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Abstract: This review paper discusses the formation and propagation of adiabatic shear bands
in nickel-based superalloys. The formation of adiabatic shear bands (ASBs) is a unique dynamic
phenomenon that typically precedes catastrophic, unpredicted failure in many metals under impact
or ballistic loading. ASBs are thin regions that undergo substantial plastic shear strain and material
softening due to the thermo-mechanical instability induced by the competitive work hardening and
thermal softening processes. Dynamic recrystallization of the material’s microstructure in the shear
region can occur and encourages shear localization and the formation of ASBs. Phase transformations
are also often seen in ASBs of ferrous metals due to the elevated temperatures reached in the narrow
shear region. ASBs ultimately lead to the local degradation of material properties within a narrow
band wherein micro-voids can more easily nucleate and grow compared to the surrounding material.
As the micro-voids grow, they will eventually coalesce leading to crack formation and eventual
fracture. For elevated temperature applications, such as in the aerospace industry, nickel-based
superalloys are used due to their high strength. Understanding the formation conditions of ASBs in
nickel-based superalloys is also beneficial in extending the life of machining tools. The main goal of
the review is to identify the formation mechanisms of ASBs, the microstructural evolutions associated
with ASBs in nickel-based alloys, and their consequent effect on material properties. Under a shear
strain rate of 80,000 s~1, the critical shear strain at which an ASB forms is between 2.2 and 3.2 for
aged Inconel 718 and 4.5 for solution-treated Inconel 718. Shear band widths are reported to range
between 2 and 65 microns for nickel-based superalloys. The shear bands widths are narrower in
samples that are aged compared to samples in the annealed or solution treated condition.

Keywords: split Hopkinson pressure bar; dynamic shear localization; adiabatic shear band;
microhardness testing

1. Introduction

ASBs form in many metals at high strain rates and large plastic deformation due
to the localization of plastic flow into a concentrated region. This localization occurs
mainly at high strain rates once a critical shear strain value is reached and can produce
large amounts of heat as approximately 90% of the work of deformation is converted into
thermal energy [1]. At high rates of deformation, this heat may not have sufficient time
to dissipate away from the shear region leading to thermal softening. Since the region is
plastically deformed, it also undergoes work hardening and thus this region of adiabatic
shear is under a plastic instability phenomenon. Predicting at what stage an ASB will
form is difficult, but a general rule is that an ASB can form when the strength loss due to
thermal softening exceeds the strength gained from work or strain rate hardening [2,3]. This
naturally means that materials with low strain/strain rate hardening coefficients and/or
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low thermal conductivity have an increased risk of ASB formation. ASBs commonly occur
in aluminum, titanium, uranium alloys, and steels during ballistic impact [4,5], however,
nickel-based alloys have a higher resistance to localized shear band formation [2]. The
initiation of shear bands can be furthered by the presence of microstructural defects or
voids as these artifacts can further localize stresses in the shear region [6]. Understanding
the formation mechanisms for ASBs can aid in the prediction of material behavior under
high-speed deformation specifical when loaded under torsion or compression, during
dynamic impact, high-speed machining, and explosive fragmentation.

ASBs have been classified by Rogers [7] into two distinct categories: “transformation
bands” and “deformation bands”. “Transformation bands” are bands in which there is
a crystallographic phase change or change in the microstructural orientation as a result
of the generated heat, plastic deformation, and/or rapid cooling. “Deformation bands”
experience no phase change and are purely plastically deformed bands. ASBs occur in
various materials differently and are sensitive to multiple mechanical variables such as
cutting tool/workpiece geometry, rate of deformation, preheating, and temperature as well
as material properties such as strain-rate sensitivity, the temperature dependence of flow
stress, strain-hardening rate, thermal conductivity, specific heat, and phase transformation
kinetics [8-11]. Depending on the metal used and the type of deformation, temperatures in
the ASBs could be several hundred degrees higher than the surrounding material, with
cooling rates on the order of 107 K/s [12,13].

ASBs form intermittently throughout the shear region and eventually coalesce to form
a singular band [14]. Material that has been additively manufactured (AM) [15] commonly
contains imperfections, such as microvoids, which create stress concentrations and allow
ASBs to form at lower strains compared to traditionally manufactured (TM) material [16].
In TM materials, this occurs in a straight line, primarily along the plane of maximum
shear stress. However, in AM materials, microvoids may be irregularly distributed in the
shear region and therefore cause ASBs to form in an irregular path. At a cutting speed
of 2 m/s, Inconel 625 that was manufactured through casting did not show evidence of
ASB formation (Figure 1a), however, AM Inconel 625 built using selective laser melting
did show distinct ASBs (Figure 1b red arrow) under the same cutting conditions. As the
cutting speed increased to 4 m/s, ASBs began to arise in the cast material, forming along
a straight path in contrast to the shear bands formed in the AM samples which took an
irregular curved path. Bhavsar et al. stated that the irregular path the ASB takes supported
their hypothesis that the shear band formation in the AM samples occurs near microvoids
inherent in the selective laser melting (SLM) process [16].

Figure 1. Under the same post-processing cutting operation, (a) no visible ASB can be seen in cast
IN 625, (b) however distinct ASB formation is observed in SLM IN 625 showing that AM material is
more susceptible to ASB formation [16]. Reprinted from [16] with permission from Elsevier.

