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Abstract

Recent studies have shown that nanotwinned copper (NT Cu) exhibits a combination of high strength and moderate ductility. How-
ever, most engineering and structural applications would also require materials to have superior fracture toughness and prolonged sub-
critical fatigue crack growth life. The current study investigates the effect of twin density on the crack initiation toughness and stable
fatigue crack propagation characteristics of NT Cu. Specifically, we examine the effects of tailored density of nanotwins, incorporated
into a fixed grain size of ultrafine-grained (UFG) copper with an average grain size of 450 nm, on the onset and progression of subcritical
fracture under quasi-static and cyclic loading at room temperature. We show here that processing-induced, initially coherent nanoscale
twins in UFG copper lead to a noticeable improvement in damage tolerance under conditions of plane stress. This work strongly suggests
that an increase in twin density, at a fixed grain size, is beneficial not only for desirable combinations of strength and ductility but also for
enhancing damage tolerance characteristics such as fracture toughness, threshold stress intensity factor range for fatigue fracture and
subcritical fatigue crack growth life. Possible mechanistic origins of these trends are discussed, along with issues and challenges in the
study of damage tolerance in NT Cu.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Reducing the grain size of a material to enhance its
strength has long been a strategy used in microstructure
design [1–6]. In conventional microcrystalline metals and
alloys (average grain dimensions typically bigger than
1 lm), grain refinement generally results in an increase in
the resistance to fatigue crack initiation. In high cycle fati-
gue, this trend is reflected as a higher fatigue endurance
limit (which is elevated with higher strength); the endur-
ance limit is typically measured through cyclic-stress-con-
trolled experiments on initially smooth laboratory
specimens [7]. When the average grain size is refined to
values typically below 100 nm, the resulting nanostructured
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metals exhibit significantly elevated strength and strain rate
sensitivity and much lower activation volume, as well as
improved resistance to corrosion, fatigue crack initiation
for long life as seen in the fatigue endurance limit, and
monotonic and cyclic wear [8–13] in comparison to micro-
crystalline metals and alloys [3,5,6]. However, such benefi-
cial effects of grain size reduction are also commonly
accompanied by reductions in ductility. The drop in ductil-
ity is ascribed to significant constraints encountered in
accommodating plastic strain through the generation and
accumulation of dislocations in the nanograined (NG) met-
als [3,5,6,14]. Furthermore, grain refinement into the nano-
crystalline regime is known to degrade different metrics of
damage tolerance including fracture toughness and the
resistance to stable subcritical crack growth under mono-
tonic and cyclic loading, especially at lower values of stress
intensity factor range (the so-called near-threshold regime
with crack growth rates typically smaller than 10�6
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mm cycle�1) where most of the fatigue fracture life is
expended [7,8,10,15].

In addition to these effects on mechanical properties,
grain refinement, especially in the nanocrystalline regime,
is also known to have a deleterious effect on electrical con-
ductivity [16–19] and resistance to electromigration [20].

To date, there is limited information available on the
fatigue properties of ultrafine-grained (UFG) and nano-
grained (NG) materials. Earlier studies included high cycle
fatigue experiments performed on nanocrystalline Cu pro-
duced by inert gas condensation [21] in order to ascertain
the stability of microstructure under cyclic loading. These
experiments documented 30% increase in grain size due
to repeated, cyclic loading along with the surface being
populated with parallel “extrusions” seemingly similar to
persistent slip bands (PSBs) observed in coarse-grained
(CG) Cu and single crystals [7]. Strain-controlled fatigue
tests [22] comparing UFG Cu prepared by severe plastic
deformation (SPD) and CG Cu showed that the latter
has a longer total fatigue life than the former, and that
the surface of the fatigued UFG specimen showed extru-
sions similar to those found in NG Cu [21]. In addition,
cyclic softening was observed in Cu prepared by SPD
[23]. However, it has been found [24] that annealing treat-
ment improves the low cycle fatigue life in strain controlled
cyclic tests on UFG materials produced by equal channel
angular pressing (ECAP). Cyclic softening in UFG Cu pro-
duced by ECAP was also ascribed to dynamic recrystalliza-
tion and subsequent grain growth which was observed after
strain controlled cyclic loading on Cu specimens produced
by ECAP [25]. Unlike UFG metals prepared from SPD
techniques, electrodeposited NG Ni with an average grain
size of 40 nm displayed cyclic strain hardening under ten-
sion–tension cyclic loading. The deformation was also
found to be dependent on the frequency of applied loading
[26]. Stress-controlled cyclic loading applied on bulk Ni–
18 wt.%Fe alloy with an average grain size of 23 nm and
produced by pulsed electrodeposition exhibited an endur-
ance limit of just 13% of the yield stress, which was surpris-
ingly low compared to the trend shown by other metals
[27]. Fracture and fatigue studies [28] done on the same
bulk Ni–18 wt.%Fe alloy with an average grain size of
23 nm demonstrated limited values of fracture toughness
owing to nanovoid coalescence at the grain boundaries.
In the near-threshold regime of stable fatigue crack growth,
the crack path was found to be non-tortuous as seen
through scanning electron microscopy (SEM). Focused
ion beam confirmed the results obtained earlier from atom-
istic simulations [29] that the microcracks are initiated close
to the primary crack by the process of nanovoid coales-
cence. Xie et al. [30] performed experiments on electrode-
posited Ni sheets (average grain size 26 nm) and CG Ni
in order to determine the difference in the modes of fatigue
crack nucleation. It was found [30] that for CG Ni crack
nucleation occurred in a diffused manner in that a
population of cracks was observed whereas for NG Ni
there was one principal crack and dislocation cell structures
with an average size of 108 nm were observed along the
main crack.

