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Abstract

Utilizing a micro-tensile tester and non-contacting laser-speckle correlation technique for strain
measurement with nanometer resolution, elastic modulus and thermal expansion coefficient of 35um
electrodeposited and rolled foils are determined between 23 and 300 deg C. Careful analysis of stress-
strain curve in tensile mode in the elastoplastic region has yielded accurate values of vield stress, tangent
modulus, strain-hardening parameter and strain rate-hardening parameter aver the whole temperature range.
In conjunction with these basic thermoelastic parameters and first-order analytical relationships, it is
possible tor predict (i) dents and wrinkles in foil and (ii) warpage, twist and curl in laminate. Several
analytical predictive models are illustrated, citing material measures to conirol defects (i) and (ii) in foil and

laminate.

Introduction

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 curve, with the
result: (i) low apparent elastic modulus, ii)
gradual elastic to plastic yield transition and (iif)
somewhat imprecise definition of yield level.

Elastic modulus and yield stress of cold rolled
6mm copper plate between 23 and 450°C, using
contact extensometer, has been determined by
Munse and Weil (Figure 8). Employing non-
contacting optical strain tracking system,
essential for fragile foil sample, Fox @ has
obtained credible results for 75 to 145um thick
electrodeposited (ED) copper foil between 23
and 175°, Similar results for 30.54m ED copper
foit have been obtained by Fu and Ume®.
However, a more accurate characterization of
elastic modulus (E) and yield stress {(a,), as well
as of stress-strain (o-e) curve in the elasto-
plastic re§ion, requires a loading/unloading
technique.® '

No thermal expansion data for copper foil has
been published, except average value of
coefficient of thermal expansion () determined
by Fu and Ume®. However, o for bulk copper is
temperature dependent above (and below) room
temperatare'™", increasing from 16.5 x 10%deg

C at 23° to 19 x 10°/deg C at 300°C.

Current Investigation

In this study, we have characterized annealed
(180°C, 30 min.) 35um copper foil, emplaying a
micro-tensile tester ® at 10¥sec strain rate, in
conjunction with non-contacting laser-speckle
correlation technique described elsewhere®
Several loading/unloading stages, iilustrated in
Figure 1, produced E readings, with less than 5%
scatter, which were averaged to develop a data
point,
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Figure 1: Loading f Unloading Procadure for Elaslic kodidus Delermination

In addition, we have determined o, (at 0.2%
strain) and flow stress o (1) (at 1% sirain), both
with less than 1% scatter; strain hardening
parameter n and tangent modulus E, = do/de
(slope of c-e curve) for e between 0.05 and
0.2%, the former by regression analysis.
Monitoring the crosshead movement between
0.002 and 5 in/min, the strain-rate hardening
parameter m was determined by regression.
Figure 2 shows schematically the o-¢ diagram,
effect of strain rate {crosshead speed) and the
parameters E (elastic regime), E, n, m, {elastro-
plastic regime) and o,, o (1) (plastic regime).
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The thermal expansion was characterized using
the same non-contact strain measurement

technique®, monitoring cumulative thermal

strain versus temperature over 23 — 300 °C
range. The strain reading was read after
equitibration for a few minutes, The NIST
thermal expansion copper standard reference
material SRM 73612 was characterized in this
fashion. For several repeat measurements, the
scatter was less than 1.5%. Up to 225°C, the
results conformed with the NIST standard
expansion plot for copper. Above 225°C, some
deviation from the standard curve ensued due to

sample oxidation. This problem is being
correcied.

For 35.m copper foils, thermal expansion curves

up to 225°C were developed. For each foil,
repeat measurements again yielded less than
[.5% scatter. Average expansion curve,
averaged over data points from . several
measurements, was deveioped by fitting a
polynomiat to  the expansion  data‘'".
Differentiation of the polynomial at a given
‘temperature yielded temperature specific o, as
shown schematically in Figure 2.

Results '

Figure 3 shows the effect of test temperature on
elastic modulus - (E) and strain-hardening
parameter (n). The foil grades are identified, the
indicated average grain size was determined by
planar TEM analysis of grain sttucture. The
higher E and n at room temperature are
apparently related to the smaller average grain
size. However, the smaller grain size is also
associated with a larger drop in E and n with

-temperative, - Note that for the rolled and

annealed GRS foil, n and E are almost flat with

temperature; n up to 300°C and up to about
200°C.

