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The tensile properties and fracture toughness of both heterogeneous grain structures and homogeneous struc-
tures in pure nickel have been investigated and compared. The heterogeneous samples were found to show much
larger uniform elongation and much higher fracture toughness at the similar level of yield strength, compared to
the homogeneous structures. The enhanced ductility/toughness can be attributed to the stronger hetero-
deformation-induced hardening for the heterogeneous structures. In sharp contrast to the cleavage-like and
brittle fracture behavior in the homogeneous hot-extruded and cold-rolled samples, the fracture process in the
heterogeneous structures shows ductile fracture by microvoid coalescence and dimples. The crack path in the
heterogeneous structures was found to display a gourd shape, which can result in longer crack length and
dissipate more energy for better fracture toughness. Hardening is obvious across a much larger area around the
crack tip in the heterogeneous structures as compared to the homogeneous structures, indicating a much larger
plastic zone for the heterogeneous structures. The strong strain hardening at the crack tip was found to be
induced by the grain refinement of the coarse grains in the heterogeneous structures, resulting in extraordinary

fracture toughness.

1. Introduction

Applications of coarse grained (CG) metals are limited by their low
yield strength, and such limitation can be resolved by introducing
various kinds of defects, such as grain boundaries (GBs), twin bound-
aries (TBs) or high density of dislocations [1-3]. Simple cold working or
grain refinement into nanoscale by severe plastic deformation (SPD) can
achieve high strength in metals, while the strain hardening capacity and
the tensile ductility are scarified significantly at the same time [4-8].
Recently, a strategy employing strain gradients and geometrically
necessary dislocations (GNDs) has been proposed to obtain high strength
and large ductility [9-20]. This strategy is aiming to design heteroge-
neous structures containing various domains with dramatically different
mechanical properties, thus stress/strain  partitioning and
hetero-deformation-induced (HDI) strengthening/hardening have been
found to play crucial roles in their strain hardening behaviors [12-19,
211].

Damage tolerance and fracture toughness are also important

mechanical parameters for engineering structural applications [22-41],
besides the strength and ductility. Usually, the fracture toughness of
metals is dependent on the ability of their microstructures to absorb the
deformation energy for crack initiation and propagation. Both high
strength and high fracture toughness are desired in most structural ap-
plications, while unfortunately these two properties are mutually
exclusive in general [22]. It has been reported that the fracture tough-
ness can be improved in materials in two ways: intrinsic and extrinsic
toughening mechanisms [22]. Intrinsic toughening mechanism is pri-
marily associated with the strain hardening capacity and the plasticity of
materials, which is effective against both the initiation and propagation
of cracks by enlarging the plastic zone. While, extrinsic toughening
mechanism is related to processes, such as crack bridging, for reducing
(shielding) the concentration of the local stresses and strains ahead the
crack tip.

Intrinsic toughening mechanism is the primary source of fracture
resistance for most metals and alloys, thus the conflict between strength
and fracture toughness still exists for metals and alloys with
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homogeneous microstructures [22,23]. Heterogeneous structures have
displayed high strength, strong strain hardening capacity and large
ductility under tensile loading [9-20], which provides them as ideal
candidates for overcoming the strength-toughness dilemma [23-28]. It
is well known that extra hardening can be achieved in heterogeneous
structures due to the GNDs induced by the deformation incompatibility
between varying domains with significant difference in mechanical
properties [13,15,17,21], and the resultant strong strain hardening ca-
pacity should have beneficial effects on their fracture behaviors. While,
how the enhanced strain hardening behaviors of heterogeneous struc-
tures affect the initiation and propagation of cracks is still an open
question. Moreover, the relationship between the crack propagation
path and the hard/soft domains need be clarified. In this perspective, a
heterogeneous grain structure was architected in pure nickel by SPD and
subsequent critical annealing (partially recrystallized), and then the
tensile and fracture behaviors of Ni with heterogeneous grain structure
were systematically investigated. Only dislocation behaviors involve
during quasi-static plastic deformation in pure Ni, thus we can consider
the pure Ni as a model material for focusing on the effects of hetero-
geneous grain structures only on the fracture behaviors, and the other
issues, such as deformation twins and phase transformation, can be
excluded.

