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Abstract

The effect of thickness on the fracture toughnessJC of metallic foil was investigated experimentally. Double-edge cracked specimens, made
of copper foils with thicknessest ranging from 0.02 to 1 mm, were loaded in tension till fracture. The digital speckle correlation method
(DSCM) was used to evaluate the strain fields around the crack tip, allowing determination of theJ integral. The fracture toughness defined
as the value of theJ integral at cracking initiation was shown to first increase with increasing thickness, then to reach a maximum for a
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hickness of about 0.3 mm and finally to decrease at larger thicknesses. Optical and scanning electron microscopy (SEM) results
his significant effect of thickness is essentially attributable to the change in the work required per unit area during crack tip neck
he work required per unit area during material separation.
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. Introduction

With the rapid development of modern technology, foil
aterials have found applications in the areas of materi-
ls and electrical industries such as microelectro-mechanical
ystems (MEMS) and integrated circuits. The mechanical be-
avior of such materials may be different from that of bulk
aterials due to size effects. Therefore, models and conclu-

ions appropriate for bulk materials may not be applicable
hen analyzing foil materials. Certain essential problems
nd phenomena occurring during the fracture process of foils
ust be explored by experiments and numerical simulation
ethods in order to provide a better understanding of fracture
echanisms, especially their difference from bulk materials.
or example, the effect of the thickness of the foils on the

racture behavior remains an open issue.
During last two decades, several investigations of the me-

hanical properties of foils have been carried out both ex-

∗ Corresponding author. Tel.: +86 22 87894001; fax: +86 22 87894001.
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perimentally and theoretically. For example, Sutton e
[1] measured the near tip surface deformation fields,
uated theJ integral, and investigated the three-dimensio
effects near the crack tip in thin sheet using computer vi
Judelewicz et al.[2] and Arzt[3] demonstrated that size e
fect on the material properties of foil materials was attrib
to dimensional and microstructural constraints. Fan[4] made
an assessment of the grain size dependence of ductile fr
toughness using available experimental data from va
metals and alloys and proposed a semi-empirical equa
Also, the grain size dependence of ductile fracture tough
was discussed in terms of the influence of yield strength
strain to fracture, as well as of the effect of deformation ho
geneity across the grain. Further research regarding size
on fatigue behavior of thin films has shown that the mech
cal behavior was closely related to the thickness and grai
of the films[5–9]. Klein et al.[10] studied the stress–stra
behavior of thin metallic foils of Cu and Al with varying thic
ness ranging between 10 and up to 250�m and the fatigu
crack propagation properties of the above mentioned Cu
as function of thickness. Results of the fracture topogra
921-5093/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2004.11.044
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showed that the size effect resulting in an influence mainly on
the fracture strain might be explained on the basis of texture
differences, the number of activated gliding systems as a de-
pendence on the ratio of grain size to foil thickness. Choi and
Suresh[11] analyzed size effect on the mechanical proper-
ties of thin polycrystalline metal films, and developed a model
that correctly predicts the observed influence of film thickness
and grain size on stress evolution during thermal excursions.
Pardoen et al.[12,13] investigated size effect on the fracture
toughness of aluminum thin plates of 1–6 mm thickness from
tensile testing of double-edge notched tension (DENT) speci-
mens. Their research showed that thickness indeed influences
fracture toughness, and the criticalJ integral and critical crack
tip opening displacement (CTOD) constitute equivalent mea-
sures of fracture toughness at small thickness. More recently,
relations between fracture toughness and microstructural de-
tails have been calculated for ductile materials based on a
dilatational plasticity constitutive model which generalizes
the Gurson model to account for both void growth and coa-
lescence with explicit dependence on void shape and distri-
bution effects[14]. Kang and co-workers[19,20] measured
and calculated the fracture toughness of copper foil along
several contours by an improved digital speckle correlation
method (DSCM). Yang[21] derived an analytical solution of
the load–displacement relationship for the indentation prob-
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ture on the fracture toughness of the foil is discussed in
detail.

