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In most technical applications, fatigue is related to highly localized load distributions. While high-pressure
torsion (HPT) materials cannot prevent crack initiation, they promise to improve the resistance to crack
nucleation and propagation. Herein, commercially pure Cu was processed through HPT at a pressure of 6 GPa up
to 50 turns. Small “cantilever” type samples were fabricated from annealed and HPT samples. The cantilever
samples were subjected to fully-reversed cyclic bending. The maximum stress amplitude was chosen to reach the
high cycle fatigue regime, and the experiments were stopped when the resonant frequency decayed by 20%.
Compared to the annealed samples, the HPT samples showed higher lifetimes. The grain size in the HPT samples
remained stable during fatigue, and dislocation substructures, a stacking of parallel dislocations, could be
observed in all samples. In HPT samples, the area fraction of surface micro-cracks increased with the local stress
amplitude. This can be attributed to the inhibition of crack nucleation at low stresses due to the high strength of
HPT samples and the crack arrest at the boundaries of their ultra-fine grains. The obtained insights into the
microstructure-fatigue response relationship are vital for understanding the initial stages of fatigue failure in

ultra-fine-grained materials and their technological adoption for applications in extreme environments.

1. Introduction

Over the past three decades, severe plastic deformation (SPD) has
been widely investigated and applied for fabricating ultrafine-grained
(UFG) materials [1-5]. These UFG materials often show high strength
at room temperature due to the grain boundary strengthening (i.e., Hall-
Petch relationship) and high ductility at moderately high temperatures
due to the onset of superplasticity. Although a few studies have shown
that SPD processing may lead to a simultaneous increase in both the
strength and the ductility [6-10], these materials often show poor
ductility at low temperatures. This manifestation of the strength-
ductility paradox, i.e., mechanical processing leads to an increase in
either strength or ductility and seldom both [6], has an interesting
implication on the room temperature fatigue life of SPD processed UFG
materials: They have superior fatigue resistance as compared to the
coarse-grained (CG) materials in the high cycle fatigue (HCF) regime
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due to their higher strength; however, they show inferior resistance to
the low cycle fatigue (LCF) due to the poor ductility [11-15]"" In prac-
tice, a heat treatment that may enhance the ductility and minimize the
microstructural instabilities under cyclic loading, such as short-term
annealing resulting in lowering of the grain boundary energy and for-
mation of bimodal grain size distribution [10], may enhance the LCF life
of the SPD processed UFG materials [12,16]. Besides short-term
annealing, microstructural instabilities, such as dynamic grain growth,
recrystallization, etc., in the SPD-processed UFG materials occurring
during the cyclic loading, which may induce cyclic softening and sig-
nificant shear banding that are often considered detrimental to fatigue
life, may also be minimized by lowering the purity of the material [15]
and alloying [12,17]. Hence, a low purity metal, such as commercially
pure (CP) Cu (instead of high purity Cu) [15], may be better suited for
directly comparing the fatigue response of the annealed coarse-grained
(CG) and SPD processed UFG materials. On the other hand, grain growth

1 Similar to the coarse grain materials, the UFG materials also follow the classic Basquin and Coffin-Manson laws in the HCF and LCF regimes, respectively,

however, with different coefficients and, possibly, exponents [12,15,44].
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in UFG materials has often been reported in high purity UFG materials
subjected to cyclic loading [18-21].

Commercially pure Cu is an excellent electrical conductor; however,
it has relatively poor mechanical strength. This sub-optimal “strength-
conductivity” combination limits its application in the high demanding
electrical transmission and connector applications. However, processing
of CP Cu by high-pressure torsion (HPT) to high strains (e.g., > 200)
results in a remarkable increase in the strength (> 300%), without a
significant loss in the electrical conductivity (< 30%). Moreover, these
properties remain stable during prolonged storage under ambient con-
dition, i.e., natural aging [22-25]. It should be noted that HPT is one of
the severe plastic deformation (SPD) methods that is quite effective in
imposing very high plastic strains into the sample in a short time [1]. In
this context, examination of the fatigue life of HPT-processed CP Cu,
therefore, may further provide important information about the struc-
tural reliability of the SPD-processed UFG Cu for long-term applications.
Interestingly, the fatigue response of the SPD-processed UFG Cu has
been studied in both low and high cycle fatigue regimes [12-15];
however, similar studies on HPT-processed Cu are rather limited [15]. In
practice, the HPT-processed material exhibited longer HCF life as
compared to CG material as well as UFG Cu fabricated using equal-
channel angular pressing (ECAP) [15], which is another widely used
SPD process [4]. However, the HPT samples were noted to be susceptible
to an increased crack propagation once the crack was nucleated. Sig-
nificant shear banding occurs in these samples, which often become the
preferred sites for crack nucleation. However, microstructural exami-
nation focusing on the evolution of dislocation substructure and the
distribution of the surface cracks during the initial stages of fatigue of
HPT Cu is limited. Since the time taken for the initial stages of the
damage accumulation accounts for the significant fraction of the HCF
life, understanding the effect of HPT on the above is quite important.

