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We report deformation bands ahead of the crack tip in a CrCoNi alloy under impact loading, and ana-
lyze the effects of deformation twinning on strain localization in the form of shear banding. Due to low
stacking fault energy, upon high-strain-rate deformation this medium-entropy alloy forms twins with
thickness and spacing of only a few nanometers. These nano-twins are embedded dynamically not only
ahead of any developing shear band to retard its advance, but also in its interior to work harden. This
dual effect helps to suppress runaway shear banding instability that instigates failure and contributes to
the energy absorption as recorded in instrumented Charpy tests.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

High mode I fracture toughness (K;c), rivaling those of the best
stainless steels, has recently been reported for some face-centered-
cubic (FCC) high-entropy alloys (HEAs) and medium-entropy alloys
(MEAs) at room temperature (RT, 293 K) and liquid-nitrogen tem-
perature (LNT, 77 K) [1,2]. In addition to K¢, some HEAs/MEAs also
show good impact fracture toughness (Ag) in Charpy tests [3-5].
Such high toughness has been attributed to deformation twinning
(DT): the incessant formation of nano-twins (NTs) in these alloys,
together with a high density of dislocations inside twin lamellae,
carries large plasticity and induces pronounced strain hardening
[6-8], consuming energy and leading to toughening [9,10]. As these
FCC HEAs/MEAs have relatively low yield strengths and high strain
hardening capabilities, the fracture resistance mainly arises from
the development of a large plastic deformation zone ahead of the
crack tip.

While the above paints a global picture for the high tough-
ness against crack initiation and propagation, the details surround-
ing the possible plastic instability and incipient damage have
rarely been discussed. The first question is, even in such duc-
tile HEAs/MEAs, does strain localization leading to shear bands
(SBs) happen upon impact loading at high strain rates? Secondly,
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if SBs get to emerge, do they instigate damage to initiate and
sustain cracking [5,11,12]? If the answer is yes, then what is the
exact mechanism that puts brakes on the shear banding plastic
instability? Note that when SBs develop violently without con-
trol, there would be much less chance for spread-out deforma-
tion to consume energy throughout the plastic zone. Therefore,
the plastic events associated with stabilized SBs are expected to
be a contributor to the overall toughness. A question naturally
arises as to how the DT (see last paragraph) helps to stabilize SBs
(when they do get to form)? Detailed microstructural information
down to nanometer scale in and around the localized deforma-
tion bands (all generally referred to as SBs hereafter) is therefore
useful.

The microstructural response inside a SB is usually dominated
by dislocation plasticity along with dynamic recrystallization, in
most metals with moderate to high stacking fault energy (SFE)
[13-15]. However, in a low SFE material (such as the CrCoNi MEA
[16]) if profuse NTs can form dynamically in and around the SB,
strain hardening can be superior to that due to dislocation activi-
ties [6]. So far there has been no analysis regarding this detail, one
reason being that bulk samples with adequate dimensions are of-
ten not readily available to meet standard Ay test requirements. In
non-impact (such as quasi-static) tests, even though DT happens
from time to time [1,2,17,18], the thickness/spacing of the claimed
NTs is actually not truly down to nanometer scale in most cases.
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Fig. 1. (a) Electron back scatter diffraction (EBSD) grain boundary (GB) image showing the equi-axial grained microstructure in CrCoNi MEA, with an average grain size of
24 pm. Inset: inverse pole figure indicating a weak texture. HAGB: high-angle GB with misorientation >15°. LAGB: low-angle GB. £3: twin boundary. (b) Tensile engineering
stress-strain (o, — €.) curve at room temperature (RT, 293 K). (c) and (d) Load-deflection (L-D) curve and absorbed energy-deflection curve at 293 K and 77 K (liquid
nitrogen temperature), respectively, with standard full-sized Charpy V-notch specimens of 10 x 10 x 55 mm?3. Ak, the Charpy impact fracture toughness, is 520 ] at 293 K.
See text for the details of parameter definitions in (d). (e) Ag versus testing temperatures (T). (f) Comparison of A; and Ap with those for other alloys (colored areas). Data
in shadowed area: microstructures with lamellar structures of HAGBs. (g) Rate of the unstable fracture propagation (maximum slope after Py in (d) vs testing temperature).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In the following, we present a detailed account of the dual role
of DT in bringing shear banding instability under control during
Charpy impact tests of ternary CrCoNi MEA. DT accumulates NTs
not only ahead of the tip of an advancing SB, but also inside the SB
to work harden. Hence, any SB that gets induced by impact load-
ing can self-toughen, via DT induced strain hardening both inside
and outside the band. In addition, we report A values measured
not only for standard-sized samples, but also using an instru-
mented Charpy tester which provided quantitative load-deflection
(L-D) curves and absorbed energy-deflection curves. The energy
consumption recorded, together with microscopic images at and
around the SB tip of the deformation nanotwins that are as fine
as a few nanometers in their thickness and spacing, provide ad-
ditional information and insight into the origin of the instabil-
ity/damage tolerance.

