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ABSTRACT

Improved methods of adhesive joining for constructing
structural elements have led to an increase in the use of
bonding. Bonding is already widely used in the aerospace
industry. It allows potential for greater weight and manu-
facturing cost savings when compared to mechanical fastening
- as well as providing better fatigue resistant capabilities,
More accurate design or life predibtion based on a better
understanding of adhesive joint failure will allow far
more extensive and safer use of adhesively bonded structures.
The possibility of time dependent failure is introduced in
bonding by the fact that many adhesives are polymers and
measuraﬁly viscoelastic under many circumstances. Failure
can occur by unbonding at the adherend-adhesive interface or
totally within the adhésive. Here the time dependent fail-
ure by unbonding at the interface is addressed as one ini-
tial investigation of the whole problem.

In many engineering problems the modelling of failure
has been based on linear fracture mechanics. The extent to
which the use of the linear theory can be justified is often
questionable in view of the nonlinearity of the local crack
front deformation field. One aspect of the current investi-
gation is therefore the measurement of the local crack front
deformation to examine the limits of the validity for the

linear theory and to provide a basis for future modelling.
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Within this framework, particular attention is paid to the
asﬁects of local failure mode interaction and the time
dependence of the unbonding process.

The small displacements in the crack front region
require a resolution on the order of a wavelength of light.
The experimental techniques used are therefore based on
optical interferometry. The displacements applied to the
adherends.are controlled to the same order by a novel,
thermally actuated éervoloading device. |

The thesis is divided into three distinct paxrts. The
first part deals with the development of the experimental
techniques used to measure the unbound profiles as well as
to measﬁre and control the displacements applied to the
adherends. For stationary cradks; the second part describes
experiments which examine the extent of the nonlinearity in
the crack front deformation field while fracture criteria
are developed and compared for unbonding rates in steadily
propagating cracks; Finally, proposals for improvement of
the experimental techniques and further experiments are

discussed in the third part;
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ABSTRACT

Current analyses of adhesive joint failure average
out the effects of the adhesive layer. The pitfalls of
this averaging approach are outlined in order to demonstrate
the need to observe and measure the local fracture processes
directly. In allowing for realistically sized bond thick-
nesses, optical inﬁerferometry is shown to be suitable for
such measurements. The method of crack opening inter-
ferometry, previously applied to the measurement of crack
profiles in cracked monolithic bodies, is therefore
developed to determine the interfacial unbound profiles
in an adhesive joint; A consequence of using crack opening
interfe&ometry and the fact that we wish to address the
time dependent failure of adhesive joints is that the
relative displacements of the adherends must also be
measured to the resolution of optical interferometry. The
development of a system to measure and control the adherend
displacements both normal and tangential to the bondline
to the order of 0.16 um is described. The displacements
are provided by the thermal dilation of actuator tubes in
a specially constructed loading device, measured by two
Michelson interferometers and controlled by a microprocessor
in a feedback loop. Some initial results are presented to
illustrate the capabilities of the experimental techniques

developed.
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1.1 INTRODUCTION

The increased use of adhesives to achieve structural
joints promises several advantages over mechanical fasteners.,
Sﬁbstantial savings are possible through weight reduction
and in manufacturing costs when adhesive joints are used.
Thin and contoured sheets can be more effectively joined.
Stress concentrations and galvanic corrosion also tend to be
reduced, promising'structures that are less fatigue—critical.
Theée advantages attract interest in both the aeroépace and
automotive industries. Sealants are finding increased use
in these as well as the building industry and in a variety
of encapsulation applications, solar cell encapsulation
being potentially important.

Theée advantages have, however, been sometimes out-
weighed in the past because of an apparent low reliability
and durability. Yet, on closer examination, it seems that
this seemingly low reliability and durability can be
accounted for by environmental effects and time dependent
processes not previously considered. More thorough struct-

" ural mechanics considerations, including these effects, are
therefore called for. Better adhesive materials and improved
methods of metal surface preparation (phospheric anodizing

of aluminum) makes this closer look feasible now.

Usually, analyses of bonded joint failure are approached
through.peel testing or "“thickness-averaged" fracfure mech~

anics. Peel testing approaches the adhesion problem by
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specifying relatively thin adherends which undergo large
(often elastoplastic) deformations. Test results or anal-
yses are concerned with net forces acting on the adhesive

[]’253]. "Thickness-

éystem and the resulting deformations
averaged' fracture mechanics[4’5’6’7’8}, deals primarily
with (2 dimensional) plate or beam-like geometries, two
plates being joined along a line by an adhesive layer. Since
the adhesive layer is usually thin compared to the thickness
of the plates, the thickness of the adhesive layer is deemed
negligible, thus reducing the plate problem to the fracture
of a homogeneous plate containing a weak material plane,

The problem is then usually further analyzed by applying
fracturé mechanics concepts developed for homogeneous bodies,
As a resﬁlt, certain fracture parameters which are normally
considered material constants must then be made functions of
the bondline thickness. Peel and thickness averaged frac-
ture mechanics neglect the local fracture processes in the
adhesive itself. They therefore provide an indirect inter-
pretation of the fracture processes. The peel mode involves
very different deformations than those in thickness-averaged
fracture mechanics, yet no attempt is made to unify these two
approaches. Joints which may not involve conditions commen-
surate with peel or thickness-averaged fracture mechanics
are nonetheless designed on the basis of either approach.
Another indirect interpretation of fracture proceéses comes

from post fracture surface analysis. Reconstruction of the
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fracture processes can be ambiguous and open to potentially
noﬁ-unique interpretations. It would seem mandatory, there-
fore, to examine the conditions that lead to joint failure
in more detail than either peel mode and thickness-averaged
fracture or the second guessing.from past fracture surface
examination can portray.

Many structural adhésives are polymers and possess .visco-
elastic and time dependent properties,lthus involving the
total load history of a structural elemenf in its life pre-
diction. Adhesives are also sensitive tb the thermal history
(from both thermal dilatational and thermorheological consi-
derations) as well as the moisture history of their service
environment. Design procedures, based on experience obtained
from designing with metals which are generally rate, thermo-
rheologically and moisture insensitive, led to the concept of
apparent random failure of adhesive joints. The apparent
randomness in the failure process is not inherent, but rather
is a result of failure to consider time, temperature and
moisture as factors contributing to joint failure. The local
intensified stresses and deformations at the tip of an unbond
are more affected by these parameters than are the global or net
forces considered in peel and thickness-averaged fractﬁre
mechanics approaches.

In the characterization of the effects of cracks on
structural bond behavior we are particularly intefested in

the interactions of the applied loadings normal and
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tangential (shear) to the bondline as well as in the local
créck tip deformations. When referring to local normal and
tangential crack tip deformations (as opposed to the global
or applied displacements), we will employ the terms mode I
and ﬁode IT deformations respectively. This distinction must
‘be made here because we are dealing with fracture at a bimat-
erial interface. The local normal and tangential crack front
displacements are each coupled to both applied normal and
tangential displacements. This is not the case for fracture
in monolithic materials, where displacements applied normal
~to and tangential to the plane oflthe crack produce only
normal and tangential crack tip displacements respectively,
It is interesting to note.in this context that early results
in the analysis of large deformations at the tip of a crack
reveal a small amount of mode I deformations for a purely
tangential loading even for cracks in homogeneous materials,
Stone et al [9] attempted to design a specimen to study
the fracture of a joint under a purely tangential loading as
well as including thickness effects in analysis. However, a
finite element analysis and experiments showed that normal
loading was introduced along the bondline, making it a mixed
mode specimen. Nonetheless, they found that the shear load
required to grow the crack to a given length was much higher
for this mixed mode specimen than for a purely normal loaded
specimen. If a small amount of normal load was added in the

mixed mode specimen, a marked instability (through rapid
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failure) in the crack growth occurred.

| Another source of mode interaction is the mismatch in
the material properties between the adherend and adhesive,
Aﬁy "far field" loading gives rise to both mode I and mode II

deformation. 1If mode I deformation does indeed dominate the

- failure criterion, then small amounts of mode I introduced,

for example, by secondary or .nonlinear effects under a
shear loading could have a disproportionate effect.

These interactions will probably be strongest for inter-
face cracks. We define an interface crack to be one in which
no adhesive itself is left optically visible on the adherend.
This leaves open the possibility of a molecular layer being
left on ithe adherend but the size scale is then well below
the minimum resolution of continuum mechanics, There have
been claims that interfacial cracks do not occur in practice
but Romanko [10] as well as Sykes et al [11] have observed
.interfacial cracks in joints under low frequency cyclic
loading in a dry environment and in double cantilever beam
specimens, respectively. |

With regard to time dependent unbonding, we note that in
fracture of monolithic viscoelastic materials the time
dependence is introduced only through the time dependent
material properties and loading history. The energy neces-
sary to create new surface was found to be a constant,

intrinsic property of the material [12]. Similarly, we expect

the time dependence in unbonding to be introduced through the
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viscoeléstic adhesive material properties and the loading
hiétory and the adhesive energy to be a constant (if one
discounts variations resulting from specimen preparation).

The present investigation, through careful experimenta-
tion, provides direct observation and measurement of the
actual fracture processes at the crack tip on which more
careful modelling and analysis may be based. Moreover, the
results provide information on the limits to which current
linear stress anaylses are valid and/or useful.

The stresses in a realistically dimensioned adhesive
layer are not easily or directly accessible without assuming
some constitutive law, linearly elastic behavior being the
most common one. For example, if one were to use three
dimensional frozen photoelasticity, the joint size would have
to be scaled up on the order of 100 times and the resolution
of time would be lost. The validity of any scaling up is
questionable in view of the possibility that nonlinear
aspects are present. We have therefore chosen to work with
the deformation fields in the crack tip region and the dis-
'placements across the bondline in a nearly realistically
configured geometry. Since stresses and strains involve the
displacement gradients, precise measurements are called for.

Sommer [16] measured the crack profiles in cracked mono-
lithic bodies using crack opening interferometry. The full
three dimensional shape of the crack front is detérmined from

an interference pattern giving a displacement resolution of
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a half Wavelength bf the monochromatic light source (1,25 x
10;5 inches for helium neon laser light). The potential of
crack opening interferometry for accurately measuring unbond
profiles in adhesive joints was recognized and its feasi-
bility was successfully determined in an initial study. An
additional outcome of this study was the need for careful
measurement and control of the relaﬁive displacements of
the adherends.

The resolﬁtion of mechanical displacement measurement
devices (linearly varying differential transformers, photonic
sensors or eddy current devices) is such that unrealistically
thick bonds would have to be used. On the other hand, opti-
cal interference techniques when used in conjunction with °
optically clear materials allow for realistically sized
joints and direct observation of the unbonding processes.

To delineate the resolution required in this connection
we note that, for example, the displacement across a 0.020
inch bond thickness of a butt joint subjected to a 1% strain
is 2 x 10_4 inches. If one requires at least a 10% resolu-
tion of such displacement one has then to consider a dis-

- placement of 2 x 10"S inches. By comparison, the wévelength
(1) of helium neon (laser) light is 2.5 x 1077 inches. Opti-
cal interference techniques provide a resolution of at least
1.25 x 10~° inches (X/Z). In addition to measuring such
small displacements, one has to be able to control or pre-

scribe displacements (at any time) to the same order.
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The fine, relative displacements of the adherends
nofmal to and tangential to the bondline are provided by a
specialiy constructed loading frame which utilizes thermal
dilatation of actuators. The displacements are measured by
Michélson interferometers and microprocessor controlled in
a feedback loop. The development of this displacement meas-
urement and control system is described in Section 1.2. The
development and manufacture of optically clear, stable and
flawless specimens is outlined in Section 1.3. Section 1.4
describes the application of the crack opening interference
method to cracked adhesive joints. Some initial results are
also presented by way of an illustration of the method and:

~ the capabilities of the total system.
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1.2 MEASﬁREMENT AND CONTROL OF APPLIED DISPLACEMENTS

| Ultimately, we are interested in determining the effects
of different combinations of displacements applied normal to
ahd tangential to the bondliﬁe on the crack profile and
crack propagation rate in an adhesive joint. There are many
possible joint geometries to choose from. The buttbjoint was
chosen because relative movements of the adherénds can be
carefully aﬁd independently controlled. However, the results
should not necessarily and in general be restricted to the
butt joint. Here, we attempt to relate the relative move-
ments of adherends to local crack tip deformations and propa-
gation rates in order to develop a criterion for umbonding
under combined loading..

The.development and operation of the loading device is

described in Section 1.2.1. Specimen gripping is discussed
in Section 1.2.2. Section 1.2.3 covers the measurement of

the applied displacements and their control is described in

Section 1.2.4.

1.2.1 Loading Device

A suitable loading device mﬁst then
a) permit independently controlled relative displace-
ments of the adherends normal and tangential to the bondline
to within one quarter wavelength of light;
b) be sufficiently stiff so as not to release energy

during the fracture process, i.e. to prevent unstable crack



-14-

growth;
| c) allow for observation of a crack at the adherend

adhesive interface;
| d) allow for control of the specimen's environment,

Considerations (a) and (b) provide the most critical
constraints on a loading device. For example, in a load
- screw device 1/4 ymidisplacement resolution might be feasible
but only at expense of stiffness and backlash. The rela-
tively low stiffness and controllability of the fluid in
hydraulic devices makes them unacceptable. On the other
hand, thermal dilatation of rods provides suitably fine and
controllable displacements and the stiffness requirements
are easiiy met with zero backlash. A possible disadvantage
is the réstriction which the rate of heat transfer places on
straining rates. However, since we are dealing with such
small displacements, heat transfer rates do not unduly
restrict the strain rates. Another possibility, brought to
the author's attention following construction of the loading
device, is that of magnetostriction. The attraction of using
the magnetostriction effect is the instantaneous reéponse
.rate. A cursory glance at the sizing indicates good feasi-
Eility although arrangement of the electromagnets could be
cumbersome.