Figure 4 shows similar trends for yield stress o,
and flow stress o(1); Note that at 23°C o, and
ofl) for the rolled foil GR8 are substantially
lower than for the finer grained ED foils. At
higher temperatures, this difference between the
two foil types decreases.

Figures 5 and & show the effect of strain in the
elasto-plastic region on tangent modulus (E,}. As -
expecied, E, decreases rapidly with strain. The
fine-grained ED foils have substantially higher E,
{than for the coarse-grained GRS rolled foil).
Note a very rapid diminution of E, with
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temperature; at 300°C, intermediate grain size
ED foil has the highest E,.

Figure 7 shows the effect of test temperature on
thermal strain E; for the GRS (rolled) and two
GR3 (ED) type foils; the data points from several
measurements are identified. Average lines
through the data scatter for each foil are shown
in Figure 8 where the fine-grained low profile
GR3 has largest cumulative thermal strain
between 23 and 225°C. A fourth-order poly-
nomial was fitted to the data scatter and o =
(dE/dT) yielded temperature dependence of o

ax10°=a,+a, Ty + 2, T + 2, T +a, T...(1)
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Foil

Polynomial Parameters for o (Equation 1)

Table 1

ag a4 ay a4

GR8 -4.1371x10° 17957 x 10" 3.8218x10° -57953 x 1073 2.8699 x 107
LoProf. GR3 -3.8090 x 107  1.6435x10" 1.1814x10% -6.5461x10° 2.9235x 107
HiProf. GR3 -367.98x10° 131170x10®°  579x10°  -3.4562x10° 8.0135 x 10"
Table 1 shows the parameters a,, ay, a3, a3, a4 for 190 v T . . 20
the three foils and Figure 9 illustrates the effect i ’
of temperature on o The intermediate grain & —e . 6mm ROLLED sTRIP !
size, high profile GR3 foil has the lowest « over e die |
the 23 - 225°C temperature range. However, the 3 &
remarkable aspect of temperature trend is rapid 8 o
rise of o above a critical temperature somewhere v e 42
between 100 - 150°C, g 35:m GRE FOL,

Figute 10 compares the temperature dependency
of E and « for the GRS rolled foil with that for
the 6mm bulk materal. The grain size for bulk
material is not available but it should be at least
an order of magnitude greater, Both E and «

trends deviate for the foil and bulk materials, the

deviation is especially pronounced for o, and is
atiributable in part to the grain boundary
contribution to E P9 and o 9 This

contribution increases with decreasing grain size.
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Discussion

Considerable amount of finite element analysis
(FEA) work is currently underway at varous
industrial and academic R/D centers to address
the issues of warp, curl, wrinkle and internal
stresses in foil, laminate and circuit boards.
Often the room temperature handlbook values of
elastic modulus and thermal expansion are
utilized. The thrust of this study is to provide a
more realistic elastic and thermal parameters for
the FEA models. As we have observed in the
previous section, E and « are unique to a foil
type and they vary with temperature more
critically for thin foil than for bulk materal.



Additional elastoplastic (n, m, E;) and plastic {ay,
o (1)] parameters can be derived from the stress-
strain response; these parameters play important
roles in the foil and laminate performance. An
overview of connection between these
parameters and performance is summarized in
Table 2. The preliminary results for experi-
mentalty (crosshead movement) determined
strain rate hardening parameter m for three ED
foils is presented in Table 3. Note that the m
values for ED foils are considerably higher than
those encountered for thick rolled sheet '¢18

perhaps attributable to high concentration of . .

point defects in ED foils. Utilizing first order
analytical relationships and tensile and thermal
parameters, an approximate quantification of
several performance issues is presented below.

Table 2
FoillLaminate Perfarmance Relfated to Tensile Parameters

Failfl.aminate Performance Baramater(s}
Cracking ) ‘g &
Denting oy
Wrinkling E;
WarpsgefCud E.c
Orawability n
HNecking, Formability mn

*a, = Ullimate Sligngth, £;. Tolal Elongation

Table 3
Strain Rate Hardering Parameter (m) for Threa
Annealed {180°C, 30 min) ED Foils for Strain e = 0.1 - 0,3%

Foil; —+ AN Lo Prof, GR3 HiProf. GR3
Grain Size (um): = 0.3 Q.5 2,0
2 0,074 D.041 0.028
100 0.999 0.065 0.043
140%; 0,136 D086 0.083
200°C D144 0,104 a.080

