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CHARACTERISTICS OF CRACK PROPAGATION AT THE INTERFACE
BETWEEN TWO DISSIMILAR MEDIA

INTRODUCTION

Because of their strength and ease of fabrication, bonded materials and composites are
being used more and more in aircraft and other modern engineering structures. However, many
problems, such as debonding and delamination, are associated with the use of these materials.
In the following, a review of previous theoretical analyses of interfacial problems is presented
along with a description of the experimental studies which have addressed these problems.

The plane problem of a crack between dissimilar materials was first considered by
Williams [1]. Using an eigenfunction approach, he analyzed the stresses near the tip
of a crack between two dissimilar isotropic materials joined without residual stress. It
was found that the resulting stresses possess an oscillatory character of the form
(1/VTI) sin (X log r) and (1/A/i;) cos (X log r), where r is the radial distance from the crack
tip and X is a function of material properties. This is in contrast to the homogeneous
problem, in which the form of the resulting stresses near the crack tip is a 1/A/ type
of singularity.

Erdogan [2] considered similar problems using Muskhelishvili's [3] solutions in terms
of complex potential functions. His results verify the oscillatory behavior of the stresses
described by Williams. He extended the solution by defining a pair of stress-intensity
factors related to the Griffith-Irwin fracture theory. In the homogeneous problem, the
stress-intensity factors K, and K11 are associated with symmetric (normal) and skew-
symmetric (shear) stress fields, respectively. However, for the nonhomogeneous problem
considered here, each of the stress-intensity factors is related to both symmetric and
skew-symmetric stress fields. Later Erdogan [4] analyzed the general plane problem of
a series of through cracks along the interface subjected to known surface tractions and
known dislocations in displacement along the bonded segments. His solutions included,
for example, the following problems: residual stresses due to bonding, stresses due to
loading parallel to the bonded segment, wedge loading on the surface of a cut, and
stresses due to thermal loading. Erdogan [5] also examined the axisymmetric problem
of penny-shaped cracks and ring-shaped cavities at the interface of bonded dissimilar
materials.

England [6] considered the plane problem of an internally pressurized crack between
two dissimilar materials. He discussed the physical significance of the oscillatory behavior
of the stresses and displacements near the crack tip. These oscillations implied that the
upper and lower surfaces of the crack should wrinkle and overlap. He concluded that
the oscillations predicted by the solution were confined to a very small region near the
ends of the crack and that on physical grounds the solution should provide a good
approximation at points remote from this region. Rice and Sih [7, 8] analyzed the
bending of a bimaterial plate with cracks along the bond and later considered the general
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plane problem for interfacial cracks between dissimilar materials. Using a combination
of the eigenfunction approach and the complex-variable method, they formulated a
solution for the stress and displacement fields and defined the stress-intensity factors in
terms of a complex potential function. Using Rice and Sih's stress function, Sawyers and
Anderson [9] applied boundary collocation procedures to obtain stress-intensity factors
for finite bimaterial plates. They defined an interfacial stress-intensity factor, and
indicated that interfacial cracks will be stable for a fixed loading applied to one material
parallel to the bond and unstable for fixed loading normal to the interface or for biaxial
loading.

Fowlkes [10] presented a finite-element analysis of cracks in the region of a bi-
material interface. He considered the several modes of failure that result as a crack
approaches the interface and then proceeds along the bond or through the interface.
Various stress-intensity factors are presented for these models, and they are related to failure
in glass-reinforced composites. Lin [11] recently conducted a numerical study of the
stress intensity of a crack at an interface between two materials. In his finite-element
analysis he introduces a bimaterial crack element that spans both materials and encloses
the crack tip.

Chou and Hirth [13] have determined the stress distribution in a bimaterial plate
under antiplane and uniform compressive loading on a plane normal to the interface. They
conclude that uniform compression on both materials induces tensile stresses near the
end of the bond that may cause debonding at the interface.

Brown and Erdogan [13] analyzed thermal stresses in bonded materials with fully or
partly insulated cavities at the interface. They found that whereas, shear stresses were
dominant for the residual stress and isothermal problems, normal stresses became dominant
in thermal-gradient problems. Recently, Erdogan and Gupta [14] considered the torsion
problem of a disk bonded to a dissimilar shaft. Gotch [15], Clements [16], and Willis
[17] have examined plane problems of cracks between dissimilar anisotropic materials.

While all these studies provided theoretical solutions to various interfacial problems
for dissimilar materials, little experimental data were available to verify the results.
Recently, Wu and Thomas [18] conducted an experimental study of crack propagation
at the interface of a bimaterial plate with loading normal to the bond. Using Rice and
Sih's [8] analysis they determined the stress-intensity factors for interfacial failure. The
failure mode observed in their studies was a small amount of slow crack growth along the
interface, followed by rapid crack propagation away from the interface, leading to ultimate
fracture. Wang [19], using numerical techniques, analyzed the plane problem of an inter-
facial crack between adhesively bonded dissimilar materials. He also, conducted an ex-
perimental compliance calibration to verify the results of the numerical solutions.
However, he did not include crack-propagation studies in his investigation.

Williams [20-22] has conducted both analytic and experimental debonding studies
using a pressurized blister test. This test was designed to threat the case of a soft
elastomeric material cast and cured on a relatively rigid substrate. A pressure inlet hole
was drilled through the underside of the substrate, and pressure was applied to lift the
elastomeric layer off the surface of the substrate, forming a blister. This technique was
applied by Burton, et al [23], to study debonding of solid propellant and compatible
liner from a rocket motor case. It has also been applied to measure the adhesive quality
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of dental cements, paints, explosively welded metal parts, and barnacle cement. These
applications are presented briefly in a recent paper by Bennett, et al. [241, in which he
discusses the advantages and limitations of this test method. Its advantages are (a) ease of
sample preparation, (b) ease of testing with relatively inexpensive equipment, and (c)
determination of several data points from a single specimen. However, for some materials
with higher adhesive strength than cohesive strength, failure often begins at the periphery
of the blister and extends into the material rather than along the bond.

Although this sampling of analytical effort indicates that there has been considerable
theoretical work on interfacial stress analysis, little has been done experimentally. Prior
to this investigation, experimental studies had not been conducted for combinations of
residual stresses, uniform thermal loading, external forces applied parallel to the bond, or
external moments that cause interfacial failure, not did a formulation exist for the strain-
energy release rate for interfacial failure under these combinations of loads. The objective
of this study was to examine in detail the nature of the fracture process at the interface of
two bonded dissimilar materials by studying experimentally crack propagation in bimaterial
specimens subjected to a variety of loading conditions. For ease in illustrating the
phenomena, one of the materials in the example will be considered as a relatively rigid
body; i.e., the Young's modulus of one material is much greater than that of the other.

THEORETICAL ANALYSIS

Problem Formulation

In this section the stress field is analyzed for the plane problem of two bonded dis-
similar materials with cracks along the interface. Both materials are assumed to be linearly
elastic, homogeneous, and isotropic. These results are used to formulate the strain-energy
release rate for crack propagation at the interface between the two materials. The theo-
retical development follows closely the methods and analysis of Milne-Thomson [25], and
the results are compared with those obtained using a finite-element analysis.