ASB formation leads to a degradation of mechanical properties by weakening the
material in the shear band thus creating a pathway for cracks to preferentially travel
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along [14]. Identification of a shear band optically in an etched material is relatively simple
because the boundary between the band and the surrounding material is very distinct and
can be distinguished from other types of shear failure in Nickel-based superalloys by the
presence of recrystallized grains in the shear band. One can estimate the width of a shear
band analytically using the half-width model proposed by Dodd and Bai [17], where 5 is
the predicted half-width of the shear band, k is the materials thermal conductivity, T is half
of the melting temperature, T is the shear stress and 7 is the shear strain rate:

(3

Understanding what factors increase the likelihood of ASB formation in metals, such
as heat treatments [18,19] or elevated temperature [10], is important as this information can
be used to optimize cutting parameters for high-speed machining [20-22]. In this literature
review, the following will be discussed for Nickel-based superalloys: shear band formation
and propagation kinetics, and how the microstructures around the ASBs evolve when shear
localization occurs.

2. Testing Methodology

Numerous testing methods have been developed to characterize the formation of
ASBs and further understand the effect of shear localization in a material. The most com-
mon are torsional testing [23-26] (Figure 2a), forced shear compression testing [25,27-29]
(Figure 2b,c), and high-speed cutting with a quick stop device [30] (Figure 2d). The rea-
soning behind using these testing methods is that the geometries and loading conditions
encourage shear deformation in a localized region. The compact forced simple shear (CFSS)
sample geometry is the most recent design for testing materials under simple shear [28,31].
This design is an improvement upon the previously used top hat geometry which had
significant issues such as rotation of the shear surface during testing and radial expansion
of the brim causing a multi-axial stress state [28]. The CFSS sample design allows a narrow
plane to be under simple shear loads, shown by the arrows in Figure 2b, as the two ends
are pushed together with no compressive loading in the shear section. One significant
advantage that the top-hat geometry does have over the CFSS is that stopper rings may be
used with the top-hat samples to limit their deformation which allows for characterizing
the formation process of ASBs more accurately [32].

High-speed cutting experiments are primarily used to determine the optimal cutting
speed to prevent serrated chip formation, which is merely repeated ASB formation, as their
formation increases the wear on cutting tools [30,33]. Cutting experiments are typically
done using a quick-stop device to disengage the cutting tool and “freeze” the cutting
state for analysis. The repeated formation of ASBs causes micro-cracks on the cutting tool
increasing the wear rate and lowing the tool’s lifetime. Factors such as workpiece feed rate
and the cutting angle can affect the stresses on the workpiece however cutting speed has
the most obvious influence on shear band formation [8,9].

During a compressive test on a top hat sample, Figure 2c, the tip of the sample will
be pushed into the hollow brim section of the sample creating a shear region shown in
red. During this test the radial expansion of the brim is limited and thus most of the strain
measurement is from shearing. The shear strain achieved can be limited by using a stopper
ring made of stronger material, preferably the same material as the incident/transmitted
bars. The compressive and torsional Hopkinson bars are shown in Figure 3a,b, respectively.
Assuming that the specimen is in equilibrium, the stress T, strain 7, and strain rate 7, (¢)
can be evaluated using the following equations listed for a top-hat sample [32,34].



Metals 2022, 12,1879 40f 15

(a)

(c)

Incident Bar opper Ring Transmitter Bar

N
o —

Figure 2. (a) Torsional loading, (b) CFSS sample, (c) top-hat forced shear, and (d) high-speed
cutting for studying shear band formation [5,27,30]. The scale bar in (d) is 80 microns. Reprinted
from [5,27,30] with permission from Elsevier.
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Here, Ay, and Agpecimen are the cross-sectional area of the bar and the specimen,
respectively; Ey,, is the elastic modulus of the incident and transmission bar material; Cy,,
is the wave speed of the bars; L is the length of the shear region; e (t) is the strain of the
reflected wave in the incident bar at time (), and e (¢) is the strain of the transmitted wave
in the transmitted bar at time (#).

The overall shear stress 75 and shear strain vy, from tests with the torsional bars can be
determined using the following equations [35,36]:

= ©)

t
1) = () [ o ©
70 = (5w @)

In the previous equation, T is applied torque during the test; Ds and D are the mean
diameter of the torsional sample and diameter of the bar, respectively; t; is the thickness
of the test section; v and g is the shear strain rate and shear strain, respectively, from
the reflected wave; L; is the width of the gauge section; ¢ is the torsional wave velocity



Metals 2022, 12, 1879

50f 15

in the bar. During torsional testing, the test specimen is twisted around the central axis of
the torsional bars. The torque-generating mechanism is commonly a loading arm or rotary
actuator that rapidly twists the incident bar while the transmitted bar is fixed.
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Figure 3. (a) Compressive and (b) torsional split Hopkinson pressure bar system.