2. Materials and experimental procedures

The received hot-extruded (HE) rods (extrusions from @25 to @16
mm at a relatively low temperature of 723 K) have a diameter of 16 mm,
and the chemical composition for the commercial pure nickel is 99.9Ni-
others (in mass %). The received HE rods were first annealed at 973 K for
2 h to obtain a homogeneous CG structure. The thickness for the fracture
tests should be large enough according to the ASTM standard E1820.
Thus, a combination of ECAP with A route and CR was used for severe
plastic deformation, and the A route was chosen because the deforma-
tion in ECAP (two passes) with A route is very similar to that in CR
process [42]. The annealed rods were processed by equal channel
angular pressing (ECAP) using a split die with two channels intersecting
at an inner angle of 90° and an outer angle of 35°. The rods for ECAP
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have dimensions of @16 mm x 90 mm. The bars were processed for 2
passes (2P) at room temperature using route A, yielding an effective
strain about 1 by each pass. After ECAP, the deformed billets were
machined into plates with a thickness of about 12 mm, and the plates
were cold-rolled (CR) with a thickness reduction of 41.6%. The CR plates
have a final thickness of about 7 mm. The procedure for processing
materials is shown in Fig. 1a. In order to obtain various heterogeneous
microstructures, the CR plates were annealed at varying temperatures in
the range of 673-973 K for 2 h, followed by cooling in air. These
annealing temperatures were selected based on the hardness evolution
curve as a function of annealing temperature from the previous study
[43], in which the temperature range for the transition stage from the
high hardness plateau to the low hardness plateau is between 700 and
780 K. Thus, the samples annealed at 698, 723, 748, 773 K can be
considered as partial recrystallized samples with heterogeneous struc-
tures and named as HS1, HS2, HS3 and HS4, respectively. While, the
samples annealed at 798 and 973 K can be considered as fully recrys-
tallized samples with homogeneous CG structures and named as CG1
and CG2, respectively.

The plate specimens for quasi-static tensile testing have a dog-bone
shape, and the dimensions of gauge section are 10 x 2.5 x 1 mm?®.
The quasi-static uniaxial tensile tests and load-unload-reload (LUR) tests
were conducted using an MTS landmark testing machine at a strain rate
of 5 x 107%/s and at room temperature under displacement control.
Three tensile tests were conducted for each specimen to check the
repeatability for experimental data. The tensile direction was set to be
parallel to the rolling direction. During LUR tests, the specimens were
first elongated to a designated strain, then the specimens were unloaded
by the stress-control mode to 20 N at the unloading rate of 200 N/min,
followed by reloading. An extensometer was used to accurately measure
and control the displacement during the tensile tests and LUR tests.

For the fracture toughness tests, miniaturized compact tension (CT)
specimens were cut from the hot-rolled bars, the CR and annealed plates
with the crack direction perpendicular to the rolling direction. The
configuration for cutting the specimens from the plates is displayed in
Fig. 1b. The fracture specimens have a width, W, of 12 mm, a thickness,
B, of 6 mm, and an initial notch depth, ay of about 5.4 mm. The fracture

Fig. 1. (a) The procedure for processing materials. (b) The configuration for cutting the specimens from the plates. (c) (d) The configuration of fracture toughness

test with a contactless VCOD gauging system.
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specimens were further pre-cracked by fatigue under tension-tension
loading to produce a sharp crack tip until a total crack length of about
6.0 mm (~ 0.5 W). In order to avoid pronounced crack tunneling and
invalid data for obtaining fracture toughness as cracks propagate in
planar specimens, side grooves at both surfaces with a total depth of
0.2B were intentionally machined to enhance the surface stress
constraint and make cracks extend straightly. The fracture tests were
conducted by an MTS landmark machine with cross-head speed of 0.3
mm/min under displacement control. The load-line displacement curves
for fracture tests were determined by measuring the crack mouse
opening displacements (CMOD) using a contactless video crack opening
displacement (VCOD) gauging system (as shown in Fig. 1c and d). In the
VCOD gauging system, the initial high-contrast stochastic spot patterns
were created on the sample surface of the fracture specimens, a com-
mercial software ARAMIS was applied to analyze the digital image
correlation (DIC) data and the used facet size for the CMOD calculation
was 50 pm. Then the instantaneous crack length was determined using
the unloading compliance technique [28] and the data from the VCOD
gauging system. The elastic-plastic J-integral fracture resistance curves
as a function of crack extension (J-R curves) were obtained using the
procedure recommended in the ASTM standard E1820. For each sample,
three fracture tests were conducted and the error bars for the fracture
toughness were provided.