Accordingly, this study aims to examine, in a high throughput
fashion, the effects of HPT on the distribution of the surface cracks as a
function of stress and the formation of dislocation substructure in the CP
Cu during the initial stages of the fatigue damage in the HCF regime.
While similar dislocation substructures formed in both the CG and the
HPT samples, the distribution of surface cracks and the number of cycles
required to damage the samples by the same ratio were significantly
different in these two kinds of samples. A qualitative relationship be-
tween applied stress amplitude, grain size and distribution of surface
cracks is established to understand the initiation of fatigue damages in
CP Cu.

2. Experimental material and procedure

Electrical grade CP Cu was machined into disks of 10 mm diameter
and 1 mm thickness, which were then isothermally annealed at 600 °C
for 1 h for homogenizing the microstructure and removing the residual
stresses induced during machining. Subsequently, a few of the disks
were thinned down to a final thickness of 0.85 mm by metallographic
polishing and processed through quasi-constrained HPT [26] for 50
turns at room temperature while applying a pressure of 6 GPa.

Samples for fatigue tests were fabricated from both the annealed (i.
e., coarse-grained) and the HPT processed Cu samples.” Samples of
specific dimensions, having a gauge length of 0.8 mm (see Fig. 1a), were
machined using micro-electrical discharge machining (p-EDM). The
sides of the samples were machined with a gradually decreasing feed-
rate, so that a smooth surface (roughness, R, ~ 2 pm) could be ob-
tained. Following p-EDM, both the flat faces of the samples were
metallographically polished down to 40 nm colloidal silica. Following
metallographic polishing, the thickness of the annealed CG and the HPT

2 HPT samples were stored under ambient conditions for about two months
before tests were performed. However, microstructure of 50 turns HPT sample
did not evolve during natural aging up to, at least, 21 months [22,23].
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samples were approximately 1 mm and 240 pm, respectively. Although
the equivalent strain, eeq, imposed by HPT varies linearly with the dis-
tance away from the center of the disk, r (i.e., eeq ~ 1) [1], the effect of
HPT strain on the microstructure (e.g., grain size, misorientation, etc.)
and properties of the CP Cu often saturate beyond a few tens of strain
[23]. Here, the average HPT strain in the gauge section of the fatigue
sample was ~400 and hence the microstructure of the entire sample can
be assumed to be homogeneous, with an average grain size of ~300 nm.
The average grain size of annealed CG samples was ~11 pm. Hence,
there would be approximately 800 and 90 grains across the thickness of
HPT and annealed samples, respectively. Details of microstructural and
hardness analysis, along with the stability under room temperature
aging, of the HPT Cu samples are available in references *>%°,