2. Experimental procedure

2.1. Material properties

The specimens employed in this study were made of T2
copper foil with thicknesses ranging from 20�m to 1 mm.
All specimens were produced by the same processing tech-
nology, and thus had the same chemical composition and
content. The Young’s modulusE and Poisson’s ratioµ of
the material were about 108.5 GPa and 0.334, respectively.
A Ramberg–Osgood relation was used to fit the uniaxial
stress–strain data, which were measured by the CSS-44100
experimental machine. The functional form is written as

ε

ε0
= σ

σ0
+ α

(
σ

σ0

)n

(1)

where α is the strain-hardening exponent,n the strain-
hardening exponent,σ0 and ε0 are the flow stress and
strain, respectively. By the least square method, we obtain
α = 0.0288 andn= 15.47. Good agreement was found be-
tween the fitted curves of the Ramberg–Osgood equation and
t
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em of an elastic layer by a rigid flat-ended cylindrical
enter. In addition, the effect of adhesion between the e

ayer and the indenter was addressed and an analytica
ion of the pull-off force was obtained. Results showed
he pull-off force is a function of the layer thickness and P
on’s ratio. It increases with Poisson’s ratio and the ratio o
ontact radius to the layer thickness. Kotousov and Tan[22]
resented analytical results on the out-of-plane displace
f the lateral surface of a plate in the vicinity of a throu

he-thickness crack at different ratios of the crack leng
he plate thickness.

From the above review, we note that most of the exis
ork has focused on mechanical size effects in thin fi
hose thickness was usually greater than 1 mm or less
mm but supported by a substrate. Nowadays, many
rn electronic devices or packages involve very thin “f
tanding” films (usually much thinner than 1 mm) for wh
he mechanical and fracture behaviors are critical in an
ng the performance of whole structure. However, there
ack of knowledge on the complex size effect in such foils
s required for optimal design and manufacture. The pre
ork aims at addressing this problem. The DSCM as p
usly established[15–20]is used to obtain the displacem
nd strain fields near the crack tip region, allowing de
ination of the fracture toughness, characterized byJC and
efined as the value of theJ integral at cracking initiation
f specimens with thicknesses ranging from 20�m to 1 mm
hen macroscopic and microscopic examinations by op
nd scanning electron microscopy (SEM) are used to ex

he fracture profile as well as the specimen surface of the
er foils. The influence of thickness effect and microst
he original uniaxial stress–strain curves[20].

.2. Fracture tests

In the fracture experiments, the thin foils with differ
hicknesses were processed in the same way and all ar
ouble-edge cracks. The dimensions are shown inFig. 1. The
rack on each specimen was made as follows: a line-in
ith a radius of 0.1 mm was used to make an initiatory c
nd then a sharp razor was used to make the crack tip
adius of the razor was approximately 25�m. The validity
f this pre-cracking method has been justified by Pard
t al.[12]. The specimens were classified into H-specim
nd V-specimens, according to the relationship betwee

Fig. 1. Dimensions of the specimen and location of cracks.
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Fig. 2. Scheme showing the orientation of the specimen with respect to
rolling direction and grain flow.

rolling direction and the crack path (seeFig. 2). H-specimens
were those with a crack path parallel to the rolling direction;
V-specimens were those with a crack path perpendicular to
the rolling direction.

The DSCM (also known as digital image correlation
method) was used in this work for measuring the fracture
toughnessJC of the specimens. The process in DSCM in-
cludes recording, digitizing and processing two speckle pat-
terns (or images) of an object in two different deformation
states to yield in-plane displacement components and in-
plane displacement gradients. The two speckle images of
the surface of the object are usually captured before and af-
ter loading. The speckle images in the two states are known
as reference and deformed speckle patterns, respectively. A
small speckle area in the undeformed speckle pattern is taken
as a reference subset and the speckle area corresponding to
the reference subset in the deformed speckle pattern is defined
as the target subset. In this case, it is essential to identify the
corresponding relation between the two subsets. Differences
between the two subsets include translation and distortion
information about the object. The deformation measurement
is performed at two different deformation stages and com-
parison is made for subsets between the two digital patterns.
Finally, theJ integral can be calculated based on the strain
field in the region around the crack tip, using

J
u

x
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Fig. 3. Rectangular symmetrical integral path.

