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ABSTRACT
In this investigation, interface fracture properties are

measured. To this end, giass/epoxy Brazilian disk specimens
are studied. In order to calibrate the specimen, a numerical
procedure is used. The finite element method is employed
to derive stress intensity factors as a function of loading
angle and crack length. By means of the weight function
method together with finite elements, a correction to the
stress intensity factors for residual thermal stresses is
obtained. These are combined to determine the critical
interface energy release rate as a function of phase angle
from the measured load and crack length at fracture. A
series of tests on a glass/epoxy material pair were carried
out. It may be observed from the results that the residual
thermal stresses resulting from the material mismatch greatly
affect the interface toughness values.

INTRODUCTION
Cracks often develop at or below an interface between

two materials or a bond. The behavior of an interface
between two materials has been receiving increased
attention in the last several years.

The aim of this investigation is to measure interface
fracture toughness properties by means of the Brazilian disk
specimen (see Fig. 1). The thermal residual stresses resulting
from specimen curing are accounted for. This specimen
leads to a wide range of mixed mode values. The two
materials selected for these tests are glass and epoxy; glass
is a ceramic and the epoxy chosen is brittle.
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Fig. 1 Brazilian disk bimaterial specimen composed of
glass, epoxy and an aluminum arc.

STRESS INTENSITY FACTORS FOR
APPLIED LOADING

The finite element method was employed to determine
values of the stress intensity factors Kx and K2 for the
specimen illustrated in Fig, 1. One half of the specimen is
glass and the other is epoxy. The epoxy is supported by an
aluminum arc. The properties of the materials are given in
Table 1.

Material

glass
epoxy

aluminum

E (GPa)

73.
2.9
70.

V

0.22
0.29
0.33

a-\0"6/°C
8.

73.
23.5

Table 1 Material properties of specimen components.

A conservative integral, the M-integral [1], [2] was
employed for obtaining the stress intensity factors Kx and

K2 for various loading angles 6 and non-dimensional
crack lengths aJR where R is the specimen radius.
Although there is an oscillating singularity at the crack tip,
quarter-point elements were employed, so that only the
square root singularity was modeled.

Material (1) is taken to be glass and material (2) is
taken to be epoxy. A thin strip of aluminum alloy in the
form of an arc was cured with the epoxy. Finite element
analyses were performed with a mesh containing 14,976
eight noded isoparametric elements and 45,416 nodal
points for aJR = 0.5 . The Brazilian disk specimen was
analyzed for various loading angles # and various
non-dimensional crack lengths aJR . The stress intensity

factor K = Kx + i K2 where / = V— 1 is presented in

non-dimensional form as

„. inRta
K = ~ -K

PJxa
(1)

where R and / are the radius and thickness, respectively, of
the specimen, a is crack length, P is applied load, and s is
given by

s = (l/2ff) ln[(K-j fiz+ft)/ (K2 ft + Mi )1 • (2)

In (2), //.are the shear moduli of the upper and lower

materials, respectively, K, - 3 - 414 for plane strain and

(3-i> ) / ( l +t>)for generalized plane stress, and Vi are

Poisson's ratio. The interface energy release rate

presented in non-dimensional form as
is

4nHR2t2

where H is given by

H=2oodnsl(\lE+llE)

(3)

(4)
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Et = Ej / (1 — Vj ) for plane strain conditions and Ej for

generalized plane stress. The subscript / in (3) represents
interface and ^ - has units offeree per unit length.

Sample results for loading angle 0 = 5° are presented in
Table 2. The non-dimensional crack length aJR is varied
between 0.3 and 0.7 which is a convenient range for testing.

JT

a/R

0.3
0.4
0.5
0.6
0.7

* l
0.9200
0.9190
0.9160
0.9022
0.8562

K2
-0.6689
-0.7103
-0.7776
-0.8834
-1.0546

1.2939
1.3491
1.4437
1.5945
1.8452

y/ (rad)

-0.6187
-0.6224
-0.6486
-0.7035
-0.8041

Table 2 Non-dimensional stress intensity factors Kx, K2 ,

energy release rate ^ and phase angle y/ determined for

crack tip A and loading angle 9-5°.

The phase angle y/ is defined as

\f/ = tan" '[lm(K i is) I Re(K t '*)] . (5)

For the results presented in Table 2, as well as other loading
angles not shown, calibration functions were obtained by

curve fitting. As an example for 6 - 5°
•\2 / _ A 3

8.27 - 27.13| ^ 1 + 38.77| ~J - 20 .56^

- 5.37 + 1 6 . 0 8 ^ - 2 1 . 3 4 ^ + 8 .941-

(6a)

(6b)

where K is defined in (1). With these calibration functions,

dimensional K^ and K2 are calculated from experimental

parameters.

STRESS INTENSITY FACTORS FROM
RESIDUAL STRESSES

By means of a weight function presented by Banks-Sills
in [3], the stress intensity factors resulting from residual
curing stresses are determined. The non-dimensional stress

K{intensity factors, denoted as K{ and K^ , are presented
in Table 3 for various crack lengths.

a/R

0.3
0.4
0.5
0.6

Kl

0.587
0.607
0.629
0.655

K2

0.0352
0.0717
0.1129
0.1553

0.345
0.373
0.408
0.453

y/ (rad)

0.07
0.15
0.23
0.30

Table 3 Non-dimensional stress intensity factors

K\ , %2 > e n e r§y release rate g., and phase angle y/ .

