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ABSTRACT
This experimental study investigates the fatigue crack growth rate
behavior of an epoxy resin polymer using the tapered-double-cantilever-
beam (TDCB) specimen in ambient and elevated temperature environments. An
empirical crack growth.rate model based on the change in crack extension
force, A, is proposed. Its relation to AK models is discussed and

observations on the fatigue surface morphology . presented.
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K. stress intensity factor

AK change in K for constant amplitude loading
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INTRODUCTION

Statement of Problem

From a technological point of view, the adhesive joint has many
advantages over the use of conventional fasteners: the alleviation of
stress concentrations, the joining of radically dissimilar materials, the
ease and economy of fabrication, and, most importantly, the means to fasten
the new high-strength, low-weight composites for which metallic fasteners
prove unsuitable, Probably the most versatile and widely used bonding
agent in high strength applications is the epoxy polymer. In assessing
the performance of these epoxies one ié led naturally into the broader
field of polymers. When epoxies and other polymers are incorporated into
service structures, the undermining effects of flaws cause serious strength
reductions,

Evidence strongly suggests [1,2]* that in the absence of well-defined
slip systems, as found in metals, the process of crack initiation in poly-
mers (especially brittle polymers such as epoxy) is quite different in
nature in that the number of cycles needed to initiate a fatigue crack may
be quite negligible. That is, polymers-are generally endowed with a variety
of inhomogeneities and flaws [1,3] which act as stress raisers that may
initiate cracks very early in the fatigue life. As a result, the major
portion of the fatigue lifetime for these polymers would be spent in fatigue
propagation of the cracks. Consequently, quantitative assessment of the
crack growth rates is of first order importance. The past two decades have
produced an intensive study of the fatigue crack propagation process in

metals and a logical step is to extend this analysis into the polymer field.

*See List of References at end of report.



This paper explores the behavior of fatigue crack propagation in a rela-
tively pure, well characterized epoxy resin so that the fatgiue strength
characteristics of adhesive joints and polymeric materials in general may

be better understood and accounted for.

Failure of Adhesive Joints

Failure in adhesive bonds involves principally two types of separa-
tions. The interface (IF) separation occurs when the adhesive parts from
the adherend. This debonding is typical of stress corrosion failure or
weakly bonded systems. The in-the-bond (IB) failure is a separation
occurring wholly in the adhesive layer. While the IF separation occurs
due to an adhesive failure, the IB separation occurs due to cohesive failure
and is thusly governed by the bulk properties of the adhesive subjected to
a unique stress state within the adhesive layer. It becomes necessary to
examine how these IB cracks behave under cyclic loading in bulk (monolithic)
epoxy specimens so that their behavior in complex systems may be predicted

using the techniques of fracture mechanics.



FRACTURE MECHANICS BACKGROUND

General

Fracture mechanics attempts.to characterize the behavior of flaws,
usually sharp cracks, in a body subjected to various applied loads and envi-
ronments. The two parameters most commonly used to describe the stresses
generated at the tip of a sharp crack by an applied load are the stress
intensity factor, K, and the crack extension force or strain energy release
rate, A, The first emerges from the stress distribution near the tip of an
infinitely sharp crack in a linear elastic material, given as [4,5]:
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where r and 6 are polar co-ordinates at the crack tip. The only para-
meter affected by applied load is the stress intensity factor, KI’ which
is in general a function of crack length and geometry as well as applied
load.

The crack extension force, 27, was . developed by Irwin from an energy
point of view and can be regarded as a pseudo~force, brought on by applied
load, acting to advance the crack tip. While both .4 and K were origin-
ally developed for the linear elastic case, the two arekapplicable under
assumptions of nearly elastic behavior (i.e., the region of highly stressed

yielded material is confined to a small enclave at the crack tip, called

the plastic zone, by the surrounding elastic stress field). When this



assumption of "small scale yielding" can be made, .J and K are simply

related:

Y =(l—\)2)K2

- i 1
I 7 I (plane strain) (1)

where v is Poisson's ratio and the subscript I applies to the opening
crack extension mode which will henceforth be the only mode referred to.
K and ¥ completely describe the stress field surrounding the plastic
zone at the crack tip. Their values at which fast fracture occurs are

termed K

Te and )gIc (for plane strain) and are considered to be material

constants, The reader is invited to read the more rigorous reviews of
these concepts in the reference [6].

