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ABSTRACT

The formation mechanism of inclined fatigue cracks in ultrafine-grained Cu processed by equal channel
angular pressing was studied by using a smooth specimen with a small blind hole. The crack growth direc-
tion depended on the location of drilling hole along the circumferential direction of the round bar specimen
and on the applied stress amplitudes. Although the low-cycle fatigue crack growth paths inclined 45° and
90° to the loading-axis were observed in the different locations on the surface, crack faces in these cracks
were extended along one set of maximum shear stress planes, corresponding to the shear plane of the final
processing. To study the crack growth behaviour, surface damage around the crack paths formed by the
two-step fatigue stress tests was observed. Profile of crack face was examined, showing the aspect ratios
(bla) of bla = 0.38 and 1.10 for the cracks with 45° and 90° inclined path directions with respect to the
loading axis, respectively. The role of the microstructure and deformation mode at the crack-tip areas on
the formation of crack paths parallel to the shear plane of the final pressing was discussed in terms of the
microstructural evolution caused by cyclic stressing and the mixed-mode stress intensity factor.
Keywords: copper; crack propagation, equal channel angular pressing, fatigue.

1 INTRODUCTION
Ultrafine grained (UFG) materials, having the grain sizes in the sub-micron and nanoscopic
range, are of considerable interest. To date, many investigators have focused on optimizing
processing conditions, on determining the underlying microstructural mechanisms, and on
the static mechanical properties [1-5].

For the envisaged structural applications, extensive studies have been made on the fatigue
crack growth behaviour of UFG metals and alloys processed by equal channel angular press-
ing (ECAP). For ECAP-prepared samples, the yz-, zx- and xy-planes are defined by three
mutually orthogonal planes of sectioning that lie perpendicular to the longitudinal axis of the
pressed sample, and parallel to either the sample side, or the top faces at the point of exit from
the die, respectively. In low-cycle fatigue tests, many investigators have showed that the crack
in the zx- and xy-plane created a 45°- [6-8] and a 90°- incline [9, 10] to the loading axis,
respectively, and these crack path directions were parallel to the shear direction of the final
ECAP processing. In addition, the growth rate of cracks in the zx-plane tended to be larger
than that in the xy-plane [10]. Up to now, low-cycle fatigue (LCF) crack growth behaviour of
UFG materials has been mainly discussed from the viewpoints of microstructure and mor-
phological features of surface damage. On the other hand, the discussion from the mechanical
viewpoints should be done for a better understanding of the fatigue damage of UFG materi-
als. However, such studies are few and certain questions remain unanswered.
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In the present study, fatigue tests of copper (99.99% Cu) processed by ECAP through eight
passages were carried out. The objective of this study is to investigate the physical back-
ground of the formation of crack growth paths and fast crack growth in the zx-plane in terms
of the mixed-mode deformation at the crack tip.

2 EXPERIMENTAL PROCEDURES

The material used was pure oxygen-free (99.99 wt %) Cu. Before ECAP, the materials were
annealed at 500°C for 1 h (grain size, 100 um). The ECAP die had a 90° angle between inter-
secting channels. The angles at the inner and outer corners of the channel intersection were
@ =90° and ¥ = 45°, respectively. Repetitive ECAP was accomplished according to the Bc
route (after each pressing, the billet bar was rotated 90° around its longitudinal axis). Each
rod was subjected to eight sequential passes of pressing at room temperature. MoS, was used
as a lubricant for each pressing, and the pressing speed was 5 mm/sec. The tensile test spec-
imens were cylindrical, 4 mm in diameter and 40 mm long. The tensile tests were conducted
on all the specimens at room temperature on an Instron-4208 testing machine at a strain rate
of 1.6 x 1073 s71. The pre-ECAP mechanical properties were 232 MPa tensile strength, 65%
elongation and Vickers hardness of 63 (load: 2.9 N). After eight ECAP passages, the proper-
ties changed to 435 MPa, 22.6%, and 136, respectively. The grain size was measured using a
transmission electron microscope. The average grain/cell size of ECAP-prepared samples
was measured as 320 nm, here for elongated grains; the thickness was measured as grain size
and not as the diameter of equiaxed grains.

An analysis has shown that the equivalent strain, €, after one pass is given by the following

relationship [11]:
g:L 2cot[9+3j+‘l’cosec[9+gj . (1)
3 2 2 2 2

Total of eight extrusion passes resulted in an equivalent strain of about 7.8.