Scanning electron microscope (SEM) was used to characterize the
fracture surface after fracture tests. Electron backscattered diffraction
(EBSD) and transmission electron microscope (TEM) techniques have
been utilized to reveal the microstructures before and after mechanical
testing. The details for sample preparation of EBSD and TEM can be
found elsewhere [13,44]. Kernel average misorientation (KAM) was
calculated against the first nearest neighbor ignoring the misorientation
larger than 3°. The distributions of micro-hardness around the crack tips
for various samples after fracture tests were also obtained using a
Vickers diamond indenter under a load of 25 g for 15 s dwell time.
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3. Results and discussions
3.1. Microstructure characterization before mechanical testing

The microstructures for the typical samples (the CR sample, the two
partial recrystallized samples, HS1 and HS2) before the mechanical tests
are shown in Fig. 2 by EBSD (inverse pole figure, IPF). In Fig. 2b2 and
2c2, only the distributions of recrystallized CG are displayed by blacking
out the ultrafine-grained (UFG) area. The CR sample displays a typical
lamellar deformed structure along the rolling direction (Fig. 2al). While
the EBSD image for the other perpendicular plane show a relatively equi-
axed deformed structure (Fig. 2a2). The two partial recrystallized
samples display heterogeneous structures (named as HS2 and HS1, as
shown in Fig. 2b1-2b2 and 2¢1-2c2), and the IPF maps in Fig. 2b2 and
2c2 indicate that the area fraction and the average grain size of the
recrystallized CG increase with increasing annealing temperature. The
area fraction of the recrystallized CG is 45.3% and 5.7% for the HS2 and
HS1 samples, respectively. The average grain size of the recrystallized
CG is 16.6 and 9.8 ym for the HS2 and HS1 samples, respectively.

The microstructure characterizations for the HE sample by EBSD and
TEM are shown in Fig. 3. The HE sample has a slightly elongated grain
structure along the extrusion direction (Fig. 3a), while has an equi-axed
grain structure with an average grain size of about 50 pm for the plane
perpendicular to the extrusion direction (Fig. S1bl). However, high
density dislocations are shown in the HE sample, as indicated by the
KAM map in Fig. 3b. TEM images for the HE samples showing sub-
structures in the grain interiors are also displayed in Fig. 3c-f. Besides
the sharp high-angle GBs, high density of dislocations, dislocation tan-
gles, dislocation walls and dislocations cells at sub-micron level can be
observed for the HE sample. These substructures can be considered as
low-angle GBs, thus the HE samples can be considered to have UFGs
(substructures, low-angle GBs). The UFGs (substructures, low-angle
GBs) for the HE samples can be attributed to the severe plastic defor-
mation (from @25 to #16) at relatively low temperatures (723 K) during
the HE process.

TEM images for one typical heterogeneous structure (the HS2 sample

Fig. 2. The IPF images before the mechanical tests for the typical samples: (al) the CR sample for the TD plane; (a2) the CR sample for the ND plane; (b1) (b2) the

HS2 sample; (c1) (c2) the HS1 sample.
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Fig. 3. Microstructure observation for the HE sample before the mechanical
tests. (a) The IPF image. (b) The corresponding KAM map. (c)-(f) TEM images.

are shown in Fig. 4. As indicated in Fig. 4a, both the recrystallized CG
area and the retained UFG area can be clearly observed for the hetero-
geneous structure. Sharp GBs can be well identified for the recrystallized
CG, and the grain interior is relatively clean in the recrystallized CG,
indicating low dislocation density for the recrystallized CG (Fig. 4b).
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While the retained UFG area displays high density of dislocations and
dislocation tangles. The grain size of the recrystallized CG is shown to be
about several or tens of pm, which is consistent with the aforementioned
EBSD figure.

