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ABSTRACT

This study investigates the problem of applying fracture mechanics to the open-
ing mode fracture of a two-material (aluminum-epoxy -aluminum) system. The res ults
of a finite element analysis of a two-material, single-edge-notch (SEN) plate are used
with a compliance method in order to obtain strain energy rates, ﬁ, and with a
displacement method to obtain stress intensity factors, K. Approximate relationships
between the homogeneous system and the adhesive system for both K and ji/are
determined. The relationship between K and /Z/ for the adhesive system is obtained.
The experimental investigation provides an experimental compliance calibration for
the same adhesive system and loading. Good reproducibility of the fracture tough-
ness values obtained for the two-material system with SEN and tapered DCB speci -
mens indicates the geometry independence of the fracture toughness. The effect of

the notch root radius and proper specimen preparation are also considered.
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INTR ODUCTION

An adhesive joint consists of two solid materials (adherends) joined by a thin
layer of adhesive material which is capable of bonding the adherends together. This
definition of an adhesive bond encompasses a number of situations from bonded
structural components to fibers bonded together by the matrix in a fibrous composite.
Consequently the results of 4 fundamental study of the fracture behavior of adhesive
systems can be applied to a similar range of situations from the fracture behavior of
structural components that are bonded together with an adhesive material to debond-
ing at the fiber -matrix interface or separation in the matrix of a composite material.

There are numerous test methods for measuring the strength of adhesive systems.
Perhaps more than most other classes of materials, evaluation of adhesives requires
specialized test methods. Almost without exception, these methods utilize speci-
mens of various dimensions, shapes and designs prepared specificall;} to facilitate
the test procedure. The resulting data are useful and important in establishing
comparative characteristics of adhesives and adhesive joints. However, strength
is observed to vary with common joint variables and with the test method.

Many types of flaws are found in both adhesive systems and composites.

Voids, foreign matter and small unbonded or weakly bonded regions between con-
stituents as well as mechanical and chemical damage to the constituent materials
are inherent to the fabrication process. Service loads and agressive environment
combine to cause flaw extension. Observations have shown that these flaws are

an important factor in initiating the fracture process particularly for those samples
which are on the lower end of the strength or life scatter band. Thus, the fracture
behavior should be evaluated by a concept that provides a relationship between the
fracture toughness, flaw size, and the applied load. Fracture mechanics provides

this relationship. In addition, fracture mechanics provides a test method which



yields a parameter, the fracture toughness, that characterizes the fracture of a
material which is essentially independent of the geometry of the test specimen.
Fracture mechanics has been extensively applied to linear elastic, isotropic, homo-
geneous materials. To a lesser extent, bi-material examples composed of two
linear elastic, isotropic, homogeneous materials have been studied.

This study investigates the problem of applying fracture mechanics to the
opening (tensile) mode fracture of a two-material (aluminum -epoxy -aluminum)
system in the form of a bonded joint. A finite element analysis is used to determine
the strain energy rates and stress intensity factors for the two-material, single-
edge -notch (SEN) system with adhesive layers of various thicknesses. Experimentally,
a calibration to determine the strain energy rates for the two-material, SEN system
with an adhesive layer of constant thickness was performed. Also, to demonstrate
its geometry independence, the fracture toughness was determined for the adhesive

system by using specimens of SEN and tapered double cantilever beam geometries.



FRACTURE MECHANICS BACKGR OUND

The purpose of fracture mechanics is to characterize the local mechanical

behavior at the tip of cracks. A two-dimensional cracked body made of linear elastic

material provides the simplest analysis model. In terms of a polar coordinate system
(r,6) with the origin at the crack tip, the elastic state of stress in the vicinity of
the crack tip for a homogeneous, isotropic material subjected to mode I (opening)

loading is expressed as
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where KI is the stress intensity factor for the opening mode of crack deformation.