Consider two elastic half-spaces SL and SR, as shown in Fig. 1, with a common
boundary A along the entire x axis, the positive y axis being directed normally to the x
axis and lying wholly in SL. Let the segment A' of the x axis bounded by the end points
(-Q, 0) and (Q, 0) correspond to an interfacial bond, with the remaining segment A" on
either side of A' representing two cracks. The boundary A separating SL and SR is the
sum of A' and A". Assume that each half-space is externally loaded by a system of self-
equilibrating forces, with A" traction-free. Under this loading, no resultant normal or
shear forces are transferred across A'. In addition, assume that the difference between the
strains in SL and SR on A' is specified.

If t(-V < t < 2) denotes a real parameter defining a point on A', then the boundary
conditions can be expressed formally as

y- (t) - ixy5L(t) = yyR(t) - ixy3R(t) = 0 onA (1)

yyl (t) - iXyl (t) = YY2 (t) - iXY2(t) onA (2)

3
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[Ui(t) + iVl(t)IL -[(U2 (t) + iV2 (t)] R = d'(t) on A'

[y3t(t) - ixy 1(t)]dt = X - jY = 0 on A
fA

where

yy and iy are normal and shear stresses, respectively

u and v are displacement components along the x and y axes, respectively

X and Y are the components of the resultant force on A

d'(t) is a specified function of t.

Superscripts L and R refer to the values of the functions on A as approached from points
in SL and SR, respectively. A function defined in SL is denoted by subscript 1, and one
defined in SR by subscript 2.

y

Fig. 1-Two elastic half-spaces bonded along A'

Equation (1) states that the surface tractions vanish along the unbonded section of
the real axis A". The second boundary condition, Eq. (2), states that the traction vector
is continuous across A'. The third boundary condition, Eq. (3), states that the strain
difference is specified on A'. Finally, Eq. (4) states that the components of the resultant
force on A' are assumed to be zero.

4

(3)

(4)



NRL REPORT 7839

Stresses and displacements can be written in terms of the complex stress functions
Wk(z) and Wk(z), as follows:

xxk + Yyk Wk (Z) + Wk(z) (5)

YYk - x, + 2iXy3 = Wk (Z) + Wk (Z) (6)

4/k(Uk + iVk) Sk Wk(z) - ZWk(Z) - Wk(Z) (7)

where

z E SL for k = 1

z C SR for k = 2

Wk (Z) = fWk (z)dz

Wk(Z) = fWk(z)dz

In the above pk is the shear modulus, Sk = (3 - 4vh) for plane strain, and k= (3 - k)
(1 + v.) for generalized plane stress, where v. is Poisson's ratio.

By means of the following substitutions it is possible to extend the definition of
W1 (z) into SR and W2 (z) into SL by analytically continuing Wk(z) across the unloaded
segment of the boundary A". From Eq. (5) and (6), we have

2(-YYk -ik) Wk(z) + Wk(Z) + zW'(F) + Wk(z). (8)

We may define W1 (z) in SR by setting 2(Yk - ixyk) equal to zero and replacing z by z.
Thus in SR

Wk(z) -Wk(Z) - ZW' (Z) - Wk (Z), (9)

and in SL

Wk(Z. Wk(Z) - 'k) - Wk(Z)

or

Wk(Z) -Wk(Z) - Wk(Z) - zWk(Z). (10)

Using this result in Eqs. (7) and (8), we may now write

2(Tyk IXYk) = Wk(z) - Wk(Z) + (Z - Z)Wk() (11)

4 /1k(Uk + ivk)' = NkWk(z) + Wk(Z) - (z - ( ) (12)

where the stress combinations are expressed in terms of the single complex variable
Wk(z) in each half plane.

5
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Consider now the stress and displacement boundary conditions, Eqs. (2) and (3)
on A' in SL. If in Eqs. (11) and (12) we let z -+t from SL, where z C SL, and
Z-÷t from SR, where zE SR, then

2(~y-j- _xy 1 )L = WL(t) - WR(t) (13)

and

4jl(ul + ijv)'L = N1 WL(t) + WR(t). (14)

Since we assumed that the resultant vector X+iY of the external forces on A is zero, then
for large values of Izi, using Eq. (4), we have

W1 (Z) = O( (15)

where 0 denotes "terms of the order of." Similarly for SR, let zet from SR, where
z (C SR, and 2-4t from SL, where z E SL. Thus

2(y2 - jxy})R = W2R(t) - WhL(t) (16)

and

4 ),a2+ iv2fR = W2 WR(t) + W2L(t) (17)

Also, for zero resultant forces and large values of IzI, from Eqs. (2) and (4), we obtain

/1\W2 (z) = .Z2) (18)

From the stress boundary condition (Eq. (2)) on A', we have, from Eqs. (13) and
(16),

WLv(t) - WR(t) = WR(t) - W2L(t)

or

[Wl (t) + W2(t)I L - [Wl (t) + W2(t)] R = 0 . (19)

Equation (25) implies that W1 (z) + W2 (z) is analytic in the entire plane SL and SR,
including the real axis. For large values of izi, using Eqs. (15) and (18), we have

[W1 (z) + W2 (z)] = O(-Z2) * (20)

Therefore, the function W1 (z) + W2 (z) is analytic and bounded in the plane, including
the point at infinity, and by Liouville's theorem must reduce to a constant. The above
expression shows that the function approaches zero at infinity, and hence must be zero
in the entire plane. Thus W1 (z) + W2 (z) = 0 for all z, or

6
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W1 (z) = -W 2 (z) (21)

From the displacement boundary condition (Eq. (3)), we have

(U1 + iv ) L - (U2 + iV2)'R = d'(t), (22)

and substituting from Eqs. (14) and (17) results in

-~p ~[NWL(t) + WR(t)] - [ 2W2R(t) + W2L(t)] = d'(t). (23)

Using Eq. (21) gives

1 1
- [ W1 L(t) + WR(t)] + - [N2 WR(t) + WL(t)] = 4d'(t)

or

a WtL(t) + b WlR(t) = 4d'(t) (24)

where

a =(l + 1)

81 lb =(- +1 2).

This can be expressed as

cWL(t) + WR(t) 4d'(t) (25)
1 1 ~~~b

where c = a/b is defined as the bielastic constant.

The displacement on A', d(t), can be expressed as:

d(t) =(uoR uR) + i(VL _ VR) + (LR - qR)t + (,q -L

L R ~~~t2

+ (M - 77")t + i 2 (26)

or

t2
d(t) = U0 + ivo + qt + i - (27)

2-R

7
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and

d'(t) = 77 + i- (28)
R

where

u0 = u L _ uR (29)0 0

v0 =vL -vR (30)

77= (AL -qR) + (,qL - nR) + - ) (31)R R T( T (77M 77

In Eqs. (26) through (31), OqR is the strain due to residual stresses, 7qT is the strain due
to thermal loading, 7 7M is the strain due to mechanical loading, R represents the radius of
curvature of A', and u0 and vo merely represent translation of A' in the complex plane.
Using Eq. (28) in Eq. (25), we have

c WL (t) + WR (t) = b (77 + i (32)

It now remains to solve Eq. (32) for the complex stress function and to determine
the resulting stress components. From this result the strain-energy release rate G will be
formulated for crack propagation at the materials' interface.

Problem Solution

Consider first the solution of the homogeneous equation

cXL(t) + X(t) = 0, (33)

corresponding to Eq. (32). This equation has the form of a homogeneous Hilbert
functional equation, and its solution can be expressed in terms of the Plemelj function
on the arc (-Q, 9):

x1 (Z) = (z - Q)T-1 (z + (34)

where

T = + ix
2

X = (log c)/27r.