Fatigue specimens 5 mm in diameter were machined from their respective processed bars.
Although the specimens had a shallow circumferential notch (20-mm notch radius and
0.25-mm notch depth), the fatigue strength reduction factor for this geometry was close to 1,
meaning that they could be considered plain. The fatigue specimens were electrolytically
polished (approximately = 25 um from the surface layer) prior to mechanical testing to
remove any preparation-affected surface layer.

Figure 1 shows the location of monitoring areas and the definition of orientation of fatigue
specimens relative to the final pressing plane described as a dark elliptical-area. The monitor-
ing area was set on the middle surfaces where an intersection between the shear plane of the
final pressing and the specimen surface makes an angle of 45° (the zx-plane) or 90° (the
xy-plane) with respect to the loading axis. The fatigue damage and crack growth behaviour
were monitored on both planes. Prior to testing, in some specimens, a small blind hole (both
diameter and depth of 0.1 mm) was drilled on the monitoring area as a crack starter. The
cracks/hole on the zx- and xy-planes are referred to hereafter as the ‘zx-plane crack/hole’ and
‘xy-plane crack/hole’, respectively.

All fatigue tests were performed at room temperature using a rotating-bending fatigue
machine (constant bending-moment type) operating at 50 Hz. The fatigue damage on the
specimen surface was observed using an optical microscope (OM) and a scanning electron
microscope (SEM). The crack length, /, was measured along the circumferential direction of
the surface using a plastic replication technique. The stress value referred to is that of the
nominal stress amplitude, G, at the minimum cross-section (5-mm diameter).
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Figure 1: The location of monitoring areas and definition of orientation of fatigue specimens
relative to the final pressing.

3 EXPERIMENTAL RESULTS

Figure 2 shows the crack growth paths in the zx- and xy-planes under high- and low-stress
amplitudes (o, = 240 and 90 MPa). At c,, = 240 MPa, the zx-plane crack that initiated from
the hole created a 45° incline to the loading axis and this crack path direction was parallel to
the shear direction of the final ECAP processing (Fig. 1). The 45° inclined crack growth
direction has been commonly observed in the zx-plane of LCF UFG metals [6-8]. However,
the xy-plane crack grew nearly perpendicular to the loading axis. At 6, = 90 MPa, on the
other hand, the macroscale growth direction was perpendicular to the loading axis regardless
of the plane where the crack initiated, nevertheless, the crack propagated in a zigzag manner
at the microscale. There was no difference in the crack growth behaviour and the morpholog-
ical features of surface damage around crack paths between the UFG and conventional
grain-sized copper. This was because that the grain coarsening as a result of dynamic recrys-
tallization due to a long term of cyclic stressing. Grain coarsening during fatigue is a time-,
amplitude-, purity- and temperature-dependent microstructural process. It has been sug-
gested that a certain time and cumulative strain are required for the release of sufficient
stored strain energy to allow dislocation motion, recrystallization and subsequent grain
coarsening [12].

To study the unique crack growth behaviour at a high-stress amplitude, the behaviour of
microcrack initiation was monitored by using plane specimens (without a hole). Figure 3a
and b show the change in surface states around a fatal crack, which led to the final fracture of
the specimen, in the zx- and xy-planes under a high-stress amplitude (o, = 240 MPa) corre-
sponding to the LCF regime. In the zx-plane, at an early fatigue stage, a large number of shear
bands (SBs) with a length of less than a few micrometres [13] were created a 45° incline to
the loading axis and this SB orientation was parallel to the shear plane of the final ECAP
processing. Fatigue cracks were initiated from SBs and propagated along the SBs with a
coalescence of microcracks generated in nearby SBs. It is reasonable to assume that the SB
formation and microcrack growth were strongly affected by the microstructural inhomogene-
ity retained in the matrix because of the incomplete dynamic recovery/recrystallization. It has
been shown that unlike the microstructure that evolved at o, = 90 MPa, the defect structure
produced during ECAP processing should be still moderately retained in the matrix fatigued
at o, =240 MPa [14, 15]. Indeed, among innumerable maximum shear stress planes, SBs and
microcracks were initiated along one set of the maximum shear stress planes corresponding
to the final ECAP shear plane. To successfully release the local high strain energy caused by
the defects distributed along the final ECAP streamline, the maximum shear stress planes
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Figure 2: Effect of stress amplitudes on crack growth paths in the zx- and xy-planes: (a and b)
the zx-plane crack at 6, = 240 and 90 MPa; (c and d) the xy-plane crack at 5, = 240

and 90 MPa.
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Figure 3: OM micrograph showing the change in surface states around a fatal crack under
cyclic stressing at 6, = 240 MPa: (a) the zx-plane; (b) the xy-plane.