The stress intensity factor controls the magnitude of the stress field and represents

a single parameter characterization of the crack tip stress field. The stress inten-
sity factor is a function of the dimensions of the crack and the cracked body as well
as the magnitude and distribution of the applied loads. The displacements in the

vicinity of the crack tip for plane strain are:
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where G is the shear modulus and v is Poisson's ratio.
The strain energy rate, ,é]j , can be defined in terms related to a method of
measurement. Figure 1 shows a cracked elastic body loaded by the force P which

causes a displacement of the loading point, e. If the crack extends an incremental




amount, 6a, when the load is P, the load point will displace an increment, be,
and the load drops off an increment, 8P. During this increment of crack exten-
sion the strain energy change of the body, 06U, is represented by the horizontal
cross-hatched region, minus the vertical cross-hatched triangle. Simultaneously
an increment of work, 8W, equal to P06e has been done on the body. The
strain energy rate is defined as

gy - lm W -8U _dW _dU 3)
T 8A=0 5A - dA  dA

where & A is the incremental area of crack extension equal to the thickness of the

body (B) multiplied by 6a. With the use of the specimen compliance

€o
C= P (4)
o)
it can be shown that
g oL dC -
B da

One of the uses of this equation is to experimentally determine the strain energy
rate for complex systems or structures that have not been treated analytically. The
compliance calibration technique (i.e. Eq. 5) requires a value of the load, the
thickness of the specimen and dC/da. With a diagram of compliance versus crack
length for the specimen of interest, the appropriate tangent (g'g_) at a given crack
length can be determined and thus the strain energy rate calculated.

For homogeneous materials the stress intensity factor, K, and the strain

energy rate,?j , are directly related:
2
K =M E; plane stress (6)

(1 - v2) K2 = Y E; plane strain (7)

where E is the modulus of elasticity and y is Poisson's ratio.



Using fracture mechanics, the resistance of a material to flaw or crack exten-
sion can be characterized. Griffith (1) showed that for an ideally brittle material,
rapid cracking occurred when the strain energy rate at the crack tip, that is, the
amount of energy released per unit area of crack extension, exceeded the surface
energy of the newly formed crack. Irwin (2) modified the Griffith criterion by choos-
ing to describe the onset of cracking in a material when the strain energy rate at a
crack tip reaches a critical value, /gfc or when the stress intensity at the crack tip
attains a critical magnitude, Kc Irwin's approach does not require a detailed
specification of the dissipative processes. /&c and Kc are essentially independent
of geometry and loading conditions and can be considered as a material property
that varies with strain rate, temperature, etc. They have the same importance in
designing against fracture that yield strength has in designing against flow.

With the two-material adhesive joint system under opening mode loading, ob-
servations by this investigator and others (3) have shown that when the bonds were
well made, the cracks tend to grow in a center of bond (CoB) fashion. While it is not
entirely clear why the crack extends in CoB as compared with extension in the interface
region, it is convenient from an analysis point of view to accept this fact. While the
adhesive bond is thin, we adopt the attitude that the crack is approximately centered
in the adhesive layer, a homogeneous material, between the adherends whose primary
role is to impose boundary conditions on the adhesive strip containing the crack.

Previous investigators have studied infinite strips containing longitudinal cracks
centered between the boundaries. Paris (4) has described a simple displacement
problem where rigid clamps are placed on a stressed (o) infinite sheet at y =+h
and a semi-infinite crack is introduced along the x axis from - o« to the origin.

The resulting stress intensity factor is equal to ovh. This provides an estimate




of the stress intensity factor for a long thin cracked strip of low modulus material
sandwiched between a high (infinite) modulus material. Fichter (5) has analyzed the
stresses around the tip of a longitudinal centered finite length crack in an infinite
strip produced by pressures and in-plane shearing stresses on the crack face.
Knauss (6) has determined the stresses in an infinitely long strip of finite width con-
taining a straight, semi-infinite, centered crack for the case that the clamped
boundaries are uniformly displaced normal to the crack. In each of these problems
the boundary conditions, either uniform displacements or uniform stresses, simu-
late adherends that are either rigid or of very low modulus. Combined with the

fact that these results are concerned with infinite strips with semi-infinite or finite
length cracks, they do not furnish adequate values of the stress intensity factors for
the finite width, two-elastic material, SEN plate considered in this paper. Analysis
appropriate to this problem will be considered in the next section.

Most of the measurements of the fracture toughness of adhesive joints have
been made by Ripling, et al. (3,7-10). They have studied the influence of joint and
specimen thickness, strain rate, ambient temperature, humidity. hardener content
and post-cure temperature. Stress corrosion cracking, influence of water, crack
morphology, crack growth rate, bulk versus bond properties and amine versus

anhydride hardeners have also been studied.



FINITE ELEMENT ANALYSIS

The finite element method of stress analysis is applied to a linear elastic,
plane problem involving a two-material, single-edge-notch plate (Fig. 2). A dis-
cussion of the compliance method used to obtain the strain energy rate, /& , and the
displacement method used to determine the stress intensity factor, K, follows a
brief outline of the general procedure. Then, the relationship between /ﬁ and K for

the two-material system with a center of bond crack is found.