Nonhomogeneous Eq. (32) can be solved by evaluating the integral

W (Z) = X1 (Z) f 4(q + -) L t _ Z) + P(z)X(z)- (35)
J 27ri _QJbc R X1(t)(t

8
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In evaluating this integral, we transformed it from a line integral into a Cauchy integral
on a lancet around (-Q, Q). Using the Cauchy integral theorem, we have

W1 (z) = + b (77[1 - (z + 2iXQ)X(z)]

+ i{z [z2 + 2iXQz -- (1 + 4 x2)Q2] X(z)})+ P(z)X(z) (36)

where P(z) is a polynominal in z chosen such that W(z) vanishes at infinity.

The stresses are determined by substituting Eqs. (36) and (34) into Eq. (13), which
yields

(TyY ixyf) a+ b (,l - (t + 2iMQ)xj(t)I

+ t- t2 + 2iXQt -- (1 + 4 xi
R ~~~~~2

- 77 [1 - (t + 2iDM)4(t)]

i { t [t2 + 2i~i~t -- (1 + 4X2)Q2] *RI +DM -2( 4(4)}) . (37)

From Eq. (33), where (t) = (t),

(y - ix3yj)L a + b (77[1 - (t + 2iXM)XL(t)]

+ R {t - [t2 _ 2iXQt- 2 (1 + 4X2)k2 Xt(t)}

-77 [1 + b (t + 2iX9)xL(t)]

-R {t + b [t2 + 2iXQt - 2 (1 + 4X2)Q2] xLt(t)}) (38)

or

jJ 4f ) i 2 L 2t1 )2 - -- y77(t + 2iX2) + Ft + 2iXQt -(1 + W)~ xit)
bL B 4X2 2)(39

9
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Expanding this equation using Eq. (34) yields

- FY3 7 )L 4 7(2(-yj - ix~l) - b[(t + Q)(t _ Q)]1/2 {t1(t + 2i\Q)

i 2 1 ~~~X2)Q2} Dl- +[t2 + 2iXit --(1 + 4 Cos log

R[ 2 (t + Q ) }( 
+ i sin [X log (t)]}V (40)

It should be noted that the resulting stresses in this analysis possess an oscillatory character
similar to that mentioned in the preceding section. Also, this solution is similar to that
presented by Erdogan [4] for residual stresses in bonded materials. Figures 2, 3, and 4
show the distribution of the stresses on the interface of various materials combinations for
a value of 7 = . This corresponds, for example, to a uniform tensile stress, :2 = 1000
psi, applied to an aluminum plate bonded to an unloaded epoxy plate, E2 /E 1 = 20, in
Figs. 2 and 3. Figure 4 shows the resulting interfacial stresses for bending, R = -5555 in.,
applied to the same combination of materials.

Strain-Energy Release Rate Formulation

As shown in Fig. 5, the stress vector on SL is

P1(t) = [sl(t) + ip1 (t)] (41)

where

Pl(t) =-Y-1(t)

sl(t) =4-ym-

On SR, the stress vector is

P2 (t) = -[s 2(t) + ip2 (t)] (42)

where

P2 (t) = -Y t

s2(t) = Y2(

Equations (41) and (42) can be written in the following form:

iPl(t) =i[sl(t) + ipl(t)] = -[1p(t) isl(o )]3

and

4P 2(t)= -i[s2 (t) + ip2 (t)] = -[p2 (t) - is2 (t)] . (44)

10
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-1 0
NORMALIZED BOND LENGTH

Fig. 2-Normal stresses along the bond under tensile loading

Imposing the stress boundary conditions on A' yields

iP1 (t) = -1P2 (t), (45)

and thus

P1(t) + P2 (t) = 0. (46)

Consider the work U done by the stress vector acting along the bond (-Q, £), as
follows:

U = Re' f {P(t)[ul(t) - iVl(t)] + P2(t)[u2(t) - iv2(t)]} dt. (47)
2 f i 1 

Imposing the displacement boundary condition (Eq. (3)) and the relation between the
stress vectors (Eq. (45)) yields

11
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-1 0
NORMALIZED BOND LENGTH

Fig. 3-Shear stresses along the bond under tensile loading

U = Re Pl (t)d(t) dt .

From the assumed d(t) on A' Eq. (27) and Eq. (43),

11 IV I -t 2 1U ej i Lp 1(t) - is1() ~u - iv0 + 77t - i -* dtf

U = Re {- (uo - ivo) f [pl(t) - isl(t)] dt

+ 2 f [p1(t) - is(t)] (77t - i2 ) dt} .

12
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Fig. 4-Normal and shear stresses under bending loading

Using the resultant force boundary condition of Eq. (4) on A' causes the first integral to
vanish. Using Eq. (39) allows the second integral to be written as

U=e{b fr rl(t 2iXQ) (rit - i -2R~) X1 (t) dt

+4 Q -[t2 + 2iXQt - 1(1 + 4X2)22] (ta - 4')X(t) dt}-

Evaluating this integral yields

U= L7( 2b - 3R 162 (1 + 4X2)1 . (51)

The strain-energy release rate d is defined as the decrease in stored elastic strain energy
per unit of crack increase din. Thus

13
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(- 1,0) s2(t) ( 1,O)

P2(t)

- x

XX2

).. 

Fig. 5-Resultant stress vectors on upper and lower half-spaces

au
d = - =

am
au dQ

aQ dm 

From the geometry shown in Fig. 5, dQ/dm = -1, and using Eq. (51) we have

- 27r(1 + 4X2 ) [2- 2,aV 2 + 3( + 4X2)
lb = + b [-72 R + Z 41 + 4 J

(52)

(53)

27r(1 + 4X 2 )

(i + 1 + 82 + 1

Al Hi82 /
[772 - R + 4 (1 + 4X2)] (

For generalized plane stress, Sk = (3 - vk)/(I + vk) and Pk = Ek/ 2 (1 + Vk); therefore the
strain-energy release rate formulation above can be expressed as

14
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, 7r( + 4X2 ) [229 2i1XQ2 + 93 ( 4X2) (55)

I(Ik- k) 4R 2 (1 + IX)4 _: + T)
E1 E2

and for plane strain .= 3 - 4v,. Thus

7r(1 + 4X 2 ) [29 277XQ2 93 X2(
d( = 2 21-v~] [77 R ~+ 4 (1 + 4 (56)4:(1 ->) + (1 P2)l -R 4R2I 
I El E2 

These expressions for the strain-energy release rate are based on the plane problem of
two elastic half-spaces bonded along A' and can be used to analyze the following loading
conditions: residual stresses, uniform thermal loading, forces applied parallel to the bond
to one or both half-spaces, bending loads applied to one or both half-spaces or any
combination of these loads.

To assess the effect of finite boundaries on this solution, a finite-element analysis was
conducted for tensile loading parallel to the bond and for bending loads applied to one
half-space. The specimen geometry used in these numerical analyses was selected on the
basis of the experimental studies described in the second section. Results of the finite-
element analysis are presented in Appendix A.

Limitations of the Theoretical Analysis

In the preceding analysis, both materials were assumed to be linearly elastic, homo-
geneous, and isotropic. While these assumptions are useful for analysis, they often do
not adequately describe the behavior of real materials. In the following experimental
section, epoxy-aluminum bonded specimens are subjected to external loading that results
in interfacial crack propagation. At room temperature this epoxy system behaves in a
linear elastic manner, but at temperatures approaching the postcure temperature of 1250F,
the behavior becomes viscoelastic. The preceding analysis does not describe the stress or
displacement field for viscoelastic media, nor does the fracture-mechanics analysis account
for time-dependent behavior.

