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Abstract

There is no precedent for bendability investigation on thin foil or film. The mechanics of bending operation are set
forth. How the basics of bending may apply to the free-standing foil, film or etched lines is conceptualized. A
preliminary study of repeated bending of 35um thick rolled and electrodeposited copper strips is conducted. Optical
and scanning electron microscopic techniques and d.c. electrical resistance are utilized to monitor the surface and
micro-geometry damage in the bend region. It is shown that the bend formability can be significantly improved by
annealing prior to the bending operation. However, it is important to monitor (i) surface roughening (which may
occur in both the tension and compression regions of the bend), (ii) cross-sectional necking and (iii) generation and

propagation of the surface and through-thickness microcracks.

Introduction

The sheet or foil bending is a fabricating process
whereby an initially flat or straight geometry is
permanently deformed into an intricate curved shape.
Bending a metal strip results in macroscopic plastic
strains varying from compression (at the inner
surface) to tension (at the outer surface) through a
neutral axis. The bend radius (R) is defined as the
radius of curvature on the concave (or inner) surface
of the bend.

In a bending test, the specimens are bent around
progressively tighter radii (or to larger bend angles)
until failure or cracking occurs on the convex (or
outer) surface. Initially, local strain inhomogeneities
develop in the form of striations, surface rumples and
rorange peeling (for rolled sheet or foil) on the
specimen surface, but they are not considered as
fracture sites. On further bending, a small number of
cracks are initiated by “bunching up” of striations.®

The compressive region (inner surface) in bending
hardly ever causes cracking. The maximum strains
which can be accommodated without failure (that is,
without developing cracks or excessive striations) at
the bend apex (convex surface) may present a
limitation to the component design. The minimum
radius (Ry,), at which the metal will crack at the outer
surface, normalized by the specimen thickness (t),
that is Ry/t, is the forming limit in bending. R/t is
not a precise material parameter since it depends,
among other things, upon the geometry of bending
conditions.

For good formability, a material must be capable of
withstanding a high strain in bending before failure
occurs. Some ductile metals have R,=0, indicating
that they can be flattened upon themselves in a 180°
bend. In real practice, however, it is desirable to use
a small radius (1 mm or 1/32 inch) in order to prevent

damage to punches and dies. Failure occurs in
bending when the true strain in the outer fiber is
equal to the true strain at the instant of fracture (of a
tensile specimen of the same material tested at strain
rate identical to that during bending). R, is thus
related to the reduction of area (q) at fracture
measured in a tensile test.”) For R,~0 in bending,
the corresponding tensile result is q=~1. '

Bend Test

Unlike the plate or sheet metal, the copper foil is very
thin and the foil surface is relatively in close
proximity of the neutral surface in bending. Hence
the bending strains generated on the specimen surface
are correspondingly small.  The as-fabricated
electrodeposited and the annealed rolled copper foils,
due to their fine grain structure, have considerable
inherent ductility so that they should perform well in
bending except under extreme bending conditions.
For this reason, the 180° bend test is appropriate for
copper foil less than 35 u#m thick.

The bend angles of 180° are obtained by pressing
bent specimen between platens, maintaining the bend
radius with a spacer block twice as thick as the radius
between the legs of the specimen” The bending
moment must be applied slowly and steadily without
significant lateral motion so that the specimen is
subjected to bending only and no shear forces are
exerted onto the specimen. A specimen is acceptable
if there are no visible cracks on the outside surface,
the test thus gives a pass/fail result with a subjective
criterion.

A characteristic feature of bending is the
inhomogenous  (non-uniform) nature of the
deformation: a central elastic core and two
plastically deforming zones remote from the neutral
axis. As the ratio of the radius of curvature of the
neutral axis (R,) to the foil thickness, that is R/t
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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



more than a few percent increase in resistance due to
bending related damage was detected. In view of the
very high (363) wit ratio of the test specimen, much
higher than the minimum ratio 8, the cracking is
apparently limited to well within the confines of the
sample width and the very small resistance increase
is not surprising. The implication is that for the
specimen with w/t > 8, the bending damage does not
impair the d.c. electrical function of the specimen.

It should be pointed out that following the bend test,
upon the release of bending moment, a certain degree
of “springback,” due to changes in strain produced by
elastic recovery, was observed.””) This effect was not
monitored. However, the springback is expected to
be greater for the higher yield strength (s,), plastic
strain and w/t and for the lower Young’s modulus
(E), E/o, and t.¥) In view of high wit and low t of the
pend specimens, the observed springback (s not
unexpected,

Results

Surface: Optical

Table 1 surumarizes the outer (convex) surface
damage after 180° bending, as characterized optically
at 50x magnification. The surface damage represents
striations and rumples for the ED foil and striations,
rumples as well as “orange-peet” for the rolled foil; a
more severe form of surface damage is shallow
cracks. The through cracks are pinpointed by bottom
lighting; tortuous through cracks, however, cannot be
characterized in this manner.