General Procedure

In structural analysis the finite element method is a well-known stress analysis
technique. Structures with complicated geometries, made of several different
materials and subjected to various loading conditions can be analyzed with this pro-
cedure. First, a continuum is divided by imaginary lines into a number of finite
elements interconnected at a finite number of nodes situated on their boundaries.
The displacements of the nodes are the basic unknown parameters of the problem.
The displacement field within each element is represented as a function of the nodal
displacements of that element. The strain-displacement relationships determine
the state of strain within the element. The state of stress is obtained by using the
appropriate stress-strain relationship. The stiffness matrix and hence the force-
displacement relationship for the individual elements is determined by the prin-
ciple of virtual work. The boundary conditions for the entire structure consist of
either the displacements of the boundary nodes or a system of forces concentrated
at the nodes and in equilibrium with the boundary stresses and distributed loads.
Then, the behavior of the entire structure composed of the individual elements is
obtained by using the direct stiffness analysis (11). This behavior is represented
by a force-displacement relationship involving the structural stiffness matrix. The

details of the finite element method are contained in Ref. (11).



For the present finite element analysis, a six-node triangular element (Fig. 3)
was used. The nodes are located at the vertices and the midpoints of the sides of the
triangle. Since a second order displacement function is used, a state of linear strain
within the elements exists. All numerical computations were done on an IBM 360/75
computer.

The finite element method has been successfully applied to problems in fracture
mechanics (12-14). Four specific computational methods for determining stress
intensity factors from the finite element results have been used: (1) displacement
method, (2) stress method, (3) J-integral method, and (4) compliance method. The
first two methods utilize the crack tip displacement aﬁd crack tip stress equations
respectively. Of these two procedures, the displacement method is preferable be-
cause of its simplicity and accuracy. The finite element procedure directly deter-
mines the nodal displacements required for the displacement method. With the
stress method the finite element analysis does not provide an accurate representa-
tion of the large stress gradients very close to thé crack tip. The J-integral method
requires the evaluation of the appropriate energy density, tractions and displacements.
This path independent line integral can be evaluated along a path well removed from
the crack tip where the linear strain elements are expected to give accurate results.

The compliance method is discussed in the next section.

Compliance Method

Utilizing the displacements from the finite element analysis, the compliance
method is used to evaluate the strain energy rates in a manner similar to an experi-
mental compliance calibration. Since the plate in Fig. 2 is symmetrical about a
horizontal line coincident with the crack, only the upper half of the plate needs to be
analyzed (Fig. 4). The crack length is a and the vertical length of the material in
which the crack is embedded is 2L. The plate has unit thickness, H is 15 units and

W is 10 units.




The finite element grid pattern is generated by first locating all nodes at both
ends of the radial lines and at the intersection of the radial lines and the material
interface. The first ring (semi-ring) of nodes is .0001 units from the actual crack
tip. The resulting hole at the crack tip simplifies the nodal numbering system and
consequently reduces the band width of the structural stiffness matrix which reduces
computer storage space. Also, this avoids the problem of accurately representing
the material behavior at the crack tip. The second ring of nodes is located .01 units
from the first ring of nodes. The remaining nodes are generated with an arithmatic
progression where d is the common difference which is determined by knowing the
length of the first division (.01 units), the number of divisions, and the total length
of the line segment. The third ring of nodes is .01 + d from the second ring, the
fourth ring is .01 + 2d from the third ring, etc. The rings of nodes are joined by
straight line segments which divide the plate into quadrilaterals which are then
divided into triangles (Fig. 4). Thus, a grid pattern with 273 nodes and 120 elements
is generated where the density of elements increases as the crack tip is approached.

The upper boundary of the plate is loaded by a uniformly distributed vertical
stress which is equivalent to a system of forces concentrated at the nodes. The
total force along the boundary of an element is proportioned with 1/6 at each of the
vertex nodes and 2/3 at the midpoint node. This proportioning satisfies not only
the static equilibrium requirement but also the requirement that thé work done by
the distributed system is equal to the work done by the system of nodal forces
and displacements. The two vertical boundaries, the crack face and the first ring
of nodes are force free. The vertical displacements and horizontal forces of the
nodes at and between the points labeled A and B in Fig. 4 are zero. To prevent rigid
body motion, the horizontal displacement of the node at point B is also zero.