In addition to problems that may be caused by the viscoelastic nature of the materials,
there are problems caused by viscous flow or nonlinear behavior in the vicinity of the
crack tip. Irwin [26] proposed corrections to the linear elastic theory that account for
plastic flow at the crack tip. Essentially, his approach was to add a plasticity adjustment,
obtained from estimates of the size of the plastic zone, to the linear elastic solution.
Orowan [27] postulated that plastic deformation is always present in a thin layer next
to the surface of fracture in a normally ductile material even if the fracture appears com-
pletely brittle. He proposed replacing the surface energy term in the Griffith formula
with a factor related to the plastic work per unit of area of the surface of fracture. For
brittle fracture, Orowan [28] suggests that many independent cracks are initiated and
arrested and that this mechanism raises the work of crack propagation far above the
surface energy. Fracture-surface observations, described in the next section, indicated
that the interfacial crack is composed of multiple fractures, which replicate the surface
features of the aluminum. The preceding analysis does not account for plastic flow near
the crack tip.
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The function d(t), defined in Eqs. (26) and (27), assumes that the resulting dis-
placement on A' after bonding can be written as the difference between the displacements
in SL, and in SR before bonding. This is valid if the ratio of the Young's moduli of the
materials is large, i.e., if one of the materials acts as a rigid body. Otherwise the resulting
displacement on the interface must be considered an unknown function related to the
material properties. In the experimental investigation conducted in this study, the modulus
ratio was approximately 20; therefore Eq. (26) is a reasonable estimate of the resulting
displacement on A'. An additional point with respect to the definition of d(t) is that the
displacement along the bond A' in SL and SR is assumed to be a linear function of
position t. This assumption may not be quite accurate near the ends of the bond.

Finally, this analysis was conducted for two infinite half-spaces bonded along an arc
A'. Comparison with finite-element results indicates that this theoretical solution agrees
with the numerical solution at regions remote from the crack tip. Since it is difficult
to accurately model high-stress-concentration areas in numerical analyses, no attempt was
made at refining the initial analysis. Parametric studies of the relative dimensions of bond
length to other specimen dimensions did not yield enough data to assess the effect of
specimen geometry. Therefore, in applying the analysis in this study, data were considered
acceptable only if the bond length was less than the other in-place dimensions of the
specimen.

EXPERIMENTAL INVESTIGATION

Specimen Geometry and Loading

Experimental studies were undertaken to make quantitative measurements of the
fracture parameter d for interfacial crack propagation. Based on the analysis of the pre-
ceding section, a specimen design was chosen and loading conditions were selected for
which cracks would propagate at the interface between two dissimilar materials. Specimen
design studies included photoelastic observations and strain-gage instrumentation of various
specimens to determine how closely the theoretical analysis was satisfied. Aluminum-
epoxy specimens were fabricated for a series of interfacial crack-propagation studies for
various surface finishes on the aluminum-bonded interface. It should be noted that in the
fabrication of bonded structures large residual stresses may arise. In the aluminum-epoxy
specimen for this study, these stresses were due to restrained shrinkage along the bond
during solidification of the epoxy and to differential thermal contraction during post-curing.
The contribution of the residual field and the external loading to the energy required
for interfacial crack propagation was computed using the analysis of the preceding section.

Aluminum plates 2 X 6 X 3/8 in. and 2 X 10 X 3/8 in. as shown in Fig. 6, were
cleaned and etched as described in Appendix A. Epoxy plates 2 X 4 X 3/8 in. were cast
against the aluminum and after initial curing were post-cured at 1250F for 4 hr. Before
testing, a saw cut was made in each end of the epoxy along the interface with a 0.020-in.-
thick blade. A razor blade was then used as a wedge to initiate a crack at the end of the
sawed notch. Tensile or bending loads were then applied to the aluminum plates, and
the progress of failure was observed. Under this loading cracks propagated along the
interface, and if the bond length was small with respect to the plate dimensions, the
data could be analyzed using the techniques presented in the previous chapter. These
specimen geometries were satisfactory from the point of view of interfacial crack-growth
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Fig. 6-Specimen geometries and loading conditions

observations. Furthermore, the specimens are amenable to photoelastic analysis and strain-
gage instrumentation.

Before the actual crack-propagation studies were carried out, a photoelastic analysis
was conducted (a) to determine the magnitude of the residual stress field's contribution
to the energy required for interfacial crack propagation and also (b) to compare plane-
stress and plane-strain theories developed in the previous section. Strain-gage studies
verified the assumption of the strain field along the interface for tension and bending
loading. These studies are described in the following sections.

Photoelastic Observations

As mentioned in the previous section, aluminum-epoxy plate specimens like those
shown in Fig. 6 were loaded in tension, in bending, or thermally to produce interfacial
crack propagation. Photographs and analysis of the light-field isochromatic fringe patterns
are presented in this section for the tension and bending specimen, at progressively in-
creasing loads, and for the thermal specimen at progressively decreasing temperature.
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In addition to the bonded plate specimens, a specimen of somewhat different
design was used for the compression studies. This specimen was made by taking an
aluminum bar 1 X 1 X 6 in. and casting an epoxy block 2 X 4 X 3/8 in. with an epoxy
surface 4 X 3/8 in. centrally placed on the 1- X 6-in. aluminum surface. The 1-in.-
square bar was selected after numerous experimental studies indicated that buckling
is a critical failure mode, rather than interfacial failure, for thinner specimens.

The compression studies were undertaken to determine the magnitude of the
residual stress field induced due to casting and post-curing of the epoxy. Because
of the difference in the coefficients of thermal expansion of these materials and the
high curing temperature, a tensile stress resulted in the epoxy when the specimen was
returned to room temperature. Applying a compressive load to the aluminum parallel
to the bond would reduce the magnitude of the tensile residual stress. This reduction
would be evidenced by a relaxation in the isochromatic pattern introduced during
post-curing. Photographs of the light-field isochromatic fringe patterns for the com-
pression study are shown in Fig. 7 (P = 47.1 lb). Initial birefringence, as in the first
frame of Fig. 7, arose from two sources, elastic residual stresses and frozen stresses.
The elastic stress field produced during the casting, post-curing, and subsequent cooling
process stored elastic energy which was available for release to the fracture process.
When the epoxy was debonded completely from the aluminum bar, birefringence due
to the elastic stress field vanished, while birefringence due to the frozen stress field,
which does not contribute to the fracture process, remained in the epoxy. To deter-
mine the magnitude of the elastic stress field, the positions of the isochromatic fringes
were measured along the center line perpendicular to the bond for various compressive
loads applied to the aluminum bar. These results are shown in Fig. 8. After crack-
propagation tests were completed on tension and bending specimens, the epoxy was
debonded, and the positions of the frozen isochromatic fringes were measured. From
Fig. 8 the elastic strain required to produce an isochromatic pattern corresponding to
the frozen isochromatic pattern was determined. As an example, the measurement of
the position of the 1/2-order fringe taken from the frozen isochromatic patterns from
11 specimens ranged from 0.625 in. to 0.84 in. For these specimens the elastic strain
due to residual stresses was 160 ± 30 !pin./in. This value was used in calculations
of the energy required for crack propagation along the bond.

