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Herein, we fabricated a heterogeneous nanostructured Cu with deformation nanotwin bundles (NTBs) embedded in a matrix of
nanograins by means of dynamic plastic deformation at liquid nitrogen temperature. We conducted fracture mechanical mea-
surements to investigate the effect of longitudinal length of the NTBs on their strengthening and toughening. Results suggest that
an increase in the NTB length had a marginal influence on the tensile strength; however, it remarkably promoted both fracture
initiation toughness and crack growth toughness. Longer NTBs are more effective not only in intrinsically enhancing crack tip
plasticity by suppressing the strain localization and void nucleation but also in serving as crack bridges behind the crack front to

extrinsically resist the fracture by shielding the crack tip.
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1 Introduction

Uniform nanostructured metallic materials with a char-
acteristic microstructural length scale in the nanometer re-
gime (<100 nm) usually exhibit extraordinarily high strength
but, unfortunately, sacrifice tensile ductility and fracture
toughness [1-5]. Over the past decade, there have been many
attempts at promoting tensile ductility through engineering
internal boundaries [6,7] or tailoring spatially heterogeneous
or gradient microstructures at multiple scales [8—11]. On the
contrary, although fracture toughness is invariably of pri-
mary concern for engineering applications [12], there is still
a lack of investigations targeted at developing strategies to
toughen nanostructured metals [4,5].

The inferior fracture resistance of materials with nanoscale
incoherent boundaries arises from the reduction in work
hardening, which stimulates strain localization, and from
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easy intergranular damage either through ductile void for-
mation or by brittle decohesion [4,13—16]. Regarding these
two aspects, coherent twin boundaries (TBs) at the nan-
ometer scale are of unique advantage. The nanotwinned
metals are not only strong but also ductile with considerable
strain hardening [17-21]. Moreover, the TBs are resistant to
direct micro-void nucleation because the stress concentration
arising from impinged dislocations is readily relaxed via the
various interactions between the dislocations and TBs [22].
In-situ transmission electron microscopy (TEM) observa-
tions and molecular dynamics simulations clearly demon-
strate that nanotwins are effective barriers resisting crack
extension [23-26]. Unfortunately, it is still a great challenge
to fabricate fully nanotwinned metals sufficiently thick to
measure the inherent fracture toughness.

In metals and alloys with low stacking fault energies and
deformations at low temperatures and/or high strain rates,
deformation twinning can readily introduce a certain volume
fraction of nanotwins [27-30]. The deformation nanotwins in
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bundles are rather strong because of their fine spacings [31].
In addition, they could also positively impact the fracture
resistance, considering their considerable ductility and
toughness. Qin et al. [32,33] were the first to assess the
fracture toughness of heterogencous nanostructured pure Cu
with nanotwin bundles (NTBs), inside a nanograin matrix
treated by dynamic plastic deformation (DPD). Recently,
Luo et al. [16] more accurately evaluated the fracture
toughness of the same Cu based on the J-integral method.
Xiong et al. [34-36] examined the fracture properties of
ANSI 316L stainless steel with NTBs in matrices of both
nanograins and annealed coarse grains. It was demonstrated
by these studies that the synergy of strength and fracture
toughness was substantially enhanced by the nanotwins. A
crack in such heterogeneous structures is advanced by micro-
void nucleation and coalescence within the nanograin matrix,
followed by the bypassing of NTBs, leaving them as ductile
crack bridges [34]. The NTBs are eventually extracted,
producing deep elongated dimples on the fracture surfaces
[16,32]. Both the crack bridges and deep dimples associated
with NTBs contribute to the enhanced fracture toughness
[16,34].

These results imply that elongating the NTBs would fur-
ther promote the toughening effect [32,34]; however, the
NTB size and the nanograin matrix varied with DPD strain in
those studies, as more nonequilibrium high angle grain
boundaries were produced. Therefore, it is impractical to
explore the size effect of NTBs on strengthening and
toughening based on the samples of different strains. In this
study, we adjusted the longitudinal length of the NTBs in
pure Cu by controlling the initial annealed grain size prior to
subjection to the same DPD treatment. The effect of the NTB
length on fracture initiation and crack growth toughness is
examined by elastic-plastic fracture mechanical assessment
based on the J-integral resistance curve. We also scrutinize
the fracture surfaces and crack tip microstructural evolution
for different NTB sizes to reveal the underlying toughening
mechanisms.