Heating of the actuator tubes is provided by band heat-
ers clamped to their outside; vaporized liquid nitrogen is

sprayed on the inside to provide cooling. Induction heat-
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ing and resistive heating were also considered. Induction
heating would provide high displacement rates but was too

costly and cumbersome to apply. Resistive heating required

" unrealistically high currents because of the size of the

actuator-tubes (already determined by stiffness require-

" ments). Water cooling provided unacceptably low displace-
ment rates because of the relatively low temperature differ-
ences between cold water and projected maximum tube tempera-
tures aftér heating. The lower limit of the displacement
range is essentially limited to the resolution of the dis-
placement measurement system and phe sampling and decision
times in any control loop. The device was designed for a
displacement upper limit.pf 0.010 inches.

Figﬁre 1 shows a schematic of the device and the mount-
ing of the model joint. Displacement normal to and tangen-
tisto the bondline are independently controlled in the
following way, Each normal displacement actuator tube is
connected to a tangential actuator tube by connecting plates
which also serve as specimen grips. The heating or cooling
can be independently applied to the normal actuator tubes
and the tangential actuator tubes. The symmetry of the
arrangement is maintained By equal heating or cooiing of
éach'pair of normal and tangential actuator tubes. When the
tubes are heated or cooled they will bend slightly due to
~ the fact:that they are connected. The connection will, in

general, rotate resulting in a rotation of the adherends.
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However, the symmeﬁry of the arrangement and the equal heat-
ing or cooling within each normal and tangential actuator
tube palr ensures that the adherends rotate to the same
degree. Thus the adherend edges defining the bond thickness
remain parallel. This bending of the tubes gives rise to
small secondary normal and tangential displacements in addi-
tion to the primary thermal dilatation displacements. These
are two orders of magnitude less and are easily corrected
for in the feedback loop. The tubes are three inch stain-
less steel tubes having a half-inch wall thickness. These
provide sufficient stiffness to counteract the lack of sym-
metry in the arrangement due to the bending movement pro-

duced by an unbond.

1.2.2 Specimen Gripping

The details of specimen mounting are shown in figure 2.
The edges of the adherends are glued to the machine grips
using a plastic steel epoxy. A 0.0l0 inch clearance between
the adherends and the grips is filled by this epoxy. This
ensures that the grips do not displace the adherends in any
way during the mounting of the specimen. This method of load
transfer was chosen in preference to direct clamping and
bolting of the adherends to the grips. It was found that
even careful shimming in the latter method did not prevent
displacement during final tightening of the bolts. The

small displacements induced in the final tightening were
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often.enough to cause the crack to run uncontrolled along
thé entire width of the specimen. The shimming procedure
was very time consuming. Also, since the adherends are
giass, load transfer to the specimen is better achieved

through bonding in view of the brittle nature of glass.

1.2.3 Displacement Measurement

The small displacements applied to the adherends are
measured by two'Michelson interferometers, mounted on the
specimen. The pickup locations are 0.075 inches from the
adherend edges defining the bondline (figure 2). The compo-
~nents and optical paths of the system are identified in
figure 3. They are arranged such that one interferometer
measure;.displacements ﬁgzmal to the bondline while the
other measures tangential displacements. (The possibility of
relative rotation of the adherend faces is prevented by the
symmetry of the arrangement of the loading device.) The
photograph in Figure 4 shows the interferometers arranged as
they would be on a specimen. ‘

The Michelson interferometer produces a fringe pattern
of concentric light and dark circles. As the path differ-
ence between the split beams changes (beams A and B in
figure 3, for example), these circular fringes expand or
contract as the path difference increases or decreases. If
the circles are expanding, a new circle appears at the cen-

ter each time the path difference changes by a half wave-
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length of the monochromatic light source. For a contract-
ing pattern circles disappear at the center. A stationary,
centrally placed photodiode converts this varying light
intensity (as the path difference changes) into a sinus-
oidally varying voltage signal when suitably amplified. A
second photodiode placed within a quarter of the fringe |
spaﬁing produces a similar voltage signal which is out of
.phase with the centrally located photodiode signal by less
than 90 degrees. The sign of the phase difference is used
to determine the direction of the path difference change and
therefore whether to count up or down (separating adherends
or moving them together).

Thé magnitude of the:phase difference remains the same
as long as the fringe pattern does not translate in addition
to the contracting or expanding circles. This translation
 of the fringe pattern is caused by very small out of plane
bending of the actuétor tubes or unequal rotation of the
adherends. Conversely, the fact. that this fringe translation
does not occur indicates that the adherend faces defining
the bonding planes remain parallel in both planes. Such
phenomena did occur initially;due to hot spots in the band
heaters and liquid nitrogen céllecting on the bottom of the
tubes. Decreasing the heating rate of the heaters and
ensuring that only vaporized liquid nitrogen entered the
actuator tubes eliminated the nonuniform temperature fields

causing the problems.
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It should be noted here that tracing causes of nonuni-
fofm or spurious displacements is difficult when dealing
with such small displacements. For instance, the lines
sﬁpplying the vaporized liquid nitrogen to the actuator had
to be made Very flexible so that their own contraction would
not influence the displacements at the bondline. The opti-
cal table on which the loading device is mounted (to elimi-
nate ground.vibration) is made up of a thick steel plate
resting on- inner tubes. Pressing down on one corner of this plate
is enough to cause observable displacements at the boﬁdline.

Prior to using the Michelson interferometers a Mach
Zehnder arrangement was extensively explored. It was found,
however;-that the contracting and expanding circles of the
fringe péttern also translated. The movements causing the
path differenge changes are not normal to the mirrors,:
resulting in an effective translation of the light source
and, therefore, the fringe pattern. An additional photodiode
.could be used to subtract out the translation but would
greatly complicate data reduction. In a feedback control
application this complication (through added programming
steps) coﬁld adversely affect sampling rates, so the Mach
Zehnder interferometer was abandoned. The resolution of
L.V.D.T. 's or photonic sensors is barely sufficient for the
bond thickness considered and they also suffer from drift in
the electronic signal processing. This drift could be signi-

ficant in long-time studies aimed at exploring viscoelastic
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- effects.

1.2.4_ Displacement Control.

Each normal and tangential interferometer then has a
pair of photodiodes whose signal is amplified and sampled by
the analog-to-digital converter module in an 8-bit micro-
processor. Data sampling, and conversion, phase comparison
and fringe counting, displacement history prescription and
control decisions in a closed loop feedback are all software
controlled. The control program is arranged such that most
of the time is spent sampling the photodiode signals, await-
ing the bccurrence of a fringe. As soon as a fringe is
registered, the sign of the phase difference between them
is checked, and according1§ counted up or down. This current
count (or displacement) is then compared with the prescribed
displacement (set point) for that instant. The difference
between the current and prescribed/displacement is then used
to decide to activate or deactivate the heaters or coolers.
Thereafter the system returns to the data sampling. The time
spent in phase.comparison, set point comparison and signal- |
ling the heaters or coolers is.so much smaller than that
spent in photodiode signal sampling that the chances of
missing a fringe are very small.

The fringe counting required some development. The
main difficulty arose due to the fringe rates varying from

essentially d.c. (say 1074 Hz) to 2 Hz. We originally
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counted fringes by counting maxima using slope changes in
the sinusoildally varying photodiode signals. The advantage
of this was thét the signal amplitude could be allowed to
vary as much as 3 volts over 10 #olts full scale from one
run to another. The main cause of this amplitude variation
from one run to another is that the interferometers cannot
be.located exactly the same each time. (This affects the.
initial path difference between the interferoﬁeter elements,
which, in turn, determines the fringe intensities and spac-
ing.) However, slope detection, particularly for the ].O"4
to 2 Hz fringe rates, is very noise sensitive. We also
found that we were having to adjust the photodiode signal
amplitu&es quite carefully anyway as well as the phase
differenée between the central and off central photodiodes.
This led us to develop a zero crossing, amplitude based
algorithm. The zeros are automatically set after the first
full fringe has péssed each photodiode. Signal adjustment
for amplitude and phase difference is the same as before but
noise sensitivity is eliminated (up to about 40% noise to
signal ratio). Counting maxima gave a displacement resolu-
tion of one fringe (or A/2),'whereas zero crossings give a
one half fringe resolution (X/A). Fewer programming steps
are required thus increasing the sampling rate.

A real time module in the microprocessor allows us to
prescribe time-varying applied displacement histories. Any

prescribed displacement history can be preprogrammed into
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the computer, limited only by the thermal response of the
actuator tubes, sampling rate and measurement and control
resolution.

The heaters are proportionally controlled by outputing
a 0 to 10 volt signal (corresponding to 0 to 1007 power)
through a digital to analog module in the microprocessor
to TRIAC solid state relays. The coolers are controlled in
an on-off mode by solenoids activated by the control program.
Proportional control allows minimization of set point over-
shoot and resultant possible stability problems. Some
development was necessary to determine optimum heating rates
in order to minimize owvershoot but the flexibility of soft-
ware coﬁtrol was really'éﬁphasized here. The set point can
be controlled to within 6.25 x 10~° inches (.1l6um), the resol-
ution limit imposed by counting every half fringe. All fac-
tors combined to produce a maximum displacement rate of 0,001

inch in 40 seconds.
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1.3 SPECIMEN DEVELOPMENT AND MANUFACTURE

This chapter outlines the steps involved in the devel-
opment and manﬁfactufe of suitable specimens. The specimens
should allow complete experimental determination of the
relative displacements of the adherends and be optically
clear, stable and flawless. Factors contributing to the
choice of the materials making up the specimen are illumi-
nated in Section 1.3.1. Specimen preparation is discussed
in Secﬁion 1.3.2. Finally, Section 1.3.3 describes the

specimen mounting and crack initiation procedures.

1.3.1 Material Choice

Thg-reasons for the_ghoice of joint geometry were dis-
cussed in the previous éééfion, with particular emphasis
being placed on the ability to prescribe the relative dis-
placements of the adherends. The measurement of these
displacements is made at the pickup locations of the Michel-
son interferometers, 0.093 inches from the bondline. These
displacements are assumed to be those actually occurring along
the whole bondline. The basis for this assumption is that
the adherends are rigid compared to the adhesive. The rela-
tive displacements can therefore be completely determined
experimentally without recourse to analysis to correct for
any relative displacement between the bondline and pickup

location. In view of the nonlinear effects under study,

such recourse to (linear) analysis would weaken the inde-
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pendence of the experiment. Nevertheless, a finite element
analysis was conducted to determine the extend of bondline
deformation (épart from the rigid body displacement) of the
adherends for different adherend to adhesive modulus ratios.
The analysis provides order of magnitude criteria for a
suitable material choice and does not therefore compromise
the independence of the experiment. The effect of the extent
of gripping along the specimen boundary was also examined.
The TEXGAP finite element code [13] was used. It uses
a hybrid bimaterial crack element developed by Hong and
Stern [14], making it very suitable for our purposes. The
specimen geometry and loading analyzed are shown in figure
5. Figﬁfe 6 shows the results of the analysis \for different
adherend'to adhesive modulus ratios. The adherend displace-
ment (normalized by the applied displacement) normal to and
0.1 inches from the bondline is plotted vs, location across
the specimen width. If the adherends were rigid this nor-
malized displacement would be unity. It can be seen that,
for a ratio of adherend to adhesive modulus of 104, a 4%
ervor is introduced at the specimen center by assuming a
constant displacement along the bondiine as indicated by
the interferometers. If the specimen is gripped along its
entire width the error is reduced to about 0.5% (figure 7).
The use of interferometry in measuring the crack
profile‘also affects the specimen material choice, parti-

cularly the adherend. We wish to observe and measure the
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local three dimensional crack shape in the region of the
crack front. This requires observation of the adherend
adhesive interface plane rather than just the edge. The
adherends should therefore be optically clear and stable.
The adherend interfacing the adhesive should be optically
- flat (within A/A per inch).

After considerable development work, glass (BK-7) and
Solithane were choeen as adherend and adhesive materials
respectively. The modulus of the glass is 107 psi. Soli-
thane has a rubbery modulus of 500 psi resulting in an
adherend to adhesive modulus ratio of 2 x 104. Plexiglass
was extensively considered as an adherend material before
vchoosiné_glass. It promised easier fabrication to provide
casting jig holes and interferometer mounting locations and
also cheaper specimens. However, obtaining sufficiently
flat adherend faces was almost impossible. The polishing
and grinding caused plastic flow in the plexiglass, thus
changing the refractive index. This in turn gevevrise to
: considerable distortion of the beams reflected back from a
crack, through the plexiglass. Polishing the glass is much
easier and certainly offsets the difficulties in hole
drilling.