3. Shear Band Formation and Propagation Kinetics

The shear region along with a fully formed ASB in a top-hat shear sample is shown
in Figure 4a. Previous work showed that dynamic recovery [37], dynamic recrystalliza-
tion [38], phase transformation [39], melting, and amorphization [40] can occur during
the formation and propagation of an ASB [41]. Hines and Vecchio [42] proposed that
progressive lattice rotations, termed PRiSM (progressive subgrain misorientation), occur
during shear localization due to strain-induced recrystallization. Prior to the formation
of an ASB, a larger area referred to as the shear affected zone (SAZ), or sometimes the
transition layer, undergoes localized plastic shear deformation [43]. In this region, it is
possible for grains to become elongated in the direction of the shear load or for grains to
rotate and form high-angle grain boundaries. Large microstructural variations are observed
from the outside of the SAZ to the core in which an ASB may form. The outermost sections
of the SAZ have well-defined subgrains with a gradual transition to elongated subgrains
near the core of the SAZ. If an ASB had formed, the subgrains at the core of the SAZ would
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partition into smaller cells with highly misoriented grains due to dynamic recrystallization,
though in these experiments no recrystallization was seen to occur. Distinguishing the
perimeter of the SAZ and the base material is often difficult because the grains still resemble
the undeformed size and shape. Electron backscatter diffraction (EBSD) scans (Figure 4b,c)
can be used to get a qualitative idea of the shear deformation to identify the SAZ through
the average intragranular misorientation (AIM), which is an average of the misorientation
between each data point and its nearest neighbor within a grain [43]. An AIM value of 1° is
often used to determine the width of a SAZ as shown in Figure 4c.

n&"

\.\u\'g-

T ‘-:s:‘&— i
o ‘-_'.\‘; -
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—

Figure 4. (a) Shear region including the shear band for a top-hat Inconel 718 sample (b) IPF of an
ASB region and (c) observation of SAZ using the AIM values [43]. The scale bar for (a) is 150 microns
and 100 microns for (b,c). Reprinted from [5,43] with permission from Elsevier.

Landau et al., studied possible indicators of ASB formation by observing the mi-
crostructure surrounding ASBs [14]. They reported that ASBs do not form from a single
initiation point but intermittently within the shear region, shown in Figure 5a. TEM lamel-
las lifted out from regions adjacent to cracks within the ASB, marked ‘A’ in Figure 5a,
showed dynamically recrystallized grains, Figure 5b. TEM images from lamellas lifted from
regions between crack tips that formed in the ASB, marked ‘B’ in Figure 5a, showed heav-
ily deformed large grains with intermittent islands of dynamically recrystallized grains,
Figure 5c. The final TEM lamellas were taken 5 microns to the side of cracks within the ASB
region, marked ‘C” in Figure 5a. The TEM images taken from the region slightly outside the
ASB still showed heavily deformed large grains but very sparse dynamically recrystallized
grains, Figure 5d. Rittel et al. reported similar findings that dynamic recrystallization is a
precursor to ASB formation [44]. Landau et al. experiments show that ASBs form in the
shear region after sparse islands of dynamically recrystallized grains gradually evolve and
coalesce into a single band of recrystallized grains [14].
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Figure 5. (a) SEM image of a shear region, TEM images from the (b) crack tip, (c) between cracks, and
(d) 5 microns to the side of the crack. The scale bars are 50 microns for (a), and 1 micron for (b—d) [14].

ASBs are often seen in high-strength materials, such as steels, titanium, and aluminum
alloys, susceptible to ASB formation under high strain rate loading conditions. Nickel
is more resistant to shear banding and requires a much higher rate of deformation com-
pared to other materials used in aero-engines, such as Titanium alloys, due to their high
yield strengths even at elevated temperatures, low thermal softening coefficients, and low
thermal conductivity, all of which affect the formation of ASBs [11]. It was observed by
Hokka et al. that Inconel 625 required significantly more strain during cutting operations
for ASBs to form compared to Ti-6246 [11]. The reason a higher strain is required for ASBs
to form for Inconel 625 is that the thermal conductivity for Inconel 625 is twice as high as Ti
6246, therefore heat is dissipated more quickly for Inconel 625, and that Inconel 625 has a
higher strain hardening exponent. This allows Inconel 625 to sustain more strain before
the effects of thermal softening surpass those of strain hardening. Shear band formation
during the cutting of Ti6Al4V and Inconel 718 was compared at a cutting speed of 10 m/s
by Cai et al. [45]. They found that the spacing between the shear bands was approximately
80 microns for Ti64 and approximately 92 microns for Inconel 718 (Figure 6). Similar to the
situation in the research by Hokka et al., Inconel 718 has almost double the thermal con-
ductivity and nearly a 3 times higher strain hardening exponent, and thus the material was
able to withstand more deformation before plastic instability could lead to the formation of
anew ASB.

10 m/s
Shear bands

Figure 6. The shear band spacing during the high-speed cutting of (a) Ti64 is smaller than that
seen in (b) Inconel 718 [45]. Both scale bars are 50 microns. Reprinted from [45] with permission
from Elsevier.
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Aging heat treatments are generally beneficial for precipitation-hardened material by
increasing the yield strength through the growth of strengthening phases. However, doing
so also decreases the strain required for an ASB to form due to a reduction in ductility. For
Inconel 718, after aging heat treatments, when the v/ and y” strengthening precipitates
reach a critical size, i.e., their radii become larger than ~10 nm, a change in their shearing
mechanism leads to a lower strain hardening coefficient [46]. Research by Song et al. [18]
conducted dynamic shear tests using a top hat sample geometry and stopper rings of
various thicknesses on solution treated (Figure 7a) and aged (Figure 7b) Inconel 718. While
the aged material did show a higher shear yield strength than the solution-treated material,
the critical strain for an ASB to form was lower for the aged material. Under the same
testing conditions, the aged material formed ASBs between strains of 2.4 and 3.2 while the
solution-treated samples required a strain of 4.5 for an ASB to form. A summary table of
dynamic shear experiments on nickel-based superalloys is shown in Table 1.
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Figure 7. Shear stress vs. strain graphs for (a) solution treated and (b) aged samples [18]. Reprinted
from [18] with permission from Elsevier.
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Table 1. Summary of dynamic shear testing under various heat treatments and testing strain
rates [5,18,47-49].