Mirshams et al. [15] found that the fracture toughness of
pure NG Ni produced by pulsed electrodeposition
decreased with an increase in annealing temperature. Their
results were rationalized using the “cluster model” [31].
Here the claim is that a large number of nonequilibrium
vacancies formed during the process of recrystallization
of nanocrystalline materials would segregate and condense
into clusters preferentially residing at the grain boundaries.
These clustered vacancies would weaken the material, and
the number and size of these clusters would increase with
an increase in annealing temperature.

Opposite trends, however, were observed for carbon-
doped NG Ni in that the fracture toughness increased with
an increase in annealing temperature. Charpy impact
energy tests on electrodeposited Co showed that the tough-
ness decreases as the grain size is refined close to 18 nm
[32]. This trend has also been corroborated by fracture
studies on a-Fe and Al [33], which have shown that fracture
toughness decreases with grain refinement. Stress-
controlled cyclic loading experiments conducted on electro-
deposited Ni showed an improvement in fatigue life and
endurance limit with grain refinement in the <100 nm
regime. However, stable crack propagation experiments
on CG, UFG and NG Ni revealed diminishing fatigue
crack growth threshold values with grain refinement [8,10].

The foregoing discussion of prior work clearly illustrates
that: (i) there has been very little systematic work on the
fracture and fatigue crack growth characteristics of nano-
grained metals and alloys; (ii) the limited experimental
information available to date generally appears to indicate
a significant reduction in damage tolerance with grain
refinement into the nanocrystalline regime; and (iii) the loss
of resistance to fatigue crack growth with grain refinement
in NG metals, especially in the near-threshold regime, mir-
rors the trend observed in their CG counterparts [8,10].

Significant strengthening due to grain refinement arises
from the obstruction of dislocation motion at nanoscale
grain boundaries. Similar strengthening can also be
achieved through the introduction of initially coherent twin
boundaries within UFG metals. Recent studies [34–38]
have shown that when a polycrystalline ensemble of
UFG copper (with average grain size in the range of
100–1000 nm) is populated with initially coherent, mechan-
ically and thermally stable nanoscale twins (where the twin
width or spacing is on the order of tens of nanometers), the
ensuing structure exhibits deformation characteristics that
mirror those of nanograined copper whose average grain
size is comparable to the twin spacing in the nanotwinned
(NT) copper. In other words, when nanotwins are intro-
duced in the UFG metal during pulsed electrodeposition,
the material exhibits strengthening characteristics and
strain rate sensitivity comparable to those of a nanograined
metal without twins [34,35,38]. The coherent NT bound-
aries act as barriers to dislocation motion just as grain
boundaries do [36,37,39]. The pile-up of dislocations at
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an incoherent GB leads to a stress concentration that can
result in the nucleation of new dislocations on the other
side of the boundary without altering the character and
energy of the GB. Since the structure of the GB is not
altered, dislocations usually do not glide along the bound-
ary. This limited capability of GBs to accommodate dislo-
cations during deformation manifests in reduced ductility
despite promoting increased strength. On the other hand,
the twin boundaries are not only capable of accommodat-
ing dislocations, but also facilitate glide of dislocations
along the boundary, given their significant local plastic
anisotropy [6,35].

