


The fold fatigue test is more commonly performed in Japan @ but has been occasionally
utilized in the United States ®. Recently, it has been adopted as the test most
representative of notebook computer hinge circuit motion . In comparison with the
flex fatigue test (0.125" wide sample, 80 - 100g load, 1 cycle/second), the fold fatigue

test employs up to 1500g load, depending upon the mandrel diameter, and folds
repeatedly at 3 cycles/second.

erials and Experimental ur

Electrodeposited DF8 and rolled Grade 8 (GR8) 18 um foils were utilized. The as-
fabricated foils were annealed to dead soft condition to obtain the DF7 and Grade 7
(GR 7) foils. The grain structure, anneal conditions and tensile properties of the DF8
and GR 8 foils have been discussed previously.

Briefly, the DF foils are characterized by a fine, equiaxed (non-columnar) grain
structure; annealing coarsens the grains somewhat while maintaining their equiaxed
character. In contrast, the rolled foils display a highly pancaked grain structure whereby
the grains are stretched out in the rolling direction; the average grain boundary spacing
is much smaller in the transverse than in the longitudinal direction. Annealing
recrystallizes the structure, forming coarse new grains which retain some of the
pancake shape anisotropy.

The pre-anneal and post-anneal tensile properties (23° C, 2"/min crosshead speed) are
as follows:

Eoil Ultimate Strength. ksi Total Elongation, %
DF8 70 8
DF7 (annealed) 43 15
GR8 57 1.2
GRY7 (annealed) 25 10

The rolled and annealed foil GR7 was difficult to handle without wrinkling or denting; the
electrodeposited and annealed DF7 foil could be handied with care and without
damage. The difference in handleability of the two foil types in the fully softened

condition is attributable to their post-anneal strength which is much lower for the GR7
foil.

The sampling and foil fatigue testing procedures have been outlined before. ™ In order
to vary the 135° bend radius (strain amplitude) at one end of the sample, a range of
mandrel sizes was utilized; in conjunction with a tension load which decreased with the
mandrel size:



Mandrel Dia., mil: 30 63 94 120 158
Tension Load, gm: 1500 1250 1000 875 750

This variable load is to ensure that the sample properly wraps around the mandrel
during cycling. The stress level (for the 18 um foil), during the fold test is maintained

between 4000 and 8000 psi; this compares with about 2000 psi stress during the flex
test.

In the experimental results which follow this section, selected fold and flex fatigue data
are compared and contrasted. The flex test procedure is the same as what was
desribed previously. "

Results
() Comparison between Flex and Fold Fatigue

Figures 1 to 3 compare fatigue life in the flex and fold cycling modes for the rolled
(GR8) and electrodeposited (DF8) foils. In the as-fabricated state, the cycles to failure
(Ny) for the longitudinal (L) and transverse (T) samples are as follows:

Cycling Mandrel Strain Cycles to
Mode Dia.. mil Amplitude Load. gm Eailure (N,
(Ael2, %) |
Long. Trans.
GR8 DF8 GR8 DF8
Flex 78 0.90 84 1767 421 221 586
Fold 94 0.77 1000 1402 1268 311 961

As expected, N, (L) is greater than N, (T). The effect is more pronounced for the (rolled
foil) GR8 since the grain boundary spacing across the sample width is much shorter for
the longitudinal samples. The boundaries, in effect, present obstacles to the
propogation of fatigue crack. (" Furthermore, N; in the fold mode is generally greater
than in the flex mode; exception is the longitudinal GR8, where rolling induced grain
pancaking apparently accommodates the flex cycling more effectively. For the
longitudinal samples, N, is greater for GRS. '

Figure 1 shows the temperature/time effect during annealing (as would occur during
lamination). Whereas the longitudinal GR8 has a high initial N, thermal exposure of as
little as ten minutes dramatically reduces N, - apparently a thermally induced
embrittlement sets in. The effect is much greater in the fold fatigue mode where as
much as seven fold decrease in N, is observed. Increasing the anneal temperature or
time has the effect of enhancing embrittlement. For the longitudna! DF8, the thermal
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(Figure 5). The electrodeposited foils (DF8 and DF7) show none of these
characteristics, or show them to a much smaller extent (Figure 5).

The roots of these diverse responses lie in their metallurgical characteristics; they are
enumerated below.

