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The tensile elastic, elastoplastic and low strain plastic parameters of the 12–35 µm thick
rolled (R) and electrodeposited (ED) copper foils have been characterized between 296 and
573 K and after an anneal exposure at up to 1173 K. At 296 K, all parameters are inversely
proportional to grain size but the thermal effects dominate at the higher temperatures. For
the R foils, the temperature coefficient of elastic modulus (E) is more or less identical to
that for the bulk copper. For the ED foils, the coefficient increases with decreasing grain
size; this effect is presumably related to the characteristic point defect structure generated
during deposition. A significant grain growth ensues upon annealing but the post-anneal
grain size has little effect on E; for the R foil, however, E decreases sharply with the anneal
induced emergence of new crystallogrpahic textures with orientations near 〈100〉 . The
tangent modulus (Et) in the elastoplastic regime decreases with strain and with
temperature, a very large drop in Et with anneal temperature suggests that both the
diminution of dislocation activity and the texture modification are the contributory factors.
It is argued that the strain hardening parameter (n ) in the elastoplastic regime, and the
strain rate hardening parameter (m) and the flow stress in the low strain plastic regime
influence the handling damage to the thin foil. C© 2004 Kluwer Academic Publishers

1. Introduction
The elastic response of thin film or foil has been in-
vestigated by a variety of techniques: X-ray diffrac-
tion [1–3], bending [4, 5] (cantilever beam [6], bi-axial
[7], three-point [8]), indentation [9] (nano- [10], spher-
ical tipped [11]), bulging [12, 13] sonics [14], elastic
waves [15], surface acoustics [16–18], vibrating reed
[19, 20], dynamic mechanical analyzer (DMA) [21] and
tensile loading [1, 22–25]. The most characterizations,
however, have been at room temperature. The tensile
technique, in particular, is amenable to tests at higher
temperatures [23–25]; furthermore, it permits specific
examination of the elastoplastic (between proportional
limit and plastic yielding) and the low strain post-yield
responses.

The freestanding copper foil has been investigated
in tensile mode to a limited extent [1, 22, 23, 25]. The
reported room temperature modulus values are often
lower than those for the bulk copper [26]. The grain
size, the nature of grain boundaries, especially for the
vapor or electrodeposited foil, and the incidence of mi-
cropores and microcracks are prone to affect the modu-
lus [15, 27]. The crystallographic texture, likewise, can
have a significant effect since the modulus of copper is
direction specific [28, 29]. For example, the modulus
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in the 〈111〉 direction is 2.9 times greater than that in
the 〈100〉 direction. The grain orientation as well as the
grain shape, in the as fabricated and annealed condi-
tions, can influence the elastic modulus [30].

The conventional tensile testing of copper foil utilizes
the crosshead movement monitor to ascertain strain.
However, this procedure overestimates strain in the
elastic regime, with a slight bending of the stress-strain
(σ -ε) curve; the net result is (i) a low apparent elas-
tic modulus (E), (ii) a gradual elastic to plastic yield
transition and (iii) a somewhat imprecise definition of
yield level (σy, εy). The E and σy values for cold rolled
6 mm copper plate between 296 and 723 K, using
contact extensometer, have been determined by Munse
and Weil [26]. Employing a non-contact optical strain
tracking system, essential for the fragile foil sample,
Fox [23] has obtained credible modulus resutls for the
75–145 µm thick electrodeposited (ED) copper (Cu)
foil between 296 and 448 K. Similar results for the
30.5 µm ED Cu foil have been obtained by Fu and
Ume [25] but with a more pronounced test temperature
effect on E. A more accurate tensile characterization of
E, σy and σ -ε curve in the elastoplastic region, how-
ever, requires a loading/unloading technique described
elsewhere [31] (see Fig. 1).
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Figure 1 Loading/Unloading procedure for elastic modulus determination.

The primary application for the thin freestanding
electrodeposited and rolled copper foils is in the elec-
tronic packaging field. Rather than examining the
laboratory prepared foil samples, the commercially
processed foils, designated by specific grades, are in-
vestigated in this paper. They represent a range of grain
structures, crystallographic textures and thermal stabil-
ities (of structure and texture), and should help relate the
elastic and elastoplastic parameters to the microstruc-
ture. During service at and above room temperature, the
thin foil is prone to a variety of failure modes: buckle,
dent, wrinkle, warp or curl (during lamination to poly-
meric substrate) [32]. One of the aims of this study is
to determine the mechanical parameters which govern
these failure modes [32].