‘To obtain a check on the finite element procedure and the compliance method,

the strain energy rates were determined for a one-material, single-edge-notch
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tension plate. For the plate in Fig. 4, every element was assigned the same elastic
properties, the plate was loaded, and the displacement of every node was computed
by the finite element procedure. Since the variation of the nodal displacements across
the upper boundary was linear but non-uniform, the average nodal displacement was
divided by the applied load to determine the compliance of the plate at that particular
crack length. After evaluating the compliance over a range of crack lengths, the com-
pliance derivative, dC/da, which is directly related to the strain energy rate (Eq. 5),
was evaluated with the use of a movable strip and least squares technique (15). With
this technique a function is chosen that can be fitted in a least squares manner to each
of a collection of data point sets. After an evaluation and resmoothing operation, the
data point set functions are differentiated and a polynomial function is fitted in a

least squares manner to the discrete, estimated compliance derivatives. Thus, a
smooth compliance derivative versus crack length curve is generated. A combination
of Sth thru 11th order polynomials was used with five points per data point set. The

results of this procedure for the one-material, single-edge -notch plate are shown

2.2
in Fig. 5. The dimensionless stress intensity parameter, —K——l—g-ﬁ , 1s directly
P
related to the compliance derivative thru the expression:
K?B%W _ BEW ,dC .
2 = 2 (a‘a—) ( )
P

which is obtained from Egs. 5 and 6. Over a large range of re lative crack lengths
from .05 to .45, the finite element results differ with the boundary collocation
results of Gross, Srawley and Brown (16) by less than 39%.

The same procedure was used to evaluate the compliance derivatives for the
two-material, single-edge-notch plate. Figure 6 illustrates the relationship between
the compliance derivative and the crack length at various thicknesses (2L) of the adhe-

sive material in which the crack is embedded. The adhesive material has a modulus
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of elasticity of 0.5 x 106 psi and the adherend material has a modulus of 10 x 106 psi,
approximately that of epoxy and aluminum respectively. Poisson's ratio for both
materials is 0.333. For easier comparison of the curves, the results were displayed
on a log-linear graph. The lower curve, L/W =0, represents the extreme condition
when the plate consists of only the adherend material. The upper line, L/W> 1,
represents the other extreme condition when the adhesive material is of sufficient
thickness such that the influence of the adherend material on the compliance deriva-
tive is negligible. The smallest value assigned to L/W was 0. 01 since the grid
pattern became distorted and ineffective as L became very small.

Figure 7 shows dC/da as a function of L/W for various values of a/W.
Since these curves are almost linear over this range, the proper compliance deriva-
tive for a plate with a very thin layer of adhesive material can be obtained by inter -
polation. Since many adhesive systems are characterized by very thin adhesive layers,
it is important to note that the strain energy rates for two-material systems, ﬁ A1-Ep’
with very thin adhesive layers are closely approximated by the one-material strain

energy rates, /éZl(L/W = (); that is, for L/W very small,
ﬁ S /& (9)

Al-Ep- A1

Displacement Method

The stress intensity factors, K., for the two-material, single-edge-notch plate

I}
are determined with the displacement method. The plane strain y-displacement of

the crack surface (¢ =7 in Eq. 2) in the vicinity of the crack tip is

4K

where E is 0.5 x 106 psiand v is 0.333. The y-displacement, Vv, of all of the
nodes along the crack face was computed by the finite element program; therefore,
the stress intensity factor can be calculated from the displacements at each of these

nodes.
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Figure 8 shows the stress intensity factors calculated for the one-material,
single -edge -notch plate. The previous results for this system (Fig. 5) are indicated
on the ordinate (r/a = 0) while the remaining points represent values of KI calculated
from the nodal displacements for r/a> 0. As r/a—0 the displacement equation
becomes more accurate but the finite element results become less reliable. Con-
sequently, the method involves an extrapolation of the calculated values of K to the
crack tip, ignoring those points too near the crack tip that are obviously in error.
Using the extrapolation procedure of Fig. 8 as a pattern, the displacement method
was used to determine the stress intensity factors for the two-material system. These

results are discussed in the next section.