2 Experimental procedure

2.1 Sample preparation

To change the NTB size, high purity (99.995 wt.%) Cu rods
were thermally annealed for different durations at 600°C to
obtain equiaxed grains with distinctively different initial
grain sizes. Figure 1 shows the grain orientation maps of
three annealed coarse-grained Cu. The average grain sizes of
the three samples are 30, 150, and 540 um. The samples were
then subjected to DPD treatment with a strain rate of
10-10°s ' at liquid nitrogen temperature (LNT) [37],
hereinafter referred to as DPD-Cu-A, DPD-Cu-B, and DPD-
Cu-C, respectively. A total true strain accumulation of ap-
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proximately 2.0 was accomplished by multiple compressions
to a final thickness /; of 4.2 mm. The true strain is defined as
er=In(hi/hg), where h; and h; are the initial and final thick-
nesses, respectively.

2.2 Fracture toughness tests

For the fracture tests, miniaturized compact tension C(T)
specimens with a width W of approximately 8.0 mm, thick-
ness B of approximately 4.0 mm, and initial notch depth of
3.2 mm were machined from the DPD disks by electrical
discharge machining (EDM). The crack propagation direc-
tion was parallel to the radial direction (RD) of the disk,
whereas the crack plane was normal to the tangential direc-
tion (TD) and parallel to the compression direction. Limited
by the specimen thickness, only this cracking orientation
could be tested. The fracture specimens were further fatigue
pre-cracked in tension-tension mode with a stress ratio of 0.1
and frequency of 2 Hz, until an initial total crack length, a,,
of approximately 4.0 mm (~0.5W) was acquired. Moreover,
to suppress crack-front tunneling, grooves with a depth of
approximately 0.4 mm (10%2B) on both sides were machined
along the crack plane by EDM [38§].

The fracture tests were performed on an Instron 5848
mechanical testing machine under displacement control with
a displacement rate of 0.1 mm min . The load-line dis-
placement was measured by a non-contact crack-opening
displacement gauge, as described in detail in ref. [38]. The
fracture resistance was evaluated by constructing all of the J-
integral resistance (J-R) curves, namely, the variation of the
J-integral as a function of crack extension (Aa), following
the single-specimen procedure in the ASTM E1820 standard
[38,39]. The crack length was measured by elastic com-
pliance technique, with instantaneous compliance de-
termined by partially unloading the specimen and recording
the load-displacement curve [38]. The unloading displace-
ment rate is —0.1 mm min . The fracture tests were re-
peatedly performed, totaling three trials for each DPD Cu
sample to guarantee reproductivity.

2.3 Uniaxial tensile tests

The mechanical properties were determined by tensile tests
with dog-bone-shaped flat specimens machined from the
DPD disks by EDM. The gauge cross section of the speci-
mens was 2.0 mmx0.5 mm and gauge length was 5.0 mm.
The specimens were mechanically ground and then electro-
chemically polished to remove the surface damage layer. The
tensile tests were conducted on an Instron 5848 mechanical
testing machine with a load capacity of 2.0 kN at room
temperature (25°C) with an initial strain rate of 5x10 s . A
contactless MTS LX300 laser extensometer was applied to
measure the tensile strain. For each DPD Cu sample, at least
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three tensile tests were performed.

2.4 Microstructural characterization

The microstructure of the as-prepared DPD samples was
characterized by scanning electron microscopy (SEM; FEI
NanoSEM 430) under backscattering electron (BSE) mode.
The cross-sectional microstructures were also examined by a
TEM JEOL 2010 microscope, operated at 200 kV. The TEM
specimens were prepared by twin-jet polishing in an elec-
trolyte consisting of 25% alcohol, 25% phosphoric acid, and
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50% deionized water at —10°C. The fracture surfaces were
examined by SEM secondary electron imaging. The micro-
structural evolution ahead of the crack tip was characterized
by electron backscattering diffraction (EBSD).

