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Superior fatigue crack growth resistance in bulk Cu with highly oriented

nanotwins
Ruike Zhao'?', Huaizhi Zhao’' and Lei Lu!"

ABSTRACT We studied the fatigue crack growth (FCG)
characteristics of bulk nanotwinned Cu (NT-Cu) with differ-
ent microstructural aspects such as grain size and twin
thickness. We specifically addressed the crack closure, with
particular emphasis on the intrinsic FCG resistances in the
near-threshold regime. The results demonstrate that the NT-
Cu samples have significantly improved fatigue resistances
compared with conventional twin-free polycrystalline Cu, a
fact we measured using the effective threshold stress intensity
factor range, AKu . This enhanced resistance can be traced
back to the activation of a specific set of primary slip systems
in the NT-Cu, known as special trans-twin dislocation, which
dominates the crack-tip cyclic deformation, leading to a di-
minished level of cyclical slip irreversibility and, in turn, en-
hancing the inherent resistance to damage propagation.

Keywords: nanotwins, fatigue crack growth rate, crack closure,
effective crack growth threshold

INTRODUCTION

Most engineering and structural applications would require
materials to have a combination of high strength and good
ductility, and more importantly, also require materials to have
sufficient damage tolerance for safety concerns [1,2]. Unfortu-
nately, these properties are generally mutually exclusive. For
example, decreasing grain size down to the nanometer scale
induced a significant increase in strength and hardness, while
sacrificing the ductility and damage tolerance [3], including
fracture toughness and the resistance to subcritical fatigue crack
growth (FCG, especially at the near-threshold regime, where the
most of the fatigue fracture life is expended).

A series of experiments [4,5] and atomic simulations [6] have
shown that the nanoscale growth twins in metals efficiently
evade the trade-off between the strength and ductility of metallic
materials, where the low-energy coherent twin boundaries (TBs)
are effective in blocking dislocation movement and thus sub-
stantially strengthen metals, and simultaneously provide plenty
of room to store mobile dislocations and contribute considerable
ductility [4].

Despite extensive research effort aimed at understanding the

strengthening and plastic deformation mechanisms of nano-
twinned (NT) metals, there is currently a scarcity of information
regarding their damage tolerance characteristics. This knowl-
edge gap primarily arises from the experimental challenges
associated with fracture testing at a small scale [7,8]. In-situ
transmission electron microscopy (TEM) observations on the
NT thin films show that the advancing crack can be substantially
blunted due to the emission of different types of dislocations
from the crack tip [9,10], and the crack growth was hindered by
microcrack bridging via nanoscale twins [9] or zig-zag fracture
paths arising from periodic defections of cracks by TBs [11].
Qualitative fracture toughness measurements based on the
contactless video gauging system showed that the fracture
resistance of homogeneous NT-Cu is dependent on both the
specimen geometry [12] and the microstructural parameters
[13]. Furthermore, the embedded nanotwin bundles in the
nanograined matrix can also provide significant fracture resis-
tance for the heterostructured sample by triggering anisotropic
bridging toughening [14].

To date, only a few experimental studies have been carried out
on the FCG behavior of NT metals. Singh et al. [15] investigated
the FCG characteristic of NT-Cu foils under plane stress con-
ditions, showing that the higher density of nanotwins in a fixed
grain size leads to increased resistance to FCG. Alkan et al. [16]
illustrated that a high volume fraction of TBs contributes to
enhanced fatigue damage resistance, a phenomenon directly
linked with a reduction in the observed irreversible strain levels
at the crack tip. Sangid et al. [17] also reported on the superior
damage characteristics of NT Ni-Co alloys. Their research
provided a logical explanation for these observations, high-
lighting the influence of nano-scale annealing twins on mea-
sured cyclic irreversibility.

Previous studies focusing on NT materials have primarily
utilized foil or film samples. Unfortunately, those formats do not
facilitate feasible, geometry-independent plane strain FCG test-
ing. Furthermore, the FCG resistance in metallic materials not
only stems from the intrinsic factors derived from the inherent
microstructural resistance to FCG, but also from the extrinsic
aspects caused by crack closure. These extrinsic factors sig-
nificantly depend on external load conditions [2,18,19], thereby
adding further complexity to the determination of inherent
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resistance [3,18].