corresponding to the final ECAP shear plane may be a reasonable selection. The fatigue tests
of UFG Cu in the LCF regime showed the 45° inclined crack paths in the zx-plane [6—10].
Regarding the xy-plane, the crack initiation and growth behaviour was like that observed for
the zx-plane; however, the orientation of SBs and the crack growth direction were nearly
perpendicular to the loading axis.

Figure 4 shows the crack growth curve of drilled specimens at 6, = 240 MPa. For both
planes, there was no distinct difference in the number of cycles required to initiate fatigue
crack from the hole regardless of the location of drilling hole. The slop of growth curve was
steeper in the zx-plane crack than the xy-plane crack for crack length of less than 1 mm, how-
ever, the curves for crack length of longer than 1 mm had same slop for both planes. This is
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Figure 4: Crack growth curve of drilled specimens at ¢, = 240 MPa.
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Figure 5: Loading pattern (high-to-low block stressing).

because that the assumption of the zx- and xy-plane cracks holds for a limited area along the
circumference of the specimen. For the present specimen with 5 mm diameter, the assump-
tion appears to be meaningless for a long crack in excess of / = 1 mm.

To clarify the difference in crack growth mechanism between the zx- and xy-planes, two-
step fatigue stress tests (Fig. 5) were conducted, i.e. after the formation of a crack with an
arbitrary length at the high-stress amplitude (o), the crack continued to grow at the low-
stress amplitude (c,,). Figure 6a and b shows the crack growth paths under two-step stress
tests. For the zx-plane (Fig. 6a), a crack with a growth path at a 45° incline to the loading axis
was formed under 5.3 x 10* repetitions of G, = 240 MPa, leaving a linear crack path. After a
stress amplitude change to 6, = 90 MPa, the crack grew nearly perpendicular to the loading
axis. For the xy-plane (Fig. 6b), the crack grew perpendicular to the loading axis under 6.0 x
10* repetitions of G, = 240 MPa. Under the second stress, the crack continued to grow per-
pendicular to the loading axis.

Figure 7 shows SEM micrograph of surface states around crack paths just before and after
the stress change. Figure 7a shows the surface damage in the zx-plane. The surface at the
crack edges that were formed under high stress was comparatively flat, but the surface that
formed under low stress had traces of localized plastic deformations, suggesting change in
the crack growth mechanism between high and low stresses. Figure 7b shows the surface
damage in the xy-plane. Before the stress change, the crack paths showed severe zigzag man-
ner. The traces of heavy localized plastic deformations were left around the crack paths. After
the stress change, the crack continued to grow with zigzag manner, but the degree of zigzag
was moderate as compared with that before the stress change.

To discuss the physical background of crack growth behaviour, the specimens were sec-
tioned in the longitudinal direction (parallel to the x-axis), at specific crack lengths, followed



696 M. Goto, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

o, = 240MPa
N =5.3x10*

oum {}: Stress change

e

ﬁ‘: Stress change

i

N= 207(105 N= 60X105 N= 207‘105

Figure 6: Crack growth paths under high-to-low block stressing: (a) the zx-plane crack;
(b) the xy-plane crack.

Figure 7: Surface state around the crack path just before and after the stress change (c,, =240
MPa, 6, = 90 MPa (a) the zx-plane crack; (b) the xy-plane crack.

by etching of the sectioned planes. Figure 8 shows the crack growth paths formed at ¢ =240
MPa in the surface and the sectioned plane; (a) a zx-plane crack with 0.975-mm length and
(b) a xy-plane crack with 0.918-mm length. The inner growth direction of the zx-plane crack
was perpendicular to the surface. For the xy-plane cracks, the inner growth direction was
inclined 45° to the surface. Although the inclination direction of the crack path to the loading
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Figure 8: Sectioning position described in the crack paths on the surface and the inner growth
paths under o, = 240 MPa: (a) a 0.975-mm-long crack in the zx-plane; (b) a
0.918-mm-long crack in the xy-plane.
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Figure 9: Schematics of crack growth behavior inside the specimen at c, = 240 MPa:
(a) crack face profile in terms of dimensionless sizes for the zx- and xy-plane cracks;
(b, ¢) definition of the crack length/depth for an inclined crack on the zx-plane and
a deflected crack on the xy-plane.