Comparison of ﬁand K

The displacement method was used to evaluate the stress intensity factors, K,
for the same relative adhesive thicknesses and crack lengths for which the strain
energy rates, /& were determined. The two parameters, K and /g, are compared
using the ratio, Kz/jj , versus the relative adhesive thickness (Fig. 9). The average
value of the ratio Kz/ﬂ for three representative crack lengths was used for clarity.
The resulting step function indicates the following relationship for the two-material

system when the modulus of the adhesive material is used (EEp =0.5x 106 psi):
2
KAl-Ep - /8A1 -Ep EE‘p (i1

where K1 _Ep and A1-Ep are the two-material stress intensity factor and
strain energy rate, respectively. Of course, for the one-material system (L/W = 0),

the usual plane stress relationship holds:

2 |
Kap = /éZuEm (12)

6 .
where EAl = 10 x 10~ psi.
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For the situation of a very thin adhesive layer the approximation of Eq. 9 can

be combined with the previous two equations with the result that

2
) ¥ g (13)

( Ka1
K

Al-Ep
for L/W very small. Consequently, when the crack tip is embedded in a very thin
adhesive layer midway between the adherends, its stress intensity can be simply
related, thru the ratio of the modulii of elasticity of the adherend and adhesive

materials, to the stress intensity factor for a one-material (adherend) system.
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EXPERIMENTAL PROGRAM

An experimental investigation was performed to provide an experimental
compliance calibration for the two-material, single-edge-notch plate under opening
mode loading. Fracture toughneés values were measured for the two-material system
by using a single-edge -notch plate and tapered double cantilever beam specimens.
Other areas of consideration include the specimen preparation and the effect of the

notch root radius.

Specimen Preparation

The single-edge -notch specimen positioned in the specimen preparation fixture
is shown in Fig. 10. One-half inch thick 2024-T351 aluminum adherends were first
degreased with trichloroethylene and then etched in a hot sulfuric acid-sodium
dichromate bath. After rinsing with distilled water and air drying the adherends were
shimmed, supported and taped to form a 0.01-inch thick cavity for the adhesive (Fig.
10). To aid in the pouring procedure and to remove bubbles in the adhesive, the ad-
herends were placed ona hot plate at 1500F, and the adhesive was heated to 110°F.
The adhesive consisted of 10 parts by weight TEPA hardener mixed with 100 parts by
weight Dow 332 epoxy resin. Gelation occurred about an hour after pouring and the

specimens were then post-cured for five hours at 180°F.

Effect of Notch Root Radius

Experience has shown that the effect of the notch root radius is an important
consideration in an adhesive joint study. The effect of notch root radius on the frac-
ture toughness has been investigated. Data from several aluminum alloys (17) in-
dicates that above KC a proportionality exists between the apparent fracture tough-
ness and the square root of the notch root radius, pl/z. At values of the root

radius below a small critical value, the fracture toughness is insensitive to the

magnitude of the notch root radius. Irwin (18) has suggested that this critical value
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of the notch root radius, p.» may be equal to the crack opening stretch, & o’ where

4 Ic

= %= 7 e (14)

c T G
For the single-edge-notch, two-material system Pc would be approximately 4 x 10 = in.
Attempts to extend and sharpen the crack by wedge opening or fatigue cracking
failed. Next a razor blade was wrapped in Teflon tape except for its tip, imbedded in
the adhesive, and removed after gelation. From the following table it is apparent

that the razor blade crack was not adequate. This is partly due to shrinkage during

resin cure and possible blunting of the crack upon removal of the blade.

Crack Tip Crack Length Critical Stress
Characterization (in.) (psi)
sharp, natural .25 1600
razor blade . 25 2200
saw cut .43 2500

The sharp, natural cracks were obtained by adding arms to the specimen and propa -
gating the crack into the primary part of the specimen by opening the arms. Using
the large loading holes (Fig. 11) the specimen was then loaded until separation
occurred.

Further evidence of the necessity of a sharp, natural crack is shown in Fig. 12.
The upper photograph shows fracture surfaces where the fracture initiated from a
sharp, natural crack while the lower photograph shows surfaces where the initial
crack was sawed with a razor blade. As a result of this study, only those specimens

in which natural, sharp cracks could be obtained were used.

Compliance Calibration

A compliance calibration must be performed so that the fracture results can be

interpreted. This was done numerically in the previous section with the finite element
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technique. The experimental compliance calibration involves the same general pro-
cedure --determining the compliance (displacement/load) over a range of crack lengths
and then evaluating the compliance derivative, dC/da, over the same range of crack
lengths.