3 Results

3.1 Microstructure

Figure 2 shows the microstructural characterizations of the
DPD Cu samples. The microstructure is rather heterogeneous

Figure 1 (Color online) Grain orientation maps obtained by electron backscattering diffraction for annealed coarse-grained Cu with different average grain

sizes for DPD treatment. (a) 30 pm; (b) 150 pm; (c) 540 pum.
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Figure 2 Characteristic microstructure of (a)-(c) DPD-Cu-A, (d)—(f) DPD-Cu-B, and (g)-(i) DPD-Cu-C samples. (a), (d), (g) SEM BSE micrographs
showing heterogeneous microstructures with NTBs embedded in the nanograin matrix; (b), (e), (h) and (c), (f), (i) magnified TEM observations of the NTBs
and nanograins, respectively. The insets in (b), (e), (h) and (c), (f), (i) are the corresponding selected area diffraction patterns. NT and NG represent nanotwins

and nanograins, respectively.
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with numerous bundles of nanoscale deformation twins
(encircled by white dashes lines) embedded in a matrix of
nanograins. All the TBs are roughly perpendicular to the
DPD direction. The TEM micrographs of the NTBs in Figure
2(b), (¢) and (h) show similar twin/matrix lamellac with a
high density of accumulated dislocations in the three DPD
Cu samples. The corresponding selected area electron dif-
fraction (SAED) patterns demonstrate the twinning re-
lationship. Figure 2(c), (f) and (i) show the analogous matrix,
which consists of slightly elongated nanograins with aspect
ratios of approximately 2.0 for the three DPD Cu samples.
The nanograins are decorated with plenty of dislocations and
randomly oriented, as demonstrated by the inserted SAED
patterns.

Table 1 summarizes the microstructural parameters for all
DPD Cu samples. The samples have almost identical twin
thicknesses in the range of 44—47 nm in the NTBs and close
transverse grain sizes in the range of 66—71 nm in the na-
nograin matrix. However, the longitudinal length and volume
fraction of the NTBs are substantially different. For DPD-
Cu-A, the average longitudinal length of the NTBs is 16+5
pum, and the volume fraction is only 15%. For DPD-Cu-B and
C, the average longitudinal length increases to 31+1 and 84
+5 pum, and the volume fraction is elevated to 32% and 35%,
respectively. The large differences in the longitudinal length
and volume of the NTBs are easy to understand, considering
the microstructural evolution during DPD. When the copper
is subjected to DPD at LNT, deformation twinning initially
takes place, placing all of the grains in favorable orientations.
As a consequence, the incipient deformation twins are much
longer in DPD-Cu-C with larger grains than in DPD-Cu-A
with smaller grains. The deformation twins are destroyed by
localized shear bands and gradually evolve to nanograins
when rotated to the plane normal to the compression direc-
tion with increasing DPD strain and become difficult to ac-

Table 1 Microstructural parameters for the DPD Cu samplesa)
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commodate further uniform deformation. Additional shear
bands are needed to shorten the longer deformation twins.
Eventually, the remained NTBs are longer in the larger-
grained DPD-Cu-C under the same DPD strain. Because the
shear bands are initiated only when the nanotwin and dis-
location structures are saturated and deformability-free, the
dislocation densities of the nanograin matrix and of the
NTBs of the three different samples are expected to be close
in value.

3.2 Tensile properties

Figure 3 shows the typical engineering stress-strain curves
for the DPD Cu and coarse-grained Cu for comparison. Table
2 summarizes the mechanical properties retrieved from the
tensile tests. Clearly, both the 0.2% offset yield stress (ay;)
and ultimate tensile stress (o) of the three DPD samples are
much higher than those of the coarse-grained Cu. Never-
theless, the tensile ductilities are dramatically reduced, ow-
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Figure 3 (Color online) Representative engineering stress-strain curves
of DPD Cu and coarse-grained Cu.

