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The equal channel angular rolling process was successfully performed on
After 4 passes of this process, grains with a diameter of about
70-500 nm were formed. The fatigue test results showed that the ultra-fine grained copper
represents a longer lifetime under stress-controlled fatigue. To clarify the formation process
of surface damage, morphological changes in the fractured surface were monitored by
scanning electron microscopy.
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1. Introduction

The development of Severe Plastic Deformation (SPD)
processes for investigating the structural evolution
has received considerable attention over the past
decades [1]. Various SPD techniques have been ap-
plied to generate the high strains required to produce
bulk UFG materials. Among these techniques, the
Equal Channel Angular Pressing (ECAP) process has
proved attractive. In this process, strain-induced grain
refinement can be resulted by passing the workpiece
into the die equipped with two equal channels with
the same cross-sectional area which are intersected at
a certain angle [2]. The method of Equal Channel
Angular Rolling (ECAR), which is based on ECAP,
provides repeated shear deformation on strip metals
through dissimilar channels and feeding roll [3,4].
Grain size is a principal structural factor affecting
the mechanical properties and fatigue behavior of met-
als [5].The fatigue life is affected by the required times
for crack nucleation and propagation. The resistance
to crack initiation increases with higher strength while
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resistance to crack propagation requires ductility. A
combination of high strength and good ductility in the
nanostructured materials enhances their fatigue prop-
erties [2,6]. Several studies have explored the grain-
size effects on cyclic deformation of Ultra-Fine Grain
(UFG) materials produced by ECAP. Most of them
have shown an enhanced fatigue life of the UFG copper
than the coarse-grained counterpart when the cycling
is stress-controlled [7-9], while grain refinement under
plastic strain-controlled testing is not advantageous to
both high [10,11] and low purity coppers [8] due to
cyclic softening under strain-controlled fatigue. Also,
it is shown that a decrease in the purity of copper can
improve the fatigue strength at S-N curve [12].

In this study, nanostructured pure copper was
fabricated by the ECAR process and mainly focused on
the effect of the ECAR process on the fatigue behavior
of the pure copper sheet.

2. Materials and methods

A set of copper properties and dimensions similar to
that reported in [13] was used to prepare the ECARed
copper. The ECAR device used in this study is illus-
trated in Figure 1. Copper samples were subject to the
ECAR process for 4 passes in route C. Microhardness
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Figure 1. Schematic of the ECAR device.

variations were measured by a Vickers hardness tester
with a pyramidal diamond indenter subject to a 25 g
load at the side surface of the specimens. Samples
were also prepared For Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM) by me-
chanical grinding and etching with 50 pct nitric acid.
The room temperature tensile test was conducted
on plate-type specimens machined along the ECAR die
direction at a strain rate of 2.1 x 1073 s~! by an Instron
8502 testing machine. The gauge length and width of
the tensile specimens were 25 and 6 mm, respectively
(based on ASTM standard E8-00b). For the study of
fatigue of ECARed copper, the relationship between

the applied stress and cyclic number to the failure (the
S-N relation) was examined at room temperature by
an Instron 8502 testing machine. The fatigue test
was conducted under symmetrical loading conditions
(R = —1, where R is the ratio of the minimum stress
to maximum stress for a cycle stress) at a loading
frequency of 3.5 Hz. Dog-bone shaped samples for the
fatigue test samples were cut with a gauge section of
10 mm in length and 4 mm in width according to the
ASTM standard E466-96. The axes of the flat samples
were parallel to the rolling direction. Scanning electron
microscopy was employed for observation of surface
morphologies after fatigue fracture.

3. Results and discussions

3.1. Mzicrostructure
The scanning electron microscopic micrograph (Fig-
ure 2(a)), atomic force microscopic micrograph (Fig-
ure 2(b)), and grain-size profile (Figure 2(c)) from side
surface of the 4-pass ECARed specimen show sub-grain
sizes of 70-500 nm. The grains produced by the 4 passes
of the ECAR process are characterized by irregular,
slightly elongated shape, and oriented structure. Also,
the SEM image of ECARed specimen shows formation
of copper particles in microstructure.
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Figure 2. (a) SEM. (b) AFM micrographs. (c) Grain-size profile of 4-pass ECARed copper.
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Table 1. Mechanical properties of as-annealed, 1- and 4-pass ECARed pure copper.