In this study, we aimed to assess the microstructural effects of
introducing nanotwins on the inherent resistance to FCG. To do
so, we prepared bulk NT-Cu samples by using direct-current
electrodeposition, and carefully designed experiments to assess
the FCG resistance while taking into account crack closure. In
addition, we delved into the mechanisms underlying twin-
induced resistance to damage propagation.

EXPERIMENTAL SECTION

Two NT-Cu samples with different grain sizes and twin thick-
nesses were prepared by direct-current electro-deposition tech-
nique at different electrolyte temperatures of 20 and 40°C,
respectively. The detailed processing procedures have been
described in Ref. [20]. Their cross-sectional microstructures
were characterized using back-scattered electrons (BSE) in an
FEI Nova NanoSEM 460 scanning electron microscope (SEM).

The specimen geometry and measurement procedure for FCG
resistance were based on the recommendation of American
Society of Testing Materials (ASTM) Standard E-647 [21]. The
compact-tension (CT) specimens with a width, W, of 8 mm, a
thickness, B, of 0.5 mm, and an initial notch length, a,, of
1.6 mm were used in this work. Before testing, the specimen
surfaces were ground using silicon carbide paper and polished to
a ~0.5-pm mirror finish using the diamond abrasive paste to
allow for optical monitoring of the crack length.

Sinusoidal cyclic loading was performed using an Instron
E1000 electro-dynamic tester at the constant-amplitude load
condition with a frequency of 30 Hz and applied stress ratio, R,
of 0.1. The fatigue crack length was continuously monitored by
using an optical microscope equipped with a charge coupled

device (CCD) image sensor, which provides a high accuracy of
up to 0.01 mm. Before the FCG rate test, pre-crack with a length
of ~1 mm was introduced under relatively low stress levels and
ended with the FCG rate lower than 107" m per cycle for each
specimen. The FCG tests start at a crack length of ~2.6 mm and
the initial load range is equal to that at the end of pre-cracking.

FCG rate (crack extension per load cyclic, da/dN) was deter-
mined by using the secant method, and the stress-intensity range
(AK = Kmax — Kmin) was calculated according to the ASTM
Standard E647 [21]. The FCG curves were plotted as log;o(da/
dN) vs. logioAK. The fatigue threshold stress-intensity range,
AKq,, was determined as the AK value at which the crack growth
rate is ~107'° m per cycle.

Crack closure is a critical event that occurs during FCG and is
mainly induced by the pre-contact of the upper and lower
fracture surfaces during the unloading of the fatigue loading
cycle. This phenomenon results in a shift in the slope of load
versus crack mouth opening displacement (P-v) curves. The
points of slope change in these P-v curves can be identified as
instances of crake closure [19,22]. The key to identifying these
points lies in accurately monitoring the crack mouth opening
displacement. In this study, this was achieved using a contactless
optical gauging system [13]. Each closure test was documented
over several loading cycles at the frequency of 1 Hz. To under-
stand the variation of closure in relation to crack extension, we
adopted an experimental measure interval of ~300 pm. The
measurement range began at a crack growth rate of ~10™° m per
cycle and ended until a catastrophic fracture occurred.

RESULTS
Fig. 1 shows the microstructural characterizations of the NT-Cu
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Figure 1 Schematic illustration of the CT specimen (a) and SEM-BSE images projected on a cube to visualize the 3D microstructure of NT-A (b), cross-
sectional TEM observation of nanoscale TBs (c). The distributions of grain size (d) and twin thickness (e) of NT-Cu-A and NT-Cu-D.
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samples and the TBs orientation in the CT specimens. The
schematic illustration of the CT specimen is shown in Fig. la,
and the three-dimensional (3D) microstructure of NT-Cu with
high densities of parallel growth twin lamellae embedded in
columnar grains is shown in Fig. 1b. It is clear that the TBs are
predominantly parallel to the electro-deposition growth surface
and perpendicular to the crack plane of CT specimens, as
indicated in Fig. lc. A strong (111) out-of-plane texture is
detected in the as-deposited Cu samples [20]. Statistical results
on the grain size and twin thickness for the two NT-Cu samples
are shown in Fig. 1d, e. For consistency with the literature
[20,23], we name the samples with smaller average grain size
(d = 2.3 um) and thinner twin thickness (A = 27 nm) as NT-Cu-
A, while the samples with larger average grain size (d = 17.8 um)
and coarser twin thickness (A = 53 nm) are named as NT-Cu-D.
Additionally, a twin-free polycrystalline Cu sample with an
average grain size of 20 pm (hereafter referred to as CG-Cu) was
also produced for comparison.