Fig. 4. Dimensions of rectangular integral contours.

Thus, theJ integral can also be written in the form

J = J(1) + J(2) + J(3) + J(4) + J(5) (3)

whereJ(i) stands for the value ofJalong the pathi (seeFig. 3).
Detailed derivation ofJ integral is provided inAppendix Aof
this paper for the reader’s convenience. In this work, multiple
rectangular contours with varying dimensions were used to
calculate theJ integral. Results indicated thatJ integral is
stable when the contours are not too close to the crack tip. As
illustrated inFig. 4, the contours we had taken are: (1)a= 3,
b= 1.2; (2)a= 2.5,b= 1 and (3)a= 2,b= 0.8. It is found that
results of (1) and (2) were in agreement with each other. And
the result corresponding to (3) was a little bit deviated from
the previous two cases.

For accurately determining the value ofJC, i.e., J inte-
gral when the crack tip initiated, a double charge coupled
device (CCD) system equipped with zooms (Fig. 5) was de-
signed to accurately determine the value ofJC. One CCD
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hereΓ is an anticlockwise curve that surrounds the cra
ip, uandv are the components of the displacement vect
hex- andy-direction, respectively. In our calculation, the
egral path forms a symmetrical rectangle as shown inFig. 3.
ystem was used to observe the crack tip in real time
nother to serially capture the digital speckle pattern.
attern captured just before crack tip initiation was take
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Fig. 5. CCD system.

the deformed image. The experimental method ofJC evalua-
tion is schematically summarized inFig. 6. It is well known
that one important requirement of any fracture toughness test
is the ability to detect the initiation of fracture. Several meth-
ods have been described in the literature. Here we refer to the
method given by EI-Soudani[23], namely thumbnails tech-
nique, because the precision of this technique is high enough
for our experimental purpose and can be used in the experi-
mental research step by step. Moreover, it has been used by
many other researchers.

In order to apply the load, a load frame was used. Each end
of the specimen was first mounted into clamp, and then one of
the clamps was fixed at the bottom of the frame while the other
was attached to a screw and displaced. In this work, the screw
was located approximately three specimen widths away form
the crack and crossed the symmetric axis of the specimen.
Therefore, the loading is approximated as a remote, uniform,
uniaxial tensile stress. In order to measure the force applied
by the displacement, the displaced clamp was attached to a
load cell. However, it should be noted that theJ integral is
directly calculated from the strain fields around the crack tip
evaluated by DSCM, without using the loading values. The
loads applied to all the specimens with different thickness
were recorded when the crack tip initiated for reference (not
given in the paper).

2

hic
e rofile

ation ofJC evaluation processing.

by optical microscopy and SEM. In particular, the surface
and fracture profile of the specimens, including the amount
of roll marks, the degree of crack-tip necking and the macro-
appearance, were observed by optical microscopy before and
after deformation. The microstructural features of the fracture
profile were examined by SEM (Philips, XL30 ESEM). These
tests were performed at room temperature.

3. Experimental results

3.1. Toughness/thickness curve

Based on DSCM experimental results, the fracture tough-
nessJC of the specimens is presented inFig. 7as a function
of specimen thickness, showing thatJC strongly depends on
thickness. In a so-called stage I (seeFig. 7), JC is shown to
increase with an increase in thickness, then to reach a max-
imum at the thicknesst≈ 0.3 mm. Conversely,JC decreases
as the thickness increases within the so-called stage II and the
decreasing rate becomes slowdown along with an increase in
thickness (seeFig. 7). It is also evident that theJC values
.3. Metallographic examinations

The experiment in this work also includes metallograp
xaminations of the specimen surface and fracture p

Fig. 6. Schematic illustr
Fig. 7. Relation betweenJC and thickness.
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of the V-specimens are always greater than those of the H-
specimens at any given thickness. Moreover, it should be
noted thatFig. 7 is similar to the plots presented in many
textbooks such as that of Kanninen and Popelar[24].