Nanotwin bundles Nanograins
Sample
/4 (nm) dyrg (pm) Vs (%) dyg (nm) Vng (%0)
DPD-Cu-A 44x2 16£5 15 664 85
DPD-Cu-B 47+3 31«1 32 713 68
DPD-Cu-C 472 8445 35 69+4 65

a) Parameters 1 and dyrp represent average twin thickness and average longitudinal length for the NTBs, respectively; Vyrg and Vyg represent volume
fractions of the NTBs and nanograin matrix, respectively; dyg represents average grain size for nanograins.

Table 2 Mechanical and fracture properties of the DPD Cu samplesa)

Sample ays (MPa) s (MPa) 5 (%) Jic (kI m™) Kic (MPam'?)
DPD-Cu-A 601+8 65010 4.0+0.8 11.7+0.9 39.3+1.3
DPD-Cu-B 593+6 63749 5.0+0.6 17.4%2.1 47.942.4
DPD-Cu-C 582+7 626+11 6.9+0.3 27.642.9 60.343.1

a) oy, 0.2% offset yield stress; oy, ultimate tensile strength; J;, elongation to fracture; Jic, 0.2 mm offset critical J-integral; Kic, fracture toughness

represented by critical stress intensity factor computed from Jjc.
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ing to the diminished strain hardening capability and pre-
mature localized necking. For the three samples, there is only
a slight reduction in o, (from 650 MPa for DPD-Cu-A to
626 MPa for DPD-Cu-C) and a minor enhancement in the
elongation to fracture (4.0% for DPD-Cu-A to 6.9% for
DPD-Cu-C). Therefore, the uniaxial tensile properties of the
DPD Cu are marginally affected by the variation in the mi-
crostructural constituents. The nanotwins are as strong as the
nanograins, because both TBs and grain boundaries at the
nanoscale effectively obstruct dislocation movement and
cause similar strengthening [18].

3.3 Fracture toughness

Figure 4 shows the experimental force versus load-line dis-
placement curves for the three DPD Cu samples. Different
from the analogous uniaxial tensile response for the different
microstructural compositions, the fracture behavior is sig-
nificantly affected by the NTBs. For DPD-Cu-A, the force is
dramatically reduced upon reaching the maximum value,
which is an indication of the occurrence of catastrophic
fracture. In contrast, for DPD-Cu-B and DPD-Cu-C, the
force decreases gradually with increasing displacement,
implying that the cracks in these two samples propagate in a
more stable manner after initiation.

Based on the force-displacement data in Figure 4 and the
instantaneous crack size determined by the elastic com-
pliance method, the J-R curves are computed and shown in
Figure 5. According to the ASTM E1820 standard [39], the
maximum J-integral (J,,,,) that a specimen can measure is
given by the smaller value of Boy/10 and byoy/10, where o=
(0yt0y)/2 is the average flow stress and by=W-q, is the
initial size of the uncracked ligament. In addition, the max-
imum crack extension is limited by Aa,,,,=0.25b,. As shown
in Figure 5, all the J-integral values fall in the valid ranges
(Joac=193 kI m >, Adpp=1 mm).

For DPD-Cu-B and DPD-Cu-C, the crack propagation is
stable, and the J-integral increases with crack advancement.
For such stable crack growth, a provisional J-integral, J,, is

1500
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generally defined as the intersection point of the J-R curve
with the 0.2 mm offset blunting line, /=20yAa. Since DPD-
Cu-A catastrophically breaks before reaching a crack ex-
tension of 0.2 mm, the J-integral value at the fracture is re-
garded as J,. Because the geometrical requirements for the J-
dominance and plane strain state are fulfilled, namely, B,
by>10Jy/oy (approximately 0.5 mm for DPD Cu), all the J,
values are size-independent plane strain fracture toughness,
Jic. The Jic values can be converted to the critical stress
intensity factor K. by the following relationship:

EJ,
Kie= [l )

where the Young’s modulus £ and Possion’s ratio v are taken
as 120 GPa and 0.3 for Cu, respectively. The average values
of Jic and K¢ for the three DPD Cu are tabulated in Table 2.