Post-deformation studies of NT specimens have shown
high dislocation density in the vicinity of the twin bound-
aries [35,40]. These attributes of NT copper appear to facil-
itate not only a potent mechanism of strengthening
through the control of twin density at the nanoscale with-
out any change in grain size, but also help retain a signifi-
cant fraction of ductility when strengthening is achieved
through NT refinement. As a result, nanotwinned metals
offer the potential for engineering mechanical properties
with optimized combinations of strength and ductility for
a variety of structural applications by circumventing issues
related to the severe loss of ductility, which are serious
drawbacks of grain refinement strategies involving nano-
grained materials [5,6]. The fact that the electrical resistiv-
ity of coherent twin boundaries is one order of magnitude
lower than high-angle grain boundaries also enhances its
range of applications [41,42].

Only a few cyclic loading studies have been carried out so
far on NT materials, and these have demonstrated
enhanced mechanical stability of twin boundaries. For
example, multilayer copper/copper specimens with nano-
scale twins produced by magnetron sputtering have been
shown to exhibit considerable microstructural stability
and hardness retention even under fatigue loading and
indentation [43]. The twin lamellae thickness dependence
of fatigue endurance limit of the nanotwinned Cu (NT
Cu) was also studied by conducting cyclic tension–tension
tests under constant stress amplitude at room temperature
[44]. Initial results suggest that both the high cycle fatigue
life and fatigue endurance limit increase with a decrease in
the twin lamellae thickness [44]. Cyclic studies done on
NG Ni–Fe alloy with growth twins have shown consider-
able grain growth and detwinning in the path of the fatigue
cracks, with little microstructural change observed in grains
removed from the crack [45]. In addition, large-scale atom-
istic simulations to model the damage tolerance behavior of
NG materials (average grain size �20 nm) with nanoscale
twins have suggested the possibility of an improvement in
fracture toughness with an increase in twin density [46,47].

Copper produced by dynamic plastic deformation
(DPD) under conditions of high strain rate and cryogenic
temperatures has a microstructure with a mixture of defor-
mation twins and nanograins. Qin et al. [48] have shown
that increasing the strain while preparing the specimen
leads to an increase in fracture toughness on account of
increase in the concentration of deformation twins in the
structure. However, the highly heterogeneous microstruc-
ture of DPD Cu comprises both deformation twins and
nanograins, and the percentage of both of them increases
with the imposed strain, so it is difficult to elucidate the iso-
lated role of twin boundaries in influencing the fracture
toughness. To our knowledge, no experimental studies of
the key damage tolerance characteristics involving system-
atic fracture toughness measurements and fatigue crack
growth behavior of nanotwinned metals and alloys have
been reported to date.

The use of pulsed electrodeposition (PED) to produce
nanotwinned copper, while enabling the manipulation of
the grain size and twin density by controlling such param-
eters as current density and time, has thus far resulted in
producing fully dense NT specimens in the form of thin
foils only. As a result, it is presently not feasible to perform
“valid”, plane strain fracture toughness or subcritical plane
strain crack growth studies of fully dense, pure nanotwin-
ned copper produced by PED. Despite this limitation,
careful experiments could be designed to critically assess
the structural effects of introducing nanotwins in UFG
Cu on the relative intrinsic resistance to fracture tough-
ness, fatigue crack growth and damage tolerance by per-
forming linear elastic fracture experiments under plane
stress conditions.

With the aforementioned background information, this
paper reports the outcome of systematic experiments on
the effects of controlled variations in nanotwin density in
a UFG copper with a fixed grain size of approximately
450 nm. The present investigation therefore allows the
effects of varying yield strength through the control of
nanotwin density on fracture resistance and fatigue crack
growth response to be isolated from any effects of grain
size. Tensile tests were conducted on three specimens with
different twin densities but with the same grain size, and
their strength and ductility were determined. Damage toler-
ance was studied by introducing a crack of known length
and applying displacement-controlled loading to the speci-
men until the onset of stable fracture. Subsequently, the
stable crack propagation response was studied in pre-
cracked specimens by optically monitoring the length of
the crack until catastrophic failure. Possible mechanistic
origins of the observations are postulated and comparisons
are made between the relative roles of grain and twin
boundaries in influencing subcritical fatigue crack growth
characteristics and fracture toughness under plane stress
conditions.