(i) Thermal Stress"”
When a metal straddling a substrate is cooled

through temperature differential aT, a thermal

-stress o (T} is generated. .For t,E/(1-v,) >>
tES/(1-v,), where t.is thickness, v is Poisson’s
ratio and subscripts s and ¢ are for substrate and
coating (or metal) respectively.

odT) = {0 - o) 8TE (1-v)) ™' .. (2)

Note o, is independent of t,, ¢, or E,; a higher E,
generates a larger o (T). For t.EAl-v.) >>
tsE_'s"r(l‘Vs):

0d(T) = (0t - &) AT/} By (10, )™ ... (3)

Note that o, is independent of E, but is
dependent on E, and thickness ratio t/t.; thinner
coating generates larger o, When ¢, and ¢, are
comparable, g, is again independent of t,, t, but
depends only on E,. In either case, o, is
controlled by the elastic properties (E,, v,) of the
substrate.  For 18um Cu on 100um FR-4
cooled from 180°C; 0.2um Cu on 25um
potyimide (PI} or 0.02um Cr on 25um P cooled
from 200°C, calculations show that about 8 ksi
{55 MPa} o, driven entirely by AT and ac, is
generated. If o > o, the meta! is residually
compressed and the substrate is in residual
tension.

(ii) Carl ¥

Thermat stress o, at the metal (coating)/substrate
interface results in a bending moment and
subsequent bowing of the ¢-s composite. When
ts>> f and for LE/(1-vg) >> t.E, (1 - v,), for c-5
cantilevered at length |, the curl & is given as;

I

3 Ell-v it
8 =3P(a, -~ )AT Zef 1Y | fe (4
(@, -a)a7 % [l—v,]r: 0

Thick coating and thin substrate enhance &, the
effect of substrate dimension is- particularly
pronounced.  Likewise, substrate with low
modulus and high thermal expansion facilitates
curl; metal with Jow moduius and high thermal
expansion supprasses curl,

For comparable t, and t,,
&=3 (e, —a ATy, +1,)E, [(E—:A]E‘rj +[£‘:f )] ..... [y}

Both metal and substrate in concert reduce curl,

the contribution of substrate in resisting & is

greater. Reducing copper thickness by etching

following lamination. tends to increase &, the

contribution of Cu in resisting & is reduced

further. A high E, low o substrate is prone to

show significantly lower 8. We note that o, is .
usually less than yield stress and neither uitimate

strength or elongation of copper play any part in

the resulting 5,
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(iit) Warpage
Arguments of (i) 2nd (ii) also apply to warpage
in two-layer or muiti-layer laminate or circuit
board. Internal compressive stresses in the metal
layer bend the substrate concavely upward.
Sometimes when the stresses are too large, the
metal layer may wrinkle or delaminate (largely
elastic response) if in compression or may
fracture if in tension (here tensile properties at
reom and high temperatures are relevant). The

magnitude of bending moment M for a sample of
width w is

M=Y% ooty w (t; + 1) ceenn (6)

M is directly related to o, and w. It also depends
upon laminate thickness t, + t; the effect of
mefal thickness, however, is greater. When the
metal ayer straddles a higher « substrate, during
cooling M thrusts the laminate convexly towards
the lower o metal layer.

A balanced laminate construction, {a) equal layer
thickness of same metal on both sides of
substrate or {b) equal o, (or E.t.) of different
metals on each side, results in two equal and
opposite bending moments and zero net warp.
Anneal softening of one of the two layers of two-
sided laminate sometimes causes warp. This
may happen only if (c) anneal induced
recrystallization and/or softening in one layer
reduces or eliminates intrinsic internal stresses oc
(d) annealing reduces elastic modulus to a
significant extent. Either (c) or (d) may result in
a net non-zero bending moment and hence the
warp. :

It is possible to suppress the net bending moment
causing warpage by cooling under pressure; or to
balance the bending moment by symmetrical
construction. However, for either case, the
thermat stresses at the CWFR-4 interface remain
intact. "~ For the former, subsequent heating
during processing or in service can restore the
bending moment and cause warpage. For the
latter, partial or complete etching (or uneven
thickness on either side after etching) can

generate unbalanced bending moments and
hence the warpage. ' '

The PWB  warpage can be modeled by the
know- ledge of (a) temperature dependence of
the material properties and (b) solid/applied
mechanics  using  the  three-dimensional
thermoelastic or thermo-viscoelastic analysis. In

practice, however, this is difficult. - Viscoelastic
or plastic relaxation (reduction of residual
stresses) may occur at the peak lamination or
soldering temperatures. Warpage may occur due
to thermal loading during the reflow or infrared
soldering and during the seider-masking process.
The temperature gradients through the board
thickness contribute most substantially to' the
total warpage. Support conditions of the board,
that is, the behavior of the curvature of the board
parallel to the support axis is another uncertainty.