The EBSD images in two planes (TD and RD) and the corresponding
textures for the HE samples are displayed in Fig. S1. Moreover, the EBSD
images in two planes (TD and ND) and the corresponding textures for the
CR, HS1 and HS2 samples are shown in Figs. S2-54, respectively. The HE
samples show an obvious <100> texture along the extrusion direction,
and the grains are slightly elongated along the extrusion direction. The
samples after ECAP and CR show a typical rolling-like texture (Fig. S2)
as reported in the previous studies [45-47]. The HS1 and HS2 samples
also show the typical CR texture, but the texture’s strength was reduced
during annealing and the retained CR texture becomes weaker with
increasing annealing temperature. As shown, the CR, HS1 and HS2
samples have elongated grains for the un-recrystallized area along the
rolling direction, but show an equi-axed grain structure observed from
the ND direction. Thus, these samples show similar microstructure
anisotropy and texture, which should have influences on the mechanical
properties. For example, the fracture toughness would be higher due to
crack delamination when the crack propagates along some specific di-
rection [48]. While, the tensile tests and the fracture tests have been
done along the same directions for all samples, thus the effects of
anisotropy and texture should be minimized when considering the ef-
fects of homogeneous and heterogeneous grain structures on the me-
chanical properties.

3.2. Tensile properties and fracture toughness

The tensile properties for various samples are shown in Fig. 5. The
engineering stress-strain curves for various samples are displayed in
Fig. 5a. The points for yield strength and the ultimate strength are
marked by circles and squares, respectively. The yield strength is
observed to decrease and the uniform elongation is observed to increase
with increasing annealing temperature. It is indicated that the hetero-
geneous structures have a better synergy of strength and ductility
compared to the homogeneous structures. For example, the HS2 sample
has a similar yield strength and a much larger uniform elongation,
compared to the HE sample. The HS1 sample displays a slightly lower
yield strength and a much larger uniform elongation of about 5%,
compared to the CR sample (nearly zero uniform elongation, necking
right after yielding). As indicated in previous research [12,13,15,17,21,
49,501, excellent synergy of strength and ductility can be achieved by
heterogeneous structure (such as heterogeneous lamella structures [13],

Fig. 4. The TEM bright-field images before the mechanical tests for the HS2 sample.
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Fig. 5. The quasi-static tensile properties. (a) The engineering stress-strain curves for various samples. (b) The true stress-true strain curves for the LUR tests of the
HS2 sample and the CG sample. (c) The evolutions of both back stress and effective stress as a function of applied tensile strain for the HS2 sample and the CG sample.
(d) The evolutions of oupr/owa as a function of applied tensile strain for the HS2 sample and the CG sample.

heterogeneous grain structures [50] and gradient structures [12,49])
due to the HDI hardening, which can be attributed to the back stress that
arises from plastic deformation incompatibility between hard and soft
domains. In order to illustrate the HDI hardening effect on the tensile
properties for the current heterogeneous grain structures, the back
stresses for one heterogeneous sample (HS2) and one homogeneous
sample (CG) have been measured using LUR tests, as indicated by the
true stress-strain curves for LUR tests in Fig. 5b. Using the method
proposed in our previous paper [17], the back stress can be calculated by
the average value of the unloading yield stress and the reloading yield
stress (oppr = (ou + or)/2) from the hysteresis loops of LUR tests.
Moreover, the effective stress can be estimated from the total flow stress
and the back stress by the following equation: 6o = 61011 — orpr. Thus,
the evolutions of both back stress and effective stress as a function of
applied tensile strain for the HS2 sample and the CG sample are dis-
played in Fig. 5c. In general, oupr/6wm could be considered as the
contribution of HDI hardening [21] to the overall strain hardening, thus
onp1/ 0o 1S plotted as a function of applied tensile strain for the HS2
sample and the CG sample in Fig. 5d. It is interesting to note that oxps/
owra 1S larger and increases with a faster rate with increasing applied
tensile strain for the HS2 sample, compared to the CG sample. This
observation indicates that the HDI hardening should play a much more
important role during the tensile deformation for the heterogeneous
structures, resulting in better tensile properties.