2. Materials and methods

2.1. Materials

PED was used to synthesize high-purity copper speci-
mens with nanoscale growth twin lamellae from an electro-
lyte of CuSO4. The grains were equiaxed and the average
grain size for all the specimens was 400–500 nm, but the
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Fig. 1. (a) Schematic of the dog-bone-shaped specimen used for tensile
testing. (b) Specimen geometry for fracture toughness test and stable
fatigue crack propagation experiment. (c) Loading configuration for
applying monotonic load to determine fracture toughness using the P–d
method. (d) Experimental set-up for studying the fatigue crack propaga-
tion, where the specimen was subject to tension–tension cyclic loading,
with the ratio of the minimum load (stress intensity factor) to the
maximum load (stress intensity factor), R = 0.1.
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twin density was varied by modifying the electrodeposition
parameters. Two specimens, one with the highest concen-
tration of twin boundaries with an average twin lamellar
spacing of 32 ± 7 nm (hereafter referred to as HDNT Cu,
i.e. high density nanotwinned Cu) and the other with a rel-
atively low density of twins with an average twin lamellar
spacing of 85 ± 15 nm (LDNT Cu: low density nanotwin-
ned Cu), were produced. The third control specimen,
UFG Cu with essentially the same grain size but with no
significant concentration of twins, was prepared by
direct-current PED. The density of the as-deposited speci-
mens was measured to be 8.93 ± 0.03 g cm�3. The purity
of the as-deposited copper was found to be more than
99.998 at.%, with less than 8 ppm S content. Chemical
analysis also showed hydrogen and oxygen levels to be less
than 15 and 20 ppm, respectively. The specimen prepara-
tion procedure and the structural characterization of the
NT Cu are discussed in detail elsewhere [41].

2.2. Experimental methods

Three different kinds of mechanical experiments were
performed in order to determine mechanical properties
involving smooth tensile specimens, fracture toughness
tests and stable fatigue crack propagation experiments.
Details of these experimental methods and data analysis
are described below.

2.2.1. Tensile tests

The tensile test specimens were made of a dog-bone
shape, with a length of 16 mm, that was prepared using
an electrodischarge machine (Fig. 1a). The thickness of
all the smooth specimens is approximately 40 lm and the
gauge length is 4 mm. Quasi-static tensile tests were con-
ducted on all the specimens at room temperature on a
Tytron 250 (MTS Systems Corporation, Eden Prairie,
MN, USA) microforce testing system (MTS) at a strain
rate of 6 � 10�3 s�1. These tests yielded basic mechanical
properties such as yield strength, tensile strength, strain
to failure and ductility. The specimen strain was measured
by a MTS LX300 laser extensometer.

2.2.2. Fracture toughness determination

Two specimens of each condition (HDNT, LDNT and
UFG Cu) with similar dimensions were tested (Fig. 1b).
A fatigue precrack was initiated to a depth of 1.5 mm in
all the specimens. The specimens were gripped all along
their width, as shown in Fig. 1c. Subsequently, monotonic
loading was applied under displacement control mode at a
rate of 0.5 mm min�1 on the Tytron 250 MTS. The dis-
placement was allowed to increase until the crack propa-
gated catastrophically to fracture. The displacement, d,
was plotted as a function of load, P, and a tangent line
was drawn to the linear part of the initial P vs. d curve.
Subsequently a line having a slope of 95% of the tangent
line was drawn. The point at which the 95% line intersected
the load–displacement curve was the taken as the load, PQ,
at which unstable crack growth ensued. This load was used
to determine the fracture toughness estimates for the differ-
ent materials studied, as described below. Further details of
this method can be found in [49].

The mode I stress intensity factor (KI) directly ahead of
a sharp crack can be expressed in terms of the nominal
stress applied on the specimen (r), crack length (a), the
specimen width (w) and the shape factor f ðawÞ [7]:

KI ¼ r
ffiffiffi
a
p

f
a
w

� �
ð1Þ

The shape factor f ðawÞ depends on the geometry of the
specimen and the loading conditions [7]. Fixed-end dis-
placement loading was used in the present study for both
fracture toughness estimation using the P–d curve and sub-
critical crack growth measurement rather than pin-loading
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(which can induce bending and wave form degradation);
rigid grips help ensure uniform waveforms especially at fre-
quencies above 5 Hz. A model based on the finite element
(FEM) that employs the commercial software package
ABAQUS (SIMULIA, Providence, RI, USA) was con-
structed for the geometry shown in Fig. 1c and computa-
tions were performed with the final aim of estimating
f ðawÞ in terms of ðawÞ for the present loading configuration
and geometry. The J integral for ðawÞ values ranging from
0.1 to 0.7 was obtained through the simulations. The value
of f ðawÞ in turn was extracted from J from Eq. (2) for plane
stress [7]:

f
a
w

� �
¼

ffiffiffiffiffiffiffi
JE
ar2

r
ð2Þ

Using the above analysis, the shape factor was found as
given in Eq. (3), and it is used to evaluate the stress inten-
sity factor in all the cases:

f
a
w

� �
¼ 1:94þ 0:81

a
w

� �
� 2:40

a
w

� �2

þ 4:42
a
w

� �3

ð3Þ

Fracture toughness is obtained by using Eq. (4), where B

is the specimen thickness, w is the width of the specimen
and a is the crack length at which the crack begins to prop-
agate catastrophically:

KC ¼
P Q

BW

ffiffiffi
a
p

f
a
w

� �
ð4Þ

However, in order to evaluate KC for the imposed load-
ing conditions using Eq. (4), it is necessary to ensure that
the small-scale yielding (SSY) condition of linear elastic
fracture mechanics (LEFM) analysis holds. This condition
requires that the size of the plastically deformed material
ahead of the crack tip should be small compared to all
characteristic dimensions, including the length of the crack
and the size of the uncracked ligament. The values of plas-
tic zone radius, rp, under conditions of plane strain and
plane stress are given, respectively, by [50]

rp ¼
1

6p
KI

ry

� �2

ðplane strainÞ ð5Þ

rp ¼
1

2p
KI

ry

� �2

ðplane stressÞ ð6Þ

where ry is the material yield strength. According to the
ASTM Standard E399 [51] (a, w � a, B) P 25rp for a valid
plane strain fracture toughness test. Evaluating 25rp using
Eq. (5) and comparing it to the thickness B of the speci-
mens lead to the inference that B << 25rp for the present
specimens. Therefore all the specimens tested in this work
are more representative of plane stress conditions than
plane strain. Thus Eq. (6) is used to determine rp for all
the cases to assess the validity of the data points. As dis-
cussed earlier, high-quality NT Cu specimens can only be
made at this time in relatively thin foils less than a few hun-
dred micrometers in thickness. Consequently, the fracture
toughness values reported here should be taken to
represent broad material trends that arise due to controlled
micro- and nanostructural variations, and relative values of
damage tolerance characteristics of the different material
conditions studied, not as true indicators in intrinsic, geom-
etry-independent material fracture resistance.

2.2.3. Stable crack propagation experiments

Fatigue crack growth experiments were performed on
two specimens of each condition (HDNT, LDNT and
UFG Cu) at room temperature (approximately 25 �C and
50% relative humidity). The specimen dimensions are indi-
cated in Fig. 1b. An initial cut was made using a sharp
blade ahead of the notch tip before subjecting the specimen
to fatigue in tension–tension cyclic loading in order to facil-
itate the formation of a precrack. The specimens were sub-
sequently electropolished to relieve any surface residual
stresses that could possibly arise from the introduction of
the notch and specimen preparation. Subsequently an ini-
tial mode I fatigue precrack was introduced at the notch
tip to a distance of 0.36 mm ahead of the notch tip (tip
radius �250 lm) by applying tension–tension cyclic load-
ing at a load ratio of 0.1 and frequency of 10 Hz through
a servohydraulic machine. Data gathered during this initial
fatigue precracking process were not included in subse-
quent fatigue crack growth rate analysis in order to avoid
possible effects of initial notch-tip region on the inferred
fatigue fracture characteristics. The specimen was gripped
along its entire width, as can be seen in Fig. 1d, and the
experiment was performed under load-controlled condi-
tions. The crack length was monitored through an optical
microscope, and the crack length a was continuously
tracked as a function of the number of fatigue cycles N.
The value of KI was determined from Eq. (1) using the
value of f ðawÞ given by Eq. (3). The fatigue crack growth
rates and fracture toughness for all the specimens were esti-
mated from a plot of log10(da/dN) vs. log10 DK.

Microstructural characterization on the surface of fati-
gued samples was performed in a scanning electron micro-
scope (Nova Nano-SEM 430) at a voltage of 18 kV.
3. Results

3.1. Tensile properties

The tensile properties of all the specimens were mea-
sured at room temperature, and are listed in Table 1. It is
seen that increasing twin density leads to high values of
strength without compromising ductility. This is consistent
with the previous work done to investigate the effect of
twin density on the tensile properties of NT Cu.

It can be seen that HDNT Cu shows the highest value of
yield strength and tensile strength without a significant loss
of ductility. The values of fracture toughness obtained
from the P–d curve and from the da/dN vs. DK curve indi-
cate that increasing twin density leads to increased fracture
toughness values.



Table 1
Values of yield strength, tensile strength, ductility and fracture toughness for HDNT, LDNT and UFG specimens.