Fatigue tests were performed using a custom-designed resonant fa-
tigue setup. The details of the test setup are available in [27], and here
some of the salient features of its working principles are described with
the help of the schematic illustrated in Fig. 1b. One of the ends of the
fabricated “cantilever” sample was affixed to the “rigid” structure of the
setup via a spring, and this end was then pushed to-and-fro in the out-of-
plane direction by a piezo-actuator at the resonant frequency of the
sample. The resonant frequency of the samples, depending on their di-
mensions and mass attached at the bottom (see Fig. 1b), varied between
385 and 450 Hz. The piezo-actuator applied a deflection amplitude near
the bottom-end of the spring (where it is attached to the sample — see
Fig. 1b) that corresponded to a desired maximum stress amplitude,
Oamax, at the top-end of the gauge length (i.e., at the beginning of the
shoulder section) of the sample (see Fig. 1a). Finite element analysis
(FEA), using ANSYS® and assuming linear elastic theory, was used to
estimate the stress field across the length of the sample for a given
deflection: Fig. 1c shows a representative stress distribution, clearly
demonstrating that the highest stress was concentrated near the fixed
end of the gauge section, however, away from the dove-tail section of
the sample. The deflection of the free-end was continuously monitored
using a laser-based measurement system. It should be noted that the
stress at a point on the surface of a sample varied linearly with the
distance away from the free (or loading) end of the sample, and its value
fully reversed during one cycle. Hence, the stress ratio, R, in these tests
was —1. Fatigue experiments on HPT samples were performed at 64 max
values of 170, 185 and 200 MPa, and annealed samples were tested at o4,
max vValues of 80, 150 and 172 MPa. Since the yield strength of 50 turns
HPT sample was ~500 MPa (based on hardness value [22,23]), and the
yield stress of annealed Cu is >170 MPa at strain rates of >10"3 571
[28,29], the maximum stress amplitudes used here for conducting fa-
tigue tests were below the yield stress.

As the fatigue progresses, it induces the formation of defects in the
sample (e.g., surface micro-cracks), resulting in a decrease in its stiff-
ness. With the decrease in the stiffness, the resonant frequency of the
sample also decreases. All tests were stopped after a 20% decrease in the
resonant frequency, f, was observed (i.e., Af/fo = 0.2, where fy is the
initial resonant frequency). A few tests were repeated to examine if the
trend varied noticeably; however, here, the data corresponding to the
sample registering the highest number of cycles before the above test
termination criterion was met are reported. This, therefore, enables
discussion based on the most fatigue-resistant sample for a given test
condition.

Following a fatigue test, both the flat surfaces of the sample were
examined using an optical microscope and a scanning electron micro-
scope (SEM). To gain further insights into the formation of dislocation
substructure, which often reveals the vital signatures of the operational
fatigue mechanism, a transmission electron microscope (TEM) was used
to examine the thin lamellae obtained from a region near the surface
micro-cracks in both types of samples. 80-90 nm thick lamellae were
fabricated using the focused ion beam (FIB) machining. TEM imaging
was performed using Titan Themis 300 kV system (however, it was not
aberration-corrected). Since CP Cu is a standard FCC material, the zone
axis (ZA) was kept as [101] for obtaining the diffraction pattern so that
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the sample maneuvering for dislocation imaging could become easier.
The samples were then tilted to a particular direction according to the g.
b = 0 criterion, where g and b are reciprocal ZA vector and Burgers
vector, respectively, for imaging dislocations in a grain.

3. Results and discussion
Fig. 2a shows the number of cycles, N, required to reduce the reso-

nant frequency of annealed and HPT Cu samples by 20% (i.e., Af/fy =
0.2) for a given maximum stress amplitude, 6qmax. Since the major

(a) (b)

1: Piezo-actuator . . . .
2: “Cantilever” sample “Rigid" - fxture tained using FEA, in a sample during a
3: Laser extensometer
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Fig. 1. Schematic illustrations of the (a)
“cantilever” fatigue samples, along with the
relevant dimensions, fabricated from the
annealed and the HPT Cu disks, and (b)
experimental setup used to perform fatigue
experiments in bending by exciting the

4

P 1 - v “cantilever” sample at its resonance fre-
2

M

quency. A mass was attached to the sample
to tune the resonant frequency of the sam-

, 3 ple. The drawing of the setup is adapted

from reference *’. (c) Representative distri-
bution of bending (normal) stress, as ob-

bending fatigue test.