2. Materials
Four grades (AM, low profile GR3, high profile GR3
and DF) of electrodeposited (ED) and three grades
(TPC, Ag-TPC and OFC) of rolled (R) 12–35 µm thick
freestanding copper foils in the as-fabricated and an-
nealed (to 1173 K, in argon) states are characterized.

T ABL E I Average grain size of copper foil (µm)

Commercial foil Thickness (µm) → 12 18 35

Type∗ Grade Temp.∗∗ (K) 296 373 473 573 296 373 473 573 296 373 473 573

ED AM – – – – – – – – 0.4 0.4 0.5 2.0
ED Lo Profile GR3 – – – – – – – – 0.5 0.5 0.8 1.5
ED Hi Profile GR3 – – – – – – – – 2.0 2.0 3.0 3.5
ED DF 0.3 0.4 1.8 2.5 0.4 0.6 1.0 1.2 0.7 0.8 1.2 1.5
R TPC 2.5 3.0 6 8 3.5 4.0 6 8 4.5 4.5 6 8
R OFC – – – – 2.5 3.0 6 8 – – – –

∗ED = electrodeposited mid-thickness planar grain size; R = rolled, planar rolling direction grain size.
∗∗200–300 s thermal exposure.

The average mid-thickness planar grain size, deter-
mined by the transmission electron microscopy (TEM),
prior to and following a 200–300s thermal exposure
to 573 K, for each foil grade is shown in Table I.
Furthermore, the characteristic planar grain coarsen-
ing curves, following a 1800s thermal exposure are
presented in Fig. 2 for the 18 µm DF, TPC and OFC
grade foils. Here the planar grain size is determined by
the scanning electron (SEM) and optical microscopy
techniques. Typical grain structures of the ED and R
foils before and after anneal exposure are illustrated in
Fig. 3.

For the ED foils, thermal anneal (loss of hardness,
reduction in dislocation density) is accompanied by a
continuous in-situ grain growth [33]; for the R foils,
rapid anneal softening at about 423 K occurs in concert
with discontinuous recrystallization, whereby the new
grains form at the expense of the old [34]. For the ED
foils, the grain structure is generally equiaxed; except
for the high profile GR3 foil where some z (thickness)—
direction grain extension is observed. For the R foils,
the grains are flattened during rolling; in the post-anneal
state, the new equiaxed grains are formed. The grain
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Figure 2 Anneal induced grain coarsening for 18 µm DF, TPC and OFC foils.

structure and the average grain size for the Ag-TPC
and OFC foils are virtually identical.

Several additional aspects of the grain structure of
thin copper foil should be emphasized. For the ED
foil, the “pseudo” grain boundaries in the as-deposited
state are poorly and unevenly delineated. This aspect
of grain boundaries becomes particularly acute in the
cross-section view where the grain structure is com-
plex and difficult to decipher. Upon annealing, the grain
boundary delineation improves remarkably. However,
when the grain size becomes comparable with the foil
thickness, following the anneal induced grain growth,
the boundaries interact with the free foil surfaces and
a “bamboo” grain structure ensues. For the R foil,
the “pancake” character of the grains is retained af-
ter recrystallization and the planar grain growth oc-
curs more or less unimpeded by the foil surfaces. A
bamboo grain structure after grain growth is less prone
to develop. Further details of the grain structure for
the ED and R foils are discussed in a companion
paper [35].

Among the ED foils, the AM foil displays a to-
tally random grain orientation; the high profile GR3
is characterized by a strong 〈220〉 fiber texture, with
over 90% of the grains oriented along the fiber axis
[36]. The low profile GR3 and DF foils show a weak
〈220〉 texture, the random grain fraction is in excess
of 80%. For all ED foils, the textures are stable to
1173 K; the anneal induced grain growth leaves the

T ABL E I I Volume fractions of ideal texture components for 18 µm R foils

(i) (ii) (iii) (iv) (v) (vi) % (i + ii + iii) % (iv + v + vi) (vii)
Sample Anneal Brass S Cu Cube r-Cube Goss (i + · · · + vi) (i + · · · + vi) Random

