


decreases, the elastic core thickness decreases. For
Ryt £ 10, it is possible to ignore the elastic core
altogether; the bending is now mainly plastic in
character. ©® This condition is readily met for the
180° bend test of copper foil.

In plastic bending, the neutral axis moves closer to
the inside surface of the bend as the bending
proceeds.® Since the plastic strain is proportional to
the distance from the neutral axis, the fibers on the
outer surface are strained more than those on the
inner surface are contracted. A fiber at the mid-
surface is stretched, since this is the average fiber,
and hence there is a corresponding radial decrease in
thickness at the bend to preserve the constancy of
volume.® The smaller the radius of curvature, the
greater the decrease in thickness on bending. For
large t/R values, the strain at the outer surface is
considerably greater than that at the inner surface.
Progressive thinning during bending can thus become
a critical factor for failure mode in thin foil.

The specimen width (w) is another factor which is
crucial in determining the failure mode during
bending. For w/t >> 1, the width strain is small and
the plane-strain (e;=0) bending operation is
commonly assumed. At w/t > 8, (i) the plane-strain
conditions are met, (ii) the bend ductility is
independent of exact w/t and (iii) the biaxiality ratio
oy/cy (o, = circumferential stress, o, = transverse
stress) equals 0.5. These conditions produce a
decrease in bend ductility and an increase in o,/cy;
the cracks, however, occur near the specimen mid-
width when the ductility is exhausted. The bend tests
are usually conducted for w/t > 8 in order to eliminate
the geometric effects.

However, after the foil etching operation, the wit > 8
(here w is linewidth) condition may not be satisfied.
The strain to produce fracture in bending and the
biaxiality ratio ¢,/c; are a reverse function of the wit
ratio (Figure 1).%) At wit < 8, the bending occurs

under plane-stress conditions (0;=0, o/, < 0.5), .
with plastic deformation in all principal directions

and the measured ductility and o,/o, strongly
dependent on w/t. For w/t < 1, the loading is close to
pure tension. For low wi, the biaxiality is quite low
at the specimen mid-width and the failure occurs at
the edges. For etched lines which do not satisfy the
w/t > 8 condition, the edge cracking may become the
principal mode of bend failure.

Materials and Procedure

The materials utilized were 35um thick (1 oz.) and
2" wide electrodeposited (ED) and rolled (R) foils in
the as-fabricated and annealed conditions. For the
ED foils, GR 1, GR 3 and a special high (20%) room
temperature tensile elongation grade (designated EF)

. the evidence of damage.
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Figure 1. Effect of Ratio of Width to Thickness on
Biaxiality and Bend Ductility in Bending®

were employed. For the R foils, either GR 5 or GR 8
(low temperature annealing) was employed. For all
foils, the annealed condition simulated lamination at
180°C, 30 minutes. For the R foils, the two GR 7
(rolled and annealed) simulation anneal conditions
were 200°C, 30 minutes and 250°C, 90 minutes.

The bend tests were performed with the sample
positioned in (i) the longitudinal or transverse
orientation (to roll direction) and (i) the matte or
shiny surface on the tension side (outer surface) of
the bend. The condition (ii) was utilized only for the
ED foils. The outer surface damage was examined in
stereo microscope at 50x magnification. All samples
passed 45° and 180° single bend tests with no
evidence of significant damage on the bent outer
surface.

Multiple 180° bend tests, for up to five bends, were
performed as a test of greater severity. Here a flat
sample was bent,: flattened, rebent in the same
direction and so on; the final bend was examined for
Multiple bend test is a
measure of accommodation of cumulative bend

' strain. As performed, it is a very high amplitude, low

cycle (five or less) fatigue test, tension/tension mode
on the outer surface and the
compression/compression mode on the inner surface.

JAn addition to the 50x optical scrutiny of the outer
bent surface, the evidence of additional surface
damage was examined with Scanning Electron
Microscopy (SEM) at up to 8000x magnification.
Selected damaged samples were cross-sectioned and
examined for thinning, cracking and incipient
damage at up to 1600x in optical microscopy and up
to 10000x in SEM.

For the bent samples with the surface or through-
thickness cracks, the d.c. electrical resistance was
monitored before and after the multiple bends. No
