Note: Not to scale

fraction of the high cycle fatigue (HCF) life is spent in the crack nucle-
ation and Stage I growth of the micro-cracks, the trend shown by the
variation of above calculated N as a function of 64 maqx may reasonably
represent the fatigue life of the material. The “S-N" curve shown in
Fig. 2a readily reveals that the fatigue response of both types of samples
under the applied test conditions lay in the HCF regime, which is
consistent with the assumption that the global stresses in the sample did
not exceed the yield strength of both types of samples. Furthermore,
Fig. 2a suggests that the HPT samples could be more fatigue resistant
than the annealed CG samples (e.g., for 64 max of ~170 MPa, number of

T
Cu
Ref.  Purity Grain Size Processing
o @ Present CP 10um annealed
n B Present CP 300nm 6 GPa 50 ot
] Oség v- O 3] - 250nm 1016 pass ECAE
o o & & O [31] 998% 305nm  6ECAP passes
Ll A 1] 998%  30um initial
v S ¥  [15] 99.9% 150-200 nm HPT 2 GPa 2 tum
o < Vw O 06
> < > [32]  99.9% 50-70um
s} - N OO J—— B2 99.9% "
(o) L3 & [32)  99.9%  300nm 8 ECAP passes
ADDDBQ = g}o kHz
. . . L .

T T
Commercially Pure Cu 300 |2 ©
200 O =-O-- Annealed foal
T~ < HPT, 50 T
y S~ B urns
O~ T4
.. 200 o
—_ .0
g 7 a
< o
= =}
g % 100 HZ
o° - g
100 |- 0" 100
20 ¢ 90
80 80
70 | 7Y =5.22e+03* x\(-0.23) Q= 0.987 70
— —y=1.17e+03 * x\(-0.123) Q=0.94 60
60 ‘
10° 107 10° 50 ‘
10° 10

Number of cycles

.
10° 10° 10" 10® 10° 10" 10"
Number of cycles

Fig. 2. (a) An “S-N” type plot showing the effect of maximum stress amplitude, 64 max, On the number of cycles taken to failure (i.e., Af/f = 20%) for the annealed CG
and the HPT processed UFG Cu samples. The broken lines are the best curve-fits, using the Basquin equation (which is given in the legend, along with the value of the
regression parameter, Q, for both the types of samples), and (b) a plot comparing the fatigue life of commercially pure Cu reported in this study with the literature on

the relatively pure Cu. The data shown in (b) is taken from [15,30-32].
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cycles to “failure” for HPT and CG samples were 6.6 x 10° and 2.3 x 105,
respectively). It also suggests an improvement in the fatigue life due to
the HPT processing would be quite pronounced at lower 6qmax- The
apparent higher HCF life for SPD processed UFG materials is consistent
with previous reports [12,15] as shown in Fig. 2b, which compares the
fatigue life of Cu obtained in the present study and earlier studies on CG
and UFG Cu of low purity. The trend reported in the earlier studies,
when examined individually, reveals an increased fatigue life of UFG Cu
as compared to the CG Cu. Although differences in the definition of fa-
tigue failure (e.g., a decay in the resonant frequency by 20% in this study
while complete fracture of samples in a few other studies) and the wide
scatter associated with the fatigue life data of Cu, as shown in Fig. 2b,
restrict quantification and direct comparison, the overall trend obtained
in this study using fewer samples and lesser number of tests confirms
high throughput nature and efficacy of the “cantilever” fatigue bending
test methodology. In practice, the plots shown in Fig. 2 provide a
simplistic and qualitative way of comparing the data obtained from the
above-defined fatigue life (i.e., drop in resonant frequency by a certain
fraction) with the previously published data.

Figs. 3a-c show a few representative optical micrographs revealing
the formation of micro-cracks on the surfaces of the HPT samples at o,
max Of 170, 185 and 200 MPa, respectively. Since several micro-cracks
originated away from the edges of the samples (e.g., the center of the
flat faces of the samples), the design and fabrication of the test samples
can be considered to inhibit the formation of pre-existing stress con-
centrators associated with sample machining (e.g., the sharp edges,
chamfers, etc.). The insets in these micrographs show a few micro-cracks
at higher magnification(s). Significant shear banding can be observed in
the vicinity of the micro-cracks. Furthermore, several small micro-cracks
are also evident in the shear bands (see inset showing the highest
magnification micrograph in Fig. 3a), which might coalesce to form a
longer micro-crack. These clearly highlight the important role of shear
bands in the nucleation of micro-cracks in these samples during cyclic
loading.

As shown in Figs. 3a-c, the spread of the shear-banding and
plasticity-affected region in the vicinity of the micro-cracks spread to a
region much larger than grain size (i.e., ~300 nm). This might be
attributed to the agglomeration of similarly oriented grains (with a little
in-plane misorientation between them). Although the HPT sample did
not show an overall preference for a crystallographic texture, groups of
grains of similar orientation were often observed together (see Fig. 4).
Such groupings may induce the spread of plasticity in the neighboring
grains from the favorably oriented grain that might have formed a sur-
face micro-crack at first.