TPC – 14.6 26.4 11.8 5.5 0.5 3.4 84.9 15.1 37.8
Ag-TPC – 23.8 28.2 8.0 2.6 0.2 2.2 92.3 7.7 35.0
OFC – 28.1 26.2 7.4 2.0 0.7 1.6 93.5 6.5 34.1
TPC 453 K, 30 min 5.0 15.2 4.9 10.4 2.1 2.6 62.4 37.6 59.9
Ag-TPC ” 2.9 12.8 2.4 17.9 2.0 2.9 44.3 55.7 59.1
OFC ” 3.0 10.2 3.2 16.7 1.4 3.2 43.5 56.5 62.2
TPC 1173 K, 30 min 5.4 8.5 1.5 12.8 0.8 2.6 48.7 51.3 68.5
OFC ” 4.2 11.6 2.0 16.9 1.7 3.4 44.7 55.3 60.2

Brass: {110} 〈112〉; S: {132} 〈643〉; Cu: {123} 〈111〉; Cube: {100} 〈001〉; r -Cube: {100} 〈011〉; Goss: {110} 〈001〉.

original as-deposited textures unaltered. The R foils
show strong deformation textures which upon anneal-
ing transform to the recrystallization textures, as il-
lustrated in Table II for the 18 µm foils. The texture
transformation, however, does not coincide with the re-
crystallization process; for the TPC foil, the textures are
stable to about 873 K, 1800s thermal exposure, whereas
for the Ag-TPC and OFC foils, the texture transfor-
mation occurs closer to the recrystallization tempera-
ture. Further details of the crystallographic texture for
the ED and R foils are discussed in the companion
paper [35].

3. Experimental: Tensile tests
Mechanical properties of the foil specimens of 60 mm
length were determined employing a microtensile test-
ing apparatus (Messphysik, Austria). The apparatus is
equipped with a non-contacting optical laser speckle
correlation system for strain measurements [37], and
the force is measured with a 100 N capacity (type TCA)
load cell calibrated with standard weights. The foils
were glued into specially designed grips using a jig to
prevent deformation of the foils during handling. The
specimens were aligned using an x-y stage with visual
control on the monitor. A small initial load was ap-
plied to straighten the foil specimens. The entire test-
ing device was mounted on an optical table to min-
imize the influence of detrimental vibrations. During
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(a) (b)

(c) (d)

(e) (f)

Figure 3 Typical planar grain structures prior to and following anneal exposure for 18 µm ED and R foils. ED: (a) as received; (b) 573 K/30 min;
(c) 1173 K/120 min R(TPC): (d) as received; (e) 573 K/30 min; and (f) 1173 K 120 min.

a displacement controlled tensile test at 10−4/s strain
rate, the sample is illuminated by two collimated laser
beams of 15 mw power and the laser speckle patterns
are formed on the specimen surface.

A schematic of the optical arrangement, consisting of
the illuminating system and two displacement record-
ing systems, is presented in Fig. 4. The displacement

recording is performed by two lenses (separated by a
base length of 40 mm) with a selectable focal length
and standard charge coupling devices (CCD cameras)
feeding the signals of the images into a personal com-
puter based frame grabber, where the signal processing
occurs. The strain values are obtained on-line from the
cross-correlation function between sequential images.
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Figure 4 Set-up for the laser speckle extensometer (schematic).

Further details of the laser extensometer are described
in Ref. [37]. The resolution of the system for the se-
lected sample gauge length of 40 mm is 5 · 10−5 for the
strain and 0.01 MPa for the stress.

The elastic and elastoplastic parameters were deter-
mined at test temperatures up to 573 K. In order to
hold the test temperature at a constant level, a regulated
stream of heated air was blown around the samples;
holding the maximum temperature error within ±5◦C.
The parameters were (i) elastic modulus E , (ii) strain
hardening parameter n (σ ∼ εn), obtained by regres-
sion analysis between a range of strains, (iii) tangent
modulus Et, slope dσ /dε of σ -ε curve in the elasto-
plastic region and (iv) yield stress σy (stress at 0.2%
cut-off strain). Several loading/unloading stages, illus-
trated in Fig. 1, produce a number of E readings, within
5% scatter, which are averaged to develop a data point.
The n and Et values are for ε between 0.05 and 0.2%;
Et and σy are averages of several readings within 2%
scatter.