. Tested Strain Rate Heat Width of ASBs
Year Author Material s-1) Treatment (Microns)
Steel . 6 7 4—20
2003 Clos Inconel 718 Shear: 10°-10 - 24
Annealed 65.8
2009 Demange Inconel 718 Shear: 5 x 10* Precipitation ’
33.6
hardened
Global:
. Precipitation Top hat:4-5
2016  Johansson Inconel 718 approximately hardened Cutting: 4-5
1500
Solution 10-13
2018 Song Inconel 718 Shear: 8 x 10* treated 10
Aged
. Precipitation
2020 Colliander Inconel 718 - 7
hardened

4. Microstructures in an ASB

In addition to dynamic recrystallization, the microstructure within the ASB and SAZ
experience significant changes in terms of precipitate morphology. In particular, the
dissolution of strengthening phases in the ASB region has been observed, though the
mechanism behind their dissolution requires further research [49]. Atom probe tomography
(APT) specimens were taken from undeformed and deformed Inconel 718 material. An
optical image of an ASB in the deformed sample is shown in Figure 8a. This material shows
clusters of aluminum, titanium, and niobium which indicates the presence of v’ and y”
strengthening phases, Figure 8b,d. However, APT specimens from an identified ASB in
deformed cylindrical top hat samples showed no clustering which is evidence of an absence
of strengthening phases, Figure 8c. Estimations of the temperatures in the ASB obtained by
numerical integration of the thermal balance equation (assuming adiabatic conditions and
neglecting thermo-elastic effects) were between 864 °C and 1118 °C. These values are in the
range of solvus temperatures for the y' and y” strengthening phases, 850 °C and 900 °C
respectively. The surrounding material does not increase in temperature; thus, it effectively
quenches the ASB and limits the time the ASB is above the solvus temperature of v’ to less
than one ps, which prevents the nucleation of precipitates.

Inconel 718 has been shown to have a higher resistance to ASB formation compared to
low-carbon steel [47]. The microstructure in Inconel 718 was observed to be more stable
after shear localization compared to low-carbon steel by Clos et al. [47]. In their study,
microstructural observations of flat top-hat dynamic shear samples of low-carbon steel
showed a nearly linear growth of shear band thickness from 4 microns to 20 microns
after shear localization. Similar Inconel 718 samples showed a constant band width,
approximately 2—4 microns, but no increase in size after shear localization. The critical strain
values for the formation of ASBs were 2.2 for the steel and 1.7 for Inconel 718. Following the
onset of unstable shear localization, the stress was reduced, and the remaining deformation
was confined to a narrow zone. Temperature measurements using InSb-detectors and
InGaAs-detectors on the flat top hat samples measured temperatures of 500 °C after initial
shear localization and 800 °C in the post-localization phase of the experiments with a
heating rate on the order of 107 K/s.

Johansson et al. [48] compared the formation process of ASB between Inconel 718 sheared
at a high strain rate in a top hat sample geometry and under a high-speed cutting opera-
tion. The top hat samples and the samples mechanically cut under high speeds showed
a similar appearance on the microstructural level with both having visible shear bands
approximately 4-5 microns wide. The Inconel samples showed no evidence of a transition
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zone between the ASB and the base material. Grains near ASB were observed to be in the
process of subdivision by shearing. Evidence of dynamic recrystallization was not observed
using EBSD due to low confidence indexes in the ASB region (Figure 9b), however, band
contrasts maps taken from a transmission electron microscopy (TEM) foil removed from the
internal section of the ASB outlined in red (Figure 9a) showed ultra-fine equiaxed grains,
Figure 9¢, with a size between 50 and 300 nm. This further reinforced that the region is an
ASB because it has undergone recrystallization and is not simply a SAZ.

(C?&l i (d)

Figure 8. (a) Image of the ASB from which APT samples were lifted out from. Chemical distribution
of precipitate elements from (b) undeformed bulk material, (c) ASB region, and (d) iso-surface
reconstructions of precipitates from the undeformed bulk material. A 1 mm scale bar is used for (a)
and (b—d) scale bars are 20 nm. Reprinted form [49] with permission from Taylor and Francis.

Figure 9. (a) Etched OM image, (b) IPF of the shear band, and (c) Band Contrast image showing
recrystallized grains from a TEM foil lifted out from the ASB region (red box) [48]. The scale bar
for (a) is 10 microns, (b) is 5 microns, and (c) is 400 nm. Reprinted from [48] with permission
from Elsevier.
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Severe plastic deformation in the shear region can lead to work hardening by an
increase in the dislocation density, Figure 10a. Since the deformation is localized primarily
along the shear plane, the surrounding microstructure is mostly unaffected, but sometimes
shows slight grain elongation and rotation along the direction of the shear load. Using this
information, ASBs can be identified using EBSD as the grains will be slightly misoriented.
If the material in the ASB has undergone dynamic recrystallization, the grains will be very
small and require a very low step size to accurately measure the recrystallized grain’s size.
Identification of the approximate size of the ASB is possible using EBSD even though the
step size is not small enough to record the size of the recrystallized grains because the ASB
will consist of a band of points with a very low confidence index [18] (Figure 10b).