Solithane was chosen as the adhesive in order to provide
a sufficiently high adherend adhesive modulus ratio. It is
a well characterized polyurethane elastomer previously used

in fracture studies of monolithic, viscoelastic materials.
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This potentially allows comparisons to be made between
unBonding rates in joints and crack wvelocities in monolithic
materials. It makes a relatively weak bond with glass, thus
eﬁsuring interfacial, as opposed to cohesive, failure. It
can be cured at room temperature, eliminating residual
stresses induced at high cure temperatures and different
.thefmal expansion properties of glass and Solithane. However,
‘residual stresses are introduced in the adhesive layer due

to cure shrinkage of the Solithane.

1.3.2 Specimen Preparation

The specimen shown in figure 5 is cast as follows. The
two adherends are clamped_across the specimen thickness by
two flaé»plates with the.gép between them set by spacers
defining the bond thickness. Once the adherends are clamped,
the spacers are removed and injector nozzles attached to the
jig plates, the nozzles being aligned with the bond thick-
ness gap. A mixture of 607 Solithane prepolymer and 40%
catalyst by weight is thoroughly\mixed and degassed. The
bubble-free’ mixture is then pressure injected into the gap,
sealed and cured at room temperature for one week. Uﬁ to
four specimens can be cast simultaneously from the same
mixture, thus decreasing the possibility of material prop-
erty and adhesive strength variations between specimens.
Pressurized injection was found to be far superior to pour-

ing or sucking the Solithane into the gap, particularly
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with respect to lack of bubble generation,

1.3.3 Specimen Mounting and Crack Initiation

Once the specimen has cured it is glued (still in the
casting jig) to the loading device grips using a plastic
steel epoxy. Since the specimen is held fixed by the cast-
ing jig, the cure shrinkage of the plastic steel cannot
introduce any initial loading. Mold release is applied to
the sides of the adherends and grips to facilitate specimen
removal following a test. The glass adherends can then be
reused.

The casting jig is removed following a minimum 8 hour
cure (at room temperature) of the plastic steel epoxy. Teflon
tape is:attached to one$6%.the adherends on the face defin-
ing the adhesive adherend interface prior to casting. To
initiate a crack, a 0.003 inch diameter wire is pulled along
the Solithane-teflon tape interface like a cheese cutter
until the end of the tape is reached. The wire is removed.
The teflon tape serves to protecé the glass adherend sur-
face from scratching by the wire and also to indicate the
initial crack length. (Figure 9)

Cracks are initiated in this way from both edges of the
specimen along the glass-Solithane interface closest to the
profile measurement device. The crack profile measurement
is based on the first crack surface being that of the flat

adherend face. Two cracks provide initial symmetry and also
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ensure that the cracks run along the interface closest to
the profile measurement device. It was sometimes found that,
when a crack was initiated from only one side, another crack
started anyway from the opposite edge of the specimen but
always on the opposite interface. Worse still, it grew

in preference to the wire-initiated crack, causing the loss

of a specimen.
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1.4 CRACK PROFTLE MEASUREMENT

Crack opening interferometry has been used to measure
directly the normal deformations in the crack front regions
of cracked monolithic bodies [16]. These measurements
quantify features of fracture processes occurring over very
small dimensions. The crack face separation can be resolved
to within half a wavelength of the viewing light at any
point in the field of view (for sufficiently small grad-
ients). In linearly elastic monolithic fracture studies,
the relationship between the opening_médé;dispiacement and
the stress intensity factors has been proposed to determine criti-
cal stress intensity factors of complex fracture problems
where aﬁalysis is not trdctable [18, 19]. However, the
technique.cm also be applied to fundamental fracture studies to
relate loading effects, crack propagation effects and'time
dependent aspécts to changes in the crack profile. A practical
problem with the method is that the crack faces need to be quite
planar for interference to occur, a situation which does not
always arise in the fracture'bf monolithic materials. The
method is,'however, particularly suited to the study of
interfacial cracks because the adherend surface forming one
of the crack fa;es can be carefully controlled for flatness.

The optical setup for the crack opening interference
method is described in Section 1.4.1. The resolution limits
of the ﬁethod are discussed in Section 1.4.2, while Section

1.4.3 deals with possible methods to increase resolution.
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Finally, initial results for a joint under normal applied

displacements are presented in Section 1.4.4,

1.4.1 Experiment Setup

" The decision to pursue the unbonding study followed
the successful application of crack opening interferometry
to an unbond in a prototype specimen (figure 9) whose geo-
metry is different from that of the final sﬁecimen (figure
5). The final specimen geometry was determined by sizing
considerations of the loading device and standard glass
stock sizes. A schematic of the optical setup used in the
crack opening interference method is shown in figure 10.
When thg coherent and monochromatic beams reflected by each
face aré'combined,an inté¥face pattern is formed. This
pattern consists of light and dark fringes corresponding to
loci of constructive and destructive interference respect-
ively. In general, for normal incidence and an airfilled
crack, each consecutive line of extinction corresponds to a
change in the crack face separation of a half wavelength of
the incident light. At a given fringe, m say, counted from
the crack tip, the crack separation distance along that
fringe is given by | |

h=m?/2 m=0,1,2, 3, .....
The fringes are contours of equal crack face separation
from which the full three dimensional crack shape can be

generated. For sufficiently small angles between the crack
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faces fringes can be observed with the naked eye. A micro-
scdpe is necessary to resolve the higher fringe densities
produced by larger angles. The changing fringe patterns due
to the applied loading are recorded through a closed circuit
television camera on video tape for later data reduction.
Figure 12 shows a schematic of the crack profile measure-
ment system.

It was found that the "first surfaces" of the adherends
(figure 11) had to be slightly inclined to those defining
the bondline. If they are not sufficiently inclined, then
fringes due to the adherend length are superimposed on those
generated by the crack faces when viewed under the highly
cohereﬁtjlaser illumination. The degree of coherence of
sodium vépour lamps used in earlier work [16], [18] is much
smaller and would not be capable of generating the adherend-
length fringes. 1In the prototype specimen, the adherend
faces had to be inclined at an angle of 5 degrees to avoid
a superposition of fringe patterns, whereas in the finalized
specimen a 42 minute wedge angle was sufficient. The reason
for this difference is that the working distance of the

‘microscope used in the development work was much shorter.

1.4.2 Resolution Limits

In the final setup (figure 12), the microscope provides
a spatial resolution of 2.56 x 10—4 inches. This defines

the resolution of the fringe and crack tip location. The
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minimum resolvable fringe spacing between a light and a dark
fringe is 6.4 x 10”% inches. Fringes which are closer than
6.4 x 10°% inches cannot be distinguished from one another.
The crack profile cannot therefore be determined in such
cases. The change in profile height between a light and
dark fringe is 6.25 x 1079 inches (A/4). The minimum fringe
spacing therefore determines the maximum profile gradient
that can be measuréd (Ac say). 1In this case Ac = 33.5
minutes (Ac = tan—1(6.25 X 10_6%6.4 X 10_4)). Note that it
is not just the spatial resolution of the microscope which
determines the critical crack profile angle but also the
microscope working distance.

Thé.determination of‘crack front location requires some
explanation. Figure 13 depicts two possible cases for the
location of the crack front. The shaded areas correspond to
the aréa ahead of the crack front which is still bonded and
also to fringes of extinction. The fringe spacing, fs, is
the distance between a light and dark fringe. Assume the
fringe thickness is the same as the fringe spacing. This is
a limiting assumption. In figure 12a, where the crack front
lies in an area of a forming but not yet fully formed bright
fringe (i.e. the crack front is less than 1.5 fs away from
the first fringe of extinction) there is no ambiguity in the
determination of the crack front location. If the crack
front liés in an area of the forming zero order fringe of

extinction (figure 12b) it cannot be seen because destructive
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interference is occurring and its location is therefore
unéertain. The crack front could be as much as 2.5 fs away
from the first order fringe of extinctionm. (Assuming the
worst case of a linear crack profile; the crack front would
be closer for a power law profile.) In taking the crack
front to be at the boundary of the zero and half order ..
fringe, the error in crack front location could be as much _
as one fringe spacing. In cases where the fringe spacing
.ig the critical fringe spacing (or minimum resolvable fringe
spacing) the error is on the same order as the fringe loca-
tion resolution. For lower gradients either at low load
levels or for stiff adhesives this could be considerable.
In order to avoid this uncertainty determination of the
crack front location is only made under the conditions of
the case illustrated in figure 13a.

The gradient of a parabolic crack profile, predicted
by linear elastic fracture mechanics close to the crack
front, approaches infinity or angles of 90 degrees. The
crack profile measurement system is limited to angles of
33.5 minutes, making its applicability, at first sight,
questionable. However, it must be reﬁembered that the
érack face separation is very small (on the order of a few
wavelengths of light). Thus, if a parabola does indeed
describe the crack profile, then it is very long and thin
with the large changes in profile gradients occurring

within a very small distance from the crack front. In fact,
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this_large change in profilebgradient must occur between the
fifst order fringe of extinction, corresponding to a crack
face separation of 1.25 x 107 inches, and the crack tip
(the zero order fringé of extinction).

The question needs to be raised whether the first order
fringe of extinction corresponds to a crack face separation
of A/2. The assumption is that the crack profile does not
have the profile shown in figure 13¢c. In thét case there
could be a very steep front effectively providing a step
discontinuity in the crack face separation, h0 say. To
check this, observations of crack closure under a normal
compressive applied displacement were made. Crack closure
occurred through a decrease in length rather than through
a simulianeous total contact of the two crack faces. The
fringes were easily resolved right up to the crack front. It
is unlikely that the profile depicted in figure 12c¢ could be
supported under a compressive load and this type of closure,
Thus the first observable fringe does correspond to the
first order fringe and a crack face separation of X/Z.

We make a distinction here between the 'first observ-
able fringe" and the "first resolvable fringe!" The first
observabie fringe is taken to be the first order fringe of -
extinction. Under crack closure, sufficiently low loads or
a stiff adhesive, the first observable fringe and the first
resolvable fringe are the same. However, under higher loads

the fringe density can become so high that fringes near the
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crack front cannot.be resolved by the microscope. Thus,
While the crack front can be clearly discerned, there is an
area of brightness behind the crack front where many fringes
are superimposed on one another. The first fringe behind
this bright area is taken to be the first resolvable fringe
and is not the first order fringe. The question then arises
of how to determine the order of the first resolvable fringe
for these high fringe density cases. Loading is always
commenced from a situation in which a first observable
fringe is identified. The changing fringe patterns under
loading are continuously recorded on the video system. The
order of the first resolvable fringe at any time can then
be detefmined by counting: the number of fringes that pass a
given 1o§ation, well removed from the crack front, during

that time.

1.4.3 Recommendations for Increasing Resolution

The first, and most expedient, method of increasing the
'resolution of the crack prdfile ﬁeasurement is to shorten
the working distance and increase the magnification of the
microscope. When the layout of the optical elements used iﬁ
the crack opening displacement method was first designed, the
adherend length being considered was five inches. As a
result, a microscope working distance of thirteen inches was
necessary. The finalized adherend length is one inch, which

would allow a considerable rearrangement of the elements to
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produce a working distance of 4 inches. 1Included in this
rearrangement, however, is the loss of capability to provide
an environmental chamber. The restriction is not too severe
because a compact method of heating the specimens using heat-
ing pads has been successfully developed. On the basis of
our earlier experience with the prototype specimen, a four
inch working distance should allow measurements of profile
gradients on the order of three degrees. Some corrections
may have to be made to the simple expression relating the
wavelength of the light to the crack face separation to
account for the larger angles.

The microscope was always focused on the adherend face
descnﬂﬁng}one face of the‘unbond. However, different fringe
patterns could be obtained by slight changes in the focal
plane. A second approach to increasing the present resolu-
tion would be to understand the meaning and interrelation-
ships of these different fringe patterns. | |

Finally, we consider the possibility of obtaining the
unbond profile gradients directly (rather than differentiat-
ing the crack face separation distribution) using an optical
shearing technique. Hung and Durelli [19] measured three
surface displacement derivatives in a diffuse body simultan-
eously using a multiple image shearing camera. The sheared
images of the body in its undeformed and deformed state were
stored on the same photographic plate. The two images pro-

duce an interference pattern of a frequency variation type
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whose intensity variations, captured by the film, are rep-
resented by the sum of a d.c. term and a high spatial fre-
quency carrier amplitude modulated by a low frequency factor.
The fringes are identified by areas of nulling carriers. The
frequencies_are, however, too high for the eye to resolve and
the fringe pattern is invisible. Note that standard, visible
interference patterns represent loci of points at which
intensity is a minimum. Following double exposure, the
photographic film was placed in an optical Fourier filtering
arrangement to convert the fringes of frequency variation to
those of intensity variation whose loci are isoparagogics.
The derivative directions are obtained by correlating the
direction of shift produced by the multiple image shearing
camera to the orientation of the slit in the filtering plane
of the Fourier filter.