Four samples have been selected as candidates for fracture toughness
tests, i.e., the CR sample and the HS1 sample, the HE sample and the HS2
sample. The HS1 and HS2 samples are heterogeneous structures, while
the CR sample and the HE sample are homogeneous structures. The HS1
sample has a slightly lower yield strength and a much higher tensile
ductility, as compared to the CR sample, thus those two samples can be
considered as a pair for comparison on fracture toughness. Moreover,

the HS2 sample has a similar yield strength and a much higher tensile
ductility, as compared to the HE sample, thus those two samples can also
be considered as a pair for comparison on fracture toughness. Fig. 6a
shows the curves of force P as a function of displacement for the four
samples. It is obvious that the ratios of maximum force Ppax to Po (which
is the point where a line with a slope 95% of the slope of the initial linear
part intersects with the curves) are all larger than 1.1, which can be
attributed to the substantial crack tip plastic deformation before crack
extension. Thus, the direct determination of the critical stress-intensity
factor Kjc under the linear-elastic plane strain condition is invalid any
more. The J-integral method based on the elastic-plastic fracture me-
chanics was used instead.

The calculated J-integral is plotted as a function of crack extension
(Aa) for the four samples in Fig. 6b (J-R curves). Since all samples
exhibit stable crack extension, the critical J-integral value Jg can be
taken as the intersection of the J-R curves with 0.2 mm offset blunting
lines (J=20*Aa, 6* where is the average value of the yield strength and
the ultimate strength from the quasi-static tensile testing). Both the
sample thickness (larger than 10Jy/6*) and the initial crack ligament
(bo=W-aqy) are satisfied with the ASTM standard E1820, and the straight
crack extension is guaranteed by the side grooves. Thus Jg can represent
the size-independent intrinsic fracture toughness, and the corresponding
critical stress intensity factor Kijc can be obtained by the following
equation:

Kic = (€]
Where E=200 GPa and v=0.3 are the Young’s modulus and the Poisson’s
ratio for pure nickel, respectively.

Then Kic and Jic are plotted as a function of yield strength (oy) for all



S. Zhang et al.
a
5000 - CR
4000 | I
Il HS,
2 ‘-I‘Al'
& 3000 |
g
s
= 2000 -
1000 -
0 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5
Load-line displacement, v (mm)
C
250 H52 %
200
Heterogeneous Structure
<
5 150 [
2 HS,
-’
o
~ 100 -
HE i
50
Honlogeneous Stll_'gfture
CR
PR PSRRI PSS SN S S SN U NSNS R N N

0 il i
300 400 500 600 700 800 900 1000

o, (MPa)

Materials Science & Engineering A 830 (2022) 142313

(=n

400 F7 (CR)

[ Jiimic (HIS) " ﬁ*b
L Al HS,
P | .
B 300 [y (HS))
-
<
B
£ 200
2
=
7
100
0 L 1 L 1 1 1 L 1 PERTE BT T Y

04 06 08 1.0 12 14 1.6

Crack extension, A¢ (mm)
d 250
L HS,@

200  Heterogeneous Structure
2 %
£ 150 ﬁ 5y
E
o
= [ HE

100 -

Homogeneous Structure
CR

so bl ety
300 400 500 600 700 800 900 1000

o, (MPa)

Fig. 6. The fracture toughness properties. (a) The curves of force P as a function of displacement. (b) The J-R curves. (c) Kjc vs. yield strength. (d) Jic vs.

yield strength.

