation between contact surfaces and the compression axis. Note that the samples
the deviation between contact surfaces and the compression axis. Note that the samples asymmetrically
asymmetrically deformed under these severe conditions result from the intrinsic mechanism.
deformed under these severe conditions result from the intrinsic mechanism.
When the samples were compressed at “intermediate” conditions (high temperature or low
When the samples were compressed at “intermediate” conditions (high temperature or low strain
strain rate), as shown in Figure 3b, the shear bands broadened and evolved into a form with “X”
rate), as shown in Figure 3b, the shear bands broadened and evolved into a form with “X” shape.
shape.
When the compression was performed at “mild” conditions (high temperature and low strain
rate), as shown in Figure 3c,d, the shear bands significantly weakened and even disappeared.
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3.3. Initiation of Shear Bands
3.3. Initiation of Shear Bands
According to classical plasticity theory, shear banding depends on the initial orientation of the
According to classical plasticity theory, shear banding depends on the initial orientation of the
crystals [19] and the occurrence of shear bands are strongly dependent on various factors such as
crystals [19] and the occurrence of shear bands are strongly dependent on various factors such as material
material properties, geometry, loading conditions, and friction [20]. A series of studies have been
properties, geometry, loading conditions, and friction [20]. A series of studies have been carried out
carried out to investigate the flow behavior of Ni‐based alloy under uniaxial compression [3,17]. It is
found that the shear band induced by uniaxial compression is much weaker than that induced by
plain strain compression. It is worth noting that the Inconel 718 superalloy used in the present work
has the similar material properties with those Ni‐based superalloys investigated in the references
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to investigate the flow behavior of Ni-based alloy under uniaxial compression [3,17]. It is found that
the shear band induced by uniaxial compression is much weaker than that induced by plain strain
compression. It is worth noting that the Inconel 718 superalloy used in the present work has the similar
material properties with those Ni-based superalloys investigated in the references [17,21], and mechanical
testing was performed on similar experimental conditions by using Gleeble thermomechanical simulators.
Therefore, the distinctive deformation mode of plane strain compression is expected to be the key factor
for the intense occurrence of shear bands. To give a more complete insight into the initiation and evolution
stages in the development of shear bands, a rigid-plastic FEM was developed to replicate the experimental
results and observations.
The material parameters such as Young’s modulus, Poisson’s ratio and thermophysical parameters
of Inconel 718 superalloy were quoted from Ref. [15]. Specially, the constitutive model of the present
alloy has been established in our previous work [16], and it is given in the following type:

#0.5 
1/4.2 "
2/4.2


1
Z
Z
σ =
+
+
1
ln

0.0021  1.32 × 1016
1.32 × 1016

(1)

where Z denotes the Zener–Hollomon parameter and can be represented by the following equation:


.

Z = ε exp

429000
RT


(2)

.

where ε is the strain rate, T is the absolute temperature and R is the universal gas constant, R = 8.314 kJ/mol.
The failure of alloys during hot-working is mainly ascribed to additional tensile stress induced by
inhomogeneous deformation [22]. In the present study, the tensile stress is expressed in the form of a
maximum tensile work criterion proposed by Cockroft and Latham [23]:
C =

Z ε
f
0

σmax dε

(3)

where C is the damage factor, σmax is the highest local tensile stress, ε is the true strain and εf
is the true strain at fracture. When a cylindrical specimen is uniaxially compressed as shown in
Figure 4a, the additional tensile stress is localized at the equator of the bulge area (indicated by arrow).
This additional stress, however, cannot give rise to the formation of shear band because the direction
of the stress is along the circle and perpendicular to the primary stress axis. When the specimen is
subjected to plane strain compression, as shown in Figure 4b, the stress concentration occurs in an “X”
type region of the specimen. The “X” type stress concentration is supposed to be related to surface
tension of the specimen and the friction during deformation. It is clear that the stress concentration
significantly promotes the occurrence of shear band due to the favorable orientation. As a result,
the plane strain compression is easier to induce the initiation of shear bands in comparison with
uniaxial compression.
The special deformation mode of plane strain compression leads to different features of state
variables such as effective strain, effective stress, temperature, etc. In the present study, strain
rate is chosen as the primary field quantity to inspect, because it gives the best indication of the
instantaneous tendency toward shear band formation [20]. The contours of effective strain rate for the
two compression modes under the same deformation conditions are shown in Figure 5. For the uniaxial
compression, a relatively small gradient was found in the strain rate contours across the cross-section
at the initial stage of deformation (5% height reduction in Figure 5). In this case, the strain rate in
the center area of the specimen is smaller than 15 s−1 . Plastic deformation yielding 30% thickness
reduction a maximum strain rate of 20 s−1 a rather rectangle region of uniform plastic deformation
(in comparison to the more round strain rate distribution in Figure 5a).