The equi-atomic CrCoNi MEA was produced by the electro-
magnetic levitation melt technique [19]. The chemical composition
was 30.7Cr-34.7Co-34.6Ni (wt.%). The ingot was homogenized
at 1473 K for 12 h and closed-die forged to obtain samples
of 12 mm thick, followed by subsequent annealing at 1173 K
for 2 h. The standard full-size of Charpy V-notch (CVN) impact
specimens was 10 x 10 x 55 mm?3, with the V-notch of radius
of 0.25 + 0.025 mm. The CVN specimens were tested using an
NCS NI750C instrumented Charpy pendulum impact tester of
750 ] capacity, equipped with an instrumented Charpy impulse
data acquisition system according to ASTM E23 standard. Five
specimens were used for Ak tests and the presented data are the
average with standard deviation. The microstructure characteriza-
tion data presented in this paper are mostly for samples tested at
RT (293 K), but Ak values and curves also include those at other
test temperatures. The quasi-static tensile tests, used to obtain
a baseline stress-strain curve, were conducted at strain rate of

5 x 10~4 s=1 at RT. The microstructure was characterized using an
electron backscatter diffraction (EBSD) imaging and transmission
electron microscopy. The site-specific TEM foil samples (e.g. near
the tip of either the shear-band or crack and near the fracture
surface) were cut from the longitudinal-sectional of fractured CVN
samples using focused ion beam (FIB) micro-machining.

Fig. 1a is the EBSD grain boundary (GB) image, showing that af-
ter recrystallization annealing, this CrCoNi MEA exhibits equi-axed
grains with an average grain size of 26 pm. Fig. 1b is the ten-
sile engineering stress-strain (o, — &) curve at RT. Fig. 1c shows
the load-deflection (L-D) curve and absorbed energy-deflection
curve derived from the instrumented Ay tester at RT. For compar-
ison, the results are also given for tests at LNT (77 K), see Fig. 1d.
The vertical line on the right-side of L-D curve indicates that the
pendulum loses contact with CVN specimen during impact load-
ing, bending and flying off the gap (40 mm wide) of the impact
tester.

Fig. 1e shows the Charpy impact fracture toughness, Ay, in the
temperature range between 373 K and 77 K. The Ak (total impact
absorbed energy) is 520 ] at 293 K (Fig. 1c) and 380 ] at 77 K
(Fig. 1d); these high values are comparable to the best HEAs re-
ported recently [5,20,21]. Our instrumented Charpy measurements,
however, allow the Ak to be analyzed in terms of L-D curves with
several characteristic loads and absorbed energies [22,23]. As illus-
trated in Fig. 1d, Pgy and Py, are, respectively, the general yield
load and maximum load, and Py indicates the onset of unsta-
ble fracture propagation. Ag consists of energy absorption in two
stages. A;, namely the area under the L-D curve up to Py, rep-
resents the amount of energy absorbed before the initiation of a
sharp crack at the notch. That is, A; indicates how difficult the
crack initiation is. The remaining area, Ap, represents both the sta-
ble (area under L-D curve between Py; and Py) and unstable (area



Fig. 2. (a) SEM image showing deformation features around the tip of the main
crack (labeled by C) in a CVN sample after Ag testing at RT. Shear-bands (SBs):
white thin lines emitted from crack tip (labelled by swallow-tailed double-headed
yellow arrows). Micro-voids: v labeled by arrows. (b) Close-up view showing the
emission of SBs from the tip of the crack (labeled by C). Note the presence of a
micro-void (labeled by v) on the advancing path of the SB. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

after Py) fracture propagation energy. The slope after Py character-
izes the rate of unstable crack propagation.

Note the presence of the maximum load point, Py, in the load-
deflection (L-D) curve (see Fig. 1c and d) during instrumented
impact testing. It has been normally regarded that Py, i.e. the
onset of load drop, is actually the demarcation point of crack
initiation and crack propagation [24]. In other words, both the
shear-banding and the ensuing stable crack propagation along the
shear-bands should begin at Py;. Here, the initiated crack is exactly
the reason of load drop. Under impact loading at high strain rate,
the shear-banding is the precursor of cracking. In other words,
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shear bands have already formed inside the plastic zone at Py,
and they mediate the subsequent propagation of crack.

