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Fatigue-induced damage and crack growth mechanism in ultrafine grained copper
5 3 B B processed by equal channel angular pressing (ECAP)
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Since copper has superior characteristics in electrical conductivity, heat transfer, corrosion resistance,
etc, it has been widely used as a base material in various electronics-based industrics. Recent
developments in electronic apparatus however mean that higher strength/ductile materials are now
required to meet these needs. To improve the strength of copper requires the development of highly
alloyed Cu materials. Alloyed Cu however, possesses inherently lower conductivity compared to their
unalloyed counterparts. Therefore, in order to overcome this inherent shortcoming associated with
conventional Cu alloys, the development of pure Cu with submicron grained structure is currently
being explored by employing a severe plastic deformation principle, such as the ECAP (equal channel
angular pressing) processing.

From an engineering viewpoint, fatigne damage must be clarified in order to apply ultrafine grained
(UFG) metals to the components of machines and structures, Regarding the fatigue on ECAPed UFG
materials, most studies have concentrated on cyclic deformation, fatigue life, shear band formation and
underlying microstructural mechanisms. Since the fatigue life of machine components and structures is
mainly controlled by the growth life of a fatigue crack, the crack growth behavior should be clarified
for the design of safe machine components and structures. Recently, the growth behaviors of long
(millimeter-range) cracks in UFG metals were studied for compact-tension, single edge-notched
specimens, On the other hand, it has been shown that the crack growth life from an initial size to | mm
accounted for about 70% of the fatigue life of plain members. Therefore, the growth behavior of small
cracks must be clarified to estimate the fatigue life of smooth members. To date however, such studies
are quite few, and certain questions remain unanswered. ' :

The objective of this study is to discuss the physical basis of fatigue-induced damage and
surface-crack growth mechanisms under high and low cyclic stresses.

Firstly, the formation behavior of surface damage was investigated. The study showed that, at high
stress amplitudes, the SBs appeared on a plane inclined 45° to the loading direction mainly because it is
the plane of maximum shear stress. The orientated distribution of defects relating to the final shear of
ECAP pressing may be related to the choice of one set of shear banding plane among innumerable
planes of maximum shear stress. At low stress amplitudes, the slip bands were generated within coarse
grains formed as a result of dynamic recrystallization.

Secondary, the effect of difference in microstructural evolution on crack growth mechanism was
studied. The fracture surface for UFG copper with the HAGB-dominated microstructures showed a
planar, granular and striated surface as the crack continued to grow. The ratio of the RPZ size at the
crack tip to the grain size, r,,/d, was calculated for crack lengths where a planar, granular and striated
surface was observed. The values of r,,/d for crack lengths of the planer, granular and striated fracture
surfaces corresponded to a range of r,,/d < 1, 1,/d between 1 and 2, and r,,/d >3, respectively. For UFG
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copper with the LAGB-dominated microstructures, however, a planar surface followed by a striated
surface was observed, which revealed the disappearance of the granular fracture surface. The
transition from planar to striated fracture occurred under a range of r,, /d = 1. The disappearance of the
granulated surface was attributed to the LAGB-dominated microstructures and the dynamic recovery
of the higher non-equilibrium microstructure during cyclic stressing, This allowed the dislocation to
slide easily beyond the GBs, thereby preventing an intergranular cracking caused by the
incompatibility of the localized strain at the GB regions. In addition, to understand the change in
fracture surface morphologies, a quantitative model describing the crack growth mechanism was
developed based on the RPZ size and microstructural factors. The changes in the CGR and
morphological features of the fracture surface were successfully explained by this model.

Lastly, the crack growth mechanisms of high and low stress amplitudes were clarified through the
crack growth behavior under two-step loading, At high stress amplitudes, the crack grew at an incline
of 45° to the loading axis because of the shear banding induced by the maximum shear stress and SB
decohesion process. At low stress amplitude, the crack propagated via the striation formation
mechanism, which was associated with crack tip retardation and blunting. This was because the SB
formation and decohesion that occurred at high stresses were suppressed at low stresses below a
threshold value. The cracks grew nearly perpendicular to the loading axis in a large zigzag manner as

a result of the occurrence of dynamically recrystallized grains in excess of 100 pm.
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