3.2. Results of metallographic examinations

The specimen surface and fracture profile were firstly ex-
amined by optical microscopy. Results show that the degree
of necking at the crack tip increases with increasing thickness
in stage I, while decreases with increasing thickness in stage
II. Besides, the surface showed evidence of roll marks along
the rolling direction, and the grains are also elongated along
the rolling direction (Fig. 2).

In addition, the fracture surface was inspected by SEM in
order to characterize the micro-mechanisms of the fracture
and the micro-fracture appearance in front of the crack tip.
Results of the micro-fractographs (seeFigs. 8–10) show that
important differences exist between deformation behavior of
thin and thick foils. Detail descriptions are as follows.

Fig. 8(a–d) presents the SEM micro-fractographs in stage
I. It can be seen that specimens with the smallest thickness
(Fig. 8(a)) show that brittleness occurs with shear mode frac-
ture feature. The specimen with a thickness of 0.1 mm shows
shear mode as well as dimple–ductile fracture features, with
s the
s om
0 nds
a e
c in-

creases, the amount of slip bands, tear ridges and the size of
the dimples all increase, and the dimples become deeper. This
indicates that the fracture mechanism changes from a mixed
brittle/shear-mode fracture to a mixed shear-mode/ductile
fracture, and then to a mixed ductile fracture with slip bands,
tear ridges and lenticular dimples.

Fig. 9(a–d) demonstrates the SEM micro-fractographs in
stage II. They illustrate that the fracture mechanism changes
from mixed ductile fracture with slip bands, tear ridges and
lenticular dimples (Fig. 9(a and b)) to mixed ductile fracture
with tear ridges and well-developed equiaxed dimples only
(Fig. 9(c and d)). Moreover, the fractographs show that the
dimple diameter and depth become respectively larger and
deeper as the thickness increases. However, the amount of slip
bands and tear ridges decreases with an increase in thickness.

4. Discussion

4.1. Macroscopic and microscopic fracture features

It is considered that the changes in the crack-tip neck-
ing degree, the dimple diameter and depth, the amount of
slip bands and tear ridges, and the fracture mechanism are
mainly due to the influence of a reduction in micro-defects
( ling),
a self
a

e of
a astic

dmde
hallow dimples elongated in the direction pointing to
urface (Fig. 8(b)). Specimens with thickness ranging fr
.2 to 0.3 mm show ductile fracture features with slip ba
nd lenticular dimples (Fig. 8(c and d)). Additionally, in th
ase of ductile fracture (Fig. 8(c and d)), as the thickness

Fig. 8. SEM micro-fractographs at stage I;t an
i.e. roll marks on the surface and defects caused by rol
n increase in the plastic deformability of the material it
nd an increase in stress triaxiality.

In stage I, the major affecting factors are the influenc
reduction in micro-defects and an increase in the pl

note thickness and magnification, respectively.
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Fig. 9. SEM micro-fractographs at stage II;t andmdenote thickness and magnification, respectively.

deformability of the material itself, for the influence of the
stress triaxiality associating with the plane stress tension situ-
ation is assumed to be negligible when thickness is very small.
The thinnest specimen shows brittleness occurring with a
shear mode fracture pattern with no necking degree, probably
because the micro-defects affect greatly the fracture behavior
of the thin film at the lowest thickness. It is also possible that
fracture is easier caused by micro-defects than slip, which
caused the fracture before the slip had completed. Then as

F with
s cture
w ges
a well-
d ociated
w

the thickness increases, the influence of the micro-defects re-
duces but the deformability of the specimen increases. This
results in an increase of the crack-tip necking degree and a
change in the fracture mode, from a more brittle mechanism
to a more ductile mechanism involving void growth.