(a)

(b)

(iii)

(iv)

Grain Structure: The rolled foil has a pancaked coarse grain structure, which
upon annealing becomes coarser without eliminating the grain shape anisotropy
due to the restraint imposed by the foil surface (Figures 7 and 8); the
electrodeposited foil has an exceptionally fine equiaxed grain structure which

upon annealing coarsens slightly while retaining its equiaxed geometry (Figures
9 and 10).

Mechanical Properties: The rolled foil in the as-fabricated state is hard (strong)
and brittle (low ductility) but after annealing becomes soft and weak (low
strength), thus impacting its handleability; the electrodeposited foil, in part due to
its fine grain structure, is inherently ductile but strong and upon annealing the
ductility improves farther without excessive loss of strength -- hence its
acceptable handleability. For either foil type, it is possible to obtain by soft
annealing a significant improvement in fatigue ductility D', which is related to
the fatigue life to strength ratio (N/o,,) ), without an improvement in N,. This is
especially true for the rolled foil where the post-anneal strength is quite low, thus
enhancing N/o,; and hence D,.

Microstructure: The rolled foil due to its ETP (electrolytic tough pitch) copper,
source contains 100 ppm or more oxygen (and other soluble impurities) in the
form of oxide particles which often decorate the grain boundaries and upon
rolling decohere from the matrix in the form of voids; the electrodeposited foil is
generally 99.99% purity but like other deposits (electroless, vapor) is
characterized by an extremely fine-scaled microporosity ™ which gradually
diminishes as the deposit thickens. Upon annealing, the voids and the
microporosity coarsen and act as points of stress concentration and as
embrittling elements. The elastic response of the rolled foil at intermediate and
low Ae/2 is apparently due to the embrittling action of the voids and the
reinforcing action of the oxide particles.

Fatigue Cracks: In the rolled foil, the cracks first initiate internally near the oxide
particles and meet up with surface cracks propogating across the foil width and
thickness, the grain boundaries providing hindrance to crack propogation --
especially for the longitudinal samples where the fatigue cracks propogate
across the boundaries of closely-spaced pancaked grains (Figure 11); in the
electrodeposited foil, the cracks are repeatedly arrested at the grain boundaries
before a fatal crack traverses across width and thickness of the sample.
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onclusions

The fold fatigue test, as performed in this study, appears to be a test of greater severity
than the flex fatigue test. The fold test mutes the longitudinal/transverse fatigue life (N,)
anisotropy but accentuates the thermal embrittlement effect: in particular, it effectively
contrasts the unique fatigue behavior of the 18 um rolled and electrodeposited copper
foils. The rolled foil is prone to high fatigue life anisotropy, thermal embrittlement (loss
of Ny and elastic response at intermediate and low strain amplitudes during fatigue
cycling. The fatigue response of the electrodeposited foil is nearly isotropic and the
extent of thermal embrittlement is small; it responds plastically to fatigue cycling over a
wide range of strain amplitudes.
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FIGURE 3

COMPARISON BETWEEN FLEX AND FOLD FATIGUE:
I8 um AS-FABRICATED GR8 AND DF8 FOILS
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EFFECT OF MANDREL SIZE ON FOLD FATIGUE LIFE OF | 8 um FOIL
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FIGURE 5

FOLD FATIGUE COFFIN-MANSON PLOTS FOR I8um
GR8, GR7, DF8 AND DF7 FOILS
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FIGURE 6

COFFIN-MANSON PLOTS FOR I8 um FOIL IN FOLD FATIGUE
(L= LONGITUDINAL, T=TRANSVERSE)
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FIGURE 10

EFFECT OF ANNEALING ON GRAIN SIZE DISTRIBUTION

OF ELECTRODEPOSITED FOIL

1 4 1 \ {

40t rAa

AS-DEPOSITED
AV.: 0.36um

T
b
e —t

20 ANNEALED il
AvV.: 0.55 /.Lm
0 } } ~ E——
0 0.5 1.0 1.5
1 i 1 ! 4 U UTT ]
100E AS-DEPOSITED ﬁl et E
TOE eg . - ANNEALED .
50k MEAN ____f ------- i
A
301 R A% .
//
20r o/' -
A
IO =
7t . .
5- -
- -
3+ _
@
2t g -
I | ] Lt treald 1
0.1 02 03 05 07 10 2

GRAIN SIZE, pm —