Uniaxial tensile tests reveal the average yield strength of NT-
Cu-A (0ys = 436 MPa) is larger than that of NT-Cu-D (oys =
238 MPa), but the average uniform elongations turn out to be
smaller (1.8% for NT-Cu-A, while 13.7% for NT-Cu-D). The
corresponding values of the microstructure characteristics and
tensile properties of all samples are summarized in Table 1.

FCG curves of the NT-Cu-A, NT-Cu-D, and CG-Cu samples
are shown in Fig. 2 (dashed lines). All the examined curves
display a sigmoidal variation and can be categorized into three
regimes: (I) near-threshold regime, (II) Paris regime, and
(III) unstable regime [1]. A notable difference is evident in the

near-threshold regime for the three samples. The FCG threshold
(AKy), which represents the maximum driving loads for non-
growth crack, can be derived from the near-threshold regime.
The AKy, for NT-Cu-D is ~4.91 MPa m"?, which is ~32% higher
than that of NT-Cu-A, and ~29% higher than that of CG-Cu (as
summarized in Table 1), indicating the introduced nanotwins in
larger grains can provide a higher FCG resistance in the near-
threshold region.

The FCG in stage II becomes less sensitive to the micro-
structure, and the FCG behavior in this regime can be described
by the Paris Law [24]:

da/dN = C(AK)". M

The coefficients C and m are shown in Table 2. It can be seen
that the Paris law exponent m of NT-Cu-A (2.7) is considerably
smaller than that of NT-Cu-D (5.5) and CG-Cu (6.4), indicating
that NT-A exhibits a higher resistance in stage IL

As the crack advanced further into stage III with an increasing
AK, a rapid catastrophic fracture ensures the following brief
stable stage in CG-Cu, as depicted by the black dashed line in
Fig. 2. In contrast, the NT-Cu samples exhibit an enhanced
fatigue life under stable crack propagation before the ultimately
unstable fracture occurs.

To quantify the impact of extrinsic toughening on crack tip
shielding, we measured the magnitude of the crack closure. The
test method and its foundational logic are schematically illu-
strated in Fig. 3. It is widely recognized that crack closure is
typically triggered by the roughness of the fracture surface and
crack-tip plasticity [25], with these effects most noticeable in the

Table 1 Summary of microstructures and mechanical characteristics for NT-Cu-A, NT-Cu-D and CG-Cu*

Sample d (um) A (nm) oys (MPa) Su (%) AKy, (MPam'?) Py/Pp.x at threshold AKy, . (MPa m'?)
NT-Cu-A 23 +0.5 27 +3 436 = 10 1.8 £ 0.7 3.33 0.39 2.24
NT-Cu-D 17.8 £ 3.0 53+5 238 £ 8 137 £ 1 491 0.43 3.10

CG-Cu 20.0 + 4.0 - 67 £ 5 483 + 1.4 3.81 0.62 1.60

a) d, grain size; A, twin thickness; oy, 0.2% offset yield stress; d,, uniform elongation; AKy, threshold stress-intensity range; Pq, crack closure load; Prax,

maximum load; AKus effective threshold stress-intensity range.
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Figure 2 FCG rates, da/dN versus AK (dashed lines) and AKc (solid lines) of NT-Cu-A, NT-Cu-D and CG-Cu. The arrows indicate the effective crack

growth thresholds (AKef).
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Table 2 Comparison of the Paris equation constants for the NT-Cu-A, NT-
Cu-D and CG-Cu