Transition Layer

Figure 10. (a) Band contrast and (b) IPF maps of the ASB and surrounding material [18]. Both scale
bars are 200 microns. Reprinted from [18] with permission from Elsevier.

An image of the microstructure in and around an ASB is shown in Figure 11a. Mea-
surements of the hardness values in the SAZ and ASB regions can be used as qualitative
estimations of their width. It was reported previously that the hardness values in the SAZ
increase due to an increase in dislocation density [5,18,43,50-52]. Inconel 718 specifically
contains both FCC Ni which facilitates slipping and BCC Fe which favors the formation
of mechanical twins [5]. The microhardness measurements taken from the SAZ region in
Inconel 718 which was dynamically deformed under shear loads are shown in Figure 11b
with a maximum value at the center of the ASB. The indents of the hardness measurements
are shown in Figure 11a and the dashed red line traces the path of the ASB. Hardness values
are reported as averages of each column with the maximum and minimum values from
each column shown by the error bars. Since material in the ASB region is recrystallized and
exhibits a smaller average grain, the material hardens due to the Hall-Petch relationship
which describes the inverse relationship between yield strength and grain size.
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Figure 11. (a) OM image showing the SAZ region of the shear band and (b) micro-hardness measure-
ments perpendicular to the ASB. The scale bar in (a) is 30 microns.

5. Conclusions

ASBs are rare and unpredictable dynamic failure mechanisms that occur at very high
strain rates. ASBs form because the heat generated by rapid plastic deformation does not
have sufficient time to dissipate to the surrounding material and thus thermally softens
the material within the shear band, leading to localized shear failure. In order for an ASB
to form both a critical strain and critical strain rate must be reached, though given that
this is a probabilistic process it is not guaranteed to occur even if the conditions are met.
The critical strain value for aged Inconel 718 has been recorded to be around 2.2 and 3.2
while the solution-treated material required strain values of 4.5 in samples tested at a shear
strain rate of 8 x 10% s~1. The higher resistance to shear localization in the solution-treated
sample was attributed to the presence of v’ and y” phases which pin grain boundaries
thereby assisting with work hardening. Furthermore, AM Inconel 718 has a lower critical
strain value compared to cast material, which has been attributed to the voids and defects
inherent in the AM process. Shear band widths vary widely for Nickel-based superalloys
ranging between 2 microns and 65 microns. This large variation is due to the effect heat
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treatments have on ASB formation. The band width for Inconel 718 is 65.8 microns after
annealing and 33.6 after aging heat treatments. Unlike other materials that commonly
experience ASBs, no new phases have been recorded to form in the shear bands of Inconel.
Few investigations into the formation of ASBs in AM materials have been conducted on
nickel-based superalloys and is limited to the high-speed cutting of AM Inconel 625. Future
work on this topic could include comparing the shear localization behavior of AM and
TM materials using the same sample geometry, such as the top hat, under the same shear
strain rates. This will provide a better understanding of the ASB formation mechanism
in AM materials and help with developing more comprehensive and versatile models.
In conclusion, ASBs are a probabilistic failure phenomenon that occurs under a high
strain rate in Nickel-based superalloys, and understanding their formation mechanisms
in nickel-based superalloys is key to the study of high-strain damage mechanisms in
aerospace-grade materials.
Notable findings from the works referenced in this paper include the following:

1.  ASBbandwidths vary between 2 microns and 65.8 microns for Nickel-based superalloys.

2. Aging heat treatments on nickel-based superalloys decrease the strain required for
an ASB to form from 4.5 to between 2.2 and 3.2 and nearly halves the band widths of
the ASB.

3. No new phases precipitate during ASB formation in Inconel 718 however v’ and y”
strengthening phases are reported to dissolve.

Author Contributions: Supervision, defining the project, funding acquisition, K.D. and P.G.A;
writing and original draft preparation, R.A.R.; review and editing, K.D., PG.A. and A.N.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the support of The U.S. Air Force Research Lab
Summer Faculty Fellowship Program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shahan, A.R.; Taheri, A.K. Adiabatic Shear Bands in Titanium and Titanium Alloys: A Critical Review. Mater. Des. 1993, 14,
243-250. [CrossRef]

2. Dodd, B.; Bai, Y. Introduction to Adiabatic Shear Localization; Imperial College Press: London, UK, 2014.

3.  Ran, C.; Chen, P. Dynamic Shear Deformation and Failure of Ti-6Al-4V and Ti-5Al-5Mo-5V-1Cr-1Fe Alloys. Materials 2018, 11, 76.
[CrossRef]

4.  Timothy, S.P. The Structure of Adiabatic Shear Bands in Metals: A Critical Review. Acta Metall. 1987, 35, 301-306. [CrossRef]