Specimen r0.2 (MPa) rts (MPa) ets (%) KIC ðMPa
ffiffiffiffi
m
p
Þ from the P–d method KIC ðMPa

ffiffiffiffi
m
p
Þ from the da/dN vs. DK curve

UFG Cu 340 ± 30 430 12 12.9 14.9
LDNT Cu 500 ± 50 530 2.7 14.8 17.5
HDNT Cu 720 ± 50 820 5.6 17.2 22.3
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Fig. 3. A plot of the change in crack length vs. the number of cycles with
an initial DK of 6 MPa
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for the HDNT and LDNT specimens,
demonstrating that increasing twin density leads to a decreased rate of
fatigue crack growth.
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3.2. Fracture toughness estimation from the P–d curve

Fig. 2 shows a plot of engineering stress vs. displacement
for all the specimens. To normalize the force variations due
to sample thickness variations, nominal engineering stress
(P/Bw) is used instead of the loading force P. Table 1
shows the values of the fracture toughness obtained from
the P–d curves, illustrating that decreasing twin lamellae
spacing leads to enhanced fracture toughness.

3.3. Stable fatigue crack propagation

Fig. 3 shows a plot of the change in crack length vs. the
number of cycles when multiple load-controlled cycles with
an initial DK of 6 MPa

ffiffiffiffi
m
p

are imposed on the specimens.
This leads to the inference that a decrease in twin lamellar
spacing leads to smaller crack length change over the full
range of cycles. In addition, the rate of increase in crack
length with respect to the number of cycles is also smaller
in the case of HDNT specimen, as can be seen from the
slope of the curves at any point. Thus increasing the twin
density appears to lead to an improvement in fatigue life
under stable crack propagation.

Using a less stringent condition than prescribed in
ASTM E399 [51] for the validity of SSY, i.e. (a,
w � a) > 15rp, Fig. 4a shows the variation of fatigue crack
growth rate log10(da/dN) vs. log10 DK. If we define the fati-
gue transition threshold DKT as the value of stress intensity
factor range at which the crack growth transitions from
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Fig. 2. Engineering stress vs. displacement plot of HDNT, LDNT and
UFG specimens which were precracked to 1.5 mm prior to the fracture
experiment.
stage I (near threshold mechanisms of crack growth) to
stage II (Paris regime [7]) of subcritical crack growth, then
it can be seen from the plot that the fatigue transition
threshold is increased with an increase in twin density.
The high twin density specimen also displays the smallest
crack growth rate at any value of DK. Thus introduction
of nanoscale twins appears to impart improved fatigue
crack growth life in UFG Cu. This behavior of nanotwin-
ned metals is in distinct contrast to prior results on nano-
grained metals that show a higher endurance limit but
poorer resistance to fatigue crack growth upon grain refine-
ment [8,10]. However, in our experiments HDNT Cu shows
higher yield strength and thus greater crack initiation resis-
tance, as well as a longer stable crack growth life. Fig. 4b
shows that some of the data points become invalid if the
stricter validity condition for SSY required in the ASTM
E399 standard is imposed for the use of K in characterizing
fatigue crack growth, which is (a, w � a) > 25rp from Eq.
(5). However, even after imposing this stricter condition,
the data obtained for both the specimens of HDNT Cu
remain valid and for LDNT Cu data one specimen out
of two continues to be valid. For UFG Cu, the data turn
out to be invalid. However, since UFG Cu has the lowest
yield strength, and hence the largest plastic zone size at
any given K, of the three conditions employed in this study,
any effect of plasticity would be expected to be more “for-
giving” for fatigue fracture in that UFG Cu would be
expected to result in slower crack growth rates if violation
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tolerance as DKT is increased with a decrease in twin lamellar spacing.
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of SSY were to alter the trends. With such an expectation,
it is evident, even with the stricter specimen size require-
ment for valid use of stress intensity factor in Fig. 4b, that
increasing twin density leads to an increase in resistance to
fatigue crack growth.

Fracture toughness can also be estimated using the value
of Kmax at which fatigue crack growth rapidly transitions
from subcritical to catastrophic failure. Specifically, this
transition is taken as the maximum stress intensity factor
corresponding to the DK at which there is a rapid rise in
the slope of the log10(da/dN) vs. log10 DK curve immedi-
ately preceding catastrophic fracture in Fig. 4a. (Note that
Kmax = DK/(1 � R).) Table 1 lists the relative fracture
toughness estimates so obtained for the three materials
studied in this work. The fracture toughness estimated in
this way also shows the highest crack initiation toughness
for the largest density of nanotwins, fully consistent with
the estimates obtained from the P–d curves in the quasi-
static fracture toughness tests described earlier. Thus
increasing the twin density in UFG Cu appears to render
it more defect-tolerant.
4. Discussion

Many studies on conventional microcrystalline materi-
als have shown that decreasing the grain size leads to a
lower value of fatigue crack growth threshold DKth, lower
fatigue crack growth transition threshold DKT and higher
nominal driving force for fatigue crack growth close to
the threshold regime [7,8]. In the present study the grain
size was kept constant for all specimens, but another struc-
tural length scale, i.e. the nanotwin lamellar spacing, was
varied. The impediment to dislocation motion due to the
presence of twin boundaries is seen to result in higher
strength, but the nanotwins also lead to higher values of
DKT (Fig. 5), lower crack growth rate and higher fracture
toughness.