Using a conventional tensile tester described before
[33, 38] and monitoring the tester crosshead movement,
n was determined at 10−5/s strain rate between 0.1 and
1% offset strain. The strain rate hardening parameter

Figure 5 Effect of test temperature on elastic modulus for 35 µm copper foils.

m (σ ∼ ε̇m) at a given strain, determined between the
0.2% (yield point) and 0.55% offset strain, was char-
acterized by an abrupt change in strain rate [39] from
10−5 to 10−4 s−1. Here m [=log (σ2/σ1)/log (ε̇2/ε̇1)] at
a specific strain is calculated by using the extrapolation
procedure, to obtain optimum m, discussed in Ref. [39].

4. Results
4.1. Elastic modulus (E )
Fig. 5 shows the effect of test temperature on E for the
35 µm ED and R foils. The indicated grain sizes are
the initial pre-test values; during thermal equilibration
at the test temperature and during load cycling, con-
siderable grain coarsening ensues as shown in Table I
and Fig. 2. The fine grain size ED foils (AM and low
profile GR3) have relatively large E at 296 K but also
a large loss of E with test temperature; at 573 K, the
cumulative loss of E is about 65%, a three to five fold
grain growth is in part responsible for the loss. By com-
parison, the (R) TPC foil with an initially coarse grain
structure shows a relatively small drop in E to 473 K,
followed by a rapid drop in the 473–573 K range. Note
that at 573 K the smallest (initial) grain size foils have
the lowest E .

For the 12–35 µm (ED) DF, (R) TPC and (R) OFC
foils, Fig. 6 shows the effect of up to 1173 K, 1800s an-
neal on E tested at 296, 373 and 473 K. A small increase
in E with decreasing foil thickness is observed. For the
DF foil, the thermal exposure causes little change in E
with (anneal) temperature, in spite of the fact that an
intense grain growth occurs above about 673 K [35].
For the R foil, a sharp drop in E at 296 and 373 K test
temperatures is observed. For the OFC foil, the drop oc-
curs in the 423–473 K interval that is somewhat above
the 403–423 K thermal softening (decrease in disloca-
tion density) range. For the TPC foil, the drop occurs
around 873 K but is smaller (than for the OFC foil). The
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Figure 6 Effect of 1800s anneal on elastic modulus for 12–35 µm DF and R Foils tested at (a) 296 K, (b) 373 K and (c) 473 K.

effect of test temperature for the TPC foil is similar to
the results reported in Fig. 5. These significant reduc-
tions in E are apparently related to the generation of
anneal induced textures near the 〈100〉 orientation (see
Table II).

4.2. Elastoplastic: Strain hardening
parameter (n )

The effect of test temperature on n in the 0.05–0.20%
offset strain range for the 35 µm ED and R foils is
shown in Fig. 7. The ED foils have much higher n (than
the R (TPC) foil); however, the n decreases with tem-
perature and at 573 K for all foils it approaches about
0.1 level. The finer grain size foil has a higher n but
the effect of grain size on n decreases with increasing
test temperature. The effect of annealing on n for the

18 µm (ED) DF and (R) OFC foils is shown in Fig. 8.
The n decreases with the anneal temperature; the DF
foil has a higher n (than for the OFC foil), especially
up to about 573 K (anneal) temperature. For all foils
after 1173 K anneal, a coarse grain structure (grain size
comparable to the foil thickness) is formed [35] and the
n approaches about 0.1 level.

4.3. Elastoplastic: Tangent modulus (Et)
The effect of strain on Et is presented in Figs 9 and
10 for the 296/373 K and 473/573 K test temperatures
respectively. As the strain approaches the yield point
(0.2% offset), the Et, as expected, decreases gradually.
The grain size has an inverse effect on Et but with in-
creasing test temperature the thermal contribution to Et
dominates the grain size effect. At 573 K, the Et tends
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Figure 7 Effect of test temperature on (a) yield stress, (b) strain hardening parameter for 35 µm copper foils.

Figure 8 Effect of 1800s anneal on strain hardening parameter for 18 µm DF and OFC foils.

to a very low 2–5 GPa value, indicating a flattening of
the elastoplastic σ -ε curve with increasing temperature.
Et is much smaller than E; at 473 K, Et is about 1% of
the E value.

Fig. 11 shows the effect of annealing on E and Et,
for the 18 µm ED (DF) and (R) OFC foils tested at
296 and 473 K. For the OFC foil and 296 K test, an
anneal around 473 K results in a large Et drop (but
a relatively small loss of E); it is presumably related
to the texture transformation (to near 〈100〉 orienta-
tions) and to the recrystallization (reduction in dislo-
cation density). For the DF foil, the anneal effect is
gradual over the whole (anneal) temperature range;

since no texture change occurs with temperature, the
diminution of Et is apparently related to the sluggish an-
neal (reduction in dislocation density, grain coarsening)
effect.