In stage II, the influence of the micro-defect might be
negligible for the thickness is large enough, and thus the dom-
inant factors should be stress triaxiality and plastic deforma-
bility of the material itself. With increasing thickness, stress
triaxiality will tend to increase at the crack tip, to accelerate
the void growth rate with respect to the plane strain tension sit-
uation, to increase the deformation resistance and thus lead to
a decrease in the fracture strain, crack-tip necking degree and
the amount of slip bands when crack extension begins. The
increase of the dimple diameter and depth can be attributed
to the increase in the plastic deformability of the material and
the fact that void growth is favored by higher stress triaxial-
ity, and hence may lead to a decrease in the amount of tear
ridges and a change in the fracture mechanism from mixed
ductile fracture with slip bands, tear ridges and lenticular
dimples (Fig. 9(a and b)) to mixed ductile fracture with tear
ridges and well-developed equiaxed dimples only (Fig. 9(c
and d)).

4.2. Discussion of JC versus thickness

e
w the
w The
w ated
ig. 10. Fracture toughness vs. thickness. (a) Brittle fracture occurs
hear mode fracture; (b) shear mode fracture occurs with ductile fra
ith shallow dimples; (c) mixed ductile fracture with slip bands, tear rid
nd lenticular dimples; (d) mixed ductile fracture with tear ridges and
eveloped equiaxed dimples. This shows that fracture toughness is ass
ith the fracture mechanism.
The value of the fracture toughnessJC is the sum of th
ork required per unit area during crack-tip necking and
ork required per unit area during material separation.
ork required per unit area during crack-tip necking is rel
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to the degree of crack-tip necking. The work required per
unit area during material separation is linked to the micro-
fracture appearance. It is known that the work per unit area
for crack-tip necking is greater at a larger degree of crack-tip
necking and the work per unit area for material separation
increases when the amount of slip bands and tear ridges in-
creases. Moreover, the work per unit area for material sepa-
ration in the case of ductile fracture is greater than that in the
case of brittle fracture. Consequently, by comparing the de-
gree of crack-tip necking, the micro-mechanisms of fracture
and micro-fracture appearance, one might be able to qual-
itatively compare the value of fracture toughnessJC of the
specimens with various thicknesses.

In stage I, results of macroscopic examination show that
the degree of necking at the crack tip increases with increas-
ing thickness in the macroscale. SEM micro-fractographs
show that the fracture mechanism changes from a mixed
brittle/shear-mode fracture (Fig. 8(a)) to a mixed shear-
mode/ductile fracture (Fig. 8(b)), and then to a mixed ductile
fracture with slip bands, tear ridges and lenticular dimples
(Fig. 8(c and d)). In addition, in the case of ductile fracture
(Fig. 8(c and d)), as the thickness increases, the amount of
slip bands, tear ridges and the size of the dimples all increase.
These above-mentioned fracture features indicate that both
the work required per unit area for crack-tip necking and the
w in-
c
i with
i

de-
c echa-
n ds,
t d
d xed
d lip
b kness
T s will
l k tip
n tion.
T se
i e in-
fl cted
b riaxi-
a the
v rack-
t cture
t
t thick-
n

4 ns

men
s di-
r lling
d frac-

ture resistance and to be responsible for the fact that the
JC values of the V-specimens are always greater than those
of the H-specimens provided their thicknesses are identical.
Firstly, the presence of the roll marks indicates that the micro-
defects occur along the rolling direction. In the case of the
H-specimens, the direction of the roll marks is perpendicu-
lar to that of the tensile load and parallel to that of the main
crack, so it is easy for micro-defects to induce coalescence
of the inner or surface micro-cracks to form “macro-cracks”
when subjected to tensile load. Furthermore, the grain flow
direction is parallel to the main crack in the H-specimens (see
Fig. 2). As a result, a crack in H-specimens is easier to initiate
because the fracture plane follows the plane of lowest crack
resistance, with less grain boundaries to cross[25].