Stress corrosion crack growth and fatigue crack growth are common
occurrences in both metals and polymers. Since they involve a slow, stable
separation within the plastic zone, the behavior of a crack subjected to
these processes can be characterized by K or 2, Most work in fatigue
crack propagation has been done in metals and K rather than .& has been
explicitly used in nearly all the current models of fatigue crack propaga-
tion. The present investigation will show that it may be convenient to

use & as well as K.

Prediction of Fatigue Crack Growth Behavior

A prediction of the fatigue crack propagation behavior in a service
structure can be made if (1) the K or & history is known for the parti-
cular loading sequence, crack length, and geometry, and (2) the crack
growth rate as a function of .4 or K history has been established from
controlled tests on laboratory specimens.

Calculating K or .J for particular geometries is a task for analy-

sis by elasticity theory using analytical or numerical methods [7], or may



be done experimentally using the energy treatment of fracture. Trantina
[8, 9] and Lin [10] used a finite element analysis to find K and & for
cracks in an adhesive layer. Many analytical developments dealing with
cracks in multi-layered elastic systems are given [11, 12] which obtain a
great deal of generality with respect to the dimensions of the system.
Ripling and Mostovoy [13] and Jemian and Ventrice [14] use experimental
compliance measurements to obtain A in adhesive joints, although their
values are restricted to the specific specimen and loading geometries.
More recently, optical interference methods have been used to obtain K
values from crack face displacements [15] in transparent polymer systems.
The dependence of crack growth rates upon K or X is established
by using simple cracked specimens for which these loading parameters are
well known. Testing involves introducing controlled K or 2 histories
in the specimen and observing the ensuing crack growth rates. Modeling a
crack tip that lies within an adhesive layer (IB) can thusly be accomplished
with a monelithic specimen of the adhesive material. Care must be taken
to ensure that the monolithic specimen and the adhesive layer are, in fact,
the same material (i.e., identical composition and curing cycle) and that
the effect of thermal residual stresses incurred during bonding.are

accounted for.

General Fatigue Behavior; Analytic Models

Paris, et al [16, 17], first suggested that for fatigue crack pro-
pagation in metals, the crack growth rate was almost exclusively dependent
upon the change in stress intensity factor (AK) and only secondarily
dependent on mean stress intensity and frequency. He proposed the follow-

ing equation to describe the crack growth rate:



(2)

where A and n are constants, Paris cites several investigations into
this phenomenon which support the validity of this empirical expreésion,
Subsequently, many models were constructed that attempted to account for.
the effect of additional loading parameters (in terms of fracture mechanics
variables) on the fatigue crack growth rate (see summaries by Plumbridge
[18] and Pelloux [19]). Nearly all of these analytical models start from
a metals viewpoint and deal with plastic deformation and slip at the crack
tip. Uncomfortable discrepancies have arisen between the predicted and
measured values of n in eq.(2) and as yet no one model is universally

accepted.

Semi-Empirical Models; The Effect of Mean Stress Intensity

In the absence of any definitive analytical model, many researchers
correlated the crack growth behavior to semi-empirical models that provided
good fits to the observed data. The rate eq.(2) was modified to include
the effects of mean stress intensity, R, as well as AK. This can be done
by characterizing the constant amplitude loading spectrum by any two of the

following parameters:

K. ,K , A, K , R=XK_. /K
min max’ mean - mlin - max

where all stress intensity factors are understood to be opening mode (the
sliding mode, II, and tearing mode, III, not been used in experimental
studies), One popular approach used by Foreman, et al [20], Hartman and
Schijve [21], and Pearson [22] is to expand the relation proposed by Paris
(2) to:

da _ __ AGRT
dN [(l—R)KC—AK]P

(3)



where p is 1 or 1/2 for plane stress or plane strain, respectively, and
n and A are fitted constants. This expression provides a very good
description of aluminum growth rate data. Kitagawa [23] has shown this
equation to hold also in PMMA.