Samples C m
NT-Cu-A 5.0 x 107" 2.7
NT-Cu-D 1.6 x 10713 55
CG-Cu 7.9 x 107 6.4

near-threshold regime. The roughness-induced crack closure
predominantly results from a local misfit between the upper and
lower fracture surfaces, as shown in Fig. 3b-I. Meanwhile, the
plasticity-induced crack closure is thought to be caused by the
plastic zone surrounding the wake of the crack tip (Fig. 3b-II)
[26-28]. These closure mechanisms cause the crack tip opening
displacements (CTODs) to halt prior to the minimum load
(Pmin), thereby shielding the crack tip from a portion to reaching
the applied load range [18]. As a result, the effective load range,
APest = Prax — Pa, becomes considerably smaller than the initially
applied load range (AP = Pn, — Pmin), which consequently
lowers the effective stress intensity factor range (AKet = Kinax —
Kg) at the crack tip below the applied one.

The crack closure loads can be experimentally measured from
the P-v curves during the unloading of fatigue loading cycles.
Using the NT-Cu-D sample as an example, both local misfit (as
shown in Fig. 3b-I) and plastic flow (Fig. 3b-II) can trigger the
pre-contact of the fracture surface during the unloading process.

a b

(I) Roughness-induced crack
closure

As a result, the measured P-v curve (as seen in Fig. 3a) shows a
distinct change in slope from the initial unloading stage. The
force corresponding to the breaking point in the P-v curve (as
indicated by the red circle in Fig. 3a) can be roughly considered
as closure load (Py). In this work, Pq was determined by the
intersection of two linear fitted lines adjacent to Pmax and Ppin,
respectively (as shown by the red and blue lines in Fig. 3a)
[22,29].

The ratio of closure load to the maximum load (Pa/Pmay) is
defined to evaluate the degrees of crack closure, and the varia-
tion trends of Py/Pma with AK in the entire range of the growth
rates for the three samples are shown in Fig. 3c. All the curves
exhibit larger Pa/Pp.x at the near-threshold region, but the values
gradually diminish with increasing AK, indicating that the crack-
tip shielding induced by crack closure is more prominent in the
lower AK regimes, where the crack opening displacements
(CODs) are relatively small. Furthermore, in the respective near-
threshold regime, the coarser-grained samples (CG-Cu and NT-
Cu-D) exhibit higher levels of crack closure than the finer-
grained NT-Cu-A, which can be attributed to a higher degree of
roughness-induced crack closure originating from the rougher
fracture surfaces in the coarser-grained materials.

Based on the measurement of Py/Pp,x, AKesr can be derived by
using the following formula [25]:

Achf:AK(lipcl/P ax)/(liR)’ (2)

m;

where R = 0.1 is the load radio. The effective FCG curves (da/dN

(II) Plasticity-induced crack
closure
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Figure 3 Test method and foundational logic for the measurement of crack closure. (a) P-v curve of NT-Cu-D. (b) Sketch map of two typical mechanisms of
crack closure, i.e., (I) roughness- and (II) plasticity-induced crack closure. (c) Variation of the magnitude of crack closure, in terms of the ratio of closure load
to the maximum load (Pu/Pmax), as a function of the stress-intensity range (AK). The arrows in (c) indicate the fatigue crack thresholds.
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vs. AK.r) on modifying for crack closure are also included in
Fig. 2 (solid lines). It is obvious that the effective FCG curves
shift to the left compared with their original curves (dashed lines
in Fig. 2), particularly in the near-threshold region, where the
levels of crack closure are relatively large.

The effective crack growth threshold (AKin.r) can be deemed
as an important metric representing intrinsic material resistance
to damage propagation at the micro-level, which can be obtained
from the da/dN vs. AKe curves, as indicated by the arrows in
Fig. 2. After excluding the crack closure effect, the AKy, (¢ values
for all the three samples are inevitably reduced compared with
their apparent thresholds (AKg), but the degrees of reduction
are different for NT-Cu and twin-free CG-Cu. For example, the
AKineir values of NT-Cu-A and NT-Cu-D account for ~67% and
~63% of their respective AKy, while that of twin-free CG-Cu is
only 42%. More importantly, the AKr value of NT-Cu-D is
nearly twice that of the twin-free CG-Cu, though their grain
sizes are similar, indicating that the intrinsic microstructural
resistance associated with the presence of nanotwins plays a
dominant role for the near-threshold damage properties of the
NT-Cu samples.