The fracture toughness K¢ is 39.3+1.3 MPa m"? for DPD-
Cu-A with an average NTB length of 16 um. As the length of
the NTBs increases to 31 um, the Kjc value of DPD-Cu-B
rises to 47.9+2.4 MPa ml/z, and for DPD-Cu-C, with longer
NTBs (84 um), the K¢ value increases further to 60.3+3.1
MPam"”. Considering the similar volume fractions of the
NTBs and the significant difference in the K- values for
DPD-Cu-B and DPD-Cu-C, we believe that the fracture re-
sistance of the DPD Cu is controlled by the length of the
NTBs, with the NTB volume playing a comparatively minor
role.

In addition to the critical fracture initiation toughness, the
NTB length also strongly impacts the crack growth re-
sistance, as reflected by the higher slope of the J-R curve for
DPD-Cu-C than for DPD-Cu-B and by the complete dis-
appearance of the J-R curve behavior in DPD-Cu-A (Figure
5). The J-integral value is approximately 45 kJ m’ (K~
77 MPa ml/z) for DPD-Cu-C with a crack extension of
0.8 mm, whereas it is only approximately 25 kJ m > (Ko~
57 MPa m”z) for DPD-Cu-B with the same crack extension.
It appears that the effects of NTBs on the fracture behavior
during stable crack growth are far more significant than

during fracture initiation.
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Figure 4 (Color online) Typical force versus load-line displacement curves for the three DPD Cu samples. (a) DPD-Cu-A; (b) DPD-Cu-B; (c) DPD-Cu-C.
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Figure S (Color online) J-integral resistance curves for the three DPD Cu
samples.

3.4 Fractographic examination

The overall SEM fractographs of the different DPD Cu
samples, Figure 6(a)—(c), apparently suggest that ductile
fracture is the present mode of failure characterized by the
formation of numerous dimples. The fracture morphologies
are found to be rather heterogeneous with three different
types of dimples (coarse/deep dimples, medium dimples, and
fine/shallow dimples), in agreement with previous observa-
tions [16,32,34]. The coarse/deep dimples are magnified and
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displayed in Figure 6(d)—(f). Table 3 summarizes the statis-
tical analysis on the dimple size for the three DPD samples.
As expected, the average lengths of the coarse dimples (19
+1, 30+2, and 9745 um for DPD-Cu-A, B, and C, respec-
tively) are close to the corresponding longitudinal lengths of
NTBs, and the area fractions of the coarse dimples are pro-
portional to the volume fractions of the NTBs. Although the
average grain size (~70 nm) in the nanograins is almost the
same for the three samples, the mean diameter of the medium
dimples associated with the fracture of the nanograins in-
creases from 8+l to 31+1 pm with increasing longitudinal
NTB length. This suggests that the NTBs can suppress the
micro-void nucleation in the nanograin matrix, which is
discussed below. The fine dimples formed during the final
extraction of the NTBs maintains the same size of 3 pm,
whereas their area fraction increases from 9% to 20% from
DPD-Cu-A to DPD-Cu-C, indicating that the affected zones
of NTBs also increase with increasing NTB length.

4 Discussion

The fracture mechanical assessments clearly show that in-
creasing the longitudinal length of the NTBs significantly
enhances the fracture initiation and crack growth resistance.
To better understand this phenomenon, the manner in which

Figure 6 SEM observations on the fracture morphologies of the three DPD Cu samples. (a), (d) DPD-Cu-A; (b), (¢) DPD-Cu-B; (c), (f) DPD-Cu-C.