Pass Yeild strength Ultimate tensile Elongation Microhardness
number (MPa) strength (MPa) (%) (HV)

As-annealed 109 38 60

1-pass ECAR 199 30 85

4-pass ECAR 278 12 103
by passing them through a die with two intersected 250 yy
channels plays a critical role in the plastic strain- ° +
induced grain refinement processes and in the minimum A
grain size obtainable via plastic deformation [14]. The ®
effect of the ECAR process on microstructure of the ~ 200 Y +a
Cu has been previously studied [13]. % PY "

. . < O
3.2. Maicrohardness and tensile test results N
The results of tensile tests are shown in Table 1 %150- O o ®
in which measured values of yield strength, ultimate g @) o
tensile strength, elongation and microhardness of as- g O
annealed, and 1- and 4-pass ECARed specimens are .
listed. These results show a noticeable increase of ® ECARed specimen
strength and microhardness as a function of a number igéza\lgif Liicimcn (1
of ECAR passes. At the same time, the maximum A ECAPed specimen [8]
elongation is the lowest for the samples after 4 passes. 50 — et —r—rrrrrr
10% 10* 10° 10

After the first pass, the yield strength significantly
increased about 85% while continuing the ECAR pro-
cess up to 4 passes shows only an 80% increase. The
tensile strength did not experience much variation. The
ECAR process causes significant reduction of elonga-
tion after 4 passes. It also shows an increase (70%)
in microhardness after 4 passes. Previous work [13]
showed that the mechanical properties did not change
significantly by increasing the number of passes to more
than three passes.

The effect of the ECAR process on microhardness
magnitude and strength of copper has been previously
studied [13] and can be summarized as follows. The
increase of the strength of nanostructured copper might
be due to some reasons. Firstly, the effect of grain size
on strength generally follows the Hall-Petch relation
and any variation of grain size leads to a significant
change in yield strength of bulky materials. Secondly, a
large value of plastic deformation can occur in samples
by the ECAR process. The strain hardening or dislo-
cation strengthening plays a main role in the strength
increase. Decreased elongation can also be justified by
strain hardening. The rapid increase of microhardness
seems to be attributed to strain hardening as a result
of sub-grain boundaries formation rather than grain
refinement [15].

3.3. Fatigue properties enhancement

S-N curves for both as-annealed and 4-pass ECARed
pure coppers are shown in Figure 3. In this figure,
the data are compared with the earlier studies of
Goto et al. [7] and Xu et al. [8] on ultra-fine grained

Number of cycles to failure, Ny

Figure 3. S-N curves of as-annealed and 4-pass ECARed
copper compared with ECAPed copper of earlier work.

Cu. The number of cycles to the fracture increased
with a decrease in stress amplitude. The ECARed
copper specimen shows enhancement in fatigue life
under stress-controlled testing for all stress amplitudes.
The degree of enhancement increases with an increase
in stress amplitude. This means that nanostructured
copper shows more enhancements in fatigue life in
the higher stress amplitude, which is related to grain
refinement. On the other hand, in excess of N = 10°
cycles, the fatigue life of ECARed copper tends to
coincide with that of as-annealed copper. Experi-
mental data show that the fatigue limit, as well as
the yield strength, follows the standard Hall-Petch
relationship [16]. The differences between ECARed
and ECAPed samples in Figure 3 can be related to
details of these processes. The UFG microstructure
of copper can contain equiaxed or elongated grains.
The elongated structure of ECARed sample can ac-
celerate shear banding and cyclic softening processes
and significantly reduce its fatigue life in comparison
to equiaxed structure of ECAPed specimens [10]. Also,
the higher tensile properties of the ECAPed samples
(vield strength of about 400 MPa and ultimate tensile
strength of about 430 MPa) can be another reason for
this fatigue life enhancement.

The fatigue limits on ~ 5 x 10° cycles are 135
and 110 MPa for ECARed and as-annealed coppers,
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respectively. These magnitudes show an enhancement
of about 25% in fatigue properties of 4-pass ECARed
pure copper. This shows a slight difference in fatigue
limit stress between as-annealed and ECARed coppers,
even though the yield strength of ECARed copper is
about 1.5 times larger than the annealed one.