The inherent material resistance to fatigue cracking in the
near-threshold regime is a direct consequence of near-tip dis-
location slip activities as influenced by the material micro-
structure [30]. To understand the different FCG behaviors of the
NT-Cu and twin-free CG-Cu samples and clarify the different
cyclic plastic deformation mechanisms, the crack-tip deforma-

at \ NT-Cu-A AK~3.33 MPa m?

cl_- /?’G-Cu K~3.8 MPa m'?
N\, RN 77
- //\ X \\.
77

tion morphologies in the near-threshold regime and the fracture
surfaces in both the near-threshold and Paris regime for the
three samples were observed by SEM. As shown in Fig. 4al and
b1, there is no obvious slip band at the crack tip for both the NT-
Cu-A and NT-Cu-D samples. By contrast, numerous slip bands
crossed each other are formed around the crack trace in CG-Cu
(Fig. 4cl). This suggests that different cyclic slip mechanisms
related to fatigue crack propagation are activated in the NT-Cu
and CG-Cu samples.

Fracture surface observations show that the NT-Cu-A with
finer grains exhibits an intercrystalline-fracture-dominated FCG
progress in both the near-threshold regime (Fig. 4a2) and Paris
regime (Fig. 4a3), while the NT-Cu-D and CG-Cu with coarser
grains show a transition from the mixed intercrystalline and
transcrystalline fracture in the near-threshold regime (Fig. 4b2,
c2) to the single model of intercrystalline fracture at higher AK
levels (Fig. 4b3, c3).

DISCUSSION

FCG within the near-threshold regime is primarily through
shear modes along the activated slip system; this growth is dri-
ven by cyclic slip irreversibility, which enhances the accumula-
tion of local plastic displacement at the tip of the crack [31],
causing the crack to extend [15,16,31,32]. For example, a study
by Chowdhury et al. [30] estimated the effective threshold stress
intensity factor (AKp,.q) using atomistic simulations. These
simulations were centered on the irreversible transfer of discrete

NT-Cu-Al AK~7 MPa'm!”2

/] » 9
\\ A
’ £
=

NT-Cu-D AK~7 MPam'?2,

Figure 4 SEM images show the deformation features in the near-threshold regime at fatigue crack tip for the NT-Cu-A (al), NT-Cu-D (bl) and CG-Cu (c1)
samples. Fracture surfaces of the NT-Cu-A (a2 and a3), NT-Cu-D (b2 and b3) and CG-Cu (c2 and ¢3) samples in both the near-threshold (a2, b2 and c2) and
Paris regimes (a3, b3 and c3), respectively. The inset arrow in (al) indicates the crack growth direction, while arrows in (a3, b2, b3 and c¢3) indicate the
intercrystalline fracture regions. The regions with lamellar morphology which are outlined by dash lines in (b2) indicate transcrystalline fracture.
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dislocations slipping from the crack across TBs, and they found
that for relatively short cracks, the fatigue damage resistance
improves significantly with the refinement of twin lamellar
thickness. This improvement is due to the reduced twin-induced
cyclic slip irreversibility caused by the twins at the crack tip as
the twin thickness decreases.

The underlying reason for the irreversibility lies in the dis-
crepancies in gliding resistances for dislocations moving forward
and backward during the cyclic loading. In the case of CG-Cu,
the net irreversibility of dislocation glide trajectories generally
derives from diverse dislocation mechanisms, such as mutual
annihilation of dislocations with opposite sign [31,32], cross-
slipping of screw dislocation [33] and presence of residual dis-
locations on the cyclical glide paths [34]. As shown in Fig. 4cl,
serious damage and cyclic plastic deformation occurred in the
crack tip of CG-Cu. This damage is a result of interacting
deformation bands that come from the multiple slip systems
activated during the cyclic deformation at the crack tip. This
leads to an increase in the irreversibility and plastic displacement
of the crack tip with each cycle. This, in turn, inevitably speeds
up the growth of the crack within the near-threshold regime.