Table 3 Average sizes and area fractions of the three types of dimples on the fracture surfaces of the three DPD Cu”

Coarse dimples

Medium dimples

Fine dimples

Sample

D (um) S (%) D (um) S (%) D (pm) S (%)
DPD-Cu-A 19+1 18% 8+1 73% 3+1 9%
DPD-Cu-B 302 28% 131 58% 3+1 14%
DPD-Cu-C 9745 32% 311 48% 341 20%

a) D, dimple size; S, area fraction.
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a crack is extended in homogeneous nanograined materials
should be considered. Owing to the diminished strain-hard-
ening capability, the plastic deformation around a crack tip in
nanograined metals is expected to be localized into shear
bands, rather than maintaining a uniform state [40]. There-
fore, even with finite global crack tip plasticity, the local
strain within the shear bands could be sufficiently high for
void nucleation, preferentially at grain boundaries or triple
junctions where strain incompatibility is intensified [41—43].
This premature damage evolution constrains the crack tip
plasticity and results in fairly low fracture toughness in
homogeneous nanocrystalline materials. In contrast, when
NTBs are embedded, as schematically illustrated in Figure 7,
once-localized shear bands that formed in the nanograin
matrix propagate toward the NTB. Meanwhile, the more
uniform deformation and higher strain-hardening of the na-
notwins result in the arrest of the propagating shear bands.
Consequently, the plastic strain within the arrested shear
bands stops increasing and additional shear bands need to be
initiated to accommodate further deformation within the
nanograin matrix. These processes delocalize the con-
centrated strain and suppress or delay the nucleation and
growth of the micro-voids, promoting the toughening of the
fracture initiation.

The toughening is expected to be more effective for longer

Crack path

Loading direction

Motch  Crack blunting zone
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Manograin matrix

Micro-voids

Dimples

N

Crack bridges
Extrinsic toughening

Figure 7 (Color online) Schematic illustration showing how the tough-
ening effect of NTBs in heterogeneous nanostructured Cu can be con-
sidered in terms of intrinsic (resisting shear bands) and extrinsic (acting as
crack bridges) toughening mechanisms.

NTBs owing to their significant size effect on fracture
toughness. To further illustrate this point, fracture tests of
DPD-Cu-A and DPD-Cu-C were interrupted nearly at the
point of maximum force where the crack had just been ex-
tended a short distance; then, the specimens were bisected at
the mid-thickness. Figure 8 shows the SEM examinations on
the crack-tip deformation zone. For DPD-Cu-A with shorter

Figure 8 (Color online) Microstructural evolution ahead of the crack tip. (a) Schematic illustration of the loaded C(T) specimen showing the observation
region. (b) SEM BSE observations for DPD-Cu-A with the inset indicating the formation of micro-voids. (c) SEM BSE observations for DPD-Cu-C showing
many regions with significant grain growth. (d) EBSD map showing abnormal grain growth in a region far away from the crack tip (box in (c)). The blue and
yellow regions represent the grain growth and dynamic recovery zones, respectively. The white and red regions stand for the as-deformed zone.
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NTBs (Figure 8(b)), the crack tip is only blunted to a radius
of approximately 5 um. In front of the crack tip, a long crack,
evidently reminiscent of nucleation and coalescence of mi-
cro-voids, emerged. Moreover, plenty of isolated micro-
voids are also present in the deformation zone, with one
typical micro-void of 3 pm length magnified, as shown in the
inset of Figure 8(b). Except for the micro-crack and micro-
voids, there is no evident microstructural change visible by
the SEM observations. Therefore, we believe that the NTBs
with an average length of 16 um in DPD-Cu-A cannot ef-
fectively suppress the strain localization and micro-void
nucleation in the nanograin matrix. It is likely that the lo-
calized shear bands transmit such small NTBs or migrate
away from the gaps between the NTBs.