The first step in the experimental compliance calibration was to measure the
displacement versus load for a range of crack lengths. A region of uniform strain
where a displacement gage could be attached and proper specimen alignment were
considered. All of a series of strain gages mounted at a location half the distance
between the crack (adhesive layer) and a large loading hole indicated approximately
the same strain. Consequently, this location was chosen as a position from which to
measure the deflection. Aluminum tabs, 2.5 inches in length, were bonded to the speci-
men at this location and a one-inch strain gage extensometer was mounted between the
ends of the tabs (Fig. 13). The contact points were positioned very close to the hori-
zontal portion of the gage to attain a very sensitive measurement of the deflection.

The signal from the four-active-arm bridge circuit of the gage was displayed on a
X-Y recorder with the use of a Brush bridge amplifier. The system was calibrated
with a Pratt & Whitney supermicrometer. An upper limit on the load of 2000 lbs. was
imposed to prevent separation of the specimen at long crack lengths. At this rela~
tively low load, which results in a total displacement of only about 0. 0015 in., the
small differences in displacements due to differences in crack lengths are very
difficult to measure accurately. At the lower limit of 200 lbs., the crack was extended
from one length to another with the use of a hand saw with a . 012" thick blade. Two
typical load-displacement curves out of a total of 22 are shown in Fig. 13. The slopes
of these curves were then determined by two different methods which yielded similar
results. One method involved a simple manual straight-edge fit and the other in-
volved a two-point (400 and 1400 lbs.) straight line fit. The resulting compliance

values over the range of crack lengths is shown in Fig. 14.
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The next step then is to determine the compliance derivative, dC/da. The
moveable strip technique described previously was used again. Polynomials of orders
two, four and six were fitted in a least squares manner to the compliance -crack length
data and the compliance derivative was determined (Fig. 15). The sixth order polyno-
mial tends to oscillate, the fourth order polynomial exhibits curvature in the opposite
direction and the second order polynomial yields a straight line. None of these are
physically realistic representations but for purposes of comparison with the finite
element results, the straight line was chosen since it is the simplest and the most
realistic of the three curves.

In Fig. 16 a comparison of the finite element results and the experimental com -
pliance calibration (second order curve of Fig. 15) is illustrated. The finite element
results were taken from Fig. 7 where the relative adhesive thickness, L/W, was
0.0025 since the width of the specimen was two inches. A maximum error of about
30% occurs at the end points of these curves. This difference can probably be attri-
buted to the inaccuracies and interpretation of the experimental results. The signi -
ficance of this comparison is that the experimental results substantiate and give con-
fidence in the finite element results. Consequently, the finite element results will

be used to interpret the experimental fracture tests.

Fracture Toughness Results

The single -edge -notch adhesive joint specimen was used to measure the opening
mode fracture toughness. The loading arms necessary for precracking the specimen
are shown in Fig. 11. For the precracking operation a 30X StereoZoom microscope
was used to monitor the crack while critical crack extension loads, F, were measured.
For several specimens the critical loads and the corresponding crack lengths were
plotted. With the use of this plot the precrack length was easily controlled and complete

separation of the specimen was avoided.
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After the crack had been propagated into the specimen by precracking, it was
loaded (P in Fig. 11) at a rate of 0.2 in/min. in an Instron testing machine with
universal joints in the loading arms. At the critical load the crack propagated com -
pletely thru the specimen along the center of the adhesive bond (CoB). After measuring
the critical crack length from the fracture surface, the finite element results (Fig. 16)
were used to obtain a critical strain energy rate or fracture toughness, /9 . For

Ic
eight specimens, ,8 ranged from 0. 35 to 0.41 in—lb/in2 with an average value of

Ic
0.37 in—lb/inz. Using the approximation of Eq. 9, the average value of /glc was
0.30 in-lb/in”.

The final precrack, from which the critical crack length was measured, and
other interesting features can be observed on the fracture surfaces. The upper photo-
graph of Fig. 17 shows the fracture surfaces at 2X magnification. The final "thumb -
nail" precrack can be noted as well as parabolic markings which are characteristic
of polymeric fracture surfaces (19). Also, the characteristic change of the fracture
surface from mirror -like to dull to very rough as the crack extends can be observed.
This morphology varies with critical loads and crack lengths, i.e. with short cracks
and high loads a small mirror -like region and a large, very rough region occur
while the opposite is true for long cracks with low loads. The lower photograph of
Fig. 17 shows a 50X view of several crack arrest lines. A further magnification
(200X) of two particular crack arrest lines are shown in Fig. 18. The right photo-
graph shows a crack arrest line followed by stable propagation to another arrest.