Table 1: 180° Bend Damage for 35um Thick Copper Foll

Anneal Bend Damage

X3

Foit °Cimins  Suface’  Orientation’ " R_ft #Bends Surface’ Through' ¥

GRS S T 0 3 W .
GRS § L 0.5 3 ¥
GRS 3 T 0.5 3 W .
GRS 3 T 1.8 3 ¥
GRS $ L 29 3 4
GRS 5 L 0 4 W 4
[l S J— S T i 4 W M
GRS S T 0.5 4 W v
GRE - s T 1.8 4 J ¥
GRS  180/30 S L 0 5 e
GR3 -~ 5 T ] H W -
GR1 e M T [ 5 W -
GR3I 180130 S T 5 W o

EF - ] L 0 5 W

EF - W L 0 5 W ¥

* { : Striations, Orange Peel {for GR 5); W : Shallow Cracks
# : Through Thickness Cracks

+

: 5 = 5hiny, M = Maite . T =Transverse, L = Longitudinal

GR 1 foil was most resistant to damage whereas the
GR 5 foil in the as-fabricated (rolled) state was most
prone to damage. The as-rolled GR 5 foil, in fact,
broke into two pieces afier five bends. The surface
damage was observed after three bends and through
cracks after four bends. The transverse orientation
was more prone to damage, but after five bends even
the longitudinally oriented samples disintegrated.
For fewer bends, higher bend formability (that is,
lower R,/t) was possible. Amnealing dramatically
improved the bend formability; after thermal
exposure in excess of 180° C, that is the GR 7
condition, the rolled foil was damage free after five
bends.

Figure 2. Effect of Bend Severity on Surface
Roughness of Longitudinally Oriented Rolled
Foil. (a) Prior to Bending; (b) Orange Peel Effect.
R/t = 2.9, 3 Bends; (c) Crack Initiation. R /t=
0.5, 3 Bends



Surface: SEM

Figure 2a shows the untreated surface of rolied foil
prior to bend testing. Figures 2b and 2c represent the
effects of increasing bend severity on the orange peel
(2b) and crack initiation (2c} after three bends for the
longitudinally aligned samples. Note the increasing
surface roughening with bend severity. Similar effect
is shown in Figure 3 for these samples, with
increasing number of bends at a constant R/t = 0.
The orange peel boundary becomes the location for
crack initiation after three bends (3a). Primary and
secondary cracks form after four bends (3b}.
Annealing the foil at 180° C, 30 minutes prior to
bending reduces (i} incidence of secondary cracks,
(ii) orange peel effect, (iii) surface upheaval and (iv)
cracking tendency even after five bends (3¢).

The same effect of bend severity on cracking for the
transversely aligned samples is shown in Figure 4
after three 'and four bends. Cracking occurs readily,
even with the least severe bend conditions: R/t =
2.9 and 3 bends (4a). With increasing number of
bends, the cracks become wider and deeper (4b — 4d)
and the primary crack is surrounded by considerable
surface disturbance (4d). Again, annealing prior to
bend test eliminated much of this damage, as shown
above for the longitudinally aligned samples.

Figure 5 shows the surface damage effects for the
electrodeposited foils. For the EF foil, bulk of the
bending strain, after five bends at R/t = 0, is
apparently confined to a wide and deep primary crack
(5a) which is surrounded by considerable surfacs
roughening (5b).  For the TCS foil, however,
numerous secondary cracks form under identically
severe bend conditions (5¢). Annealing at 180° C, 30
minutes prior to bending decreases the number of
secondary cracks, but increases the surface upheaval
around the primary crack (3d).

Cross-Section: Optical
Figure 6 shows how a perfectly flat longitudinaily

aligned rolled foil {6a) begins to neck and roughen on
both the inner and cuter bend surfaces after three
bends (6b). This effect is greater for the transversely
oriented foil (Figures 7 and 8), the effect increasing
with the number of bends and the bend severity.
Note, in particular, the inner surface (in compression)
damage after four bends (Figure 8). The pancaked
grain structure of the rolled foil delineates the metal
flow in the bend region (Figure 9). Moreover, there
is some evidence that decohesion of the grain
boundaries (Sa, 9b) and tearing of the metal matrix
around the oxide particles (9¢) take place during
bending of the rolled foil. Annealing prior to
bending significantly reduces the effects illustrated in
Figures 6to 9.