On the contrary, as shown in Figure 8(c), for DPD-Cu-C
with longer NTBs, the crack tip is much more significantly
blunted to a radius of 15 pm. There are no visible micro-
voids or cracks ahead of the crack tip; however, the micro-
structure in the deformation zone is significantly coarsened.
Figure 8(d) displays an EBSD pattern quality map of a region
approximately 100 um away from the crack tip. The blue
regions are coarsened grains with diameters of several mi-
crometers, whereas the yellow and red regions represent
recovered and original nano-grains, respectively. The long
NTBs effectively impede the strain localization in the na-
nograin matrix and make the GB migration operative, which
releases the stress concentration arising from the strain in-
compatibility. Therefore, the formation of GB voids is
completely arrested or delayed, resulting in much coarser
dimples (31 um for DPD-Cu-C versus 8 um for DPD-Cu-A,
see Table 3). In this manner, the NTBs play an essential role
in promoting the fracture toughness, intrinsically elevating
the plasticity of the nanograin matrix and, thus, dissipating
more irreversible plastic energy.

In addition to improving the crack tip plasticity, the NTBs
also serve as crack bridges in the wake of the crack front, as
revealed by Xiong et al. [34], delaying fracture by shielding
the crack tip [12]. The crack bridges develop because the
easy void nucleation and coalescence extends the crack in
advance through the nanograin matrix, causing it to pass
around the NTBs, as shown in Figure 7. With further loading,
the NTBs are eventually extracted entirely from the matrix
[34]. Therefore, the longer the NTBs are, the more difficult it
is to extract them, consuming more plastic work. Further-
more, such a toughening of the crack-tip shielding is pro-
portional to the area of the uncracked bridging-ligaments
between the crack surfaces. Since both coarse and fine
dimples are related to the NTBs, their area fractions together
represents the area fraction of crack bridges during fracture.
According to Table 3, the area fraction of the nanotwin crack
bridges increases from 27% for DPD-Cu-A to 52% for DPD-
Cu-C. Consequently, the longer NTBs are beneficial to the
enhancement of the extrinsic toughening arising from the
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nanotwin crack bridging and greater fracture surface tortu-
osity.

Apart from the intrinsic and extrinsic toughening effects
discussed above, there are also other features associated with
the reinforcement by NTBs. First, the flow strength of the
nanotwins is comparable with or even higher than the na-
nograin matrix [31]. Consequently, the incorporation of more
NTBs does not sacrifice the desirable strength. Second, both
NTBs and the nanograin matrix are elastically and plastically
compatible [12]. As mentioned above, the failure always
takes place in the nanograin matrix, rather than directly along
the boundaries between the NTBs and nanograin matrix.
Furthermore, since the nanograin matrix at the deformed
state is the weak link limiting the fracture resistance, further
optimization in the strength and toughness combination is
possible by controlled thermal treatment, which slightly
modifies the grain boundary structures and increases the
deformability. The strength might be slightly reduced;
however, the gain in the fracture toughness is far more sig-
nificant, as has been demonstrated recently in 316L stainless
steel [34]. The unique toughening effect of the nanotwins
indicates a new direction to optimize the combination of high
strength and high damage tolerance by engineering the NTBs
chemically (adjusting stacking fault energy) and thermo-
mechanically.

5 Conclusions

To conclude, we generated heterogeneous nanostructured Cu
containing a mixed structure of NTBs and nanograins by
DPD at LNT. By adjusting the grain size of annealed Cu
prior to subjection to the DPD treatment, we changed the
longitudinal length of the NTBs from 16 to 84 um, while
maintaining the twin thickness constant. Tensile tests reveal
similar high strengths (626-650 MPa), irrespective of the
different NTBs. On the contrary, fracture mechanical ex-
periments demonstrate a strong dependence of the fracture
resistance on the NTB length. The critical fracture initiation
toughness K¢ is only 39 MPa m'” for NTBs, with an average
length of 16 pwm but remarkably increases to over 60 MPa m'?
for an average NTB length of 84 um. For the latter, the crack
growth toughness is also remarkably elevated. Intrinsically,
the longer NTBs more effectively suppress the strain loca-
lization in the nanograin matrix and enhance the crack tip
plasticity. Extrinsically, the longer NTBs promote toughen-
ing of the crack-tip shielding by acting as crack bridges
behind the crack front. These findings demonstrate the fea-
sibility of toughening nanostructured metallic materials
without sacrificing the desirable high strength by controlling
the nanotwins.
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