It is well known from studies of microcrystalline materi-
als that fatigue crack growth rates close to the threshold
regime are very sensitive to the microstructure, loading
ratio and environment [7]. During stable near-threshold
fatigue crack growth in microcrystalline metals and alloys,
the plastic zone size is typically smaller than the grain size
and crack growth occurs predominantly by planar slip in
the direction of the primary slip system (so-called stage I
crack growth). Since such crack growth occurs by single
shear, the crack can continue to propagate locally along
the primary slip plane within the grain, away from the
nominal mode I growth plane, until deflected by an obsta-
cle such as a high-angle grain boundary. As can be seen in
Ref. [10], a larger grain size leads to higher tortuosity as the
crack continues along a non-mode I deflected path. Higher
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tortuosity in crack growth leads to a smaller driving force
for crack advance and a smaller effective crack growth rate
[7,52]. Besides, larger grain size can promote bigger surface
asperities, which also contribute to enhanced crack closure;
this results in reduced crack growth rates at a given nomi-
nal value of stress intensity factor range [7,52].

In the present study the grain size was kept constant in
all the materials but the twin density was varied. The fact
that increasing the twin density leads to an improvement
in fatigue crack growth life may be better understood in
terms of the following arguments. First, grain boundaries
and twin boundaries influence subcritical fatigue crack
growth in stage I in different ways due to the strong depen-
dence of crack propagation on crystallography. The twin
boundaries inside each grain are parallel to one another
and for face-centered cubic (fcc) metals the twin bound-
aries are also the (1 1 1) slip planes. Due to the strong plas-
ticity anisotropy, shear deformation parallel to the twin
boundaries is much easier than that in slip systems that
have slip planes not parallel to the twin planes [6,35]. This
crystallographic preference to move along a single slip
plane would not be seen in UFG Cu without twins in which
the crack can move along all slip systems (where the direc-
tion within each grain along the crack path would be deter-
mined by the local driving force). In nanotwinned Cu, a
stage I fatigue crack would likely be parallel to the twin-
ning planes within a grain, since twin boundaries unlike
grain boundaries cannot veer the propagating crack back
to the direction perpendicular to the loading direction
(until the crack hit the next grain with a different twin
boundary orientation). Thus the crack path tortuosity, size
LDNT Cu

UFG Cu

HDNT Cu

3mm

(a)

(b)

(c)

Fig. 6. SEM images of UFG (a), LDNT (b) and HDNT Cu (c) subjected to
higher magnification images of (a), (b) and (c) respectively. The three crack p
surface roughness, showing that these parameters are not significantly influence
three cases).
of the crack surface asperities and mismatch between the
crack faces would be mainly influenced by the grain size
but not the twin lamellae spacing. SEM images of the crack
profiles also reveal this, as can be seen in Fig. 6, where the
crack profiles of all the specimens bear close resemblance to
each other in terms of crack path tortuosity, surface rough-
ness and deflection angle on account of having similar
grain sizes. Secondly, the fact that decreasing twin lamellar
spacing improves fatigue life implies that strength alone as
a parameter could be beneficial for stable crack growth life
if other parameters are kept fixed for the present materials.
Indeed, higher yield strength leads to a lower value of the
maximum crack tip opening displacement. The value of
the maximum or instantaneous crack tip opening displace-
ment (CTOD) at K = 6 MPa

ffiffiffiffi
m
p

for the three specimens
can be estimated using the formula:

CTOD ¼ dn
K2

I

Ery
ð7Þ

The value of dn varies from 0.3 to 0.8 as n changes from
3 to 13 [53]. The CTOD values for the HDNT, LDNT and
UFG specimens are estimated to be 250, 360 and 528 nm
respectively when dn is taken as 0.6. The previous discus-
sion showed that the height of the microstructural surface
asperities depends on the grain size and not on the twin
density, and hence it can be deduced that a higher twin
density would induce relatively more roughness-induced
crack closure due to a smaller value of CTOD, leading to
better stable crack growth life under cyclic loading. Some
earlier studies that formulated empirical models to ascer-
tain the fatigue crack growth threshold and fatigue transi-
300μμm

(d)

(e)

(f)

load-controlled cyclic loading at a frequency of 10 Hz. (d), (e) and (f) are
rofiles are similar in terms of crack path tortuosity, deflection angle and

d by the twin density (given that the grain size is essentially the same for the
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tion threshold as a function of mechanical properties also
support this observation. For example, models proposed
by Donahue et al. [54] suggest that the threshold for the
beginning of perceptible crack growth occurs when the
crack tip opening displacement becomes comparable to
the critical microstructural length scale.