The technique cannot be applied to following a sequence
of events in real time because of the need for a double
exposure (dictated by the use of diffuse surfaces). However,
we can adapt the method to measure the crack profile grad-
ients direétly and in real time because we are using trans-
parent materials with reflective surfaces. The reference
state, which was provided by an exposure of the undeformed
body, is now provided, at all times, by the undéforming,
flat surface of the adherend face defining one face of an
unbond. The deformed state is provided by the adhesive face

defining the unbond. When the two faces are illuminated by
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coherent light the image produced in the image plane of the
shearing device can be Fourier filtered to produce fringes
of constant profile gradient in real time. The fringe pat-
"terns could again be recorded by a video system. Unless an
automatic system of filtering changing or two separate fil-
tering systems can be provided,only one profile gradient
can be obtained. In considering the resolution of the
method, we use the results obtained in [19] for the particu-
lar case of the profile gradient in the direction of crack
propagation, x say. The adhesive surface deformation is
denoted by w. The profile gradient (%g) in.the direction

of crack propagation is given by

ow _ _(2ntl) X
3X 4 §xX

ﬁhere A is the light source wavelength and 8x is the shear
produced by the image shearing device. The shear debends on
the focal length of the device and wedge angle and index of
refraction of.the wedge making up the device. The change in

gradient between two successive fringes, .

ax 28%
in [19], 8x = 0.050 inches, A = 2.5 x 10™° inches=> A%¥ = 0.86

ax
minutes. Thus each fringe corresponds to a gradient change
of 0.86 minutes. In the crack opening displacement measure-
ments, a total gradient change of 33 minutes was measured.

In the same crack, the image shearing technique of the sensi-
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tivity used in [19] would provide 40 fringes, which is
rather high. However, if we use a wedge in front of a micro-
scope to reduce the shear, &§x, by a factor of ten, say, then
the method may be feasible.

The time involved in further determination of the feas-
ibility of the technique may be worth the reward of a direct

determination of the profile gradient.

1.4.4 1Initial Illustrative Results

Figure 14 shows a series of photographs of a stationary
crack in a glass-Solithane joint taken at different normal
load levels. The width of the picture covers one half of
the specimen thickness: The crack,‘having_the‘finger—liké
outline;-is centered on.éﬂe specimen midthickness. The dark
area surrounding this finger indicates regions which are
still bonded. Thus the crack does not extend all the way
through the thickness but rather displays a fringe or tunnel-
ling mode of fracture. The interference pattern used to
generate the profile is the seriés of'fringes contained
within the crack outline. The fringe density increases as
the applied normal displacement is increased to the extent
that fringes are no longer distinguishable immediately
behind the crack front.

A single central scan behind the crack front produces
the profile along that line. A series of such scans for

different normal loads is shown in figure 15. The crack
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profile data are very consistent and allow precise measure-
ment and evaluation. The distance from the crack front to
the first resolvable fringe varies from 0.003 inches at zero
load (its order was determined by scanning further behind
the crack front than one field of view allows) to 0.00625
inches for an appliéd normal load of 2.375 x 3.0'4 inches.
The crack face separation reaches a maximum approximately
0.012 inches from the crack tip.

The finger mode of fracture and the peak in the crack
face separation are basically due to the low compressibility
of the Solithane adhesive (v=1/2) and the constraint applied
by the stiff adherends on the adhesive layer. The unresolv-
able frihges were not encountered in the prototype specimen
(figure 9). The greater magnification and smaller working
distance of the microscope used in the development stage
increase the critical profile angle to about 2 degrees.
Interface cracks were ggnerated in the prototype specimen by
wedging apart the thicker edges of the specimen. The thin,
plexiglass adherends exeprienced considerable bending which
would tend to reduce the angle between the crack faces. It
should be noted that bending in a tapered cantilever beam
(T.C.B.) specimens commonly used in adhesive fracture test-
ing (which the prototype resembles) could similarly affect
the crack profile near the crack front and subsequent crack
initiation and propagation. Errors may be introduced by

not accounting for this adherend distortion in the T.C.B.
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specimen. The finger phenomenon waé also observed in the
prototype specimen. In this case there were a number of
fingers defining the crack front (figure 10b). The fingefs
had a rather regular spacing between them.

The applicability of the crack profile measurement
system to stiffer adhesives was confirmed using an Aréldite
epoxy system (modulus = 2 x 107 psi). As expected, the
profile gradients were much lower and fringes fully resolv-
able even for propagating cracks. Although there was some
curvature to the crack front it was small and the crack
front extended through the specimen thickness. The dis-
tortion in the adherends caused a rotation of the Michelson
interferometers and a change in photodiode phase difference.

In some cases this was severe enough to invalidate the data.
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CONCLUSION

Let us summarize the findings on the applicability of
the crack opening interference method to the measurement of
the unbond profiles in adhesive joints and the requirements
it places on the measurement and control of the displacements
applied to the joint. The crack opening interference method
has been successfully developed for the measurement of
unbond profiles in.carefully prepared adhesive joints., The
resolution of the method is insufficient to fully resolve
the high deformation gradients in joints where the adhesive
layer has a low modulus and is hardly compressible, Although
this restriction is not severe, modifications are proposed
to further increase the resolution. The loading device
constructed to independently apply displacements normal to
and tangential to the bondline does so to within 0.16 um
making it completely compatible with the displacements
measured by the crack opening interference method. Due to
the high precision of the measurements that are made, a
sound basis for modelling the behavior of adhesive joints

for their subsequent design and life prediction is provided.
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"PART 2

An Experimental Investigation of the Deformation.

and Propagation of an Interfacial Crack
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ABSTRACT

The tools developed in.Section 1l provide direct obser-
vations and measurement of the unbond profiles in a cracked
butt joint under precisely controlled applied displacements
normal to and tangential to the bondline (.16 pm resolu-
tion). These tools are now used in two situations.

In the first experiment, carried out with stationary
cracks, the linearity of the relationship between the crack
flank displacements and the applied displacements is exam-
ined. Information is thus provided on the limits to which
current linear stress analyses are valid and/or useful.

In.the second experiment the effects of loading normal
to or téngential to the ﬁgndline on the crack profile and
associated unbonding rates are determined for steadily
propagating cracks. The measurements allow an examination
of both global and local fracture criteria. In a global
criterion, the applied displacements are related through
an energy conservation arguﬁent to the fracture (surface)
energy.- The crack profile measurements are then also
used to formulate a critical crack profile gradient
criterion, a critical crack normal crack opening dis-
placement criterion and a critical vectorial crack
opening displacement criterion as local fracture criteria.
The vectorial crack opening displacement criterion, which

is the wvectorial addition of crack opening displacements
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both normal and tangential to the bondline, was found to

provide the most consistant results.
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2.1 INTRODUCTION

Section 1 provided the general motivation for this
study on adhesive joint failure and also described the
develoﬁment and capabilities of the necessary experimental
-tools. To summarize, we developed the capability to inde-

- pendently  apply displacements normal tb and tangential to the
béndline and, at the same time, measure the changes in the
profile of an interfacial unbond in a cracked butt joint.
The 1ocai fracture processes can thus be observed diréctly-
through displacement measurements of 1/4 um accuracy., Such
detailed observations may then be exploited to examine
failure models for adhesive joints based on fracture mech-
anics principles.

Wé are interestedmp;imarily in the crack growth history
of an unbond. The adhesives used to manufacture structural
joirnts are polymeric and potentially viscoelastic or time
dependent. In the fracture of monolithic materials it has
been found that failure of a structural element having vis-
coelastic or rate sensitive material properties need not be
due to a catastrophic increase in crack length of an exist-
ing flaw under a critical loading (as is usually the case

for rate insensitive materials such as most metals). Rather,
| the element may fail after a long period of time due to very
slow crack growth rates which are direct consequences of the
viscoelastic material properties. We expect the time

dependent material properties of the adhesive layer in an
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adhesive joint to produce similar effects in the interfac-
ial unbond growth history.

The constraint applied by relatively stiff adherends
on the adhesive will also affect the crack growth history,
particularly through different combinations of displace-
ments of the adherends normal to and tangential to the bond-
line. The joint failure models to date have used linear
stress analysis theory which predicts infinite stresses near
the unbond front. While we do not expect infinite stresses
on a physical basis, the local stresses may be high enough
to induce a nonlinear kinematic and material response.

Large local deformations would violate the linearized kine-
matic response assumed. :Such nonlinearities may be confined
fo relaﬁively small domains giving little or no measurable
perturbation to a gross linear response.

These considerations have motivated two initial experi- .
ments in what is expected to be a continuing study. The
first, for stationary cracks, determines the lineérity of
the response of the crack profile in the region of the
crack front resulting from adherend displacements applied
normal and tangential to the bondline. 1In the seconﬂ expér-
iment the effects of loading direction on crack propagation
rate and the crack profile are then determined for steadily
propagating cracks. A discussion of these experiments and
their results are presented next in Sections 2.2 and 2,3

respectively.
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9.2 LINEARITY ANALYSIS - STATIONARY CRACKS

Current designs and analyses that are prevalent today
average out the effect of the adhesive layer. This proce-
dure results from ignoring the details of the fracturé proc-
esses in the region of the crack front and assuming the
effect of the adhesive layer to be negligible. Fracture
mechanics parameters are made functions of bond thickness
and the joint is then considered to be a monolithic body,
The consequences of these éimplifying assumptions were dis-
cussed earlier in the introduction to Part 1 where peel |
and thickness-averaged fracture mechanics approaches were
discussed. |

The neglect of the local fracture processes has not,
in general, been confined to analysis but also to experi-.
mental approaches, where it is much easier to measure global
effects. Experiments making the same a priori assumptions .
as theoretical analysis are therefore conducted which may
riot expose deficiencies in the modelling.. However, defi-
ciencies have been expose& in service environments where
factors such as temperature and humidity variations (which
affect the local fracture processes) produce an apparent
randomness to joint failure, when failure is characterized
only in terms of global parameters.

If the response of the region local to the crack front
is a linear function of the globally applied»loading, then

a thickness averaging, linear approach is exact. We are
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‘able to precisely measure and control the globally applied
loading as well as measure the change in crack surface normal
displacements very close to the crack front. We are therefore
in a position to determine the extent of linearity of the rela-
‘tionship between the crack flank displacements normal to the
‘bondline in the crack front region and the applied displace-
ments. Note that this experiment makes no a priori theoretical
assumptions inasmuch as only measured quantities are involved.

The crack flank normal displacements were determined for
two cases. In the first, displacements were applied normal to
the bondline, holding the tangential displacements to zero.
-Secondly, displacements were applied tangential to the bondline,
while keeping the normal displacements equal to zero.

The case of the crack flank displacements normal to the
bondline produced by an applied tangential displacement requires
some explanation. The question arises as to whether a linearity
analysis based on the measurement of the crack flank normal dis-
placements is reasonable because the crack flank tangential dis-
placementé. themselves may affect that measurement., This would
- -be the case if the displacement gradients were high. However,
the measurements are made only in the region where fringes are
fully' resolved. The fringes can only be resolved for profile
gradients less than 33 minutes. The crack flank displacements
do not therefore produce an error in the measurement of the
crack flank normal displacements.

Before presenting the results for these two cases, we dis-
cuss the general crack profile and shapes obtained in the glass-
Solithane joints used in this study. Figure 1 shows a sequence
of video pictures of an interface crack taken under increasing
applied displacement levels. The field of view covered in these
pictures corresponds to approximately 0.6 mm. The pictures are cen-
tered on the specimen midthickness. We see that the crack does
not extend all the way through the specimen thickness but has a
finger-like shape, The separation of the crack faces is given
by the order' and location of the fringes in the interference
pattern contained within the outline of the crack. This finger
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phenomenon or tumelling mode of fracture always developed from
thé through-the-thickness initial crack generated as described
in Section 1.3.3. The width of this finger was found to vary
with the type of loading. For displacements applied normal to
the bondline it is approximately 0.45 mm (0.018 inches) wide
}whereas a tangential loading produces widths on the 6rder of

2 mm (0.078 inches). However the crack front still retains

considerable curvature in this case.

To explain this finger fracture we draw on studies of
the "'poker chip" analysis by Gent and Lindley [1] and
Lindsey et al [2]. The butt joint used in this study
closely satisfies the assumptions made in the analysis of
the pokér chip problem bécause the glass adherends are
rigid c&mpared to the thin layer of the flexible Solithane
adhesive. The details of the analysis are provided in
Appendix 1. Figure 2 shows the distribution of the stresses
normal to the bondline across the specimen thickness. Soli-
thane is nearly incompressible. ' In this non-fractured
virgin geometry, the stresses are therefore very high in the
region of the specimen midthickness. The expected concentra-
tion aloﬁg the edges does not appear because the assumed
displacement field does not account for edge effects.
Lindsey et al [2] did account for edge effects but found
that, for nearly incompressible materials (v > 49), the
stresseé along the specimen midthickness were much higher

than those along the specimen edges. It appears clear then
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why cracks propagated so consistently through the specimen
in the finger or tunnelling mode.

In Characterizing the crack profiles for these studies
we confined ourselves consistently to one scan along the
center of the crack. The full three dimensional shape of
the crack would be generated by a series of scans spanning
the full crack width. The data acquisition and reduction
task involved in génerating the full crack shape is consid-
erable and was temporally not feasible within the present
study., Later work plans incorporate a video digitizer in
the video system and automate this part of the data
reduction.