An approach used by Arad, Radon, and Culver [24, 25] for polymers is
shown to provide a convenient empirical description for PMMA, polycarbonate,

and Nylon 6.6, The growth rate is given as:

EN—:B)\ (4)
A =K Z—K.2=2AK'K (5)
max min mean

where m is typically 1.8 to 3.0.

Other variables to be considered as affecting the growth rate are
loading rate (frequency), temperature, and humidity (environment). It is
expected and has been shown [26] that energy absorbing viscous mechanisms
in polymers cause rate effects in fatigue crack growth (although present
data on epoxy is inconclusive). It is therefore necessary to monitor

frequency or strain rate when extracting growth rate data from polymers.



APPARATUS AND TESTING
Specimens

The tapered-double-cantilever-beam (TDCB) specimen shown in Fig. 2
was chosen to extract baseline crack growth rate data. Ripling and Mostovoy
[27] have used this specimen to measure growth rates in an epoxy layer con-
strained by aluminum adherends. Marshall, et al [28, 29], have used it to
extract stress corrosion cracking and fatigue growth rate data in various
polymers with excellent results. Srawley and Gross [30] have provided a
stress analysis of this specimen using the boundary collocation technique
and Ripling and Mostovoy have analyzed the specimen from an energy point of
view using the strain energy release rate, 4.

The TDCB is very compliant so that it can be easily pre-cracked to
produce a sharp, natural starting crack., As shown in the appendix, K or
A is independent of crack length in this specimen geometry and depends
only upon applied load. Also, an initially uneven crack front stays
nearly the same shape, all points growing at the same rate (in the plate
specimens an eccentric crack front becomes more eccentric under fatigue).
For these and other reasons, the TDCB was found more desirable to work with
than the plate specimens commonly used to study fatigue crack growth rates.

Since the stress state near (but removed from) the crack tip is
highly biaxial, which is unique to beam type specimens, the crack is not
directionally stable and sidegrooves were necessary to constrain the crack
growth direction. Rectangular notches (0.006 in. wide by 0.090 in. deep)
were found satisfactory. The V-notch sidegroove, popular in metallic TDCB
work, was not suitable for these epoxy specimens.

Plates of 0.40 inch thickness were cast of 15 parts-per-hundred tetra-

ethylene-pentamine (TEPA) hardener in DER 332% epoxy resin at 150°F for

*Tradename of the Dow Chemical Company



4 hours. These were postcured at 320°F for 4 hours with a rise and cool
rate of 10°F/hr. to prevent thermal stresses and checked in a polariscope.
Specimens were then machined from the plates in configurations shown in

Figs. 2 and 5.

Testing

All crack growth specimens were loaded in an Instron fatigue machine
at a constant crosshead rate between load limits. Loading frequency (or
strain rate) varied only slightly. Crack growth rates were determined
from TDCB specimens using the following scheme. The specimen was cycled
between constant load limits (AK constant) for several thousand cycles and
crack tip advance (Aa, as measured by a spotting scope) noted. After
several such runs, each at a different value of AK, the specimen was
broken and bands of differing surface roughness each representing one
value of Aa for each AK could be examined under a microscope to deter-
mine a more precise value of Aa. The growth rate (da/dN) was taken as
Aa/AN. 1In this manner, several data points could be determined from one
TDCB specimen,

Most of the tests were conducted at room temperature, and humidity
was noted to be stable (35%+5% R.H.). It is possible for an epoxy to
stress corrosion crack under these conditions so constant load tests
were conducted on the TDCB specimens. It was found that the static stress
corrosion crack growth rate was quite negligible compared to the fatigue

growth rate.
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RESULTS AND DISCUSSION