Several distinct features of impact responses are noted for this
CrCoNi MEA. First, both A; and Ap (see Fig. 1f) reach nearly twice
of those (all data selected from standard full-size CVN samples
for Ak testing) in alloys of dislocation plasticity (colored area)
[24-33]. Furthermore, Ap is comparable to and even much higher
than those of lamellar structures (shadow area). Second, Py is un-
available in RT test (Fig. 1c), in contrast to the clear signal at LNT
(Fig. 1d). This indicates that the unstable crack propagation does
not get to develop at RT due to strong suppression of crack propa-
gation. Third, the slope after Py at RT (Fig. 1g) is also at least one
order of magnitude smaller than those of other alloys character-
ized by dislocation plasticity.

Fig. 2a is a SEM image showing the morphology ahead of the
tip of the main crack (labeled by C) in the fractured CVN sam-
ple tested at RT, showing several narrow SBs (white thin lines, la-
beled by swallow-tailed double-headed yellow arrows), along with
micro-voids (arrows). These are plastic instability that can develop
into precursors for a propagating crack in a ductile material [11,12].
In general, cracking tends to follow the path of the advancing SB,
where strain localization incurs damage via the emergence, growth
and coalescence of micro-voids. Fig. 2b is a close-up view of SBs in
the area ahead of the crack tip. A micro-void (labeled by v) is in-
deed visible inside the SB. These SBs emit from the crack tip where
large stress concentration exists.

TEM observations show that DT serves as the dominant mode
for both plastic deformation and work hardening upon impact
loading at RT. Fig. 3a is a TEM image showing NTs of high density
activated in two twin systems, at 0.1 mm away from the crack tip.
These are primary NTs, typically running across the whole grain.
Dislocations tangles of high density exist near and at the twin
boundaries (TBs). Upon impact loading, both the complex stress
state near the V-notch and high strain rate (~103 s—1) facilitate
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Fig. 3. (a) TEM micrograph showing deformation nano-twins (NTs) near the main crack tip in a CVN sample after Ak testing at RT. Inset: close-up view showing dislocation
tangles of high density near/at twin boundaries. (b) A large area of enhanced micro-hardness (Hy) around the V-notch and along the fracture surface. (c) Hy distribution
along the arrowed line in (b). (d) Deformation band containing NTs of high density near fracture surface. Inset: low-magnification image showing the morphology of the
band. (e) Deformation NTs ahead of and at a distance of ~1 mm away from the crack tip.
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Fig. 4. (a) TEM micrograph showing lamellae of twin and matrix plates, together
with thin SBs (indicated by arrows) in the grain ahead of crack tip (labeled by T) in
a CVN sample after Ag testing at RT. C: Crack tip. Yellow arrows: SBs. (b) Indexed
selected-area electron diffraction pattern showing twin relationship of two sets. (c)
Dark-field TEM micrograph showing secondary NTs of high density in front of the
SBs. SBs are colored in green for easy recognition. Inset: shear-displacement of NTs
by intersecting SBs. (d) Close-up view of (c) showing newly-induced SBs (crimson)
at the tip of the original SB. Note NTs of high density inside SBs. Also note sec-
ondary NTs of high density in primary twin (light-blue)/matrix plate (yellow). (e)
Statistic mean spacing (1) of primary NTs, and secondary NTs ahead of and inside
the SBs, respectively, at 293 K, 77 K, and 4.2 K. Vickers micro-hardness (Hv): aver-
age value at 100 pm away from the tip of the main propagating crack. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

primary DT [5,34,35], which also dominates at test temperatures
below RT [2,5]. Strain hardening by DT was quantified using hard-
ness mapping. An enhanced micro-hardness (Hv) (Fig. 3b and c) is
seen across a large area of the vertical section of the CVN sample.
The maximum Hv is as high as 5.2 GPa, locating ahead of the crack
tip and along the crack path (fracture surface). A band of extremely
high Hv (in crimson) indicates strong strain hardening. Further, NTs
of high density are visible inside the band (Fig. 3d) much near the
fracture surface (see inset). The profuse NTs dominate, as seen in
Fig. 3e far away from the crack tip. Such a DT domination was
known before at much lower deformation temperatures (77 K and
4.2 K) [2,5].

The details as to how profuse DT dynamically interacts with an
advancing SB are illustrated further in Fig. 4. Fig. 4a shows the
lamella microstructure, consisting of both twin and matrix plates
in a grain rather close to the tip of the main crack (labelled by
C). Fig. 4b is the selected area electron diffraction (SAED) pattern
covering a few plates, and two sets of twin-matrix relationship are
seen. These long twin plates are primary twins, emitting from GB
and running across the whole grain. Of special note is the pres-
ence of a number of SBs of varying thickness (labelled by yellow
arrows), which emit from the crack tip (marked by C) and already
enter the grain interior. These SBs propagate almost parallel to the
primary twins. This is the reason why diffraction spots of primary
twin are stretched to a segment of arc (Fig. 4b). Fig. 4c is the dark-
field TEM image showing the short secondary NTs inside either pri-
mary twins or matrix plates. It is visible that SBs, colored in green
for easy recognition, has penetrated into either primary twin plates
or matrix plates.