four samples in Fig. 6¢ and d. It is observed that the heterogeneous
structures (HS1, HS2 samples) show much higher fracture toughness at
the similar level of yield strength, compared to the homogeneous
structures (CR, HE samples). For sample, the HS2 sample with a yield
strength of 450 MPa has a Kic of 232 MPa m'/2 (J;c=244 kJ/m?), which
is much higher than the Kjc of 114 MPa m'/? (Jic=60 kJ/m?) for the HE
sample with a nearly same yield strength of 460 MPa. As indicated from
the previous research [32], the fracture toughness of the HS2 sample is
even comparable to that for the CG sample of nickel (K¢ of 222.4 MPa
m'/2). These observations indicate that the heterogeneous structures
have a much better synergy of yield strength and fracture toughness over
the homogeneous structures in nickel.

3.3. Fractography and toughening mechanisms

In order to discern the toughening mechanisms of both heteroge-
neous and homogeneous structures, the fractographies of two samples
(HS2 and HE) was examined. The SEM images for the fracture surfaces of
these two samples are shown in Fig. 7. The HS2 sample displays a typical
ductile fracture feature on the fracture surface although both the ductile
CG areas and the “brittle-like” UFG areas exist in the HS2 sample. As
indicated in Fig. 7a—c, crack initiation and propagation are fulfilled by
microvoid nucleation and coalescence. High density of ductile dimples
can be clearly observed on the fracture surface of the HS2 sample. The
average size of the dimples is about of several tens of pm, which is
consistent with the average grain size for the recrystallized CG area. It
seems like that the retained UFG area also fractures with a ductile way
due to the constraint by the around recrystallized CG area.

As a comparison, the fracture surface in the HE sample is

macroscopically flat with occasional ridges, which result in river pat-
terns along the crack-propagation direction (Fig. 7d-f). At crack initia-
tion position, these polygon shapes are equal size along all direction.
While, these patterns are stretched along the crack propagation direc-
tion with crack extension. With further crack extension, much larger
surfaces are formed and macroscopically more flat fracture surfaces can
be observed. These features indicate that the fracture process in the HE
sample is cleavage-like and brittle. High density of dislocations already
exist in the HE samples and the HE samples can be considered to have
UFGs with substructures (dislocation tangles, dislocation walls and
dislocation cells), thus the HE sample exhibits a lack of strain hardening
ability, as shown in Fig. 5. Although the fracture behavior is related to
the strain hardening capacity in some extent, they can’t guarantee for
each other [51]. For example, bulk metallic glasses (BMGs) have little
strain hardening under uniaxial tension due to formation of shear bands,
while BMGs have high toughness due to the microscopic plastic be-
haviors at a small length scale [51,52]. While, the fracture behaviors for
the present HE Ni samples with UFGs (substructures, low-angle GBs)
could be cleavage according to the previous paper [30,34,53]. There is a
key difference between failure by void coalescence and by plastic
instability (such as shear band formation) [30,51]. Previous research
[30] also indicated that the real volume of the plastic zone of nano-
crystalline Ni is much less than that of CG Ni due to the shear band mode
for the deformation at the crack tip of nanocrystalline Ni. Thus, it is
possible that shear bands are favored in the HE sample (UFGs with
substructures), leading to loss of ductility and cleavage fracture. Thus,
the observed much higher fracture toughness in the HS2 sample can be
attributed to the ductile fracture features, as compared to the “brittle--
like” fracture features in the HE sample.
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Fig. 7. The fractographies of two samples (the HS2 and HE samples). (a)-(c) The SEM images for the fracture surface of the HS2 sample. (d)-(f) The SEM images for
the fracture surface of the HE sample.
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Fig. 8. (a) The EBSD IPF image of the vicinity along the propagated crack for the HS2 sample; (b) The KAM map for (a); (c) The EBSD IPF image of the vicinity along
the propagated crack for the HE sample; (d) The KAM map for the marked rectangle area in (c); () The KAM distributions for the recrystallized CG area and the
retained UFG area of the HS2 sample, and for the HE sample before and after fracture test.
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To further seek the origin of the excellent synergy of strength and
fracture toughness for the heterogeneous grain structures, the detailed
EBSD analysis for the vicinity along the propagated crack was conducted
for both the HS2 sample and the HE sample. The EBSD images were
conducted on the surfaces sliced in two through the thickness to ensure
the fully plane-strain deformation condition. For both samples, the EBSD
scans were taken at the areas containing the crack tips. Fig. 8a shows the
IPF image of the vicinity along the propagated crack for the HS2 sample.
It is interesting to note that the crack path displays a gourd shape for the
HS2 sample. The crack opening seems to be larger at the recrystallized
CG area, while it becomes smaller at the retained UFG area. The larger
crack opening at the recrystallized CG area can be attributed to the
significant crack blunting induced by the dislocation behaviors and the
strong strain hardening in the CGs. While, the crack opening is observed
to continuously decrease toward the crack tip for the HE sample, and the
grains at the vicinity of the crack tip are observed elongated severely
(Fig. 8c). Thus, the higher fracture toughness in the heterogeneous
structures can be partly attributed to the gourd shape for the crack path,
which can result in longer crack length and dissipate more energy for
better fracture toughness. The KAM maps for Fig. 8a and c are displayed
in Fig. 8b and d (The corresponding insets show the KAM maps before
the fracture tests). Moreover, the KAM distributions for the recrystal-
lized CG area and the retained UFG area of the HS2 sample before and
after fracture test are shown in Fig. 8e, and the KAM distributions of the
HE sample (the rectangle area in Fig. 8c, right at the crack tip for the HE
sample) before and after fracture test are also displayed in Fig. 8e. It is
indicated that the change of the average KAM value during the fracture
test is significant for the recrystallized CG area of the HS2 sample (0.26°
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to 2.36°), and those for the retained UFG area of the HS2 sample (1.48°
to 3.08°) and the HE sample (0.81° to 1.92°) are also observed to be not
small. The change of KAM value generally can be reflected to GNDs
induced by plastic deformation [19]. These observations indicate that
both the recrystallized CG area and the retained UFG area in the HS2
sample contribute to the strain hardening, while the recrystallized CG
area has a greater impact. These observations also indicate that obvious
strain hardening occurs right at the crack tip for the HE sample.