axis was different between the zx- and xy-plane cracks, the paths for cracks in each plane
were parallel to the shear plane of the final ECAP processing. Regarding the inner growth
direction at low-stress amplitudes, like the crack paths commonly formed in the conventional
grain-sized materials, the macroscale crack paths for the surface and sectioned planes were
nearly perpendicular to the loading direction, regardless of the location of the hole [16].
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Figure 9a shows the profile of the crack face, y// or z/I versus #/[ relationship, where ¢ is the
crack depth measured along the vertical direction to the specimen surface. The crack face
shape was approximated by a semi-ellipse with the value of #// = 0.266 at the deepest point
for the zx-plane crack and #// = 0.389 for the xy-plane crack. Considering the experimental
results of Fig. 8, a declined surface-crack on the zx-plane and a deflected surface-crack on the
xy-plane were defined as described in Figs 9b and ¢, where terms a, T and b are a half crack-
length measured along the crack path direction, the crack depth measured along the crack
face direction at a specific value of y and z, and the maximum depth of a semielliptical crack
measured along the crack face, respectively. A red- and a blue-dashed lines in Fig. 9a show
the crack face profile for the zx- and xy-plane cracks replotted by using a term 7/2a instead of
t/l. The values of b/a, aspect ratio, were 0.378 for the zx-plane crack and 1.10 for the xy-plane
crack. Incidentally, at a low-stress amplitude (o, = 90 MPa), it has been shown that no defer-
ence in the crack face profile between the zx- and xy-plane cracks and the aspect ratio was b/a
= 0.76 which was nearly equivalent to the value of b/a measured in annealed conventional
grain-sized Cu [16].

4 DISCUSSION

To study the mechanical background of the unique crack growth directions of UFG Cu from
the viewpoints of the deformation mode at the crack tip, the stress intensity factor (SIF)
values were evaluated, by assuming a semi-infinite body with inclined semi-elliptical sur-
face cracks, subjected to tension stress in the x-direction at infinity. The applied tension
stress is resolved into two stress components perpendicular and tangential to the crack face.
Accordingly, a 45° inclined surface crack is subjected to both normal, ¢ (= 1), and shear
stress, T (= 1), as illustrated in Figs 10a and b. Noda et al. [17] analyzed the SIFs of a semi-
elliptical surface-crack subjected to modes I, II and III loading. The values of dimensionless
SIF (DL-SIF), F, Fy, Fipps for the current surface-crack were taken from Noda’s solution
calculated for Poisson’s ratio: v = 0.3. The DL-SIF, F(a), Fy(o), Fy(o), were
defined as;

F ()= If_"((”j)

where K; (o) is SIF along the crack front and K, (o) is SIF of an elliptical crack [17]. The
location along a crack front was defined by the eccentric angle of the ellipse, o, defined as the

i=L 10, 1. ()

" Deepest
poine Deepest o(=1)
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<4 : Loading direction

Figure 10: Inclined semi-elliptical surface cracks in a semi-infinite body subjected to tension
load in the x-direction at infinity: (a) a model for a surface crack on the zx-plane;
(b) a model for a surface crack on the xy-plane.
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angle for mapping a semi-circle [17]. The crack front at the surface and the deepest point are
shown by a = 0 and 90°, respectively. However, the DL-SIF values at the surface were eval-
uated by the values at oo = 1° instead of a = 0°, because in three-dimensional surface cracks,
the point where the crack front intersects a free surface is known as a corner point. The stress
singularity at this point is different from that of an ordinary crack [18].