Figs. 3a-c also reveal that the area fraction of the surface micro-
cracks in each test condition was higher near the fixed end, where the
stress amplitudes were the highest. Further, a comparison of Fig. 3a-c
indicates that as 64 mayx in these “cantilever” samples was increased, the
extent of the region filled with discernable surface micro-cracks also
increased. Interestingly, a close inspection of Figs. 3a-c reveals that the
area fraction of the surface micro-cracks gradually decreased away from
the fixed end (i.e., as the stress amplitude decreased); however, the
micro-cracks ceased to form beyond a certain distance from the fixed
end, suggesting a presence of the threshold of the stress amplitude, g,
where the region below this value did not form the surface cracks in the
HPT samples.

To gain some quantitative insights into the effect of 6, on the micro-
crack formation, the variation of the area fraction of micro-crack region
was plotted as a function of ¢, (see Fig. 3d). The value of 6, on the
surface of the sample corresponds to its undamaged state (which was
determined using FEA, assuming linear elasticity). The area fraction of
the region with surface micro-cracks was measured using ImageJ®, an
image analysis software. Here, the gauge section of a sample was divided
into numerous small rectangular sections of 100 pm in height and 500
pm in width (i.e., equivalent to the width of the gauge section), and the
area fraction of the surface cracks in each section of the sample was
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calculated by applying the threshold contrast in the ImageJ®. Fig. 3d
clearly reveals that, within the scatter of data, the area fraction of the
surface micro-cracks decreased with o, and negligible micro-cracks
formed below a certain o, value. It should be noted that all datum
points shown in Fig. 3d were obtained from testing only 3 samples,
which clearly demonstrates the efficacy of test setup in enhancing the
throughput.

For comparison purposes, Fig. 5a and b show a few representative
SEM micrographs showing the visible surface cracks in the annealed CG
Cu samples after fatigue loading at ogmax of 80 and ~ 170 MPa,
respectively; here, the gauge lengths of the fatigue samples are vertical
in the micrographs. In practice, the surface cracks in the CG Cu samples
could not be discerned using an optical microscope (i.e., at low magni-
fications) and hence an SEM was used to obtain relatively higher
magnification micrographs for observing surface micro-cracks. Similar
to Fig. 3a-c, Fig. 5a and b also show the presence of shear banding and
the formation of micro-cracks in their vicinity and hence shear banding
was not associated with only UFG samples. However, the overall length
and the area fraction of the surface micro-cracks in the annealed CG
samples were significantly smaller than those in the HPT samples. This is
confirmed by Fig. 5c¢, which shows the variation of the fraction of the
area wherein the surface micro-cracks formed in the annealed CG
samples after the fatigue tests as a function of stress amplitude. Although
the area fraction of the surface micro-cracks in the annealed samples
decreased with o4, as was shown in the HPT samples, the values of area
fraction in the annealed samples were considerably smaller at the higher
stresses (e.g., 160 MPa). However, while the HPT samples did not show
noticeable surface cracks at the lower stresses (e.g., < 145 MPa), the
annealed samples continued to accumulate surface cracks at signifi-
cantly lower stress (e.g., up to 120 MPa). Overall, consistent with Fig. 2,
the microstructural analysis also indicates that HPT processing sup-
presses crack nucleation quite effectively in the low-stress regime,
resulting in a significantly longer HCF life.