5. DeMange, ].].; Prakash, V.; Pereira, ].M. Effects of Material Microstructure on Blunt Projectile Penetration of a Nickel-Based Super
Alloy. Int. J. Impact Eng. 2009, 36, 1027-1043. [CrossRef]

6.  Chatterjee, A.; Ghosh, A.; Moitra, A.; Bhaduri, A.K.; Mitra, R.; Chakrabarti, D. Role of Hierarchical Martensitic Microstructure on
Localized Deformation and Fracture of 9Cr-1Mo Steel under Impact Loading at Different Temperatures. Int. J. Plast. 2018, 104,
104-133. [CrossRef]

7. Rogers, H.C. Adiabatic Plastic Deformation. Annu. Rev. Mater. Sci. 1979, 9, 283-311. [CrossRef]

8.  Hao, Z.P; Cui, R.R.; Fan, Y.H. Formation Mechanism and Characterization of Shear Band in High-Speed Cutting Inconel718. Int.
J. Adv. Manuf. Technol. 2018, 98, 2791-2799. [CrossRef]

9. Li,J; Tao, Z,; Cai, X.; An, Q.; Chen, M. Experimental and Finite Element Analysis of the Formation Mechanism of Serrated Chips
of Nickel-Based Superalloy Inconel 718. Int. ]. Adv. Manuf. Technol. 2020, 107, 4969-4982. [CrossRef]

10. Edwards, N.J.; Kariem, M.A; Rashid, R.A.R.; Cimpoeru, S.J.; Lu, G.; Ruan, D. Dynamic Shear Testing of 2024 T351 Aluminium at
Elevated Temperature. Mater. Sci. Eng. A 2019, 754, 99-111. [CrossRef]

11. Hokka, M.; Gomon, D.; Shrot, A.; Leemet, T.; Baker, M.; Kuokkala, V.T. Dynamic Behavior and High Speed Machining of Ti-6246

and Alloy 625 Superalloys: Experimental and Modeling Approaches. Exp. Mech. 2014, 54, 199-210. [CrossRef]


http://doi.org/10.1016/0261-3069(93)90078-A
http://doi.org/10.3390/ma11010076
http://doi.org/10.1016/0001-6160(87)90238-0
http://doi.org/10.1016/j.ijimpeng.2009.01.007
http://doi.org/10.1016/j.ijplas.2018.02.002
http://doi.org/10.1146/annurev.ms.09.080179.001435
http://doi.org/10.1007/s00170-018-2435-6
http://doi.org/10.1007/s00170-020-05150-y
http://doi.org/10.1016/j.msea.2019.03.033
http://doi.org/10.1007/s11340-013-9793-7

Metals 2022, 12, 1879 14 0of 15

12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Drucker, D.C.; Daniel, C.; Dvorak, G.J.; Shield, R.T. Mechanics of Material Behavior: The Daniel C. Drucker Anniversary Volume;
Elsevier: Amsterdam, The Netherlands, 1984; p. 383.

Dao, K.; Shockey, D.A. A Method for Measuring Shear-Band Temperatures. J. Appl. Phys. 1979, 50, 8244-8246. [CrossRef]
Landau, P; Osovski, S.; Venkert, A.; Gartnerova, V.; Rittel, D. The Genesis of Adiabatic Shear Bands. Sci. Rep. 2016, 6, 4-9.
[CrossRef]

Bhujangrao, T.; Veiga, E; Sudrez, A.; Iriondo, E.; Mata, F.G. High-Temperature Mechanical Properties of IN718 Alloy: Comparison
of Additive Manufactured and Wrought Samples. Crystals 2020, 10, 689. [CrossRef]

Bhavsar, P.; Lopez-Hawa, H.; Ananda-Kumar, R.K.; Madhavan, V.; Moscoso-Kingsley, W. Adiabatic Shear Banding Behavior of
Additively Manufactured Superalloy in 625. Procedia Manuf. 2019, 34, 722-730. [CrossRef]

Dodd, B.; Bai, Y. Width of Adiabatic Shear Bands. Mater. Sci. Technol. 1985, 1, 38-40. [CrossRef]

Song, W.; Hu, M.; Zhang, H.; Jin, Y. Effects of Different Heat Treatments on the Dynamic Shear Response and Shear Localization
in Inconel 718 Alloy. Mater. Sci. Eng. A 2018, 725, 76-87. [CrossRef]

Johansson, J.; Persson, C.; Testa, G.; Ruggiero, A.; Bonora, N.; Hornqvist Colliander, M. Effect of Microstructure on Dynamic
Shear Localisation in Alloy 718. Mech. Mater. 2017, 109, 88-100. [CrossRef]

Radha Krishnan, B.; Ramesh, M. Optimization of Machining Process Parameters in CNC Turning Process of 152062 E250 Steel
Using Coated Carbide Cutting Tool. Mater. Today Proc. 2020, 21, 346-350. [CrossRef]

Xu, L.; Huang, C; Li, C.; Wang, J.; Liu, H.; Wang, X. Estimation of Tool Wear and Optimization of Cutting Parameters Based on
Novel ANFIS-PSO Method toward Intelligent Machining. J. Intell. Manuf. 2021, 32, 77-90. [CrossRef]

Ucun, I; Aslantas, K. Numerical Simulation of Orthogonal Machining Process Using Multilayer and Single-Layer Coated Tools.
Int. J. Adv. Manuf. Technol. 2011, 54, 899-910. [CrossRef]

Shockey, D.A.; Simons, ].W.; Brown, C.S.; Kobayashi, T. Shear Failure of Inconel 718 under Dynamic Loads. Exp. Mech. 2007, 47,
723-732. [CrossRef]

Yazdani, F,; Bassim, M.N.; Odeshi, A.G. The Formation of Adiabatic Shear Bands in Copper during Torsion at High Strain Rates.
Procedia Eng. 2009, 1, 225-228. [CrossRef]

Lebrun, T. Analysis of Compact-Forced Simple Shear and Compact-Forced Double Shear Test Specimens for Shear Localization in Materials;
ProQuest: Ann Arbor, MI, USA, 2017.