Table 1 shows the DL-SIF values of cracks with the aspect ratio, b/a = 0.38 for the zx-plane
crack, and 1.1 for the xy-plane crack, which are given from Fig. 9. The value of F; for the
zx-plane crack is larger at the crack bottom (oo = 90°) than at the surface (o = 1°), giving rise
to an aspect ratio larger than 1. However, the actual aspect ratio was much smaller than 1.
Regarding the FY;, the large F}; value (= 0.77) at the surface promotes in-plane shear mode
crack growth. At the bottom, F; takes a value of 0.83, but it seems reasonable to assume that
antiplane shear mode deformation at the deepest point is negligible for the inward crack
growth. Consequently, the zx-plane crack predominantly propagated at the surface due to
in-plane shear mode deformation, which brings the generation of new SBs and extension of
preexistent SBs around the crack tip areas, producing an aspect ratio much smaller than 1.
The tensile-mode deformation reflected by large F values should play the role of crack
growth. From the perspective of the formation of the shallow semielliptical cracks, the ten-
sile-mode deformation might assist shear mode growth, through the debonding of SBs around
the crack tip [15, 19].

For the xy-plane crack (Table 2), the F, | value at the surface was 0.74, i.e. larger than 0.60
at the bottom. This should lead to a superior extension of crack length, compared with the
crack depth (b/a < 1). However, the actual crack extension was accelerated at the bottom,
rather than at the surface. On the other hand, the F; value was higher at the bottom (0.53)
than at the surface (—-0.08), suggesting the deep semielliptical shape of the xy-plane crack
caused by the in-plane shear mode deformation at the bottom. At the surface, mode-I crack
growth appeared to be predominant, because of negligible values of F; and Fy;;. Therefore,
mode-II crack growth plays an important role in determining the crack face shape.

The unique growth direction of microcracks at high stresses was attributed to inhomoge-
neous microstructures due to ECAP; microcracks initiated from SBs grew along the maximum
shear stress plane corresponding to the shear plane of the final pressing, resulting in the
inclined semielliptical surface cracks. As the crack grew, although the contribution of micro-
structural inhomogeneity on crack growth weakened, in-plane shear-mode deformation at the

Table 1: Dimensionless stress intensity factors for the zx-plane crack (b/a = 0.38).

Type of crack o(deg) F, F, Fiu
zx-plane crack 1 0.68 0.77 0.31
b/a=0.38 90 0.93 0 0.83

Table 2: Dimensionless stress intensity factors for the xy-plane crack (b/a = 1.10).

Type of crack a(deg) F, F, Fiy

xy-plane crack 1 0.74 —-0.08 0.09
b/a=1.10 90 0.60 0.53 0
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crack tip promoted the formation of a large inclined crack with a unique face profile. The fast
crack growth rate in the zx-plane crack resulted from in-plane shear mode deformation in
addition to the tensile mode deformation.

As indicated in Fig. 7b, the crack paths in the xy-plane under high stress showed a heavy
zigzag manner. The zigzag growth paths were formed by the coalescence in preexistent SBs
around the crack paths under the tensile mode deformation (The ND-SIF values were
F, =074, F; (= -0.08) and F; (= 0.09)). The retarded crack growth on the xy-plane was
therefore believed to be due to enhanced roughness-induced crack closure. For the zx-plane
crack, the crack paths at high-stress amplitude (c, = 240 MPa) were linear (Fig. 7a) because
of the coalescence of pre-existent collinear-SBs/shear-cracks ahead of the crack tip under
in-plane shear mode deformation (#}; = 0.77).This should contribute to the acceleration of the
zx-plane crack.

5 CONCLUSIONS
The main findings of this study on the formation mechanism of inclined surface cracks in
UFG copper can be summarized as follows:

1. At high-stress amplitudes, the crack path/face in both zx- and xy-planes was extended
along one set of the maximum shear stress planes, corresponding to the final ECAP
shear plane, among innumerable maximum shear stress planes, showing a high
microstructural sensitivity to crack-path formation. At low-stress amplitudes, the
crack path was perpendicular to the loading direction regardless of the ECAP shear
plane.

2. Two-step stress tests indicated that the surface at the zx-plane crack edges that were
formed under high stress was comparatively flat, whereas the surface around the xy-
plane crack paths showed traces of severe plastic deformation, meaning a difference in
predominant crack growth mechanism: shear mode for the former and tensile mode for
the later.

3. At high-stress amplitudes, the cracks in the zx- and xy-planes had a shallow and deep
semielliptical face, respectively. The normal aspect ratio, b/a, was 0.38 for the zx- and
1.1 for the xy-plane cracks. The inclined crack path and crack face profile were attributed
to the inhomogeneity in ECAP microstructure and the in-plane shear-mode deformation
around the crack-tip areas.

4. The fast crack growth rate in the zx-plane crack resulted from in-plane shear mode
deformation in addition to the tensile mode deformation.
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