The stress level required to extinguish the initial birefringence present in the
epoxy was measured by observing the load at which the zero-order isochromatic fringe
approached the bond. Zero-order extinction occurred at a compressive stress level of
8800 psi in the aluminum as determined from the isochromatic pattern at a load level
of 8800 lb (184 X P), i.e., between values of 8600 lb (180 X P) and 9500 lb (200 X P)
shown in Fig. 7. This result may be used to account for initial birefringence in com-
paring the isochromatic patterns observed with theoretical predictions of plane stress
and plane strain.

As the loading increased, the appearance of the fringe pattern differed from
those of the tension, bending, and thermal studies described later. The fringe order
was no longer uniform along the bond, and the order of the fringes increased
markedly as the crack tip was approached. For this specimen, crack propagation did
not occur at the interface. Rather, the cracks deviated from the interface into the
epoxy. This observation is in agreement with the theoretical analysis, which predicts
compressive normal stresses near the crack tip that may inhibit interfacial crack
propagation.
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Fig. 7-Isochromatic patterns for a bonded plate under compressive loading;
P = 47.1 lb
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Fig. 8-Strain vs isochromatic fringe distance from bond under
compression loading

Since they were subjected to the same post-cure cycle, the residual fringe patterns
were similar in all of the specimens in this study. It should be noted that there was
essentially no birefringent response before post-curing. After post-curing the fringe order
was fairly constant along the length of the bond at approximately the 3-1/2 order. The
fringes decreased in order from the interface to the edges of the epoxy plate.

For the tensile specimen, strain along the interface was determined from

L _R I E 2 (57)

where xl and xx2are uniform stresses applied parallel to the bond in the epoxy and
aluminum, respectively, and E1 and E2 are the Young's moduli of the epoxy and aluminum
respectively. Using this expression, the strain along the bond was determined for the
tensile specimen shown in Fig. 6. Jsochromatic fringe patterns are shown in Fig. 9 for a
tensile specimen under progressively increasing load (P = 18.8 lb). As shown in this figure,
an increase in the load parallel to the bond resulted in an increase in the fringe order
along the bond. Position of the fringes along the center line of the specimen vs strain
determination, from Eq. (57), is shown in Fig. 10. From this data it was possible to
estimate the fringe order at the interface along the center of the bond for various load
levels. Extrapolating to zero load, the maximum shear-stress at the interface was found to
be 480 psi. This agrees with the data in Fig. 9, which shows that the initial birefringence
at the interface was slightly greater than the 3-1/2 order, which corresponds to a maximum
shear stress of 465 psi. Theoretical values for the maximum shear stress at the center of the
bond were computed for assumption of plane stress and plane strain and compared with
the experimental values as shown in Fig. 11. Maximum shear-stress values were determined
by forming the function (¾xl - y, )/2 at the center of the bond from the real part of
Eq. (40) evaluated at t = 0 and from the following expression for ixl [8]:
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Fig. 9-Isochromatic patterns for a bonded plate under tensile loading; P = 18.8 lb
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Fig. 10-Strain vs isochromatic fringe distance from bond under
tensile loading
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Although there is little difference between plane-stress and plane-strain assumptions for
these materials, the plane-strain analysis approximates the experimental data more closely
than does plane stress, and this method was used in the subsequent analyses.

As shown in Fig. 9, the fringe order at the interface increased as the load was applied,
up to approximately the 6th order, at which time the cracks began to :propagate at the
interface. It was relatively easy to follow the progress of the cracks, since the fringes
approach the interface near the crack tip. As the crack propagated, the fringe order
along the bond remained approximately constant, increasing from the 6th order at 7330
lb (388 X P) to the 8th order at 14,200 lb (748 X P). Crack initiation occurred at
7330 lb which corresponds to a strain of 1020 pin./in. along the bond. To determine the
total strain for crack initiation, this value must be added to the 160 pin./in. of strain due
to the residual field. For the specimen shown in Fig. 9, the residual field contributes
approximately 15% of the strain required for crack initiation.

Bending was applied to specimens shown in the lower portion of Fig. 6, using the
loading fixture in Fig. 12. This loading fixture transmits compressive loads as well as
bending loads, which result in tensile strain along the bond. Typical results for these
studies are shown in Fig. 13 and 14. The slight striation evident in Fig. 13 is due to
nonuniformities in the epoxy along the bond. For this specimen, the strain along the
interface due to bending was determined from

L R Y R Y(

~M MRL~ RBR59

where, as shown in Fig. 15, yL - y - he/2 is the height of the neutral axis of the epoxy
plate of depth he above the bond, yR = y + ha/2 is the height of the neutral axis of the
aluminum plate of depth ha below the bond, and RL, RR are the radii of curvature of the
neutral axes of the epoxy and aluminum, respectively.

This geometric description for bending analysis of two bonded plates follows closely
the methods used by Boley and Weiner [29] for thermoelastic analysis of bending and
buckling of bimetallic beams. Evaluating this expression on A' corresponds to setting
y = 0 in the relations for yL and yR defined above. It is interesting to note in Fig. 14
that a variation occurs in the 1/2-order fringe at the onset of crack growth. In the
previous tensile data this variation was not so pronounced, and the tensile field did not
extend as far into the epoxy as in the bending case. In the Fig. 13 specimen, as in the
previous case, crack propagation was not symmetric along the bond.

Although only limited data were obtained for the thermal studies (Fig. 16 and 17),
these fringe patterns were similar to those for tension or bending loading. In the thermal
loading studies, the temperature gradient was maintained at approximately 40F/hr to
ensure thermal equilibrium. Attempts to decrease the temperature at higher rates produced
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It III

Fig. 12-Specimen geometry and loading fixture
for bending loading

extensive cracking in the epoxy due to thermal gradients. Strain along the interface was
determined from

=7~7 L B7R=(a a(0T = (1 - a2 )(TI - TF), (60)

where al and a2 are the coefficients of thermal expansion of the epoxy and aluminum,
respectively, and TI - TFis the difference between initial temperature and final temperature.

Instrumented Specimen

The theoretical analysis discussed in the preceding chapter was for two infinite elastic
half-spaces bonded along A'. However, for the finite specimen geometry selected for this
study, it was necessary to determine how closely the applied loading satisfied the assumed
strain field at the interface. In order to determine the strain distribution in these specimens,
a tension sample, a bending sample, and a compressively loaded bar were instrumented with
strain gages. The tension specimen had six foil gages bonded to the aluminum bar, as
shown in Fig. 18. The bending specimen (Fig. 19) had six gages mounted in the same
locations as on the tension specimen. In addition a gage was mounted on the opposite
side of the aluminum plate in the center to determine bending through the thickness. Use
of data from these specimens resulted in redesigned loading grips, which minimize out-of-
plane bending and ensure a uniform stress field (Fig. 12). A compressively loaded
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specimen, as shown in Fig. 20, was instrumented with a "Flexagage,"* which is composed
of two gages separated by a 0.040-in.-thick laminated strip. With this transducer, it was
possible to separate the bending and axial load components for the compression specimen.