Researchers have shown that the grain refinement
results in a greater resistance to crack initiation and
faster crack propagation [17,18] [Cavaliere, 2009 #465].
Higher strength and microhardness in ultra-fine and
nanostructured grained metals, especially near the
surface regions which are crack nucleation sites, cause
greater resistance to crack initiation by prevention of
plastic deformation at the beginning of fatigue testing.
This process increases the incubation period for crack
nucleation and the total fatigue life of ECARed copper
at high stresses [6,17]. The dislocation density within
the grains could increase after the ECAR process. The
dislocation interaction with the other dislocations and
grain boundaries play an important role in the fatigue
resistance of pure UFG copper [5]. The absorption
of defects and mobile dislocations inside the grains
determines the fatigue life of ECARed copper [7].
The previous research studies have presented that the
fatigue test of UFG copper at high stress amplitudes
leads to cyclic softening and grain coarsening. The slip
bands formation inside coarse grains provides suitable
sites for the crack initiation. Therefore, the differences
in fatigue lifetime of ECARed sample and as-annealed
copper resulted from different crack initiation life-
times. On the other hand, cyclic hardening and weak
grain coarsening can occur under low stress ampli-
tudes [8,12]. Therefore, longer time of cyclic softening
and grain coarsening at the UFG structures, which
increases the incubation period for crack nucleation,
is the main responsible mechanisms for enhancement
of fatigue lifetime under stress-controlled fatigue test.

The result of experiment shows ultra-fine grained
copper exhibiting a prominent rise in their fatigue
performance at high-stress amplitudes by increasing
the recovery time (dynamic recovery mechanisms which
lead to annihilation of dislocations). Thus, in a high-
stress amplitude, strength is dominant and improves
the material’s resistance to crack initiation, whereas
in a strain-controlled test, ductility determines the
number of cycles to fracture controlled by crack propa-
gation [5,6]. Then, it was suggested that by producing
bi-modal grain structures with small and large grains,
a combination of strength and ductility and improved
fatigue properties may be achieved.

3.4. Practography

To study characteristics of crack growth, SEM obser-
vations of the fracture surfaces were made on ECARed
copper at high (230 MPa) and low (150 MPa) stress
amplitudes (Figure 4). Figure 4(a) shows a whole

macroscopic view of the fractured surface. Both sur-
faces confirm low plastic deformation and moderately
ductile fracture. Comparison between two samples at
150 and 230 MPa (Figure 4(a)) shows a small plastic
deformation in the 150 MPa sample. The increased
stress in the fatigue test causes transformation of
ductile to moderately ductile fracture in the samples.

The first step in the fatigue process is softening
or hardening. Previous research showed that softening
and hardening happen for materials with “x= < 1.2
and % = 1.4, respectively [19].
about 1.04 for 4-pass ECARed copper which confirms
softening as the first step of fatigue.

The fatigue fractured surface shows three regions:
crack nucleation, crack propagation, and final fracture.
As seen in Figure 4(b), (c), and (d), three fracture
regions were observed. The first region (Figure 4(b))
is related to crack initiation and minor crack growth,
in which a short crack is generated by the sliding of
grain boundaries. The flat fracture surface is formed
by grain boundaries sliding [20]. The white arrows in
Figure 4(b) show multiple initiation cracks at 230 MPa
and 150 MPa. In fact, increase in stress amplitudes
will activate more nucleation sites. Higher stress
amplitudes induce an earlier transition with a shorter
crack length. In the second region (Figure 4(c)) which
is considered as crack propagation, the morphological
features of the fracture surface change as a granulated
surface. Deeper and smaller dimples are of charac-
teristics of this region. This is approximately the
same for both stress amplitudes. In the last region
(Figure 4(d)), the {racture surface is dominated by the
oriented dimple. This region is related to the final
fracture of the specimen and fatigue crack propagates
in the direction perpendicular to the process direction.
The SEM image of lower stress (Figure 4(d)) shows
more oriented dimples in this region. As a result,
there is no essential difference in transition of the
morphological features of the fracture surface at low
and high stress amplitudes [21].

Y
This ratio is

4. Conclusion

Commercial pure copper was processed by the equal
channel angular rolling process. The following conclu-
sions are drawn:

e Nano-grained pure copper was obtained by the
ECAR process. The grain size was measured using
SEM and AFM micrographs, and it was about 70-
500 nm after 4 passes;

e The microhardness magnitude of the ECARed pure
copper is 70% higher than the un-ECARed one;

e The results of the tensile test showed improvements
of more than 1.5 times the yield strength and 25%
in the ultimate tensile strength after 4 passes of
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Figure 4. SEM micrographs of 4-pass ECARed copper fracture surfaces in 150 and 230 MPa stresses.
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ECAR in comparison to as-annealed copper. The
elongation of the alloys falls about 68% during the
ECAR process;

e The result of S-N curve shows an increase in fatigue
strength of the ECARed copper compared to the
as-annealed sample. This was due to the improved
mechanical properties and the greater resistance to
crack initiation.
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