4.4. Yield stress (σy)
The effect of test temperature on yield stress for the
35 µm ED and R foils is shown in Fig. 7. The grain
size effect on σy is evident at 296 K; however, σy de-
creases with temperature and this effect is greatest for
the smallest (initial) grain size foil. At 573 K, the σy
approaches 40–90 MPa range. For the 18 µm (ED) DF
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Figure 9 Effect of strain in elasto-plastic region on tangent modulus for 35 µm copper foils tested at 296 K and 373 K.

Figure 10 Effect of strain in elasto-plastic region on tangent modulus for 35 µm copper foils tested at 473 K and 573 K.

and R (OFC) foils, the effect of annealing for the 296,
373 and 473 K tests is presented in Fig. 12. For the
OFC foil, the precipitous drop in σy (recrystallization
reaction) is followed by a flattening of the anneal curve.
A more gradual softening for the DF foil corresponds

to its characteristic in situ grain growth with increasing
anneal temperature [33]. After 1173 K anneal, σy for
both foil types approaches a very low 20–30 MPa level
which corresponds to grain size between 20–60 µm
(Fig. 2).
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Figure 11 Effect of 1800s anneal on tangent modulus for 18 µm OFC and DF foils tested at (a) 296 K and (b) 473 K.

Figure 12 Effect of 1800s anneal on yield stress for 18 µm OFC and DF foils tested at (a) 296 K, (b) 373 K and (c) 473 K.

4.5. Low strain regime
Four 35 µm high profile (ED) GR 3 foils, each pro-
cessed somewhat differently but with roughly similar
grain structure and crystallographic texture, are char-
acterized for strain hardening and strain rate hardening

in the 413–453 K test temperature range. Fig. 13 shows
the 453 K σ -ε (logarithmic) plots between 0.1 and 1%
offset strain; the slope of each plot, or of a segment
of the plot, defines n. The two high flow stress foils
have a relatively low elastoplastic n (0.19–0.20); the
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Figure 13 Effect of offset strain on flow stress for 35 µm copper foils tested at 453 K.

Figure 14 Effect of plastic offset strain on flow stress for 35 µm copper foils tested at (a) 413 K, (b) 433 K and (c) 453 K.

two low flow stress foils have a relatively low “low
strain” plastic n (0.12–0.15). Fig. 14 shows the σ -ε
(logarithmic) plots in the 0.25–0.55% offset plas-
tic strain regime tested at 413, 433 and 453 K.
Only at 453 K, the foils can be distinguished as
the low and high flow stress types, the former
displaying a somewhat higher n (0.18–0.19 versus
0.15–0.16).

Fig. 15 shows the strain rate hardening parameter m,
determined by the strain rate change method [39], as
a function of plastic offset strain for the two (high and
low flow stress) foil types tested at 413, 433 and 453 K.
The uncommonly high m is perhaps due to the very low
strain levels and the fine grain structure of the foils.
The m decreases with strain and with test temperature,
reaching a more conventional value of 0.05 for the lower
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Figure 15 Effect of plastic offset strain on strain rate hardening parameter for the high and low flow stress 35 µm copper foils tested at (a) 413 K, (b)
433 K and (c) 453 K.

m foil. There is thus a strain/temperature window in
which the foil types with high/low n and m values can
be sorted.

4.6. m in elastoplastic regime
The strain rate change method for the characterization
of m does not yield consistent results in the elastoplastic
regime. Alternately, the constant strain rate elastoplas-
tic σ -ε plots generated at different strain rates provide
flow stress (σ ) versus strain rate (ε̇) data for a given
strain level; the log σ versus log ε̇ regression analy-
sis yields an approximate measure of m. Here a clear
trend for the variation of m with offset strain does not
materialize; furthermore, the m characterized by this
procedure is lower than that determined by the strain
rate change method (in the post-yield regime). Table III

T ABL E I I I Strain rate hardening parameter (m) for ED foils for strain
ε = 0.1–0.3%

Foil AM Lo profile GR3 Hi profile GR3
Av. grain size (µm) 0.3 0.5 2.0

296 K 0.075 0.041 0.028
373 0.099 0.065 0.043
453 0.136 0.096 0.063
473 0.144 0.104 0.080

shows the effect of grain size and test temperature on
m averaged within the 0.05–0.25% offset strain range.
The average m is larger for the finer grain structure and
for the higher test temperature.