A sequence of profilés for increasing normal applied
displaceﬁents is shown in figure 3. The '"zero load™ pro-
file indicates the presence of cure shrinkage stresses. The
specimens were cured at room temperature to avoid the intro-
duction of thermal residual stresses. However, even when a
specimen was left in a dry atmosphere, at room temperature
and under zero applied load, a crack propagated, again in
a finger mode. The only remaining cause of residual stresses
was cure shrinkage. The extent of residual cure stresses
was therefore determined by assuming a displacement field
similar to that used in Appendix 1 but also including shrink-
age. The details of the analysis are presented in Appendix
2. Figﬁre 4 shows the distribution of stresses normal to the

bondline. They are again concentrated along the specimen
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midthickness and even become compressive towards the speci-
ﬁen edges. The cure shrinkage and volumetric coefficient of
thermal expansion for Solithane were experimentally deter-
mined to be %} =1.34 x 102 and ay = 5.36 x 1073 emd/em’ °¢,
respectively [6]. Thus the cure shrinkage corresponds to

a thermal cool down of 25°C. This sizeable cure shrinkage
makes its neglect rather.questionable for this materialrénd
also explains why there is a separation of the crack faces
in figure 3, even under a zero applied load.

Another noticeable feature of the crack profiles in
figure 3 is the fact that the crack face separation reachés
a maximum., This maximum becomes more pronounced as the
normal applied displacement increases. From linear fracture
mechanicé considerations, one expects the profile to be
parabolic out to a distance of the order of the bond thick-
ness and then remain constant at a value of the applied
normal displacement, uy say. However, even when the zero
profile is subtracted out the maximum separation reaches
a value of 1.24 uy dropping 0.84 uy at about two bond thick-
nesses from the crack front. This "sucking in" of the mat-
erial is due to the incompressibility of the Solithane and
- the constraint applied by the stiff adherends.

The high deformations produced by the incompressibility
- in the crack front region cannot be fully resolved all the
way to the crack front by the present method., Improvements

are proposed for any subsequent work in Section 1.4.3
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(page 35). This explains why the profiles shown in figure

3 are incomplete near the crack front, although the crack
front location itself is well identified (see Sectiom 1.4.2,
page 31). Nonetheless, in the regions where the profile can
be resolved, the resolution and consistency is extremely
good. The error bars on the profiles correspond to the
spatial resolution of the microscope which is 2.56 x 10'4
inches. That is, the location of the crack front and
fringes can be determined towithin6.5 um (2;56 X 1074
inches). We are therefore able to make definitive state-

ments on the linearity of the response in the crack front

region due to the globally applied loading.

2.2.1 Crack Profile Response Due to Displacements Applied

Normal to the Bondline

The incremental response at various locaﬁions
behind the crack front due to the applied displacements
is obtained by determining the change in crack face
separation from the zero load profile. We call this
change in the crack face separation the crack flank
normal displacements and plot them against the applied
normal displacements in figures 5 and 6. These ''response
curves' are shown for wvarious locations behind the
crack front. Figure 5 shows the response curves for
locationé as far behind the crack front as the loca-

tion of the profile maximum, figure 5 for locations
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beyond that. The separation by these figures is made to
_aﬁoid confusion in overlapping response curves.

For normal applied displacements up to about .5 pm
'(2 x 1072 inches, 0.1% strain), the response is nearly the
same for all locations and fairly linear. At higher levels
of applied displacement we see that the response is no longer

the same for all locations, nor is it linear.

2.2.2 Crack Profile Response to Displacements Applied

Tangentially to the Bondline

The insert in figure 7 identifies the directions of the
sequence of tangentially applied loading required to produce
the series of crack profiles. In this case, the crack devel-
ops a‘finite_length. Ap;iied tangential displacements do
indeed produce local opening mode deformations in the crack
faces. The crack front from which propagation would occur
were the magnitude of applied displacements sufficiently
high is called the "leading crack front." The crack face
separation only reaches a maximum close to this leading
crack front, decreasing with much smaller profile gradients
towards the 'lagging crack front." As the tangentially
applied displacements are increased, the profile gradients
‘near the leading crack front increase. At the lagging crack
| front the gradients remain much the same but there is craék
closure. 1In fact, the profile could be fully resolved to

within a half wavelength separation from the adherend sur-
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face at the laggiﬁg crack front. The steepening of the
profile and maximum at the leading crack front as well as
the smooth crack closure at the lagging crack front has been
predicted theoretically by Comninou and Schmueser [3] for an
interface crack at a bimaterial interface of two semi-
infinite linearly elastic bodies. Although we are dealing
here with an adhesive joint geometry of finite thickness,

the qualitative behavior should be the same.

The crack flank normal displacements under a series
of tangentially applied displacements is shown in figure
8. 1In contrast to the previous case of normally applied
displacements, we see a highly nonlinear response, even
for sméll applied tangéntial displacements (less than
0.001 strain); The tangentially applied displacements
required to produce the same crack flank displacement
as that due to a normal applied displacement are approx-

imately twenty times greater.

Figure 9 shows the effect on the crack profile of

reversing;the direction of the applied tangential displace-
ments. The maximum in the crack profile at what was the
leading crack front moves to the other end of the crack as
the magnitude of the reversed displacement is increased,

If the magnitude were increased sufficiently, the crack
would then propagate (as a bubble) in the opposite direc-

tion to that in which it was propagating under the previous
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load.

| The fracturing at the leading crack front and rehealing
at the'lagging crack front under a sliding motion of the
adherends has been predicted by Broberg [7]. The rehealing
has repercuésions when a fatigue loading is considered. The
bond between the adhesive and adherend is weaker in‘rehealed
regions than in the as yet uncracked or virgin regions. None-
theless, while each load reversal might open up one end of
the crack, the other end would be rehealed. As a result,
the crack location would change but its length would remain
constant. Thus a crack could never reach a critical length
for failure under a purely tangentially applied relative

cyclic displacement of the adherends.

2.2,3 Linearity Analysis - Conclusion

We have been able to consistently and precisely char-
acterize the response of the region close to the crack front
due to the globally applied loading. Ultimately, it is the
local crack tip response which détermines the onset of
fracture., Measures of the local response have hitherto been
unavailable and analyses have therefore characterized joint
failure in terms of global parameters under assumptions of
a linearized theory. The results show thaﬁ for normal
displacements the linearity assumptions are indeed valid
(for strains less than 0.1%), at ieast to engineering

accuracy. However, in the case of displacements applied
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tangential to the bondline, the local response ishighly non-
1iﬁear° Linear modelling in this case must therefore be
suspect. Since even small amounts of tangentially applied
displacements produce a nonlinear response, this suspicion
must also be extended to cases of combined loading. Most
joints will experience combined loads and any realistic
modelling and analysis ofAfailure should incorporate

measurements of the local failure processes.
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2.3 STEADY CRACK PROPAGATION STUDIES

We expect the-failure of adhesive joints using poly-
meric adhesives to occur in a gradual way and, in general,
under initially |very small crack propagation rates. Only in
the.final stages of failuie will fracture occur catastroph-
ically as in rate insensitive and brittle materials. Thus
it becomes necessary to examine the relation between
critical fracture parameters and the rate of unbonding.

The life of the joint can then be estimated from a know-
ledge of the load history to which it is to be subjected
and the resultant crack propagation rates. The number of
fracture parameters to be related to the unbonding rate will
depend on how the fracture process is to be modelled. 1In
engineefing applications, simplicity of modelling has
obvious attractions. The optimum model is that which uses
the: minimum of parameters to capture the essentials of the
process. The modelling can again be based on the local
fracture processes or by averaging out local effects and
considering only global parameters. Our experimental tools
allow us to measure diréctly the local crack profile at a
particular crack propagation rate as well as the globally
épplied loading which produced them. We are therefore in a
position to compare local and global crack propagation
criteria. |

Even in highly nonlinear situations, the local profile

should reflect the applied loading. For a local fracture
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criterion, we wish to characterize the local profile in a
simple yet complete manner. For example, critical crack
openings have been used to predict the onset of fracture.
Another measure might involve the profile gradient. Since
this effectively involves the derivative of the crack opening
displacement it should be more sensitive in reflecting change
than the crack opening displacement itself. Furthermore,

the local crack profile gradient can be shown to be pro-
portional to the stress intensity factor (based on linear
viscoelasticity). Since any local mode I and mode II deform-
ations should contribute to the local profile gradient and
also remembering its association with the stress intensity
factor fglbeit through.lfﬁearized theory), the locél pro-
file gradient might be viewed as an effective stress intens-
ity factor. It should account for any combination of local
deformations normal to and tangential to the bondline. We
might therefore postulate that a critical profile gradient
governs the onset and subsequent propagation df a crack;

Two crack opening displacement criteria are also con-
sidered as local fracture criteria. In the first, the onset
of fracture is charactgrized by the normal (mode I) crack
opening displacement reaching a critical value. The total
interface separation is considered in the second case where
the crack opening displaceﬁents normal to and tangential to
the bondiine are added vectorially to produce the vectorial

crack opening displacement.
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Alternately, one might consider a global criterion
Which essentially draws on the first law of thermodynamics
by considering the strain energy released and equating it
to a fracture energy which depends on the rate of crack
propagation. The strain energy calculations are based on
the displacement field assumed in the poker chip spécimen
analysis.

Some remarks on the adhesive material Solithane are
presented by way of introduction in Section 2.3.1. The
considerations and results for the local criteria of
critical profile gradient and critical crack opening dis-
placements are presented in Sections 2.3.2 and 2.3.3
respectively. Finally, the global criterion is discussed

in Sectibn 2.3.4,

2.3.1 Solithane Material Properties

Solithane 113 is a polyurethane elastomer sold by the
Thiokol Chemical Corporation. It is obtained by mixing a
liquid prepolymer with a catalyst. The ratio of the two
components can be varied to provide a considerable range of
material properties. In the present study a mixture of 60%
prepolymer to 407 by weight catalyst was used. Reasons for
using Solithane as the adhesive material were discussed in
Section 1.3.1 (page 23).

We further note here that it fractures under relatively

small strains (0.01), making comparison with fracture models
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based on small deformation theory more valid. The fracture
sufface is featureless even at low crack propagation rates,
indicating a brittle type of fracture. Analysis is thus
simplified by not having to account for plasticity effects,
The master creep curve for Solithane, obtained in [4], is
shown in figure 10. Solithane is thermorheologically
simple and its time temperature shift curve is also shown in
figure 10. Time temperature shifting can therefore be used
to extend the range of experimentally acceptable time

scales,

2.3.2 The Critical Crack Profile Gradient Criterion

The crack opening interference method allows us to
measure:the profile of a:érack, close to the crack front.
If the profile could be determined sufficiently close to
the crack front, the profile gradient, which is to be ﬁsed
as the fracture parameter, can then be determined by differ-
entiation, Unfortunately, the high deformation gradients
close to the crack front could nbt be resolved by the
present, unmodified crack opening interface method. Our
original intention was to measure the crack profile as close
as 2.54 ym (1 x 10'4) inches from the crack front. However,
the first resolvable fringes were usually on the order of
0.254 mm (0.0l inches) from the crack front. We therefore
wished to fit any available data to an analytically

obtained curve so as to determine the profile gradients
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closer to the crack front than 0,254 mm.

The choice of profiles to which to fit the data is
rather limited. There are no nénlinear analees-of the
fﬁll three dimensional cracked adhesive joint geometry. The
best alternétive is provided by the findings of Knowles and
Sternberg [5] in the nonlinear analysis of crack face deform-i
ations in two dimensional monolithic-soiids. They found
that the crack profile near the crack tip followed a combi-

nation linear and power law of the form

y = axa + bx , (1)
where y is the crack face separation and x the distance from
the crack tip.

Thé~locations of the crack tip and the first two resolv-
able fringes were used in the curve fit to determine the
coefficients a and b. This allowed the profile gradient to
be determined much closer fo the crack tip (2.54 um was
chosen). In view of the tenuousness of this estimate,
another measure of the gradient ﬁas taken to be the height
of the maximum of the profile divided by its distance from
the crack tip. The two measures differed by a factor of ten
but gave otherwise very consistent results. In the follow-
ing discussion only the first measure will be used.

The crack propagation rates that could be measured
ranged from 10"6 to 10-3 in/sec. The lower limit was

dictated by the length of time necessary to achieve a
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crack front displacement such that the relative error in
- crack front displacement measurement was less than 20%. The
upper limit was determined by the field of view in the micro-

scope and relative error in time measurement. The crack
velocities obtainable at room temperature were increased

by heating the specimens to 60°C. These velocities can be
compared with tests at other temperatures using the appro-
priate time-temperature shift factor for Solithane.

The loading history in the crack propagation tests is
1llustrated in figure 1lla. The applied displacements were
applied to the joints in a sequence of discrete increments
(AV) each of which was held constant for 500 seconds. The
crack front velocity was monitored continuously once these
load levels were reached. The measurement of the crack
profile for each load level was made when the crack propa—
gation rate (the average of at least three measurements) was
constant. The limitation to constant crack propagation
rates is made for simplicity. Before presenting the
results, we note some interesting phenomena.

Cracks were intiated from both edges of the specimen.
Under applied normal displacements, both initial cracks
grew to meet eventually at the center of the specimen. How-
ever, they did not join in a sudden, catastrophic manner.
Instead, they stopped, leaving an as yet bonded region on
the ordér of the bond thickness between them. The plén

form width of the finger shaped cracks then increased until
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crack front displacement such that the relative error in
crack front displacement measurement was less than 20%. The
upper limit was determined by the field of view in the micro-
scope and relative error in time measurement. The crack
velocities obtainable at room temperature were increased

by heating the specimens to 60°C. These velocities can be
compared with tests at other temperatures using the appro-
priate time-temperature shift factor for Solithane.