The left photograph shows the final arrest line before complete separation of the speci-
men occurred.

Before the single-edge-notch adhesive joint specimens were tested, tapered (70)
double cantilever beam (DCB) specimens (Fig. 19) were tested to determine if the

specimen preparation was adequate and to establish the fracture toughness for the
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adhesive system used throughout the study. This specimen geometry, the same as
that used by Ripling and Mostovoy (9), allows for good crack propagation stability
since the crack runs for only a short distance and then arrests. By proper tapering
of the specimen, the compliance derivative, which has been determined for this two-
material specimen (9), is a constant so that only the critical load need be known to
determine the fracture toughness. Figure 19 shows typical results from one specimen
where the peaks represent the critical loads for crack extension and the valleys
represent crack arrest. The average /glc for several specimens was 0. 35 in—lb/inz,
while Ripling and Mostovoy obtained an average value of 0.33 in-lb/in2°

To test the feasibility of applying one-material fracture mechanics results to
two-material adhesive systems, a two-material, tapered (160) DCB specimen was
tested and the results analyzed using one-material results previously obtained (16).
From 14 values obtained from three specimens, an average value of /(7Ic of .35 in-lb/in2
was computed. This agrees well with results previously reported in this paper for
the same adhesive system. The following table summarizes the results for the fracture

toughness of the adhesive system. Complete results are shown in Table 1.

Source /810 (in-lb/inz)
Ref, 10 .33
70 DCB .35
16° DCB .35

Single -Edge -Notch .37
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SUMMARY AND CONCLUSIONS

The problem of applying fracture mechanics to the tensile mode of crack ex-
tension in an adhesive bonded system was examined. An aluminum -epoxy-aluminum
plate with a sharp single-edge -crack in the epoxy layer was considered.

The finite element method was used to determine stress intensity factors, K,
and strain energy rates, & . A radial array of elements with a small hole at the
crack tip (Fig. 4) is an effective grid system for fracture mechanics problems. For
evaluating K, the finite element displacement method appears adequate although an
extrapolation is necessary. The finite element compliance method is an accurate
computational method for determining 4 over a wide range of crack lengths.

An experimental compliance calibration for the single-edge -notch two-material
plate was made; adequate accuracy was very difficult to obtain due to the limit on
the applied load and consequently the small differences in displacements at different
crack lengths. A great deal of care and cleanliness in the specimen preparation
is essential in order to attain a good bond. For the adhesive system a very sharp,
natural crack tip is necessary for the measurement of a minimum fracture tough-
ness.

The following conclusions can be enumerated:

1. For the two-material system (Fig.2), 2 decreases as the adhesive layer
becomes thinner. For a very thin adhesive layer, ﬂ Al-Ep for the two-
material plate (aluminum-epoxy) is approximately equal to b Al for the
one -material system. This conclusion is based on finite element results.
This appears to be a valid conclusion for any adhesive system with a very

thin adhesive layer containing a crack. Indeed, the fracture toughness

values evaluated with the 160 tapered DCB specimen by using this approximation

agree well with the results of Ref. 10.
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2. For the two-material system:

2
& Al-Ep b Al-EpEEp

where EEp is the modulus of the adhesive (epoxy).

3. For a very thin adhesive layer:

2
K'ar ~ Em
etk & M
K" A1-Ep i

4. Good reproducibility of the fracture toughness values measured for the
two-material system by using a single-edge-notch plate and tapered double
cantilever beam specimens indicates the geometry independence of the

fracture toughness.
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TABLE 1. FRACTURE TOUGHNESS OF THE ADHESIVE SYSTEM

SEN 7° DCB 16° DCB
Crack Length, in. | Load, lbs. ﬂlc’ in-lb/in2 ngC, in-lb/in2 'gjlc’ in~1b/in2
12 2680 .41 .32 .34
.16 2100 .35 .33 .35
.18 2100 .40 .35 .36
.20 1900 .37 | .35 .37
.25 1620 .37 .35 .36
.25 1620 .37 .35 .37
.28 1460 .35 .35 .37
.32 1340 .36 .35 .38
.37 .40
.39 .33
.39 .33
.32 .32
.33 .33
.35 .34
.37
AVERAGE .37 .35 .35
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