Hence, based on the observations in Figs. 2, 3 and 5, the following
three inferences can be extracted: HPT processing leads to (i) enhance-
ment in the HCF life, (ii) inhibition of cracking at low stress amplitudes,
and (iii) formation of a significantly large number of the surface micro-
cracks at higher stress amplitudes. The last two apparently opposing
effects can be explained based on the grain-refining effect of the HPT
that strengthens the material. Since all tests were terminated when a
fixed reduction in the resonant frequency was observed, one may
reasonably assume that a similar fractional reduction in the effective
stiffness of the sample must have occurred when the tests were termi-
nated. In other words, the effect of the surface micro-cracks on reducing
the effective stiffness (and hence resonant frequency) of all samples,
irrespective of the grain sizes, should be equivalent. Accordingly, as only
a few micro-cracks were observed in the annealed samples, they must be
longer than those observed in the HPT samples to result in a decrease in
the stiffness by the same fraction. Hence, the micro-cracks in the HPT
processed samples would be confined to near the surface region, which
is reasonable as penetrating deeper through several high angle grain
boundaries (HAGB)® is generally considered less favorable for the fa-
tigue micro-cracks as their growth is plasticity controlled [33]. Hence, as
schematically shown in Fig. 6 where the red arrows represent the micro-
cracks originating from the surfaces, grain boundaries act as an efficient
barrier for these micro-cracks. Due to their inability to grow deeper into
the UFG material, a larger number of surface cracks must be formed to
result in a consistent change in the stiffness of the sample. Since fatigue
life is primarily dependent on the longest of the cracks, the HCF life of
the annealed samples would be lower than the HPT samples; this is
consistent with the observations in this study as well as a few previous

3 HPT processed UFG materials often comprise a very high fraction of HAGB,
especially if the imposed strain is very high (e.g., ~400 for HPT processed CP
Cu) [1,4,22].
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Fig. 3. Optical micrographs of the surface of the HPT Cu samples after the bending fatigue tests: 64 max = (a) 170, (b) 185 and (c) 200 MPa. The fixed end was near
the bottom of each micrograph. A few high magnification micrographs obtained using SEM are shown in the inset. (d) Variation of the area fraction of the micro-
cracks as a function of 6, on a log-log scale. Both flat surfaces of each sample were examined, and the area fraction of both sides is averaged. A “band” covering the
scatter in the data is shown in (d) to highlight the overall trend.
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Fig. 4. Electron back-scattered diffraction (EBSD) maps showing the distribution of near (a) (001)-, (b) (101)- and (c) (111)-oriented grains in the sample processed
through HPT up to 50 turns. The mentioned orientation is normal to the plane, and the white and dark regions show the maximum and minimum presence of the
particular orientation, respectively. The area fraction of near (001), (101) and (111)-oriented grains were approximately 37, 16 and 47%, respectively. The maps
shown here are representative of the gauge section of the fatigue samples. The microstructure of the sample throughout the gauge section is expected to be reasonably
uniform after 50 turns of HPT processing [22,23].
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(b)

Fig. 5. SEM micrographs of the annealed CG Cu samples following the bending fatigue test performed at 64 max of (a) 80 and (b) 172 MPa. (c) Variation of the area
fraction of the surface micro-cracks as a function of ¢, on a log-log scale. Both flat surfaces of each sample were examined, and an average of both sides was plotted.

Data shown in Fig. 3d are also shown here for quick reference.

(a)

(b)

Fig. 6. Schematic illustration of the effect of grain size on the growth of surface micro-cracks under fatigue loading: (a) UFG and (b) CG samples. Arrows represent a
few of the micro-cracks originating from the surface. Intragranular cracks are shown in red, while intergranular cracks are shown in yellow. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

studies reporting the total fatigue life [12,14,15]. Overall, it can be
concluded that damages in the HPT processed Cu samples were limited
to the surface only, and it took longer to generate equivalent damage in
the HPT processed samples. This provides a mechanistic explanation for
the enhancement in the HCF life of UFG materials.*

The origin of fatigue crack nucleation and propagation is extensively

4 The difference between the crack penetration depth into the sample cannot
be attributed to the prevalence of large stress gradient (and hence fast drop in
the stress across the thickness) in the thinner HPT samples. As a surface micro-
crack nucleate and grow, the stress at its tip increases to satisfy the force
balance.

studied. Possible crack nucleation sites during fatigue include regions of
stress concentrations, inhomogeneities, triple junctions, grain bound-
aries, shear bands, etc. [34,35] As the grain boundaries may also provide
a less tortuous path in a UFG material, it is suggested that intergranular
fracture can be prevalent in UFG materials during fatigue [36,37]. In this
context, a transition from intragranular to intergranular fracture with a
reduction of grain size has also been suggested [38]. On the contrary,
only intragranular fracture was reported in UFG Ti [39]. Due to the
extensive shear banding in the present study and the size of the shear
bands and surface cracks larger than the grain size of UFG Cu, it makes it
difficult to analyze and comment on the relative importance of inter-
granular crack propagation compared to the intragranular crack.
Nevertheless, the role of grain boundaries in effectively arresting
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intragranular cracks, which is expected to play a significant role in fa-
tigue failure, and hence enhancing the fatigue life of UFG Cu compared
to CG Cu is a reasonable assumption.