The loading history in the crack propagation tests is
fllustrated in figure 1la. The applied displacements were
applied to the joints in a sequence of discrete increments
(AV) each of which was held constant for 500 seconds. The
crack front velocity was ‘monitored continuously once these
load levels were reached. The measurement of the crack
profile for each load level was made when the crack propa-
gation rate (the average of at least three measurements) was
constant. The limitation to constant crack propagation
rates is made for simplicity. Before presenting the
results, we note some interesting phenomena.

Cracks were intiated from both edges of the specimen.
Under applied normal displacements, both initial cracks
grew to meet eventually at the center of the specimen. How-
ever, they did not join in a sudden, catastrophic manner.
Instead, they stopped, leaving an as yet bonded region on
the ordér of the bond thickness between them. The plan

form width of the finger shaped cracks then increased until
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the crack fronts extended completely through the thickness.
This observation confirms that of Schmueser and Comminou
[8] who analyzed the interactions of cracks at bimaterial
interfaces. They found that, as the distance between inter-
acting cracks decreased, so the stress intensity factor
descreased, indicating that such cracks do not have a
tendency to join and form larger cracks. In ocur experiments
such interaction effects could only be observed for displace-
ments applied normal to the bondline. Under applied tan-
gential displacements only one of the initial cracks could
grow (due to the asymmetry of this type of loading).

Another phenomenon to be noted here is that the crack
opening: displacement (and therefore the profile gradient)
did not femain constant during the time that the applied
normal displacements were held constant. They decreased
by a rather consistent amount (Avy, figure 11b), The data
for the applied normal displacement tests were obtained from

three separate experiments. The applied displacement incre-
‘ments (aV, figure lla) were different in each case. As a
result, the consistent decrease (AVN, figure 11b) in crack
opening displacement, which occurred while the applied dis-
placement was held constant, was different in each test.

Finally, under applied tangential displacements, the
crack opening displacements were found to increase during
the time that the applied displacements were held constant

(figure 1llc). 1In contrast to the applied normal displace-
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ment tests, the increments in applied tangential displacements

AV were the same in all the tests. The increase in crack
opening displécements_(AvT, figure 1lc) was therefore the
same in all tests.

The time dependence of these local crack opening dis-
placements during the periods of constant applied loading
imply a viscoelastic response in the bulk material and not
just in the local crack front region. While thése effects
are only noted here, they do indicate the value of measuring
the local crack profile. They would not have been noticed
in an experiment measuring only global parameters such as
the applied load. In the results which follow, it will
be seen’ that the crack profile measurements, which better
reflect iocalized effects. than global measurements, have
less scatter.

The results for the crack profile measurements are now
shown in figure 12 where the dependence of the velocity on
the profile gradient is plotted for the two separate cases
of displacements applied purely normal to or purely tangen=
tial to the bondline. The two curves are closely parallel.
Note that the gradient for a given velbcity is greater for
the normal loading case. The cracks grown under normal
loading maintained their finger-shaped plan form, the width
of the finger remaining constant for all load levels and
crack velocities (figure 1lb). However, under a tangential

loading, the crack front remained stationary while the
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finger progressively widened from the original initiation
shépe. Propagation of the crack front occurred once the
widening reached the crack front area (figure 1lle)., Thus
there was growth of the crack, but in a lateral manner at
crack front gradients lower than those shown for the tan-
gential_loading in figure 12, The difference in plan form
of the cracks grown under the two loading conditions compli-
cates comparison on two counts. First, there is less new
surface created when a crack propagates under an applied
normal loading. Secondly, the critical crack profile
gradient may be influenced by the plan form shape.

Comparison is further complicated by the fact that the
profile’ cannot be fully resolved all the way to the crack
front. Although the gradient in the resolvable region is
less in the tangential loading case (as is the crack open-
ing), the gradient in the unresolvable region may not follow
the assumed combination power and linear law. It could
become just as steep right at the crack front as for the
normal case. Nonetheless, some comments and comparisons
with crack growth in monolithic viscoelastic fracture [4]
are in order,

In [4], Knauss developed a model describing the growth
of a crack in a viscoelastic materiél. The results were
compared with experimental data for the growth of a semi-
infinite crack in an infinite strip displaced uniformly at

its boundaries. The physically unrealistic phenomenon of
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infinite stresses produced by linear singularity analyses

is avoided by postulating a region ahead of the crack front
in which the material is disintegrating. There are cohesive
forces acting in this region which decay to zero at the
crack front. The size of this cohesive zone is determined
by a finiteness condition where the combination of stress
intensity factors due to the loading and the cohesive forces
is required to be zero. A comparison of the crack propagé—
tion rates predicted by the model with the experimental
results indicated good agreement for both a constant crack
opening displacement criterion and an energy criterion, pro-
vided the maximum cohesive stress at the crack tip was veloc-
ity independent. By matching the velocity scales from the
analysis'and-experiment, it was possible to estimate the
cohesive zone size.

We might postulate that the difference (or shift) in the
two curves presented in figure 12 is due to the fact that
the cohesive zone sizes are different under applied normal
or tangential loading., However, we are unable to estimate
the cohesive zone sizes at this time. 1In order to do so, an
analysis, following that of [4], relating the cohesive zone
size to the crack profile gradient, the rheological material
properties and crack propagation rate would have to be
developed. The analysis presented in [4] cannot be used
because it was developed for a monolithic body whereas we

are dealing with an interface crack. Even to obtain the
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ratio of the two cohesive zone sizes requires an analytical
development.

In propoSing a critical crack profile gradient as a
possible fracture criterion, it was hoped that, since the
gradient could be thought of as an effective stress
intensity factor incorporating any kind of loading, it
would provide a unified fracture criterion. The results
of figure 12, where the profile gradients lie on separate
curves for applied displacements purely normal to or
tangential to the bondline, indicate that our measure of the
gradient, by itself, does not provide such a unifying
criterion. Or, alternatively, there is a different criti-
cal gradient for every possible combination of loading

cases.

2.3.3 Critical Crack Opening Displacement Criteria

We now propose two crack opening displacement criteria.
Even under, say, an applied displacement normal to the bond-
line, we expect the local crack front displacements to have
components of displacements both normal (mode I) and
tangential (mode II) to the bondline. The presence of both
displacement components is due to the material mismatch at
the boundary and also the finite deformations at the crack
front. In contrast to critical crack opening criteria used
as fracture parameters in the fracture of monolithic mate-

rials, where only the displacement component normal to the



~-89-

plane of the crack is considered, the displacement criterion
fér cracks at bimaterial interfaces should therefore involve
the total interface separation, both normal to and tangen-
tial to the bdndline. The total interface separation,§
(figure 13), is obtained by vectorial addition of the dis-
placement components normal to and tangential to the bond-
line (u and v, respectively in figure 13).

To emphasize the need for this vectorial measure, let
us first consider a crack opening displacement criterion
where only the displacement normal to the bondline is used.
This mode I crack opening displacement was obtained at a
distance of 2.54 ym from the crack front by fitting the
crack pfofile data to equation (1). In figure 14 we plot
the modelI displacements versus the crack propdgation rate
for displacements applied either normal to or tangential
to the bondline. We see that, once again, the critical
fracture parameter is different for the two loading cases;
the critical mode I displacement being consistently higher
under the normal loading. Considering only the mode I
component of displacement in a critical crack opening dis-
placement criterion does not furnish a unifying criterion.
Note that the critical profile gradient cdnsidered earlier
reflects only the mode I opening displacement.

We now consider a criticai vectorial crack opening dis-~
placement criterion and postulate that crack propagation

occurs when the magnitude of the vector sum of the compo-
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nents of the crack opening displacements normal to and
tangential to the bondline reaches a critical wvalue, We
expect the (velocity dependent) critical vectorial crack
opening to be the same regardless of the loading direction.
Under a normal loading the major contribution to the magni-
tude of the critical vectorial crack opening displacement
comes from crack face displacements mormal to the bondline
(figure 13a), whereas under a tangential loading the major
contribution comes from the crack face displacements tan-
gential to the bondline (figure 13b). Based on a vectorial
crack opening displacement criterion, we can therefore see
that the critical mode I displacements considered earlier
would Bé higher under a normal loading.

In order to support this postulate further, we now make
an estimate of the local mode I and mode II displacéments to
be added vectorially to obtain the vectorial crack opening
displacement. To achieve this experimentally, the mode II
displacements would have to be méasured, possibly using
speckle holography, in addition to the present measurements
of the mode I displacements. The mode II measurements were
beyond the scope of the present investigation and we now
consider the following two methods for estimating the
vectorial crack opening displacements:

a) Estimation of the angle of the vectorial crack

displacement.

We obtain an estimate of the angle of the vectorial
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crack opeﬁing of an interface crack in an infinite bimate-
rial body. This angle is determined for uniformly applied
loadings normal and also tangential to the interface. We
then assume that the angle is the same for the adhesive
joint geometry under similar loading conditions, The
vectorial crack opening is then obtained as a projeétion
of the measure mode I crack opening displacement using

- these calculated angles.

We use the results of Stern and Hong [9] and
Smelser [10]. There it was found that the magnitude of
the vectorial crack opening near the front of a crack at
a bimaterial interface (figure 13) was given by

- L k 2
(s} v (As+ AG)'-X% VT (2)

and the angle of the vectorial opening

¢ =¢elnr - 8 - &§ + /2 (3)
where ‘

k = koei8 = kr + i kgt is the complex stress intensity factor,

A= J\Oei(s is the eigenvalue used in the complex potential,
Ao = V1/4 + €2, & = tan”! 2e,
A & 1 - 1 trai
o« = (1 - V4) — plane strain,
+ K -
g = A in v Y = ls kG “s , 1s the bimaterial constant,
27 ’ g t Mg kg _

and k; = 3 - 4y — plane strain.
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In order to obtain the angle of the vectorial crack
opening in equation (3), we must first determine the angle
of the complex stress intensity factor B. The components,
k1 and kyp, of the complex stress intensity factor are
measures of the local stress intensification normal to and
tangential to the interface, respectively. The ratic of kg
and kyy gives the tangent of the angle of the complex stress
intensity factor..In [11], Rice and Shih determined ky and
kqr at the tip of a crack at the interface of two joined
semi-infinite bodies. A combination of loading, applied
uniformly at infinity, normal to. and tangential to the
bimaterial interface was considered.

Lef us first consider the case of an applied normal
1oading; In this case, the ratio of the components of the
complex stress intensity factor is given by [11] as the

tangent of the complex stress intensity factor angle

-(sin £ - 2¢ cos §)

tan BN = cos £ + 2e sin £

(4)

where £ = 2 log a, and the subscript N denotes the normal
loading. Combining (3) and (4) gives the corresponding

angle of the vectorial crack opening, ¢y

-1 }|sin - 2¢ cos -1 T
¢y = elnr + tan lcos g F 0 sin 2} - tan = 2e + 5 (5)

Similafly, under a tangential loading, one obtains
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- =1 Jcos & + 2¢ sin £
By = tan sin § - 2e cos £ (6)
and
_ -1 jcos £ + 2¢ sin £ -1
¢r = elnr - tan lSln £ "7 cos E l tan © 2¢ + % (7

For our particular choice of materials, the bimaterial
constant is given by e = 6.64 x 10f6, a very small quantity,
Thus | |

¢y = m/2 and o = 0 | (8)

The results of equation (8) imply that mode II dis-
piacements induced under an applied displacement normal to
the bondline and the mode I displacements due to an applied
displacement tangential to the bondline are neglible for
this partlcular choice of materials in an infinite bimate-
rial body. 1In the case of an adhesive joint, we do observe
and can measure mode I displacements induced under an applied
tangential displacement. The assumption, made earlier, that
the angle of the vectorial crack' opening %displacement is
the same for an interface crack in both an infinite bimate-
rial body and an adhesive joint is therefore invalid. Thus
we cannot estimate the vectorial crack opening displacement
using this assumption.

b) Estimation of mode II crack opening displacements

due to a shear loading.

We now estimate the local mode II displacements of

an interface crack in an infinite bimaterial body loaded
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uniformly in shear parallel to the interface. These mode
I1 displacements are assumed to be of the same order as
those produéed in an adhesive joint under applied displace-
ments tangéntial to the bondline. They are added vectori-
ally to the mode I opening displacements obtained from the
crack profile data for a joint under tangential loading to
obtain the magnitude of the vectorial crack opening dis-
placement.

Once again, using the analytical results presented in
[11] for a bimaterial body containing an interfacial crack.
length, a, subjected to a uniform shear loading parallel to
the interface, we obtain the magnitude of the complex stress

P

intensity factor.

k, = © vYa Y1+4e? (9)

where 1 is the uniform shear loading.

As a first estimate, the loading is particularized to
the case of an adhesive joint whose adherends are displaced
tangentially to one another by an amount ugp. Thus

T = ;% U
where 2h is the bond thickness. Furthermore, we replace
the crack length, a, in (9) by the bond half-thickess, h,
as the characteristic length in the problem. Note that this
is consistent with the findings in [12] where the stress

intensity factor for a semi-infinite crack in an infinite
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strip was shown to be proportional to the square root of

the strip half-width. Equation (9) then becomes

=

ko = Z—Sf_-g V1tg? U (10)

substituting (10) in (2) we obtain_the mode II crack open-

ing displacement

= - r

For our choice of materials and geometry

C=23.16 x 1072 . (12)

The vectorial addition of the measured mode I displacements,
v, due to an applied tangential displacement and the calcu-
lated mode II displacements gives the magnitude of the

vectorial crack opening displacement as

’§| = /u2 + v.2 = /CZuTZ + vf (13)

We now plot the vectorial crack opening due to an
applied tangential loading in figure 14 as a function of the
crack propagation rate. 1In the normal loading case, we have
assumed that the induced mode II displacements are small, and
plot the measured mode I crack opening displacements as the
vectorial crack opening displacements without any further
corrections. We see that the critical vectorial crack

opening displacements for the two loading cases are very
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nearly the same. There is certainly an improvement over

the mode I crack opening criterion. Thus a critical vector-
ial érack opening displacement criterion which accounts for
both mode I and mode II crack opening displacements provides
a more unified fracture parameter than when only the mode I

crack opening displacement or the profile gradients are

used.