The laminate layers are deposited at different .
temperatures and therefore not all layers are
stress-free at the same temperature. Further, the
residuat stresses might develop due to plastic
deformation, under a large thermal load, at an
intermediate process step. Hence, the warpage
should be considered at the intermediate process
steps as well as at the end of fabrication.
Clearly, these complexities cannot be captured
by the “frozen-~-view” models; it is important to
take into account the entire history of the
fabrication process and the evolution of internal
stresses to understand the thermo-mechanical
behavior of mulli-layer PWB. Optimum
material properties, PWB geometry and
lamination/masking/soldering _ process
parameters must be selected to minimize
warpage.

(iv) Three-Layer Model !>

An analysis of stress and strain distributions for a
three-layer CwFR-4/Cu, layers |, 2, 3
respectively, construction, when the laminate is
cooled through a temperature differential AT, has
yielded predictive relationships for warpage,
dimensional stability and thermally induced
stresses (in core and copper):

Warpage:

53 _tETIE-EYe-aiin) o
[

3
2 (Es “'Er)(ﬂﬁl +1,E “HLE))[Z(ﬁ +f3)'“r:]

Dimensional Stability;

o

S (a7 - al{l +££L]-i - (8)



Maximum Stress in Copper (at edgcs'of plate
or stripe):

oo =(AT¥a, ~a'1)E,[I +(’_:r_‘_l:§_] )

Maximum Shear Stress in Core (in the center
area of the board):

¥ -1
7o = (AT Y waz{ L5 E, ] [n 2;131] ..{10)

t,(1+v) 4LE,

Substituting appropriate values of (AT), |, t. o, B
and v, reasonable predictive evaluations of
warpage, dimensional change and thermal
stresses  are  obtained for symmetrical,
unsymmetrical and one-sided laminates. Effects
of variations in core thickness (%), E, a,
lamination cycle and foil thickness (t,, t;) can be
predicted.  For more sophisticated treatment of
thermomechanical analysis see reference {(21).
Special attention is drawn to modeling and finite
element analysis work underway at Georgia
Institute of Technology.®? %"

(v) Wrinkling and Dentingm'm

Under conditions of non-uniform loading,
wrinkles and dents start with strain instability
and stress concentration at selected points on the
foil. At points of instability, elastic or
elastoplastic buckiing is brought on by in-plane
compressive stress componeat of a complex
stress state. Initiation of wrinkles corresponds to
elastic response (and instability), onset of visible
wrinkles to elasto/plastic response and growth of
wrinkles {and dents) to plastic response. As the
foil thickness decreases, the onset of wrinkles is
observed at less than 1% strain and the wrinkle
shape becomes iregular. The onset and growth
of macroscopic wrinkling occurs when the stress
exceeds a critical value '

G =033(1-vY' (1 w) jE & (L)

where j is function of foil dimensions and Ey is
wrinkling modulus defined as

E, = 455,[55 +ES } ..... (12)

The parameters E, E, and v in equations (11) and
(12) are derived from the siress-strain test

conducted at strain rate &. For high o, material,
strain for onset of wrinkles is low and vice versa.
Increase in elastic modulus and yield strength
results in nurnerous shallow wrinkles formed at.
small strain. As temperature is increased, both
yield strength and elastic modulus decrease; the
result is that fewer wrinkles are formed and they
form at larger swrain. High n and m (m is of
secondary irmportance) and low & increase the
strain for onset of wrinkling and the initiation of
wrinkling is diminished. For high n + m, (m is
of primary importance), high o, and low &,
growth of wrinkles (once formed) is refarded.

As a general rule, the material with high n and m
will have low tendency to wrinkie and dent
High E; and o, are also indicators of low
propensity to wrinkle or to dent. The factors
which impart flexibility (as opposed to stiffness)
to the foil, such as decreasing E and o(1), will
also render foil less prone to wrinkling, Low &
employed during service will decrease handling
damage.
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