To further understand the effect of the HPT processing on the for-
mation of dislocation substructure, which is known to control the fatigue
life of materials [33,40,41], the thin lamellae of both annealed and HPT
samples, fabricated near a region containing a micro-crack within 10 pm
depth from the surface, were examined using TEM. Here, firstly, selected
area diffraction patterns were obtained (see Fig. 7a). The magnified
micrograph shown in Fig. 7a was obtained after tilting the sample along
the ZA with g = (11 1) and it clearly shows the dislocation substructure
formed in the annealed sample after a fatigue test. Dislocations were
stacked parallel to each other inside the large grains.

Fig. 7b shows the dislocation substructure formed in the HPT sample
after fatigue testing. Alike CG Cu samples, dislocations in UFG samples
were also confined within the grain in the parallel arrangement.
Remarkably, the grain size of the HPT sample remained stable during
fatigue loading: the grain size after fatigue testing was ~350 nm as
compared to ~300 nm before the test (i.e., following HPT processing).
This stability of the grain size during fatigue can be attributed to the low
purity of CP Cu and is consistent with a few earlier studies on fatigue of
UFG materials [15]. Except for the grain size and hence the distance over
which the dislocations were confined, the dislocation substructure
formed in the annealed CG and the HPT UFG samples after fatigue were
quite similar. Since the initial dislocation substructures in these two
types of samples would be very different (e.g., significantly higher
dislocation density in the HPT processed samples as compared to the
annealed CG sample [1]), one may conclude that difference in the
number of cycles taken to reach the same dislocation substructure after
fatigue in both types of samples, and hence the fatigue life measured
here, was determined by the difference in the initial and the final sub-
structure and the kinetics of its evolution to attain the final
configuration.

(@)

ZA = [101]¢,

(b)
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Although the dislocation substructure shown in Fig. 7 may resemble
veins and persistent slip bands (PSBs) that often form during fatigue,
further analysis, using much higher magnification micrographs, direc-
tional analysis, etc., is required to unambiguously conclude it. However,
it should be noted that although PSBs have been observed in poly-
crystalline Cu, sometimes it is difficult to observe them when the grain
size is small [42,43]. Therein, only a distinct wall of dislocations could
be observed with moderate spacing [43]. Notably, although extrusion
and intrusion at the surface of UFG Cu were observed in an earlier study
[43], TEM micrographs of the surface interior did not reveal the for-
mation of PSB.

4. Conclusion

Disks of CP Cu were processed for 50 turns of quasi-constrained HPT
at room temperature by applying a compressive pressure of 6 GPa. Both
annealed CG and HPT processed UFG samples were cyclically loaded in
bending, with R of —1, in the HCF regime until their resonant frequency
decreased by 20%. HPT samples took a noticeably larger number of
cycles to reach the above failure criterion.

For both CG and UFG Cu samples, the formation of the surface micro-
crack depended mainly on the stress amplitude, such that the area
fraction of the surface micro-cracks increased with an increase in stress
amplitude. In HPT samples, the surface micro-cracks did not form at
lower stresses; however, their area fraction was significantly higher than
the annealed CG samples at the higher stresses.

Grains of HPT samples did not grow during fatigue loading. Dislo-
cation substructures formed in both the annealed and the HPT samples
during fatigue were qualitatively similar. It is speculated that the ki-
netics of the dislocation substructure evolution in the HPT samples must
be significantly slower than that in the annealed CG samples.

As CP Cu processed through a large number of HPT turns shows
better HCF life, along with significantly high strength and only a

Fig. 7. TEM micrographs showing dislocation arrangement inside a grain of (a) annealed and (b) HPT processed samples after fatigue testing. In (a), a selected area
diffraction (SAED) pattern with [101] zone axis is also shown. Here, zone axis, i =(111) was used to obtain the extinction criterion.
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moderate loss of electrical conductivity as compared to CG Cu, it appears
reasonable to explore the utility of HPT processed Cu for high
demanding electrical transmission and connector applications.
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