2.3.4 A Global Fracture Criterion

In formulating a global fracture criterion, we wish to
relate the applied displacements to the crack propagation
rate. One convenient method is through the strain energy
release 'rate, defined as:the rate of change of strain
energy with respect to the change in crack length. Crack
propagation occurs when the strain energy release rate is
greater than or equal to the fracture (surface) energy.

The evaluation of the strain energy release rate
requires the knowledge of the stresses and strains in the
adhesive layer. The stresses and strains in the adhesive
layer due to a displacement normal to the bondline have
been calculated in Appendix 1 and presented in figure 2,

An apparent modulus, E,, reflecting the constraint of the
stiff adherends can be determined on the basis of the
thickness-averaged normal stress. The details of this cal-
culation are presented_in Appendix 3. It is the apparent

modulus, rather than simply Young's Modulus, E, that is
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used to calculate the thickness-averaged strain energy due
to a displacement applied normal to the bondline. The cal-
culation of the strain energy due to a displacement applied
tangential to the bondline is straight forward.

The displacements applied normal to the bondline were
such that the normal strains in the bulk of the adhesive |
layer were less than 0,00l. The shear strain in the bulk
of the adhesive layer due to the displacements applied
tangential to the bondline was less than 0.0l. These low
strains justify the use of linearized viscoelasticity. The
change in strain energy density 1s considered in regions
well away from the crack front. Further simplification to
the use of linearized elasticity is therefore allowed by
the fact that the strain rates were low enough to preclude
any viscoelastic response in the bulk material far removed
from the crack front region. Note that a viscoelastic
response in the material in the crack front region is
expected due to the high strain rates induced by the propa-
gation of the crack. This is reflected in a velocity
dependent fracture surface energy.

With reference to figure 15 for definition of nomen-
clature and crack geometry, we now proceed with the calcu-
lations.

Under a given normal displacement wuy, the strain energy

density ahead of the crack is given by
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2
L&
a0, = : Ea, (ZE) , (14)

while far behind the crack front it is
U, = 3 (“;H‘)z (15)
in each of the remaining "legs" (figure 15) of the rubber,
E, is’ the apparent modulus due to the constraint on
the adhesive layer in a poker chip effect and is determined
in Appendix 3. The loss in energy due to a unit crack
advance is therefore

AUy = AU, - ZtS . 2h-2~AU0

- 2ty - 2h . (16)
1 2

-

Substituting equations (2) and (3) and equation (A3.2) for
the apparent modulus from Appendix 3 into equatioﬁ (16) we

obtain

Ay, = G [as(asz +2) - 2ag(ay? + 2)| u? 17)

Ew 1s the rubbery modulus of Solithane,
ag = tg/h is the aspect ratio of the bonded region
ahead of the crack front,
ay = ty/h is the aspect ratio of the remaining “legs"
behind the crack front; -
and, with reference to figure 15,

2tg = specimen thickness,
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2ty = "leg" thickness under normal loading,

2h = the bond thickness.

Notice here that we have been able to make a small
improvement on most global approaches in that we have
accounted for the differing crack surface areas in the
different loading cases.

| Similarly, under a given tangential displacement U,

the loss in strain energy due to a unit crack advance is

AUp = Fheo (‘%)2 2ty - 2h - 2 - P (‘zlg)z 2tp - 2h  (18)
where

u, = rubbery shear modulus of Solithane and

tr = '"leg" thickness under a tangential loading.

Assuming Solithane to be incompressible (v = 1/2) and

further simplifying (18) leads to

Ee .
Wy = (@ e up? (19)

For crack propagation to occur, the fracture surface
energy S must be equal to or exceed the rate of change of
strain energy. Since the crack length can be considered
infinite with respect to the bond thickness and the dis-
placements are applied uniformly we assume that the change
in strain energy per unit crack advance is the same as an
incremental change in strain energy for an infinitely small

crack advance. We also note that S is the rate dependent
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fracture surface energy comprising the constant, intrinsic
fracture energy (T in Ref. [4]) and the rheological response
of the material around the crack front.

Thus S(¢) = AUy + AU

From (17) and (19) we obtain (20)

(&) = %?_‘{Zas(asz+2) - AaN(aN2+2)}uN2 + (ag-ar) uTZ}.
For our particular geometry,

2e_ = 0.235", ZtN = 0.109", 2t = 0.087" and 2h = 0.025",

[~

Thus
, 2 2

Note that for the present experiments, either Uy Or uq are

zero so that we have either

S(e)

1]

222 Eo uNZ " (22a)

or

2

S(¢) = Ew Uy (22b)

1

Let us therefore plot the square root of S(¢) versus
the crack velocity in figure 16 by determining the applied
displacements which caused the crack to run at that parti-
cular rate. The square root is chosen in order to make
comparison with the gradient measurements later. Three
different load histories were used in the three tests pro-
viding the data for the normal loading case. This fact,

coupled with the bulk viscoelastic response noted earlier
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(page 83), produces the scatter in the normal loading data,
Although there was also a bulk viscoelastic response in the
tangential loading tests, the load histories were the same
in each test, resulting in a masking of the scatter in the
tangential loading data,

In spite of the scatter and the relatively small veloc-
ity range considered, we see that the fracture energy is |
consistently greater, for a given velocity, for the normal
loading case. We recall that a similar difference was
observed in the gradient measurements. In that case a dif-
ference in cohesive zone sizes due to applied displacements
normal to or tangential to the bondline was postulated in
order to account for the:.difference. The postulate was
inconclusive because the necessary analytical development
required to estimate cohesive zone sizes was not available,

For the present case of a global criterion we again
propose that the difference between the two curves presented
in figure 16 is due to a difference in cohesive zone sizes
for the two loading cases. This time the postulate can be
examined in detail because the fracture (surface) energy can
be related to the cohesive zone size. In [4] a finiteness
condition, enforcing finite stresses in the crack front
region, rather than the infinite stresses predicted by
linearized theory, was used to relate the cohesive zone size
to the loading conditions and geometry (characterized by the

stress intensity factor K) and the cohesive forces acting
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in the cohesive zone., We now relate the fracture energy
ﬁo the stress intensity factor and therefore to the cohe-
sive zone size.

The stress intensity factor, K, is related to the

fracture energy through

k¢ = ES (23)

under a displacement applied normal to the bondline,

equations (23) and (22a) render

2 2 2

= 222 Ea” uy . (24)

N

Similarly, using equations (23) and (22b), we find that
under a displacement applied tangential to the bondline,
For the case of a velocity independent cohesive stress,aq,,
the cohesive zone size, a, is related [4] to the stress

intensity factor, K, through
=g =9 . (26)

The cohesive zone size due to a displacement applied normal

to the bondline, o s is obtained by combining (24) and (26)

2 2
N 8 ) | @
oN
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Equations (25) and (26) supply the tangential cchesive zone

size, O

(28)

The cohesive stresses Ooy and Ogp Can be viewed as yield

stresses. From a Tresca yielding consideration we expect

that

% = 7 S0y - (29)

Furthermore,.a plot (figure 17) of the applied displacements
versus crack velocity shows that, for any given velocity,
the ratio between the no¥mal and tangential applied dis-
placemeﬁts is the same and is given by

ug = 0.16 uy . | (30)

With a view to using equations (29) and (30), we now form

the ratio of the cohesive zone sizes from (27) and (28)

2
g -2
o gi!
;E;-= 222 — - R . (31)
g uT
oy

Combining equations (29), (BO) and (31) yields
oy = L.57 agp . | (32)

Thus, based on strain energy considerations of the
adhesive layer, the cohesive zone size under displacements

applied either normal to or tangential to the bondline are
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Qf the same order; the normal cohesive zone size being
slightly larger. The difference is not enough to produce
the shift bétween the fracture energy curves for normal and
tangential loading in figure 16. The rheological response
of the material surrounding the crack front region must be
different for the two loading cases. |

To illustrate this further, let us consider the
fracture (surface) energy S, which is dependent on the
crack velodity. In [4], Knauss showed that this fracture
energy S could be viewed as the product of a rate dependent
function, 8 say, and a constant, intrinsic fracture energy
I'. The constant, intrinsic fracture energy is a basic
the energy required to break the individual molecular bonds.
It is therefore independent of the direction of application
of any'macroscopic'loading. Thus any differences in S due
to the applied loading direction must be due to differences
in the rate dépendent function 6. The function 6 embodies
the rheology of the material surrounding the crack front.
A difference in the rheological response could therefore
account for the shift in fracture energy curves. A global
criterion is not able to account for such local differences

and therefore does not provide a unifying criterion.
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2.4 STEADY CRACK PROPAGATION STUDIES - CONCLUSTON

Four possible fracture criteria governing the time
dependent propagation of an interfacial crack in an adhe-
sive joint have been considered. In three of the criteria
considered, namely: critical profile gradient, critical
normal opening displacement and a global fracture energy
criterion, the critical parameter was consistently and
considerably greater when the loading direction was normal
to the bondline. However, the time dependence of the criti-
cal parameters was the same over the somewhat limited range
of crack propagation rates considered. On a closer exami-
nation of the fracture energy criterion, it was found that
the cohésive zone sizes due to normal and tangential load-
ings wefe 6f the same order of magnitude, suggesting the use
of a critical zone size as a possible fracture criterion.

The fourth criterion postulated that the vectorial
crack opening displacemént reach a critical value for crack
propagation to occur. It was the only criterion accounting
for crack opening displacements both normal to and tangen-
tial to the bondline. However, the vectorial displacement
could not be completely determined experimentally as measure-
ments of mode II crack opening displacement were beyond the
scope qf this study. An estimate based on linearized thgory
was therefore used to obtain the mode II crack opening
displacements. The results nonetheless indicate that the

vectorial crack opening displacement criterion provided the
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most unified fracture parameter of the four criteria consid-
efed. Furthermore, the close agreement in the two cohesive
zone sizes due to displacements applied normal and tangen-
tial to the bondline as well as the vectorial crack open-
ing displaéement emphasize the need to consider local,
rather than global, unbonding processes in the time depen-

dent unbonding of an adhesive joint.
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APPENDIX 1

THE _STRESSES IN THE ADHESIVE LAYER DUE TO LOADING NORMAL TO

THE BONDLINE

We consider the stresses in the (uncracked) adhesive
layer of an adhesive joint whose adherends have suffered a
relative displacement normal to the bondline. The adhesive
layer is taken to be incompressible (v = 1/2). Following
the poker chip analysis in [1], [2], the displacement field

in the adhesive layer is assumed to be

v(y.2) = € Y » €y = ;%

w(y,z) = £(z) (1 - y*/h?)

where v and w are the displacements in the y and z direct-
ions, respectively. (See figure 15b.) The strains are

therefore given by

€y = &
€, = f,z. (L - y*/h?) (AL, 1)
€z = " y/h? £(z)

where

The incompressibility of the adhesive layer implies that
there is no volume change in the adhesive layer due to the

applied load. Thus
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h

1

75 jf (e, + ey) dy = 0 . (ALl.2)
Y-h

We use equations (Al.l) and Al.2) and symmetry arguments

(i.e. w(y,0) = 0) to obtain

£(z) = 3 ¢ z . | (Al.3)
Thus |

€y= Eo

€, = = % e, (L - y*/h?) . (AL, 4)

eyz = ;%; €o I

The stresses are related to the strains through the consti-

tutive relations

o, = p + 2ue

¥y y
o, =P +\2uey‘ ' (A1.5)
Gyz = Zueyz

where

P is the hydrostatic pressure
and ¥ is the shear modulus of the adhesive . Combining

equations (Al.4) and Al.5) we obtain
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p + 21.15:0

O'y =
o, =p - 3ue, (1 - y?/h?) | (Al,6)
= Iz
OZY 31130 h2

Satisfaction of the full three dimensional equilibrium

equations reduces to satisfying

o, +o, =0 . (A1.7)
Thus equations (Al.6) and (Al.7) imply that

2 _
P, +6}1€°H2‘—0

Z

and integration with respect to z therefore yields
2
p = —3p5-2—€°+C2 (Al,8)

C, is a constant of integration determined by the boundary

‘condition that the thickness-averaged normal stress at the
edge of the specimen be zero,

that is;, at z = t

h
%/ o, dy =0 . (A1.9)
-h

Equations (Al.8) and (Al.9) render
t? A1.10
Cy = 3ue, (ET-+ 2/3) (A1.10)

The stresses in the adhesive layer are then obtained by

combining equations (Al.10) and (Al1.8) in (Al.6).
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(Al.11)
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APPENDIX 2

THE STRESSES IN THE ADHESIVE LAYER DUE TO A CURE SHRINKAGE

In estimating 'the stresses in the adhesive layer due
to cure shrinkage, we follow the developments in Appendix
1. However, the assumed displacements now account for cure

shrinkage effects.