DKth /
ffiffiffiffiffiffiffiffiffiffiffi
ryEl�

q
ð8Þ

where l� is the relevant microstructural length scale. It has
been shown by Yoder et al. [55] that cyclic plastic zone size
instead of the CTOD needs to reach a critical microstruc-
tural length scale in order to reach the transition threshold,
leading to the formulation

DKT / ry

ffiffiffiffi
l�
p

ð9Þ
Proceeding on the same lines, the threshold is also postu-

lated to be attained when the shear stress needed to nucleate
and move a dislocation reaches a critical value [56]:

DKth / s
ffiffiffi
b
p

ð10Þ
where b is the magnitude of the Burgers vector. Although
all these formulations do not exactly capture all the com-
plexities of the structural variations possible, they under-
score the notion that threshold decreases with a decrease
in structural length scale but increases with an increase in
strength. In the present study the grain size is kept constant
for all the cases; however, the strength increases with an in-
crease in twin density. These models capture our result of
the fatigue transition threshold increasing with twin den-
sity, as the grain size (not the twin lamellar thickness) is
the critical microstructural length scale.

For stage II fatigue crack growth, the crack advances by
a process of duplex slip along two slip systems [57]. This
results in a planar (mode I) crack advance normal to the
loading axis. The growth in stage II is not found to be
microstructure sensitive, unlike stage I. Unlike the faceted
fracture surface in stage I, the fracture surface in stage II
normally shows striations. The crack advance is shown to
occur via crack tip blunting and the striations manifest
the amount of crack extension in one cycle in most ductile
fcc metals. In the current study, no obvious striations were
observed in all specimens tested. However, as can be seen
in Fig. 4, the rate of crack growth is lowest for HDNT
Cu and increases with a decrease in twin density.

Subsequent to stage II fatigue crack growth, the crack
advances rapidly and the specimens are expected to fail
in a ductile manner by void nucleation and growth. It
can be seen in Fig. 7 that fracture toughness of Cu is
enhanced by decreasing the twin lamellar spacing. How-
ever, an opposite trend has been observed in earlier studies
for nanograined materials, where grain refinement leads to
poor damage tolerance and diminished values of fracture
toughness [15,32]. Strain energy accommodation by plastic
work is limited in nanograined materials due to curtailed
dislocation activity, which is also one important
reason behind the poor ductility of NG materials. In
displacement-controlled testing, high stress concentration
at the grain boundaries arises due to limited plasticity for
NG metals, which makes the process of void nucleation
at the grain boundaries even more severe. However,
increasing twin density can lead to enhanced plastic strain
accommodation due to the high area of twin boundaries,
which are principal sites for accumulation and pile-up of
partial dislocations. This, in turn, could contribute to
enhanced values of fracture toughness, as has been
observed in the current study.

5. Conclusion

This work reveals for the first time that high twin density
in UFG copper provides a unique combination of strength,
ductility, fracture initiation resistance and damage toler-
ance during stable fatigue crack growth. The fracture
toughness values show marked improvement with the
introduction of nanotwins. During fatigue crack growth,
grain and twin refinement are different mechanistic pro-
cesses in terms of their influence on crack path tortuosity
and crack surface roughness. Because twin planes are also
slip planes in fcc metals and there exists strong plastic
anisotropy, this suggests that stage I fatigue crack propaga-
tion is likely to occur parallel to the twin planes within each
grain along the crack path and thus these intra-grain twin
planes, unlike grain boundaries, can more easily facilitate
stage I, serrated (and locally non-mode I) fracture trajec-
tory. Electron microscopy investigations would be helpful
to further confirm these inferences. Indeed, our study has
shown that HDNT Cu, which has the highest strength,
also showed relatively the best fatigue crack growth resis-
tance. On the other hand, UFG Cu with essentially no
nanotwins showed the poorest plane stress fatigue initia-
tion toughness and subcritical fatigue crack growth
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response of the three materials studied here. In spite of
their unique combination of properties, it is challenging
at this time to produce homogeneously nanotwinned Cu
in bulk, which is essential if it is to be employed in any
structural applications. It is also not yet an easy task to
introduce nanotwins in many other important structural
materials. Further progresses in processing methods would
help exploit the beneficial damage-tolerant properties iden-
tified in this work for metals containing coherent nanoscale
twins.
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