5. Conclusions

A comprehensive experimental study of the effect of thick-
ness on the fracture toughness of metallic foil has been car-
ried out. Fracture toughness, characterized byJC, of copper
foils with thicknesses from 0.02 to 1 mm was evaluated us-
ing DSCM. Experimental results indicate that the value ofJC
depends strongly on thickness.

Additionally, the metallographic examination results of
t eci-
m more
b ing
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c

ted
t ack-
t ma-
t con-
t lated
t ence
o ress
t ac-
t ent
t

A

ral
S ort is
f

A

rion
i y
R sed
t ear
ork per unit area for material separation increase with
reasing thickness. As a result, fracture toughnessJC, which
s comprised of the above two contributions, increases
ncreasing thickness in stage I.

In stage II, however, the degree of crack-tip necking
reases with increasing thickness, and the fracture m
ism changes from mixed ductile fracture with slip ban

ear ridges and lenticular dimples (Fig. 9(a and b)) to mixe
uctile fracture with tear ridges and well-developed equia
imples only (Fig. 9(c and d)). Moreover, the amount of s
ands and tear ridges decreases with an increase in thic
hese fracture features show that an increase in thicknes

ead to a decrease in both the work per unit area for crac
ecking and the work per unit area for material separa
herefore, fracture toughnessJC decreases with an increa

n thickness during stage II. It can also be explained by th
uence of the stress triaxiality. Indeed, toughness is affe
y the stress state. With increasing thickness, stress t
lity will tend to increase at the crack tip, to accelerate
oid growth rate, to decrease the fracture strain and c
ip necking degree, and thus to lead to a decrease of fra
oughnessJC. This can justify results (e.g. Broek[25]) where
he toughness is observed to decrease with increasing
ess even at small thicknesses.

.3. Comparison between V-specimens and H-specime

The results of macroscopic examination of the speci
urface showed evidence of roll marks along the rolling
ection, and the grains are also elongated along the ro
irection. These two factors are thought to reduce the
.

he fracture surface and fracture profile of copper foil sp
ens demonstrate (i) a change in failure mode, from a
rittle mechanism to a more ductile mechanism involv
oid growth and (ii) a combined evolution of the degree
rack tip necking.

The significant effect of thickness is essentially attribu
o the change in the work required per unit area during cr
ip necking and in the work required per unit area during
erial separation. The major factors affecting these two
ributions and fracture features are considered to be re
o the combined action of the microstructure, the pres
f inner micro-defects and roll marks, and the level of st

riaxiality. And the effects of all the above-mentioned f
ors for fracture toughness might be different with differ
hickness.
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ppendix A

In elasto-plastic fracture mechanics, the fracture crite
s based on the energy release rate,J integral proposed b
ice[26]. TheJ integral criterion has successfully been u

o solve many practical fracture problems. In a non-lin
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Fig. 11. Contour around crack-tip for calculatingJ integral. (a) Contour
around crack-tip; (b) partial enlargement of AA.

elastic material theJ integral is defined by

J =
∫

Γ

(
w dy − Ti

∂ui

∂x
ds

)
, (A.1)

whereΓ is an anticlockwise contour that surrounds the crack-
tip (seeFig. 11(a)),w the strain energy density,Ti component
of the traction vector,ui is a component of the displacement
vector and ds is an element ofΓ . The equilibrium equations
of the triangular element of dsare

n1 = cosα = dy

ds

n2 = sinα = −dx

ds


 , (A.2)

with

T1 = σxn1 + τxyn2

T2 = τxyn1 + σyn2

}
, (A.3)

wheren1 andn2 are the direction cosines of the outer normal
vector of the arc element ds, as shown inFig. 11(b).

Moreover, for a small scale yielding case and under the
framework of linear elastic mechanics, we have

w = 1

2
(σxεx + σyεy + τxyγxy)



Substituting(A.2)–(A.4) into (A.1) yields Eq.(2) in Sec-
tion 2. With Eq.(2), theJ integral can be calculated using the
digital correlation data.
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