surface tension of the specimen and the friction during deformation. It is clear that the stress
concentration significantly promotes the occurrence of shear band due to the favorable orientation.
As a result, the plane strain compression is easier to induce the initiation of shear bands in
comparison with uniaxial compression.
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On the other hand, the distribution of strain rate resulted from plane strain compression shows
large gradients across the cross‐section at the initial stage of deformation in Figure 5d. The
distribution of strain rate is extremely nonuniform and the X‐shape region can be observed through
the plane strain compression process (from 5 up to 30% thickness reduction). The high strain rate
region begins to rotate away from the ordinate at the very beginning of deformation, which is
considered to be related with the initiation of shear band according to previous studies [20].
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On the other hand, the distribution of strain rate resulted from plane strain compression shows
large gradients across the cross-section at the initial stage of deformation in Figure 5d. The distribution
of strain rate is extremely nonuniform and the X-shape region can be observed through the plane strain
compression process (from 5% up to 30% thickness reduction). The high strain rate region begins to
rotate away from the ordinate at the very beginning of deformation, which is considered to be related
with the initiation of shear band according to previous studies [20].
The interfacial friction between the die and workpiece plays an important role in the occurrence
of shear bands in the compression process. Firstly, the level of friction between the die and workpiece
usually increases with the increasing of deformation temperature for metals [24,25]. Therefore,
the friction coefficient (f ) at a high temperature cannot be ignored. According to the FEM simulation
results shown in Figure 6, with the increasing of friction coefficient, the initial strain for the shear
bands tends to form from the corners and center of uniaxial compression specimens, while the degree
of shear banding enhances in the plane strain compression specimens. Secondly, Li et al. has found
that although the friction coefficient was a constant at lower strain level, the instantaneous friction
coefficient increased approximately exponentially with the true strain at higher strain level [26].
Therefore, the effect of friction on the tendency to form flow localization is enhanced in the plane
strain compression process, thus promoting the occurrence of shear bands. Thirdly, as shown in
Figure 4, the damage factor distributes at the equator of the cylindrical specimen (perpendicular to the
primary stress axis) after uniaxial compression, while the plane strain compression leads to an “X”
type stress concentration area from which the shear bands tend to initiate. This difference is associated
with the frictional shear factor at the interface of die-workpiece. For uniaxial compression, a high
level of friction may lead to the appearance of “dead” zones just below the die, and this can result
in the “X” shear bands. However, the effect of friction will be balanced by DRX. If high strain rate,
low deformation temperature or large strain is chosen, shear bands may appear. For plane strain
compression, the deformation along the length direction is restricted and a large shear factor will be
induced at the corners of contact surface between die and workpiece. Therefore, the “dead” zones are
easier to form below the die, which promote the occurrence of shear bands.
3.4. Evolution of Shear Bands
As it has been clarified in Section 3.2, the severe deformation conditions tend to produce “S” type
shear bands, while the intermediate deformation conditions prefer to induce “X” type shear bands.
Note that both microstructure observations (Figure 3) and FEM simulations (Section 3.3) suggest
that the morphology of shear bands at the initial stage exhibits “X” type with two crossed branches,
as illustrated in Figure 7. It can be confirmed that the strength of the two branches is not exactly
the same—one is “stronger” and the other one is “weaker”. The final shape of these shear bands
depends on deformation conditions, interfacial friction and material properties. The evolution process
is interpreted in a phenomenological way as follows.
(i)

(ii)

In the case of high strain rate and low temperature, one of the two branches becomes stronger,
weakening the second branch. It is due to the difference of deformation-induced heating
(as shown in Figure 7a) and the nonuniform of instantaneous friction. With further compression,
the interaction of adiabatic heating and strain, together with the increasing of interfacial friction,
promotes the propagation of the stronger branch. Since the occurrence of shear bands are
associated with material elements, their directions will rotate away from the compression axis
once they initiated from the deformed region. Thus, the initial shear angle will increase, and
leads to the formation of an asymmetrical specimen (Figures 3a and 7a) finally.
In the case of intermediate deformation, the deformation-induced heating can be neglected due to
the much lower strain rates, and thus it is no longer the key factor to determine the evolution of
shear bands. Therefore, the interfacial friction (f ) and inherent material property, i.e., the positive
strain rate sensitivity (m), are expected to control the formation of shear bands.