Results of the tensile studies for the six gages, shown in Fig. 21, indicate close agree-
ment with the strain field computed for uniform loading. The maximum observed
deviation from these data was approximately 7%. Load-strain profiles are shown for the
bending specimen in Fig. 22 and 23. Although greater variation was observed in these data,
these results are also in good agreement with the computed strain field. The small dif-
ferences in strain recorded by gages 1 and 3 and shown in Fig. 23 indicate a negligible
amount of out-of-plane bending. In both of these specimens, it is important to note that
little variation occurred between the two gages along the bond. The results of the com-
pression studies, shown in Fig. 24, indicate that plastic deformation occurs in the bar for
loads above 35,000 lb. It is at this level that crack propagation occurred in the compres-
sion sample, and thus deviations are observed from the stress field predicted by the linear
elastic analysis.

Crack-Propagation Studies

A series of aluminum-epoxy specimens was prepared to evaluate the effects of
surface finish of the aluminum on the strain-energy release rate. These surfaces were
chosen to represent the range of surface finishes in actual bonding applications. Detailed
discussions of the surface finishes and specimen preparation are presented in Appendix
A. Surface-roughness measurements were made with a profilometer to characterize the
various surface finishes on the aluminum. Specimens were mounted in a closed-loop
servocontrol testing machine, and loading was applied at a rate of approximately 500 lb/min.
A scale was attached to the side of each specimen, and photographs were taken at various
intervals of crack length. In addition, indications of crack length were made on the sides
of the specimen with a marker. To determine the strain energy release rate from the
formulation in the preceding section (Eq. (56), the load at each interval of crack length
was required in addition to the material properties. Details of this analysis are presented
in the next section for various surface finishes and types of loading. As discussed in the
section on photoelastic studies, photoelastic data from the tension and bending tests were
used to determine the contribution of the residual field to the energy required for crack
propagation. For some polymers, the strain-energy release rate is dependent on the crack
velocity. Therefore, measurements were made of the time interval between crack-length
recordings. Estimates of the range of crack velocities were computed from these data.

The epoxy and aluminum fracture surfaces were examined by both optical techniques
and scanning electron microscopy. These studies were undertaken to determine whether
the crack propagates in the epoxy near the interface or at the interface itself, how the
various surface finishes affect the path of the crack, and what correlation can be observed
between the appearance of the failure surface and the measured values of strain-energy
release rate.

*Budd Instrument Company.
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Fig. 21-Load vs tensile strain for a tension specimen

32

250 500 750
TENSILE STRAIN,77(,uIN /IN.)
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Fig. 23-Load vs compressive strain for a bending specimen
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RESULTS AND DISCUSSION

Results of Crack-Propagation Studies

With the formulation developed in the theoretical analysis, the strain-energy release
rate d was calculated at various crack lengths along the bond. It should be noted that
this analysis is for two-dimensional bonded plates under either plane-stress or plane-
strain conditions. In general, analysis of bonded plates should be considered as a three-
dimensional problem, since these plates experience a contraction in thickness during
curing or under mechanical loading. Durelli, et al. [30], have shown that this pinching
has little effect on the normal stress and strain along a bond for materials with a Poisson's
ratio of v = 0.3, and consequently the two-dimensional analysis was considered adequate.
As discussed previously, plane-strain conditions were assumed in this analysis. From a
physical point of view this is a reasonable assumption, since the aluminum constrains the
epoxy at the interface. At regions remote from the interface, plane-stress analysis may
be more appropriate, since this constraint is no longer present.

Values of d were computed for crack-length to initial-bond-length ratios equal to or
greater than 0.5. Under these conditions the infinite-plate assumption closely approximated,
since the bond length is less than the plate height or width.

Data shown in Fig. 25 are for four specimens, the aluminum surfaces of which were
glass-peened and etched before bonding. For all loading conditions, d increased initially
and then approached a constant value, although some specimens exhibited considerable
variation. Unloading and subsequent reloading caused crack growth to begin at lower
toughness levels.

cU
_ GLASS- PEENED FINISH

3- UNLOADING & SUBSEQUENT
_C RELOADING

Li
I4 X

0 2
hi
U)

F I I I I _

O 01 O!2 O.3 0.4 0.5 0.5 0.7 0.8 0.9 1.0
TOTAL CRACK LENGTH/INITAL BOND LENGTH

Fig. 25--Strain-energy release rate vs crack length/initial bond
length for glass-peened surfaces

Similar data are shown in Fig. 26 for five specimens with milled and etched aluminum
surfaces. Again the d values increased initially and then approached relatively constant values.
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Fig. 26-Strain-energy release rate vs crack length/initial bond
length for milled surfaces

As before, unloading and reloading caused crack initiation at lower toughness levels. In
this case 4 did not return to its former level. These values of d did not differ appreciably
from those for glass-peened surfaces. For both glass-peened and milled surfaces, crack
propagation at the interface was stable. Crack stability here implies that under constant
load conditions the crack did not accelerate and cause catastrophic failure of the specimen.
Thus, when the load was maintained at a constant level, the crack stopped. Under these
conditions delayed crack growth may take place because of creep or material degradation,
but that kind of failure was not explored in this study.

Data shown in Fig. 27 are for four specimens with sandblasted and etched aluminum
surfaces. Here d was greater initially than for the glass-peened or milled specimens and
increased as the crack propagated. It was possible to extend the crack only slightly beyond
the point at which the ratio of crack length to initial bond length was 0.5, due to con-
straints in the loading system. For these specimens, the strain-energy release rate values
are greater than for the milled or glass-peened surfaces. In some cases cracks jumped in
small increments near the interface, although more remote from the bond than for stable
propagation. This indicates a possible change in the mode of failure, which may be
related to surface roughness, rate of loading, or both.

Data shown in Fig. 28 compare the results for bending tests on glass-peened, milled,
and sandblasted surfaces with results for polished aluminum surfaces. These values are
generally greater than the value of czc= 0.5 in.-lb/in.2 reported by Mostovoy and Ripling
[31] for the bulk epoxy system. However, for the polished specimens, the value of 4
is approximately equal to the bulk value. This result implies that for opening mode
failure studies, such as those conducted by Mostovoy and Ripling, either cohesive or inter-
facial failure may occur if the adherends are polished, whereas interfacial failure will not
occur if the adherend surfaces are milled, glass-peened, or sandblasted. Results have
shown that environmental effects may weaken the interface, but that topic was not treated
in this study.
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Fig. 27-Strain-energy release rate vs crack length/initial bond
length for sandblasted surfaces
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Fig. 28-Strain-energy release rate vs crack length/initial bond
length for specimens with various surface finishes under bending
loading
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A summary of the average strain-energy release rates and crack velocities is presented
in Table 1. Polished, milled, glass-peened, and sandblasted surfaces were etched before
casting of the epoxy, except as noted. Included also are measured values of the surface
roughness for the various surface finishes in both etched and unetched conditions. Surface-
roughness measurements were made with a profilometer that draws a tracer point across
the surface and indicates the arithmetic average of the roughness. The tracer point used
for these measurements was conical and had a hemispherical tip with a 0.0005-in. radius.
Figure 29 shows that for polished, glass-peened, and sandblasted surfaces etched prior to
casting and subjected to bending loading, there is a linear relation between surface
roughness and strain-energy release rate. This can be expressed as

a = 0.014S + 0.9 (61)

where S is the surface roughness in microinches. Data in Table 1 indicate that the
roughness of the milled surface is nonuniform, i.e., the surface roughness along the length
of the bond is greater than the roughness in the thickness direction. From fracture-surface
observations it is apparent that this variation is due to the milling operation, which produces
high roughness values in the longitudinal or lengthwise direction but low values in the
thickness direction. Roughness measurements in the thickness direction of the milled
specimens fall within the range predicted from the relation between surface roughness and
strain energy release rate for the other surface finishes studied. Therefore, the strain energy
release rate may be determined from the minimum value of surface roughness over the
range considered in this study.