In Fig. 9, the hardening behaviors and the plastic zone information
have been characterized by the micro-hardness contours around the
crack tips for both the heterogeneous structures (HS1, HS2) and the
homogeneous structures (CR, HE). In these figures, the plastic zone is
defined as the area in which the micro-hardness should show an obvious
elevation compared to that before the fracture tests. Thus, the average
micro-hardness is plotted as a function of the distance from the crack tip
for the four contours, and the size of the plastic zone is defined as shown
in Fig. 9. The sizes of the plastic zone are found to be much larger for
heterogeneous structures when compared to these for homogeneous
structures. For examples, the HE sample and the HS2 sample have
similar yield strength, while the size of the plastic zone for the HS2
samples (~ 2.0 mm) is much larger than that for the HE sample (~ 0.2
mm). Moreover, the size of the plastic zone for the HS1 samples is about
0.2 mm, while the CR sample shows no obvious plastic zone although
the CR sample and the HS1 sample have similar yield strength. It is well
known that the hardness increment during deformation can be consid-
ered as an indicator of strain hardening. Thus, the average hardness
increment in the plastic zone after fracture tests is plotted as a function
of the size of the plastic zone for all four samples in Fig. 9e. It is observed
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Fig. 9. The micro-hardness contours around the crack tips and the average micro-hardness as a function of the distance from the crack tip: (al) (a2) the HS2 sample;
(b1) (b2) the HE sample; (c1) (c2) the HS1 sample; (d1) (d2) the CR sample. (e) The average hardness increment in the plastic zone after fracture tests as a function of
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that the heterogeneous structures show a better synergy of strain
hardening and plastic zone size over the homogeneous structures. Thus,
the higher fracture toughness for the heterogeneous structures can be
attributed to the much larger area of plastic zone around the crack tips
and the much more obvious strain hardening in the plastic zone.