The following displacement field is assumed

v (y,2) = (e, - €,) ¥

w (y,z) = £(2) (1 - E;) - €2

where €, is the cure shrinkage strain and €, 1s the

(unknowh) strain due to the constraint of the adherends.

The incompressibility condition is used to determine £(z)

and we find

o " Zsc) z.

f(z) = - % (e

The hydrostatic pressure, p, is obtained through the consti-

tutive and equilibrium equations.
- z?
P = 3u (ZSC-— eo) 57-+ C2

In this case both €, and C2 are unknown and must therefore

be determined by the two thickness-averaged boundary

conditions



an

. 1 h
2-1_—1 -h O’z‘dy
d

y [t
2?:- " GYdZ .

These yield

N

/

- 4ugc
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0 - along z

0 _ along y

C = =
2 1+2 h2/c2 o ( 2

I
(B
=)

£2
2ec (57'+ 1)

and ¢

L +2

h?

The stresses in the adhesive layer due to a cure shrinkage

can then be found to be ..

’ 2
2ua €a
o |-
y a2+2
2
2ua €c
g = ———
Z a2+2
JE a2
= L
where a = A

|

2
3z° _ 1]

t2

3z _ 3y? 4 h? -3

t? t? t?
32 - az]
hz

is the aspect ratio of the adhesive layer,

(A2.1)
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APPENDIX 3

THE APPARENT MODULUS OF THE ADHESIVE LAYER

In a standard uniaxial tensile test, the Young's
Modulus is given by the ratio of the axial stress and
strain. The specimen dimensions and loading are arranged
such that the grips do not affect the uniformity of the
stresses and strains over the gage length. 1In the poker
chip specimen, the axial stress is no longer uniform due
to the proximity of the grips. An apparent modulus, which
accounts for the constraint applied by the grips, was
defined as the ratio of the average axial stress and the
nominal axial strain. We now extend this to the case of an
adhesivé joint to accounéhfor the constraint on the adhe-
sive layer due to the relatively stiff adherends,

We define the apparent modulus, E,, as the ratio of
the average stress to the applied strain, both normal to the

bondline, as .

. oy 1 t
EA = “30 = -2t—€o 0'de . ‘ (A3 . ])
-t

Note that the normal stress need only be averaged in the
z direction since it is independent of y (equation Al.1l).

Combining equations (Al.1l) and (A3.1) we therefore obtain

E, = & (a% + 2) (43.2)
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% is the aspect ratio of the adhesive layer and,

where a
since v = 1/2, E = 3u is the Young's Modulus of the

adhesive.
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PART 3

Proposals for Improvements in Microprofilometry

Techniques and Further Experiments
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ABSTRACT

A natural continuation of the experiments conducted
in part 2 is to extend the range of crack propagation rates
and number of loading combinations (normal and shear)
considered there. Before this can be done, improvements
in the resolution of the crack profile measurement system
must be made in addition to determining methods to produce
straight crack fronts through the specimen thickness. Chang-
ing the adhesive material or using a bimaterial geometry
as possible means of producing straight crack fronts are
proposed. Improvements in the resolution of the profile
measurement were already discussed in part 1. Finally,
we outline the incorporaéion of an automatic frame
referencing technique and a digitizer into the video system

in order to more effectively use the information contained

in the interference patterns.
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3.1 INTRODUCTION

The original purpose'of this study was to examine the
interrelation of unbonding rate, crack surface displace-
ment and applied loading in an adhesive joint. The time
spent in resolving development difficulties in the new
experimental techniques necessary for the study has
restricted the effort available for exhausting the
capability of the apparatus. Nonetheless, the tests con-
ducted thus far have demonstrated the feasibility of the
experiment, indicated the limits of linear analysis and
provided new information on crack propagation in adhesive
joints.

fhe extent of the Z}ack propagation rate range
considered in the experiments reported in part 2 need to
be extended in order to compare the effects of different
loading combinations. Additional loading combinations

themselves (normal and shear loads) need to be examined.

However, before more in depth‘cbmparisons can be made, it
is necessary to attend to two aspects of the present set-
up. The first is to improve the resolution of the crack
profile measurement scheme so as to measure the crack
profile close to the crack front. These improvements have
been extensively discussed in section 1.4.3, Secondly;

a joint or interface configuration must be found which

consistently provides unbonds extending through the specimen
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thickness and having straight fronts, regardless of loading
direction. This two dimensionality not only makes an
experimental comparison between different loading conditions
more valid, but increases the chances of a comparison with
an analytical treatment of the problem.

The finger-like shape of the crack is caused by the
near incompressibility of Solithane and the constraint
supplied by the relatively stiff adherends on the thin
adhesive layer. We expect to be able to produce through
the thickness cracks by choosing a different adhesive or
by considering a different geometry. These possibilities
are discussed in sections 3.2 an& 3.3, respectively.
Section- 3.4 discusses improvements in the data acquisition
and processing to make fuller use of the information con-
tained in the interference patterns produced in the crack

opening interference scheme.

3.2 CHOICE OF ADHESIVE MATERTAL

The choice of adhesive material is governed by
requirements which are not all mutually compatible. The
final material choice will therefore represent some kind
of optimum choice, balancing thé priorities of the various
requirements. At this stage of development the primary
priority should be that the adhesive allow straight crack
.fronts_across the specimen thickness. |

Since the bulk modulus of polymers is roughly the
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same, any polymer having a higher compressibility (lower
Poisson's ratio) will have a higher modulus. Thus,
increasing the adhesive compressibility already threatens
the constraint on the relative sizes of the adherend and
adhesive moduli. However, the modulus ratio constraint

may be relaxed somewhat if one grips the adherends along
their entire length instead of only near the ends (figure 1);
in addition it may be necessary to treat the interface for
a suitable value of interface adhesion in order to prevent
adherend (glass) fracture. The viscoelastic response of
the more rigid polymers will require crack propagation
experiments of longer duration in order to illustrate their
viscoelastic response; It would be preferable to find an
adhesive exhibiting no or'small plasticity effects,

The adhesive Araldite (modulus E ¥ 2 x 10° p.s.i.)
has already been investigated as an alternative adhesive
material. The crack fronts did extend through the specimen
thickness in a straight line. Stable crack growth could be
obtained but for lower applied displacements and over
longer periods than for Solithane. Larger applied dis-
placements resulted in unstable crack growth.

At low crack propagation rates, the crack front
would advance unevenly, leading first at one specimen side
and then the other in an alternating manner as shown in
figure 2. At higher rates, the advance was even but the

crack front was then quite curved, the curve being symmetrically
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located. Cracks which had remained stationary for some
fime developed considerable plastic flow at the crack
front. This manifested iﬁself in a sharp discontinuity in
the fringe pattern (figure 3) once the crack did propagate.
The stiffer adhesive layer did result in deformations in
the adherend close to the bondline.

The pick up locations for the Michelson interferometers
are 2.36 mm (0.093 inches) from the bondline and 15.875 mm
(0.625 inches) from each of the specimen edges. A single
edge crack was used. The edge containing the crack will,
in general, have a greater displacement compared to the
other, still intact edge (see figure 6, part 1). The
difference increases as the modulus of the adherend de-
creases relative to the adhesive modulus; i.e., as the
modulus ratio approaches unity from above. This difference
resulted in a rotation of the Michelson interferometers
which was sometimes sufficient to invalidate the results.
However, the rotation can be prevented or at least min-
imized in a more symmetrical arrangement by starting with
two edge cracks. Furthermore, the interferometer pickups
could be located more centrally to better reflect the
deformations in the as yet uncracked region.

Solithane and Araldite represent two distinctly
different materials. Time constraints precluded a further,
more -comprehensive material search. However, such a search

should be conducted, considering the variety of adhesives
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on the market. Another possibility would be to run crack
bfopagation tests in Solithane at temperatures below room
temperature. Poisson's ratio would be reduced to somewhere
around v = 0.4 but the time span of the tests would, of
course, have to be greatly increased. Thermal strains

would also be introduced.

3.3 CHANGES IN SPECIMEN GEOMETRY

The constraint on the adhesive layer proVided by the
proximity of the adherends can be decreased by increasing
the bond thickness. A limiting case would be to eliminate
one  adherend and consider a bimaterial specimen consisting
of two equally sized bars joined aldng a common edge. The
literafure abounds with ;Blutions for bimaterial interfaces
containing cracks. Thus, in addition to providing two
dimensional cracks, a bimaterial specimen would allow
direct comparison with analysis. The comparisons could be
extended to time dependent failure in monolithic materials
because Solithane could, perhaps, again be used as one phase,
glass being the other. _

The question might then arise as to why we did not
first consider the more analytically tractable bimaterial
geometry before proceeding to an adhesive joint geometry.
It was felt that modal interactions in the crack front
region would be greater and also that kinematic and

material nonlinearities were more likely to occur in the
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adhesive joint. Furthermore, the adhesive joint is more
prevalent in practical use. Thus, given our precise and
analytically independent experimental tools, we were in a
good position to greatly improve the understanding of a
practical problem as well as stimulate further analysis.

The results of part 2 indicate that,for Solithane,
strains ranging from one to ten percent are necessary to
produce observable crack propagation rates. If the overall
dimensions of the bimaterial specimen are kept the same as
those of the adhesive joint specimen, strains of one to ten
percent across the one inch bar of Solithane result in
displacements of 0.254 mm to 2.54 mm (0.01 to 0.1 inches),
respectively. For comparison the loading device was
designed to provide displacements up to 0.254 mm. Dis-
placements up to 2.54 mm could be provided by using
aluminum tubes, extending the portion of the tubes to
which heating and cooling is applied and increasing the
amount of‘heéting and cooling. Initial checks show that
buckling and yielding limits in the tubes and frame would
not be exceeded by such displacement increases.

However, a different method of monitoring the applied
displacements would need to be used. Edge displacements of
0.254 to 2.54 mm correspond to 800 to 8000 fringes on the
Michelson interferometer. The fringe spacing and intensity
vary considerably over this range. The fringe spacing

would become too small to be resolved by the two photodiodes
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providing phase information for the fringe counting.
Hdwever, the displacements would now be within the resolution
of L.V.D.T.'s or photonic sensors although their long term
stability might become an issue. A digital encoder system
using gratings attached to the specimen might be developed.
Such systems are stable and could well be easily incorporated
in the microprocessor fringe counting method already de-
veloped for the Michelson interferometers.

Although the constraint supplied by the adherends
on an interface crack in an adhesive joint causes stronger
modal interactions in the local crack front region than for
a bimaterial bar, we still expect some interactions to occur
at an interface crack in,_the bimaterial specimen, at least
due to the material mismatch. The time dependent behavior
would be introduced through the viscoelastic response of
the Solithane. Experiments using bimaterial specimens could
be compared with analysis and also provide some insight into

adhesive joint failure.

3.4 IMPROVEMENTS IN DATA ACQUISITION AND PROCESSING

If it is not possible to obtain two dimensional crack
geometries, then greater use will have to be made of the
information contained in the crack profile interference
patterns. At present, the crack profiles are generated ffom
a single scan of the interference pattern along the crack

centerline. The full profile can be generated by a series
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of scans spanningbthe crack width. However, a lot of work
is involved, even for a single frame.

The requisite data acquisition can be automated by
including a video digitizer in the video system in con-
junction with the microprocessor. While the initial outlay
of software development work would be high, wvariations from
two dimensional behavior under different loading conditions
could be accounted for.

One of the features of the video tape recorder used
in this study is the stop action playback feature. This
feature allows any frame to be stopped and analyzed. Frames
can also be advanced manually for frame by frame inspection.
When a recording is made_at the standard 7% inches per
second speed, each frame corresponds to a time interval of
1/30 second. The only way to take advantage of this 1/30
second time resolution at present is to manually advance the
tape and count the frames. For rapidly occurring events
this need not be restrictive, but when time intervals of
even 10 minutes are considered, an automatic method of
counting and referencing the frames becomes necessary.
Counting the frames can be achieved quite easily by trigger-
ing a counter with the video synchronization signal. The
frame number can then be incorporated in the video signal
for display on the monitor. Thus a recorded frame would
contain its number in addition to the event which it

captured, making subsequent references to that frame simple
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and repeatable. The present meihod, in which we use a stop
waﬁch to reference frames over long time intervals does not
fully reflect the 1/30 second time resolution of the video
system nor can a particular frame be repeatably accessed.
Furthermore, frames must be found by playing back in real
time over the full time interval. When the frame number is
recorded as part of the video signal frames can be found
quickly using the fast forward feature, greatly speeding up
data reduction. The technology to display the current time
alongside the picture already exists even on commercially
available television monitors. Thus we do not expect any
great difficulties in developing a system to add the frame
number to the video signal.

A further consideration in increasing the resolution
of the stop action playback feature is that the digitizer
proposed earlier need not have any storage capability,
thereby greatly reducing its cost. Moreover, requirements
on its conversion rates can be relaxed because the frame of
interest can be easily and repéatably found and converted
with the tape recorder in the steady still mode.

In conclusion, it is clear that the power of the video
system will be greatly increased by incorporating the frame

referencing technique and a digitizer.
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FIG. 2. UNEVEN CRACK ADVANCE. GLASS-ARALDITE JOINT.
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