The values are non-dimensionaltzed as

where

a = \IE2 -

(7a)

(7b)

a, are the thermal expansion coefficients and AT is

temperature change. Some K values were checked by

the Eshelby cut and paste superposition method employed

by O'Dowd, et al. [4]. Differences between K^r) values

determined here with the weight function method and the
cut and paste method were between 2% and 5%.
Calibration equations were obtained for the stress intensity
factors by curve fitting as

5.20- 17.371 f j + 26. l ( f

-0.16 + 1.19: •4$

l 4 - 3 0 l i
(a

+0.26[-

(8a)

. (86)

These results (in dimensional form) are superposed with
those determined for applied loading at a particular
loading angle to yield the total stress intensity factor.

TESTING
Testing was performed on glass/epoxy specimens. The

glass/epoxy interface was designed to simulate one which
is typical of brittle materials. It may be noted that no
chemical reaction takes place between the glass and the
epoxy. The specimens were fabricated by machining glass
in the form of a semi-circle. The interface surface of the
glass was machined very smoothly except at its edges. An
initial notch was fabricated along the specimen interface by
means of Teflon strips applied to the glass half. The glass
was placed in a mold and the epoxy was poured into it
with an aluminum support. The molds were arranged in a
desiccator before being placed in the oven where they

were cured at 25 C for 64 hours.
A crack was induced from the notch by means of an

initial loading. For all tests, this initial loading was carried

out at 6 = 5° . The aim was to develop a straight through
natural crack. Then, the specimens were reloaded at
various loading angles. A video was employed with a
mixer and two cameras in order to observe the entire
specimen, with special attention given to crack tip
propagation. To determine the critical crack length ac, a

picture from the video was employed to measure the crack
at five equally spaced locations along the crack front as
suggested in the ASTM fracture standard for metals [5].
When the crack propagated, the load Pc was observed on

the video.
In Fig. 2, results for the interface toughness of the

glass/epoxy combination are presented. The residual
stresses are accounted for by means of the calibration
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equations in (8a) and (8b). The phase angle y/ given in eq.

(5) was calculated for £=134 |i,m. In this way, the y/ -axis is

centered. Perhaps this value of I is the same order of
magnitude as the process zone.
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Fig. 2 Critical interface energy release rate for glass/epoxy
(£=134

It may be noted that although AT in the experiments is

small (between - 4° C and +2° C), it greatly affects the

individual results of 0ic and yi for each specimea The

maximum difference between ^ c with and without

residual stresses is 148% for AT = -4 °C; the maximum

difference between \ff is 51.5%. This behavior results

from the thermal mismatch between the glass and epoxy.
This behavior is in agreement with other studies in the
literature [6-9],

The experimental results may be fit by two curves of
the form [10]

Two curves are employed to model the asymmetry of
experimental results. For all values of y/, 0=3.21 (N/m);

for y ^ O , X = -3.41, for ^ 0 , X = 0.55.

CONCLUSIONS
Stress intensity factors for both the applied load and

residual stresses were determined for the Brazilian disk
specimen. These were combined to determine the critical
interface energy release rate as a function of phase angle
from the measured load and crack length at fracture.
From the tests that were carried out, it may be observed that
the residual thermal stresses greatly affect the interface
toughness values. It not only changes the value of the
critical interface energy but also decreases the range of the

phase angle, and increases the asymmetric behavior of the
curve.

REFERENCE
[1] Yau, J.F., Wang, S.S. and Corten, H.T., "A
Mixed-Mode Crack Analysis of Isotropic Solids Using
Conservation Laws of Elasticity", Journal of Applied
Mechanics, 47(1980) 335-341.
[2] Wang, S.S. and Yau, J.F. /'Interfacial Cracks in
Adhesively Bonded Scarf Joints", American Institute of
Aeronautics and Astronautics Journal, 19 (1981)
1350-1356.
[3] Banks-Sills, L., "Weight Function for Interface Cracks",
International Journal of Fracture, 60(1993) 89-95.
[4] O'Dowd, N.P., Shih, F.C. and Stout, M.G., "Test
Geometries for Measuring Interfacial Fracture Toughness",
International Journal of Solids and Structures, 29 (1992)
571-589.
[5] A Standard Method for Plain-Strain Fracture Toughness
of Metallic Materials, E-3 99-90. 1995 Annual Book of
ASTM Standards, Vol. 03.01, American Society for Testing
and Materials, Philadelphia, (1995) 412-442.
[6] Evans, A.G., Dalgleish, B.J., He, M. and Huchinson,
J.W., "On Crack Path Selection and the Interface Fracture
Energy in Bimaterial Systems", Acta Metallurgica, 37
(1988) 3249-3254.
[7] Beghini, M. and Bertini, L., "Residual Stress Modeling
by Experimental Measurements and Finite Element
Analysis", Journal of Strain Analysis, 25 (1990) 103-108.
[8] Kinloch, A.J., Thrusabanjong, E. and Williams, J.G.,
"Fracture at Bimaterial Interfaces. The Role of Residual
Stresses", Journal of Materials Science 26 (1991)
6260-6270.
[9] Dreier, G., Elsser, G., Schmauder, S. and Suga, T.,
Determination of Residual Stresses in Bimaterials,
Chapman and Hall (1994) 1441-1448.
[10] Hutchinson, J.W. and Suo ,Z., "Mixed Mode Cracking
in Layerd Materials", Advances in Applied Mechanics, eds.
Wu T. Y., and Hutchinson, J. W., 29 (1991) 63-191.

116