5. Discussion
5.1. Elastic and elastoplastic parameters
Possible influences on the modulus behavior are on
the one hand (a) strong effects of changes in crys-
tallographic texture and (b) modifications of the in-
teratomic bond strength related to thermal effect and
structural defects (point defects and grain boundaries).
On the other hand, important influences which occur
only in the ED foil are porosity, three-dimensional
vacancy agglomerates and possibly microcracks [40].
Whereas in the R foils the deformation induced va-
cancy type defects may anneal out or agglomerate to
planar loops, in the ED foils an inherent high con-
centration of vacancies and voids [40] can be sta-
bilized by hydrogen and swept up by grain bound-
aries during annealing [33, 34]. Another important
difference between the two foil types is the stabil-
ity of the crystallographic texture during annealing to
1173 K [35].

Several key findings concerning the elastic modulus
of thin copper foil emerge in this study:
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(i) Modulus for the R (TPC) foil is somewhat below
that for the bulk polycrystalline copper [26] but it is
significantly greater than that for the ED foils (Fig. 5).

(ii) The modest test temperature effect on modulus
for the R (TPC) foil up to 573 K (Fig. 5) is similar to that
for the bulk copper [26] but the effect is much smaller
than that for the ED foils.

(iii) Annealing the R (TPC) foil to 873 K or the ED
foils to 1173 K has little effect on modulus (Fig. 6) since
neither foil type undergoes a texture transformation dur-
ing thermal softening (modification of grain structure,
reduction in dislocation density) or during subsequent
grain growth.

(iv) The constancy of modulus with anneal temper-
ature up to 873 K for the R (TPC), tough pitch cop-
per, foil is apparently related to the 300–400 ppm oxy-
gen present in the form of oxide particulates [35]. If
the oxygen is reduced to less than 25 ppm, as for
the (R) OFC foil, or if a few hundred ppm Ag is
added to the R (TPC), as for the (R) Ag-TPC foil,
the annealing has a considerable modulus lowering
effect.

(v) A precipitous drop in modulus at temperatures
above the anneal softening temperature for the R (OFC)
and R (TPC) foils (Fig. 6), near 473 and 873 K respec-
tively, is related to the crystallographic texture trans-
formation to orientations near 〈100〉.

(vi) Since the anneal induced grain coarsening does
not result in a significant modulus change (Fig. 6),
the grain size effect on 23◦C modulus and on tem-
perature coefficient of modulus, as for the ED foils
(Fig. 5), may be related to the deposition processing
generated point defects “fingerprint” left in the foil
[40], rather than to the grain size per se. However,
the secondary effect of grain size on modulus is not
discounted.

Indeed, the grain size affects the room temperature val-
ues of E (Fig. 5), σy and n (Fig. 7), Et (Fig. 9) and
m (Table III); the smaller grain size corresponds to the
higher values for all parameters. Above 296 K, the ther-
mal (test or anneal temperature) effects begin to dom-
inate the grain size contribution. A large change in E ,
often over a relatively narrow range of temperatures,
suggests a texture transformation (Fig. 6) whereas a
large change in σy suggests a reduction in dislocation
density (Fig. 12). The elastoplastic parameters n (Fig. 8)
and Et (Fig. 11) are influenced by a change in texture
as well as in dislocation density, their relative contribu-
tion depending upon the strain level, and to a less extent
by the modification of grain structure. For example, a
large drop in Et around 473 K for the OFC foil (Fig. 11)
is apparently due to recrystallization as well as due
to texture modification. An enhanced change of grain
size for the ED samples with the smallest grain size
(0.3 µm) is apparently responsible for the extraordinary
drop in Et with anneal temperature (Figs 9 and 10). The
flow stress (Figs 13 and 14), m (Table III, Fig. 15) and
n (Fig. 8) are postulated, as discussed in the follow-
ing section, to relate to handling damage of the thin
foil.