Bhujangrao, T.; Froustey, C.; Darnis, P.; Veiga, F.; Guérard, S.; Mata, F.G. Design and Validation of New Torsion Test Bench for
Intermediate Strain Rate Testing. Exp. Mech. 2022, 1-11. [CrossRef]

Zhu, C,; Livescu, V.; Harrington, T.; Dippo, O.; Gray, G.T.; Vecchio, K.S. Investigation of the Shear Response and Geometrically
Necessary Dislocation Densities in Shear Localization in High-Purity Titanium. Int. J. Plast. 2017, 92, 148-163. [CrossRef]

Gray, G.T.; Vecchio, K.S.; Livescu, V. Compact Forced Simple-Shear Sample for Studying Shear Localization in Materials. Acta
Mater. 2016, 103, 12-22. [CrossRef]

Xue, Q.; Gray, I.T,; Henrie, B.L.; Maloy, S.A.; Chen, S.R. Influence of Shock Prestraining on the Formation of Shear Localization in
304 Stainless Steel. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2005, 36, 1471-1486. [CrossRef]

Hao, Z.P; Ji, EE,; Fan, Y.H.; Zhang, N.N. Failure Feature and Characterization of Material of Shear Band in Cutting Inconel718.
J. Manuf. Process. 2019, 45, 154-165. [CrossRef]

Jia, B.; Rusinek, A.; Pesci, R.; Bernier, R.; Bahi, S.; Wood, P. A Novel Technique for Dynamic Shear Testing of Bulk Metals with
Application to 304 Austenitic Stainless Steel. Int. J. Solids. Struct. 2020, 204-205, 153-171. [CrossRef]

Budiwantoro, B.; Faizah, I.; Prabowo, D.A; Febrinawarta, B.; Kariem, M. A. Results Comparison for Hat-Shaped, Double-Notch
and Punch Testing of Split Hopkinson Shear Bar Technique. J. Eng. Technol. Sci. 2019, 51, 805-823. [CrossRef]

Dong, G.; Zhaopeng, H.; Rongdi, H.; Yanli, C.; Muguthu, J.N. Study of Cutting Deformation in Machining Nickel-Based Alloy
Inconel 718. Int. |. Mach. Tools Manuf. 2011, 51, 520-527. [CrossRef]

Kolsky, H. An Investigation of the Mechanical Properties of Materials at Very High Rates of Loading. Proc. Phys. Soc. Sect. B 1949,
62, 676-700. [CrossRef]

Yu, X.; Chen, L.; Fang, Q.; Jiang, X.; Zhou, Y. A Review of the Torsional Split Hopkinson Bar. Adv. Civ. Eng. 2018, 2018, 2719741.
[CrossRef]

Cepus, E. Evolution of Adiabatic Shear Bands in High Strength Steels at High Shear-Strain Rates. Master’s Thesis, University of
Manitoba, Wimipeg, MB, Canada, 1995.

Lee, S.; Cho, KM,; Lee, C.S.; Choo, W.Y. Microstructural Study of Adiabatic Shear Band. Metall. Trans. A 1993, 24, 2217-2224.
[CrossRef]

Lins, J.E.C.; Sandim, H.R.Z.; Kestenbach, H.J.; Raabe, D.; Vecchio, K.S. A Microstructural Investigation of Adiabatic Shear Bands
in an Interstitial Free Steel. Mater. Sci. Eng. A 2007, 457, 205-218. [CrossRef]

Lesuer, D.R; Syn, C.K.; Sherby, O.D. Severe Plastic Deformation through Adiabatic Shear Banding in Fe-C Steels. Mater. Sci. Eng.
A 2005, 410411, 222-225. [CrossRef]

Meyers, M.A.; Xu, Y.B.; Xue, Q.; Pérez-Prado, M.T.; McNelley, T.R. Microstructural Evolution in Adiabatic Shear Localization in
Stainless Steel. Acta Mater. 2003, 51, 1307-1325. [CrossRef]