We emphasize here two concurrent effects of NTs on the prop-
agation of SBs. Firstly, SBs end at the TBs of either short secondary
NTs or long primary twin plates, see Fig. 4c. Inset shows the pres-
ence of shear displacements on both sides of NTs after the extend-
ing SBs cut through them [5,36]. All these indicate the blocking

effect of TBs against the advancing SBs, similar to the effect on
crack propagation [9,10]. The interior of the newly-generated SBs
is observed to be full of NTs of high density, see Fig. 4d, with ori-
entation obviously different from those outside. These NTs of high
density, directly observed for the first time in the strain localized
SB, would obviously strengthen and strain harden the SB. Taken
together both effects, DT is clearly the dominant microstructural
response underlying the deformation in and around a developing
SB. This was not reported before to the best of our acknowledge.

Furthermore, the density of secondary NTs in an advancing SB
is much higher at the front-end than that on the trailing end, see
Fig. 4c. This indicates that these secondary NTs are in situ gener-
ated with a propagating SB. This is probably the result of the pres-
ence of plastic zone ahead of the tip of SB with intensified strain
rates and stress concentration [37,38]. Besides, some de-twinning
seems to have occurred after the SB passes by, as the twins on the
trailing end are shorter with obviously lower density (Fig. 4c).

Fig. 4e shows the statistically average spacing (A) of NTs from
TEM observations of at least several hundreds of NTs. All data are
summarized, including primary and secondary NTs at three tested
temperatures [5]. At RT, A is 116 nm for primary NTs, 33 nm for
secondary NTs in front of the SB, and 25 nm for secondary NTs in-
side the SB. The inset shows A as a function of distance away from
the crack tip. A for secondary NTs is similar (20-40 nm) at three
impact temperatures, all near the lower limit for previously re-
ported nano-twinned metals [6-8]. Note that the profuse DT with
nanometer A should cause a high strain hardening rate. The highly
increased Hv across a large plastic zone has been shown in Fig. 3c,
which is a reason of the large energy consumption in Fig. 1c and f.
As expected, in the CrCoNi with a low SFE, the deformation twin-
ning, and the high strain hardening associated with it, is advan-
tageous for extending the plastic deformation zone and promoting
fracture resistance. The DT is also what happens in and around the
SB tip that suppresses it from turning into a runaway instability.

In summary, we report that the CrCoNi MEA exhibits high
Charpy impact toughness across a wide temperature range. The
root cause of this behavior is the large number of deformation
nano-twins that are being embedded into the microstructure upon
dynamic loading. DT carries massive plastic deformation and the
accumulated NTs efficiently sustain high strain hardening, across a
large plastic zone including in and around strain-localized defor-
mation bands. As an emphasis, our detailed analysis reveals the
presence of SBs under impact loading. We found that strain local-
ization does happen during high strain rate deformation, and when
SB emerges, two types of secondary NTs form around the develop-
ing SB. One type lies in front of each advancing SB (Fig. 4c). The SB
has to cut through these NTs and often terminates there (Fig. 4c).
In other words, these secondary NTs cause targeted blockage of
SB propagation. The other type forms inside the interiors of SBs
(Fig. 4d), strengthening and strain-hardening the SBs to reduce the
tendency of micro-void nucleation in SBs and to delay the evolu-
tion from SB into a crack. This self-toughening alleviates softening
in SBs that would otherwise lead to void formation and later crack
propagation, allowing plastic strain to de-localize across the large
plastic zone. Very recently, strain de-localization from SBs was also
reported to occur in gradient nanostructure [39].

The profuse DT relieves locally high stresses and effectively
consumes the imposed mechanical energy to cause large resis-
tance to cracking, as reflected by the energy absorption behavior
recorded in our instrumented Charpy test. We have shown above
that DT is indeed also the agent that plays the harnessing role
in holding off shear banding. Twin thickness/spacing down to
nanometer scale is a critical factor: the smaller the A, the higher
the work hardening rate [6], and hence the larger intrinsic
toughening. To our knowledge, our report above is the first time
that deformation twins (not pre-embedded growth twins) with
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thickness/spacing truly down to a few nanometers are directly
observed to dominate for plastic deformation in bulk samples at
RT. It is these DT events in and around the SBs that are highly
effective in imposing control/constraints, when SBs begin to take
shape occasionally in this MEA. This prevents any incipient SBs
from turning into a runaway instability leading to catastrophic
damage, even when the alloy is loaded under high strain rate
impact conditions. If the SBs develop violently without control,
there would be much less chance for spread-out deformation
to consume energy throughout the plastic zone. Therefore, the
suppression on SBs via deformation nanotwins, as illustrated in
detail above, is a contributing factor to the overall toughness.
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