5.2. Relation to handling damage
The major use of thin copper foil is in the manufac-
ture of printed circuit (wiring) board; the foil is lam-
inated to the polymeric substrate (FR-4, polyimide)
and is further processed (circuitization of conductor
layer, lamination of cover layer, solder reflow), of-
ten at temperatures in excess of 413 K. The foil is
prone to handling damage such as wrinkling, (im-
pact) denting and micro-buckling at or above room
temperature. The laminate, if improperly designed or
processed, is prone to (particulate) denting and z-
direction distortion such as warpage and curl during
lamination (413–473 K) or during further processing
(373–573 K).

Under the conditions of non-uniform loading, small
scale wrinkles, buckles or dents initiate near the strain
gradients at selected points on the foil [41]. At these
points of instability, an elastic or elastoplastic collapse
is brought on by the in-plane compressive stress [42].
The beneficial effects of σy (or flow stress), n and m
in circumventing the localized small scale visible de-
fects has been recognized [43, 44]. High σy or flow
stress guarantees elastic recovery of defects or reduces
the plastic strain; high E and Et enhance the wrinkle
modulus and hence the critical stress for initiating the
microdefects [45]; high n results in a broader, more
uniform distribution of strain in the presence of a stress
gradient [46]; high m aids in resisting strain localiation
during the development of instability [46]. An increase
in n decreases the pre-instability (elastoplastic) strain
gradients whereas an enhanced m decreases the post-
instability (low strain plastic) strain gradients [47]. In
particular, the role of m in retarding the growth of insta-
bility becomes greater as the foil thickness decreases
[48, 49].

The thermal expansion differential between copper
and substrate is the driver for distortion defects in the
laminates and the multi-layer stacks. Given this differ-
ential, the extent of warp or curl depends upon ther-
mal loading (temperature cycle, thermal stress), stack
geometry, process controls and E , Et for copper and
substrate [32]. The warpage may occur during (i) lam-
ination, (ii) circuitization of the copper layer by etch-
ing, (iii) reflow or infrared soldering and (iv) solder
masking process. The three-dimensional thermoelas-
tic or thermoviscoelastic models have been formulated
[50] for a measure of warp and as an aid to laminate
design. In the event of high thermal loading, Et may
be substituted for E but the viscoelastic or plastic re-
laxation (the reduction of thermal stresses) may occur
at the peak lamination or soldering temperature, con-
siderably complicating the analysis. The finite element
analysis (FEA) models [51–53] effectively handle the
complex design and processing details, and provide a
more reliable quantitative measure of distortion and the
cause/effect understanding of the underlying factors.
Both the analytical and FEA modeling require “good”
mechanical and thermal parameters and their tempera-
ture dependency, which we have shown in this study to
be unique to each foil type.

This study is the pioneering effort in characterizing
the mechanical parameters for the thin R and ED copper
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foils over a range of temperatures of interest. Also un-
derway is the measurement of thermal expansion be-
havior of the R and ED copper foils over a range of
temperatures. These results will be reported in the near
future.

6. Conclusions
(i) Elastic Regime: At 296 K, the E is inversely pro-

portional to the grain size. For the R foil, the temper-
ature dependency of E is similar to that for the bulk
copper. For the ED foil, the temperature dependency is
greater (than for the R foil) and it increases with the
decreasing initial grain size; this grain size effect is as-
sumed to be due to the point defects fingerprint unique
to each ED foil. The post-anneal grain size has a rela-
tively small effect on E except for the R foils where the
anneal induced emergence of crystallographic textures
near the 〈100〉 orientation results in a sharp drop in E;
for the TPC foil the drop is near 873 K and for the OFC
foil it is near 473 K. The foil thickness has a small effect
on E.

(ii) Elastoplastic Regime: At 296 K, the values of
Et, σy, n and m are inversely proportional to the grain
size; at higher temperatures, this grain size effect is
dominated by the thermal effects. At 573 K, the foils
have close σy and n, irrespective of the grain size. Both
σy and n decrease with temperature; the drop in σy,
due to the diminution of dislocation activity, is abrupt
for the R foil and gradual over a wide range of anneal
temperatures for the DF foil. The Et decreases with
strain and with temperature; this temperature effect on
Et is much greater than that on E. For the OFC foil,
a large drop in Et around 473 K is apparently due to
recrystallization as well as due to texture modification.
The m increases mildly with the test temperature.
(iii) Low Strain Plastic Regime: The m values for thin

ED foils are significantly higher than those reported for
the sheet in the higher strain regime; m decreases with
strain and increases mildly with the test temperature.
The flow stress, m and n, are postulated to relate to the
handling damage of the thin foil.
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