Dougherty, L.M.; Cerreta, E.K.; Gray, G.T.; Trujillo, C.P.; Lopez, M.E,; Vecchio, K.S.; Kusinski, G.J. Mechanical Behavior and
Microstructural Development of Low-Carbon Steel and Microcomposite Steel Reinforcement Bars Deformed under Quasi-Static
and Dynamic Shear Loading. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2009, 40, 1835-1850. [CrossRef]


http://doi.org/10.1063/1.325926
http://doi.org/10.1038/srep37226
http://doi.org/10.3390/cryst10080689
http://doi.org/10.1016/j.promfg.2019.06.228
http://doi.org/10.1179/mst.1985.1.1.38
http://doi.org/10.1016/j.msea.2018.04.010
http://doi.org/10.1016/j.mechmat.2017.03.020
http://doi.org/10.1016/j.matpr.2019.05.460
http://doi.org/10.1007/s10845-020-01559-0
http://doi.org/10.1007/s00170-010-3012-9
http://doi.org/10.1007/s11340-007-9068-2
http://doi.org/10.1016/j.proeng.2009.06.053
http://doi.org/10.1007/s11340-022-00887-x
http://doi.org/10.1016/j.ijplas.2017.03.009
http://doi.org/10.1016/j.actamat.2015.09.051
http://doi.org/10.1007/s11661-005-0239-4
http://doi.org/10.1016/j.jmapro.2019.06.016
http://doi.org/10.1016/j.ijsolstr.2020.08.019
http://doi.org/10.5614/j.eng.technol.sci.2019.51.6.5
http://doi.org/10.1016/j.ijmachtools.2011.02.011
http://doi.org/10.1088/0370-1301/62/11/302
http://doi.org/10.1155/2018/2719741
http://doi.org/10.1007/BF02648596
http://doi.org/10.1016/j.msea.2006.12.019
http://doi.org/10.1016/j.msea.2005.08.138
http://doi.org/10.1016/S1359-6454(02)00526-8
http://doi.org/10.1007/s11661-009-9869-2

Metals 2022, 12, 1879 150f 15

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hines, J.A.; Vecchio, K.S.; Ahzi, S. A Model for Microstructure Evolution in Adiabatic Shear Bands. Metall. Mater. Trans. A Phys.
Metall. Mater. Sci. 1998, 29, 191-203. [CrossRef]

Cerreta, E.K.; Bingert, J.F.; Gray, G.T.; Trujillo, C.P,; Lopez, M.E,; Bronkhorst, C.A.; Hansen, B.L. Microstructural Examination of
Quasi-Static and Dynamic Shear in High-Purity Iron. Int. J. Plast. 2013, 40, 23-38. [CrossRef]

Rittel, D.; Landau, P.; Venkert, A. Dynamic Recrystallization as a Potential Cause for Adiabatic Shear Failure. Phys. Rev. Lett. 2008,
101, 2-5. [CrossRef]

Cai, S.L.; Dai, L.H. Suppression of Repeated Adiabatic Shear Banding by Dynamic Large Strain Extrusion Machining. J. Mech.
Phys. Solids 2014, 73, 84-102. [CrossRef]

Sundararaman, M.; Mukhopadhyay, P.; Banerjee, S. Deformation Behaviour of I'"” Strengthened Inconel 718. Acta Metall. 1988, 36,
847-864. [CrossRef]

Clos, R.; Schreppel, U.; Veit, P. Temperature, Microstructure and Mechanical Response during Shear-Band Formation in Different
Metallic Materials. J. De Phys. IV 2003, 110, 111-116. [CrossRef]

Johansson, ].; Persson, C.; Lai, H.; Hornqvist Colliander, M. Microstructural Examination of Shear Localisation during High Strain
Rate Deformation of Alloy 718. Mater. Sci. Eng. A 2016, 662, 363-372. [CrossRef]

Colliander, M.H.; Sundell, G.; Thuvander, M. Complete Precipitate Dissolution during Adiabatic Shear Localisation in a Ni-Based
Superalloy. Philos. Mag. Lett. 2020, 100, 561-570. [CrossRef]

Gwalani, B.; Wang, T.; Jagetia, A.; Sindhura, G. Dynamic Shear Deformation of a Precipitation Hardened Al0.7CoCrFeNi Eutectic
High-Entropy Alloy Using Hat-Shaped Specimen Geometry. Entropy 2020, 4, 431. [CrossRef] [PubMed]

Murr, L.E,; Ramirez, A.C.; Gaytan, S.M.; Lopez, M.L,; Martinez, E.Y.; Hernandez, D.H.; Martinez, E. Microstructure Evolution
Associated with Adiabatic Shear Bands and Shear Band Failure in Ballistic Plug Formation in Ti-6Al-4V Targets. Mater. Sci. Eng.
A 2009, 516, 205-216. [CrossRef]

Grebe, H.A,; Pak, H.R,; Meyers, M.A. Adiabatic Shear Localization in Titanium and Ti-6 Pct Al-4 Pct V Alloy. Metall. Trans. A
1985, 16, 761-775. [CrossRef]


http://doi.org/10.1007/s11661-998-0172-4
http://doi.org/10.1016/j.ijplas.2012.06.005
http://doi.org/10.1103/PhysRevLett.101.165501
http://doi.org/10.1016/j.jmps.2014.09.004
http://doi.org/10.1016/0001-6160(88)90139-3
http://doi.org/10.1051/jp4:20020679
http://doi.org/10.1016/j.msea.2016.03.080
http://doi.org/10.1080/09500839.2020.1820595
http://doi.org/10.3390/e22040431
http://www.ncbi.nlm.nih.gov/pubmed/33286204
http://doi.org/10.1016/j.msea.2009.03.051
http://doi.org/10.1007/BF02814827

	Introduction 
	Testing Methodology 
	Shear Band Formation and Propagation Kinetics 
	Microstructures in an ASB 
	Conclusions 
	References