The ED foils GR 3 and EF in the as-deposited state
showed damage under the severest bend condition:
R,/t = 0 and after five bends. For the GR 3 foil
surface damage was observed in the transversely
oriented samples; for the EF foil, surface as well as
through damage was observed in the longitudinally
oriented sampies. For either the shiny or matte
surface on the convex side of the bend, the damage
was equivalent. Again, the annealing exposure
eliminated the damage for the EF foil; the GR 3 foil
perhaps requires exposure at temperatures higher
than 180° C.
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Figure 3. Effect of Increasing Number of Bends
and Annealing on Surface Cracking of
Longitudinally Oriented Rolled Foil, R_/t = 0.
(a) Crack Initiation Around Orange Peel, 3
Bends; (b) Primary and Secondary Cracks, 4
Bends; (¢) Annealed 180 °C/30 Mins, Crack
Suppression, S Bends



Figure 4. Effect of Bend Severity on Surface
Damage of Transversely Oriented Rolled Foil.
(a) R /t=2.9,3 Bends; (b) R_/t =2.9, 4 Bends;
(c) R /t=10, 3 Bends; (d) R/t = 0.5, 4 Bends

Figure 5. Surface Damage Effects for the
Electrodeposited Foils, R, /t =2.0,5 Bends. (a) EF
Foil, Wide and Deep Crack; (b) EF Foil, Surface
Roughening around Primary Crack; (¢) TCS Foil,
Only Secondary Cracks; (d) TCS Foil, 180 °C/30
Min Anneal, Primary Crack and Roughening



Figure 6. Roughening of Longitudinally Oriented
Rolled Foil after 3 Bends, (a) Prior to Bending;
MR =0

Figures 10 and 11 show the cross-section micro-
geometry of the as-depaosited ED foils following
severe bending (Rn/t = 0 and 35 bends). With
columnar merphology (TC or TCS foil), the “saw-
tooth” profile of the matte surface (10a) becomes
rougher, (but the shiny surface resists roughening)
with bending whether the matte surface is positioned
in tension (10b) or compression (10c) regime of the
bend. The grain boundary decohesion observed for
the rolled foil (Figures 9a and %b) was not
encountered for the ED foil (10d). For the EF foil
with low matte surface profile and non-columnar
morphology (11a), severe roughening with bending is
confined to the compression regime. Wide and deep
cracks develop in both the tension and compression
regions of the bend (11b).

13 um

Figure 7. Effect of Bend Severity on Necking and
Roughening of Transversely Oriented Rolled Foil

after 3 Bends. (a) R /t=29; ()R /t=03

Cross-Section: SEM

In order to better understand the genesis of micro-
geometry damage and microcrack formation during
bending on a finer scale, a thin layer of copper was
electrodeposited on 25pum thick polyimide film. The
copper layer was etched to form parallel lines such
that w/t < 8 (plane stress condition). The (aminate
with etched copper lines was subjected to successive
180° bends (creasing) with copper on the tension side
of the bend. After several bends, as expected, the
edge cracks formed and propagated across the
linewidth. The incipient damage after each bend was
monitored in cross-section SEM mode. Figure 12
shows, at 10,000 x magnification, damage after one
bend: (i) necking, which is now confined to the free
surface of the etched line and (i) incipient, very fine



Figure 8. Effect of Bend Severity on Necking and
Roughening of Transversely Oriented Rolled Foil

after 4 Bends. (a) R_/t=05; (b)R /t=0

crack, which may eventually develop into a
significant cause for failure. Good bond strength
between copper and substrate has protected the
compression region from roughening or necking. In
multi-layer constructions, there are hence design
considerations which may modify the bend
formability and the bend damage.

Discussion and Conclusions

The rolled and annealed as well as the
electrodeposited  copper  foils  display  good
bendability for up to five successive bends. Any
shortfall in bend formability is readily overcome by
thermal annealing prior to the bend forming
operation. Although short microcracks may occur
during bending, the electrical resistance s not
affected since the crack must propagate through the
specimen thickness as well as across the width for

electrical failure.

Figure 9. Effect of Bending of Rolled Foil on
Grain Boundary Decohesion and Tearing around
Oxide Particles (See Arrows). (a) Longitudinai,
R, /t = 1.6, 3 Bends. Decohesion in the Tension
Region; (b) Transverse, R, /t =0, 4 Bends,
Decohesion in the Compression Region; (¢)
Longitudinal, R_/t = 0.5, 3 Bends. Internal
Tearing Around Oxide Particles.