Scatter in the data may be due to variations in material properties of the epoxy.
As described in Appendix A, the epoxy resin is heated to 1100F before casting to
remove entrapped air and decrease viscosity. An amine hardener was then added to the
epoxy resin at 1100F. Because of the short "pot life" of this epoxy system, only three
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Fig. 29-Strain-energy release rate vs surface roughness for
specimens under bending loading
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Table 1
Average Strain Energy Release Rates, Crack Velocities, and Surface Roughness Measurements

Polished Polished Milled Glass-Peened Sandblasted

Condition J
x Stn X S xc SS x S x S

Tension

4 in.-lb/in.2 1 1.6 0.22 1.3 0.13 3.6 0.06

2 2.7 0.10 2.2 0.30

m X 10 3in./s 1 1.5 11 2.4 _I 1.3 _I

2 _ _ 1.2 -1 1.1 11 _

Bending

4 in.-lb/in.2 1 0.40 0.15 1.0 0.20 0.8 0.11 1.6 0.10 2.5 0.44

2 0.42 0.07 -t 1.3 0.06 1.9 0.13 1.8 II

m-h X 10- 3 in./s 1 3.2 _11 3.6 _In 3.2 _ 11 _11 -11 -11 -1

2 3.3 11 _-11 _11 _11 -11 _11 -11

Surface Roughness

Unetched L 2.4 1.1 126 32.9 53 4.8 93 8.1

T 43 14.6

Etched L 6.6 1.1 91 26.8 51 3.6 92 7.4

T 56 11.4

*Average value.
tStandard deviation.
1 L = Longitundinal or lengthwise direction.
**T Transverse or thickness direction.
tNo test
I'Insufficient data
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specimens could be cast from a single mixture. Even under these conditions, slight
discoloration and striation occurred in some of the specimens, indicating nonhomogeneous
mixing or curing. Scatter in the data runs also due to unloading and subsequent reloading,
which produced variations in 4 with crack length.

Fracture-Surface Observations

Indications from optical observations of the fracture surfaces at 30X (Fig. 30)
show that the crack replicates the surface finish of the aluminum as it propagates along
the bond. Based on the relation developed between initial surface roughness and 4,
greater roughness of fracture surfaces in the epoxy indicate that strain-energy release rates
were required for crack propagation. The effect of loading rate or crack velocity on this
behavior was not considered here, although this is an important factor that may affect
the failure mode. This result is useful in analyzing failures of bonded structures. In
many instances the circumstances that caused failure are unknown, and the origin, direction
of crack propagation, and energy required for crack growth must be determined from
observations of the failure surface.

Studies made at higher magnification, using the scanning electron microscope (Fig.
31) indicate that a residue of epoxy remains bonded to the aluminum surface. These
studies also indicate that for stable crack propagation, crack growth occurs very near the
interface. Studies conducted by Bascom [32] on scarf joints of aluminum bonded with
epoxy also indicate that a residue of epoxy remains on the aluminum after interfacial
failure. By radioisotope tagging with Carbon-14, he found that a 300- to 500-A layer of
resin is left on the aluminum. His fractured specimens also exhibit replication of the
scratches and machining marks of the aluminum surface on the resin fracture surface.

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to characterize crack propagation at the inter-
face between two dissimilar materials, using a formulation based on strain-energy release
rate, and to determine the contribution of the residual stress field to the energy required
for crack propagation at an epoxy-aluminum interface. To this end, a theoretical analysis
was developed for the plane problem of two elastic half-spaces in contact along an arc.
The stress analysis included the previously solved cases for thermal and tensile loads and
included a new formulation for bending loads. In summary, the stress analysis predicted
that (a) compressive normal stresses should occur near the crack tip when compressive
loads are applied to the aluminum parallel to the bond, or bending loads, which result in
compressive stresses in the aluminum parallel to the bond; these conditions inhibit inter-
facial crack growth. The analysis also predicted that (b) tensile normal stresses should
occur near the crack tip when tensile loads are applied to the aluminum parallel to the
bond, or bending loads, which result in tensile stresses in the aluminum parallel to the
bond; these conditions are necessary for interfacial crack propagation. Thirdly, the
analysis predicted that (c) tensile normal stresses should occur near the crack tip under
thermal loading when the temperature is reduced below the postcuring temperature;
under these conditions interfacial crack propagation occurs when the thermal gradient is
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Fig. 30-Fracture surfaces of epoxy-aluminum specimens with three surface finishes;
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Fig. 31-Scanning electron microscope photographs of glass-peened epoxy-
aluminum fracture surface
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low. Rapid temperature reduction, however, causes complete cracking of the epoxy even
at regions remote from the interface. As described in Appendix A, good agreement
was obtained between the theoretical analysis and a numerical analysis of the stress
distribution in the specimen geometry chosen for this study.

From the stress analysis a fracture-mechanics formulation was developed to describe
interfacial failure. Experimental studies described below demonstrated that this formulation
could be used to analyze crack propagation along the bond for aluminum-epoxy specimens
under tensile, bending, or thermal loading. It was not possible to propagate cracks along
the bond under compression loads, since the cracks deviated from the bond and propagated
into the epoxy. As summarized above, under compression loading the stress field determined
by the theoretical analysis predicted that compressive normal stresses were present in the
vicinity of the crack tip. These stresses prevent interfacial failure, and other failure modes
must be considered, depending on the relative toughness of the two materials and the
direction of the maximum tensile stress.

Various specimen configurations were examined during the course of this study, viz,
an epoxy strip bonded to an aluminum beam loaded in flexure, an epoxy annulus bonded
to an aluminum rod loaded in tension, and an epoxy plate bonded to an aluminum plate
loaded in tension or bending. While there were advantages to each of these specimen
geometries, the bonded-plate specimen was chosen because of ease of fabrication and testing
and because an analysis was available to describe the stress state and to formulate the
strain-energy release rate. A photoelastic analysis was performed for plate specimens under
tension, bending, thermal, and compression loading. The magnitudes of the residual stress
fields due to casting and post-curing of the epoxy were determined from the isochromatic
patterns of the compression specimens. The elastic residual stresses accounted for
approximately 15% of the strain required for crack initiation in a typical tension specimen.
A photoelastic analysis of a tension specimen was used to compare plane-stress and plane-
strain predictions of maximum shear stress at the center of the bond. This study indicated
that a plane-strain assumption is valid at the interface, but at regions remote from the
boundary the plane-stress assumption may be more appropriate, since the bond constraint
is no longer present.

Strain-gage instrumented specimens were tested in tension, bending, and compression
to compare the strain field with that assumed in the theoretical analysis. Result of these
studies indicate good agreement with assumed uniform tension, bending, and compression.

Following these studies a number of epoxy-aluminum specimens were cast, where
the aluminum bonding surface had received one of four different surface finishes, i.e.,
polished, glass-peened, milled, or sandblasted, each followed by etching. The polished,
glass-peened, and sanblasted surfaces were uniform with respect to surface roughness.
The milled surface was nonuniform; it had a rippled appearance, although locally the
surface was relatively smooth. The d measured for these specimens under tension and
bending indicated that a sandblasted surface resulted in the highest d value, followed
(in descending order) by the glass-peened, milled, and polished surfaces.