TEM observations have also been conducted at the crack tip areas for
the HS2 sample and the HE sample to discern the origin for the strain
hardening behaviors. The selected TEM bright-field images around the
crack tip for the HE sample are displayed in Fig. 10. Fig. 10a and b shows
the TEM images right at the crack tip, while Fig. 10c and d displays the
TEM images at a position with a distance of 0.3 mm from the crack tip.
As indicated in Fig. 10c and d, high density of dislocations and dislo-
cation tangles before the fracture test are observed to be arranged into
dislocation walls during the fracture process for the position with a
distance of 0.3 mm from the crack tip, and this re-arrangement should
not induce obvious strain hardening. While, high density of dislocations
and dislocation tangles before the fracture test are observed to be
evolved into dislocation cells without sharp boundaries (Fig. 10a) or
UFGs with sharp GBs (Fig. 10b) right at the crack tip. The formations of
dislocation cells and UFGs should provide strong strain hardening dur-
ing the fracture toughness. These observations indicate that the obvious
hardening area around the crack tip for the HE sample should be close to
or less than 0.3 mm, which is consistent with the results for the micro-
hardness contours in Fig. 9.

TEM bright-field images around the crack tip of the HS2 sample are
shown in Fig. 11. As indicated in the TEM images of Fig. 11a and b right
at the crack tip, only UFGs are found, and high density of dislocations
are also observed in these UFGs. This observation indicates that the
recrystallized CGs in the HS2 sample before fracture test are refined into
UFGs right at the crack tip during the fracture process. This grain
refinement should be the origin for the strong strain hardening at the
crack tip during the fracture process for the HS2 sample. The strain
hardening due to this grain refinement is very similar to the hardening in
twinning-induced-plasticity (TWIP) steels by deformation twins (also
called to dynamic H-P effect for TWIP steels) [54]. This effect can be
called as grain-refinement-induced-plasticity (GRIP) effect, and this
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GRIP effect has also been observed in a CrCoNi medium entropy alloy
under both quasi-static tension and dynamic shear conditions [50,55].
Both TWIP and GRIP effects can reduce the free path way for the dis-
locations and provide more barriers for further dislocation slip, resulting
in strong strain hardening and excellent ductility/toughness. At the
position with a distance of 1.2 mm from the crack tip (Fig. 11c and d),
both CGs and UFGs can be found, while high density of dislocations can
also be observed in the CGs, which is in sharp contrast with the clean
grain interior of the CGs before the fracture test. This increased dislo-
cation density in CGs can also induce strain hardening. At the position
with a distance of 2.8 mm from the crack tip (Fig. 11le and f), the
microstructure is very similar to that before the fracture test. This in-
dicates that no obvious plastic deformation occurs at this position,
which is consistent with the results from Fig. 9a.

4. Summary and concluding remarks

In the present study, heterogeneous grain structures with both
recrystallized CGs and retained UFGs have been produced in pure nickel
using cold rolling followed by critical annealing, and then quasi-static
tensile tests and fracture tests have been conducted on both heteroge-
neous grain structures and homogeneous structures. The findings can be
summarized as follows:

(1) The heterogeneous samples were found to have a similar yield
strength and a much larger uniform elongation when compared
to the homogeneous samples, which can be attributed to the
stronger extra hardening by hetero-deformation for the hetero-
geneous structures.

(2) The heterogeneous structures were also observed to show much
higher fracture toughness at the similar level of yield strength,
compared to the homogeneous structures. The homogeneous HE
and CR samples show the cleavage-like and brittle fracture be-
haviors. The superior fracture toughness in the heterogeneous
structures can be attributed to the sustained ductile fracture by
microvoid coalescence and dimples, which occur not only in the

Fig. 10. The selected TEM bright-field images around the crack tip for the HE sample after fracture toughness test. (a) (b) Right at the crack tip. (c) (d) At the position

with a distance of 0.3 mm from the crack tip.
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Fig. 11. The selected TEM bright-field images around the crack tip for the HS2 sample after fracture toughness test. (a) (b) Right at the crack tip. (c) (d) At the
position with a distance of 1.2 mm from the crack tip. (e) (f) At the position with a distance of 2.8 mm from the crack tip.
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