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1. Introduction

Although initial cracks are hardly observable on
wrought metals in fatigue test, they are easily ob-
served on thin electrodeposit, and they are uniformly
distributed on the surface® as shown in Fig.1;
because of smoothness of the surface with neither
defect nor pit. and of uniformity of stress dis-
tribution. Since the number of initiated cracks can
be counted and their growing length can also be meas-
ured in the course of the fatigue tests, obser-
vation of these cracks may produce valuable in-
formation to the theory of crack formation.

Fig. 1 An example of uniformly dis-
tributed cracks for repeated
bending test.
These uniformly distributed cracks do not appear

in every condition. In this report. crack modes in
various conditions will be described.

2. Formation of Uniformly Distributed Cracks

In repeated bending test of the previous reportl).
it was found that the uniformly distributed cracks
appeared when the strain amplitude was 1.2 to 1.7X
1072, that is. 7 to 9 kg/mm® of stress amplitude for
copper film. and thickness of the electrodepesition
was about 30 zm. In these testing conditions. the
initiation of cracks and their growth could be ob-

served- Direction of these .cracks would corre-
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sponds to that of the maximum shearing stress.
A histogram of the direction of the cracks are

shown in Fig. 2.
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Fig. 2 Angular distribution for unifomly dis-
tributed cracks by repeated bending
test.

The angle @ of 294 cracks longer than 5 um were
measured . which located on a line apart from the
fixed point by 25mm. The figure shows a small
deviation from the direction of the maximum shear-
ing stress. §=45". Causes of the deviation was not
clarified. In repeated pure bending test and in re-
peated torsion test, the direction of the most of cracks.
were along the direction of the maximum shearing
str&ssl). Fig. 3. shows the uniformly distributed
cracks and their connection in repeated pure bending
and shows that the cracks orientate along

test,

v

Fig. 3 Uuiformly distributed cacks for re-
peated pure bending test
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the direction of the maximum shearing stress.
3. Effect of Stress and Film Thickness

In smaller stress range in which the strain am-
plitude was under 1.0 X102, that is, the stress am-
plitude of copper was 4.7 to 5.2 kg /mm®. the uni-
formly distributed cracks appeared in a small num-
ber and they were connected or initiated into a
main crack. However. the elongation in tensile test
of copper film which was dissolved from ABS plas-
tics, was reduced to a value of 30 to 90 per cent
compared with that of original depesits. In larger
stress range, a main crack grew from the edge
of the specimen.

An experiment on the effect of film thickness was
performed by torsion test. in which the stress am-
plitude y=1.03 x10and 1.4 x10™® were chosen and
thickness was under 20 um and over 4d0pym. In a
specimen with film thickness of under 20 um. the
fracture occurred after N =5 %10%and 7 x10° at 7=
1.4 x107% and y=1.03 ¥ 10°%, respectively. The frac-
ture took place from a defect and crossed to the
axis at 45°. The distributed cracks co-existed in both
cases . The cracks grew from a pit on the deposit.

The length of uniformly distributed cracks in-
creased and their number decreased as the thickness
of the deposit increased. In a specimen of 60 ym
thickness. a stage [ crack propagated from one of
the distributed cracks. The stage IT crack in this
experiment was that of shear type as shownin Fig,
4, which shows a crack on a specimen of 60 yum

thick . The specimen was ruptured after N=8 78 x

-
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10° in 7=1.03x107%. Nearly the same mode of crack
was observed on a specimen with a pit of 0.3 mm
diameter, from which cracks grew. This stage I
cracks were accompanied éometimaﬁ by  vertical

cracks and/or branched cracks as shown in Fig. 5

Fig. 5 Stage II cracks of shear type accom-
panied by branches

4. Effect of Grain Size

Effect of grain size was examined on specimens
electrodeposited from several kinds of solutions and

annealed specimens as shown in Table 1. Nearly the

Table 1. Electrodeposits with various grain size

Name Method of Preparation Grain Diameter
(um)

A Electrodeposited from sulfate 02~03
solution with brightner A

B Electrodeposited from sulfate about 1
solution with brightner B

C Electrodeposited from strike L=
copper solution

D Annealed at 370°C about 5
in vacuum

E Electrodeposited single -
crystal

Fig- 4 Stage II cracks of shear type which propagated from one of the

uniformly distributed cracks y=1.03x10"%, N=8.78x10°, t=60um
T O O T

34



20%£6 %5 (1977.6)

& OB R 329

TR T T T T T T TR x #H ka4

same results were obtained with specimen A and
B in which the uniformly distributed cracks were
linear, along a direction of the maximum shearing
force and penetrated the grains. In specimens C
and D. the uniformly distributed cracks = occurred
along the direction of the maximum shearing stress
which coincided with the direction of slip plane of
each crystal. These cracks are shown in Fig. 6
Fig. 7. shows an electronmicrograph of the cracks

on specimen C.

B sixeadiS

deposit with larger grain size

Fig. T Electronmicrograph of the cracks
on copper strike surface

5. Conclusion

[t was discovered by these experiments that the
uniformly distributed cracks growing along the di-
rection of the maximum shearing stress had their
limitation in the maximum length depending on their
film thickness. The phenomenon was explained by
the authors as follows: The uniformly distributed
cracks are originated froma slip in a crystal on the
surface, propagated along slip planes or along grain
boundaries to the direction of the maximum shear-
ing stress, linearly on the surface and circularly to
the interface. When the leading head arrives at the
interface. a crack of nearly the same size is formed
at the surface as shown in Fig. 9. In order that

Tension axis

Fig. 8 Transition of stage [ crack to stage II crack.
Different mode for different grain size
Dotted circles indicate the hypothesized ranges
in which the shearing strese is effective
{al single crystal {b) annealed copper
l¢) copper strike [d) minute grain size
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Fig. 9 Schematic drawing for formation of
uniformly distributed cracks
the cracks extend beyond this range, a stage [I
crack must grow along the direction perpendicular
to the temsion axis. as shown in Fig. 8.

The growth rate of the uniformly distributed cracks
was much slower than that of the stage I cracks and
was of the same order of the cracks on single crystal
copper by McEvily and Boettner?] The present authors
also obtained the same result with single crystal
films. They concluded that these cracks were clas-
sified into stage I cracks in observing the growth
rate. They also found that there exist the stage II
cracks which propagate to a direction of maximum

shearing stress.
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