and this can result in the “X” shear bands. However, the effect of friction will be balanced by DRX. If
high strain rate, low deformation temperature or large strain is chosen, shear bands may appear. For
plane strain compression, the deformation along the length direction is restricted and a large shear
factor will be induced at the corners of contact surface between die and workpiece. Therefore, the
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“dead” zones are easier to form below the die, which promote the occurrence of shear bands.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure Figure
6. Effective
strain‐rate
distribution
of Inconel
718 under
superalloy
undercompression
(a–d) uniaxial
6. Effective
strain-rate distribution
of Inconel
718 superalloy
(a–d) uniaxial
and (e–h)
strain
compression
height reduction
30% forreduction
different friction
conditions,
(a,e) f = 0,friction
compression
andplane
(e–h)
plane
strain at
compression
at ofheight
of 30%
for different
(b,f)
f
=
0.1,
(c,g)
f
=
0.2,
(d,h)
f
=
0.3.
conditions, (a,e) f = 0, (b,f) f = 0.1, (c,g) f = 0.2, (d,h) f = 0.3.
As shown above, the two branches of the initial shear band are not exactly the same. They both
form at the same time, however the rate along one of these branches is higher and sometimes it changes.
Once the rate in one of the branches is larger, it will be strengthened due to the positive m values and
then the rate will decrease. As the rates are similar along the two bands, the X-type of shear band will
form. Then the deformation resistance of the former branch becomes larger than the latter one. As a
result, the inhomogeneous deformation will transform from the stronger branch to the weaker one.

As shown above, the two branches of the initial shear band are not exactly the same. They both
form at the same time, however the rate along one of these branches is higher and sometimes it
changes. Once the rate in one of the branches is larger, it will be strengthened due to the positive m
values and then the rate will decrease. As the rates are similar along the two bands, the X‐type of
shear band will form. Then the deformation resistance of the former branch becomes larger than the
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latter one. As a result, the inhomogeneous deformation will transform from the stronger branch to
the weaker one. Owing to this alternate “strengthening–relaxation” effect, the two branches develop
simultaneously,
and form
a stable “X” type shear
band.
As branches
the compressing
proceeds, the
Owing
to this alternate
“strengthening–relaxation”
effect,
the two
develop simultaneously,
intersecting
shear “X”
straining
leads band.
to the As
formation
of regionsproceeds,
with round
rate in shear
the center
area
and
form a stable
type shear
the compressing
thestrain
intersecting
straining
of
the
compressed
specimens.
leads to the formation of regions with round strain rate in the center area of the compressed specimens.
(iii) In the case of high temperature and low strain rate, no shear bands can be found
(iii) In the case of high temperature and low strain rate, no shear bands can be found macroscopically.
macroscopically.
Even if unstable flow occurs, the “strengthening–relaxation” effect mentioned
Even if unstable flow occurs, the “strengthening–relaxation” effect mentioned above can suppress
above can suppress the development of inhomogeneous deformation owing to the higher m
the development of inhomogeneous deformation owing to the higher m values. Thus, homogenous
values. Thus, homogenous microstructure can be obtained throughout the entire deformed
microstructure can be obtained throughout the entire deformed region, as illustrated in Figure 7c.
region, as illustrated in Figure 7c.

(a)

(b)

(c)

Figure
Figure 7.
7. Morphology evolution of shear bands during plane strain compressing process at (a) severe
conditions;
conditions; (b)
(b) intermediate
intermediate conditions
conditions and
and (c)
(c) mild
mild conditions.
conditions.

4. Conclusions
A study of the formation and evolution of shear bands in nickel-base Inconel 718 superalloy was
performed by means of plane strain compression and FEM simulation in the present work. Based
on the experimental and simulation results, the influence of processing parameters on shear bands
was discussed. It was found that the plane strain compression can produce strong shear bands,
the morphology of which strongly depends on compressing temperature, strain rate and type of
loading (plane strain versus uniaxial compression). Present analysis leads to the following conclusions:
(1)
(2)

(3)

(4)

The shape of shear bands under different deformation conditions can be divided into two
categories: “S” shape for severe conditions, “X” shape for intermediate conditions.
The shear bands produced at plane strain compression propagates more rapidly than those under
uniaxial compression tests. FEM simulation results of plane strain compression suggest that
the shear bands are promoted by the secondary tensile stress located at the X-shape region in
the specimen.
The morphology evolution of shear bands is determined by deformation conditions and interfacial
friction. Compression at severe conditions yields “S” type shear bands due to the synergic
effect of adiabatic heating, deforming and distributing of instantaneous friction. Because of the
alternative “strengthening-relaxation” effect, intermediate conditions result in “X” type shear
bands. A homogenous microstructure can be obtained throughout the entire deformed region if
the metal flow is stable enough.
Due to the complex stress states and severe deformation conditions, shear bands are easy to
appear during the plane strain compression process. Therefore, the influence of shear bands on
strain–stress curves must be considered when the plane strain compression is applied for testing
the high temperature compression properties.
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