Surface roughness measurements made with a profilometer indicated that the sandblasted
surface had the highest roughness, followed by the glass-peened and polished surfaces.
Measurements of roughness values for the milled surface varied considerably, but the
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lowest values obtained were between those of the glass-peened and polished surfaces. From
these data a linear relation was obtained between strain-energy release rate and surface
roughness over the range of surfaces examined in this study. Because the crack replicated
the surface, greater surface roughness resulted in greater crack area and higher toughness.
This implied that d is dependent on the local character of the surface rather than on the
gross nonuniformity present in the milled specimen.

The techniques presented in this report provide a simple method for studying inter-
facial failure in bonded materials, where one of the materials acts as a relatively rigid body.
Results of this investigation have applications in design of bonded structures and in
general problems of debonding and delamination between dissimilar bodies. The analysis
can be applied to composite materials in analyzing glass-resin interfaces, in bonded joints,
and in welded structures where the crack propagates at the interface. This approach can
be extended to consider the effects of crack velocity, fatigue loading, environment, and
various residual fields on the fracture toughness of bonded materials.
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Appendix A
EXPERIMENTAL PROCEDURE AND ANALYSIS

SPECIMEN PREPARATION

Aluminum-epoxy bimaterial plates were used for this experimental investigation. The
aluminum half of the specimen was machined from 2-in.-by-0.375-in. bar stock of 6061-T6
alloy. Various lengths of aluminum plates were machined, depending on the type of
loading to be applied to the specimen, as shown in Fig. Al. Aluminum plates eccentrically
loaded in compression were 6 in. long, and pin-loaded tensile specimens were 10 in. long.
In both cases the epoxy plates were 4 in. in length, 2 in. wide, and 0.375 in. thick.

y

TENSION

#,,

XX2- _
M2a

XX2

BENDING

Fig. Al-Specimen geometries and loading conditions

Surface Finish of Aluminum Plates

The aluminum adherends were prepared with four surface finishes; polished; and,
as shown in Fig. A2, milled, glass-bead peened, and sandblasted with 60-mesh grit.
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Fig. A2-Aluminum surfaces before and after etching; 30X magnification
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Cleaning Process for the Aluminum Plates

The methods used are similar to those now used by the aircraft industry [Al]. The
aluminum plate is solvent-cleaned with trichloroethylene and then air-dried to prevent
solvent contamination of acid bath used in the next step.

The plate is submerged in an acid bath for 10 min. It is then rinsed in running water
and air-dried. The proportional chemical composition of the acid bath (by weight) is 10 parts
concentrated sulfuric acid, 1 part sodium dichromate, and 30 parts distilled water. The bath
was kept at a temperature of 1500 to 1550F.

Epoxy Casting

The aluminum plate was mounted in a mold with inserted Teflon sides and end
pieces as shown in Fig. A3. Teflon parts were washed in detergent and air-dried before
casting. The epoxy consisted of 100 parts by weight of DER 332 epoxy resin and 12.5
parts by weight of tetraethylene pentamine hardener (TEPA). The mixture was heated to
1100F before casting to remove entrapped air bubbles and decrease viscosity. Solidification
occurred in approximately 1 hr, and specimens were subsequently removed from the mold
and post-cured at 1250F for 4 hr. After post-curing, a saw cut was made in each end of
the epoxy along the interface with a 0.020-in.-thick blade. A razor blade was then used as
a wedge to initiate a crack from the sawed notch.

COEFFICIENT OF THERMAL EXPANSION

Values for the thermal expansion of the materials used in this investigation were
determined using a quartz-tube dilatometer. Displacement of the quartz tube was measured
with a differential transformer over a range of temperatures from 0F to 1500F. The
dilatometer was immersed in a stationary bath of silicone oil (Dow Corning 200) for the
series of tests below room temperature and in a circulating bath of silicone oil for the
series of measurements above room temperature. In each case the temperature of the bath
was monitored with an iron-constantan thermocouple immersed in the bath next to the
test sample. Temperature rates for the data presented here were approximately 150F per
hour.

A plot of displacement vs temperature is shown in Fig. A4 for the aluminum and
the epoxy post-cured at 1250F for 4 hr. The slopes of these curves normalized by
specimen length are measures of the coefficient of thermal expansion in microinches per
inch per degree Fahrenheit. The epoxy specimen was 1.725 in. long, and the aluminum
specimen was 2.503 in. long. Measured values for the aluminum ranged from 11.1 guin./in.
( 0F- 1) for 0F to 680F to 12.4 juin./in.( 0F-1) for 680F to 1500F. These values are slightly
lower than the values, reported in Refs. A2 and A3, of 12.1 uin.jin.( 0F-1) for -58 0 F to
68°F and 13.0 pin./in.( 0F-1) for 68°F to 212 0F. Values for the epoxy ranged from
31.1 pin./in.( 0F-1) for 0°F to 68°F to 38.9 pin./in.( 0F-1) for 68°F to 1500 F. These
values are within the range, reported in Ref. A4, expected for unfilled epoxy.
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Fig. A4-Thermal-expansion data for aluminum and epoxy

MATERIAL PROPERTIES

Values for the Young's modulus E and Poisson's ratio v for 6061-T6 aluminum, ob-
tained from Refs. A2 and A3, are E = 107 psi and v = 0.33. For epoxy materials, broad
ranges of properties are possible, depending on hardener concentrations and post-curing
conditions [A5,A6]. To determine E and v for the particular resin system and curing
conditions used in this investigation, a disk was machined from a cast-epoxy plate. Strain
gages were mounted at the center of each side of the disk, one along the 00 or loading
direction and the other at 900 or perpendicular to the loading direction (Fig. A5). Analysis
of the strain-gage data under several cycles of loading yielded values of E = 5.7 X 105 psi and
v = 0.34. These values included a 2% correction for the transverse sensitivity of the gages
[A5], necessary because of the biaxial nature of this stress field.

The same disk used in the determination of material properties was used to determine
the material fringe value [A7]. A series of photographs of both light- and dark-field
isochromatic patterns (Fig. A6) were used to obtain the data shown in Fig. A7. The
material fringe value determined from these data was 51.9 psi-in./fringe.

FINITE-ELEMENT ANALYSIS

A numerical analysis was made of the bonded-joint specimen configuration using a
two-dimensional finite-element program. This program was developed by Swedlow [A8]
at Carnegie-Mellon University and has been adapted to run on NRL's CDC 3800 computer
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Fig. A5-Strain-gage locations for a disk in diametral compression
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Fig. A6-Isochromatic patterns for a disk in diametral compression
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Fig. A7-Fringe order vs shear stress for disk specimen

system. Certain modifications to the original program were required, to permit the solution
of nonhomogeneous problems as well as to provide plotting capabilities.

A computer plot of the grid system used for this problem is shown in Fig. A8.
Elements were removed from the upper half plane along the boundary to simulate crack
growth.

A comparison of the normal and shear stresses along the interface computed by this
analysis with the theoretical solution is shown in Fig. A9 and A10. From these results it
appears that the analytical solution to this problem agrees well with finite-element analysis
at regions remote from the crack tip.
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Fig. A8-Finite-element grid used to analyze bonded
plate specimen
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Fig. A10-Comparison of finite-element results with
theoretical analysis for bending specimen
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