The introduction of nanoscale twins changes the dominating
dislocation mechanisms and the total irreversible slip on the
glide paths. If we take into account the anisotropic dislocation
modes in highly oriented NT-Cu [35] and the orientation rela-
tionship between the TBs with crack planes in this work, a single
set of primary slip systems will be activated in NT-Cu during the
cyclic loading. This group, referred to as special trans-twin
dislocations, spans multiple TBs and collectively moves forward
and backward along the corrugated {111} slip planes to
accommodate the cyclic deformation at the crack tip [35,36].

Importantly, such dislocations are very stable and sustain little
resistance from TBs, without any residual dislocation along the
cyclical glide paths [36,37], leading to a decrease in the degree of
irreversibility. As a result, the damage resistance in the near-
threshold regime is increased. As indicated in Fig. 4al and bl,
there are considerably weaker signs of deformation and less
accumulated damage at the crack tip of NT-Cu. The lower levels
of irreversible deformation and localized strain are believed to be
the reason for higher AKin s (Fig. 2).

The FCG resistance of NT-Cu can be improved by adjusting
the microstructural parameters. As shown in Fig. 2, both the
apparent (dashed lines) and the effective FCG curves (solid
lines) show that the near-threshold FCG resistance (in terms of
AKy or AKne) of NT-Cu-D is higher than that of NT-Cu-A,
mainly because of their different grain sizes. For NT-Cu-D, the
coarser grains create a rough fracture surface, leading to more
extrinsic toughening from crack closure (Fig. 3c). Moreover,
they reduce the density of the grain boundary (GB) within the
cyclic plastic zone at the crack tip. These GBs usually act as the
barriers, resulting in irreversible glide trajectories and also ser-
ving directly as the pathway for crack growth, leading to the
dominated intercrystalline fracture in NT-Cu-A (Fig. 4a2, a3).

However, with gradually increasing AK into the Paris regime,
the FCG resistance of NT-Cu-A becomes larger than that of NT-
Cu-D (as indicated by the lower m value for NT-Cu-A). In this
stage, the FCG rate is considered to be proportional to the
CTOD [1]. The higher yield strength in NT-Cu-A, originating
from the refined twin thickness and the grain size, leads to a
lower CTOD and thus a decreased FCG rate, making NT-Cu-A
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prevail in stage II.

Understanding the impact of individual parameters like grain
size and twin thickness on the FCG resistance of NT-Cu is
crucial. It provides important insights into how we can design an
optimized microstructure for maximum damage tolerance. Due
to the strong coupling between these two microstructural fea-
tures during the preparation of NT-Cu, it is impossible to
achieve this goal in the present work. Still, both the experimental
[15-17] and simulation [30,34,38] studies have suggested that
refining the twin thickness can substantially improve the FCG
resistance of NT materials. Given the current experimental
results in this work, it makes sense to say that introducing a
higher density of nanotwins into the larger grains could further
enhance the FCG resistance in both stages I and II. To further
verify the mechanisms of cyclic deformation at the crack tip and
measure the slip irreversibility at the crack tip of NT-Cu, we
need in-depth investigations using in-situ electron microscopy
investigations and atomistic simulations.

CONCLUSIONS

In summary, we studied the intrinsic FCG behavior of NT-Cu
with different grain sizes and twin thicknesses by considering
their impact on crack closure. The results demonstrate that the
intrinsic FCG resistances of NT-Cu in the near-threshold regime
(as indicated by the measured AKih.r levels) are significantly
higher than that of conventional twin-free polycrystalline Cu.
This improvement is primarily due to the activation of the
special trans-twin dislocations during the cyclic deformation at
the crack tip in NT-Cu. This action leads to a reduced level of
irreversibility, and as a result, the damage resistance is increased
accordingly. These results advance our fundamental under-
standing of the FCG resistance of materials with nanotwins, and
insight into the design of new damage-tolerant structure mate-
rials.
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