TDCB Fatigue Crack Growth Rates

The most commonly used representation for fatigue crack growth data
is the graph of da/dN versus AK with different data lines for various
values of the stress intensity ratio, R. This graph of the TDCB epoxy
data is shown in Fig. 3. It should be noted that the slopes for the dif-
ferent R values are the same with only the intercept as variable, within
experimental error. By changing the value of R from R = 0.1 to R = 0.7,
the growth rate is changed nearly two orders of magnitude which reflects
a great dependence on mean stress intensity.

In selecting an empirical formula to account for this dependence it
was most satisfying to modify the model developed for several other polymers
by Arad, Radon, and Culver [24,25]. They postulated the growth rate as

dependent upon the parameter ), where:

R S e T S (6)
max min mean
and
da m
T=am (7

- : 2 ks : ;
Since 4 is proportional to K, a similar expression may be proposed in

terms of A :

% e (8)

€2 = gay)™ (9)

The crack growth rate data from the epoxy TDCB specimens shown in Fig. 4
verifies that this expression provides a good fit to the data. This

straight line fit produces the following relationship:
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da _ -5 5.5
&= 5-9(107) A (10)

It may well be that the linear log-log relation is presumptuous particularly
since such data in other polymers is only roughly linear. Mostovoy and
Ripling [31] choose to fit parabolic-shaped curves to similar data for
epoxies and researchers in metals often fit quite irregular curves to such
data, especially when the element of stress corrosion is involved. Also,
after a close look at the data points on Fig. 4 one might even be led to
conclude that there are in fact three different fitted lines for the three
different values of R with slightly different intercept, B, and/or slope,
m, values. However, in view of the scatter band encountered in the present
fatigue growth data and that an order of magnitude life estimate is often
all that is required in a design situation, the simple relationship of
eq.(5) is sufficient to describe the trends in fatigue crack growth behavior
in this epoxy over this wide range of growth rates.

The high value of the exponent m(5.5) in relation to other polymers
(1.8 to 3.0, [24, 25]) indicates a higher dependence of the crack growth
rate upon Az or A in epoxy. When compared with exponents n in
theories involving AKn, the value n = 10 for epoxy (Fig. 3) is much
higher than for metals where n is typically 2.0 to 5.0,

Although still empirical in nature, the expression (9) provides an
appealingly simple manner in which to express fatigue crack growth rates
for these polymeric materials. The fatigue crack growth rate equation has
been reduced from one containing two loading parameters (e.g., K2 and Kl’
AK and R, etc.) to one containing only one loading parameter (A4 ). That
the simple substitution of MY for AK in the original form developed

by Paris for metals (eq.(2)) accounts for the effect of R as well as AK
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is at first puzzling. It must be noted, however, that this can only be
accomplished when the growth rate can be described by the particular model
proposed by Arad, et al. Specifically, the growth rate must be proportional
to the m power of Kmean and also proportional to the m power of AKI
which yields eq.(7). This appears to be the case in the present epoxy as
well as the three polymers cited above. Since Kitagawa [23] has fitted

the model of Forman also to PMMA, it may be that the two models are not
substantially different in practice.

Barsom [36] has suggested the use of AY)  as the principle variable
in metals noting that the growth rates may be normalized for many metals by
considering KI//E' as the loading variable. The analysis is restricted
in that only zero-to-maximum tensile loading (R=0) is considered, but a
good empirical fit for high strength aluminum and titanium alioys was pro-

vided by the expression:

da _ 1.0
a‘ﬁ' = D(f_\.)gj)

The use of A4 as the principle variable easily lends itself to an inter-
pretation of fatigue crack growth in terms of crack opening displacement

(COD) since:

where ¢ is the total crack opening displacement and _gy the yield
strength,

Using AA as the principle variable in the crack growth rate eq.(9)
offers promise in its simplicity and lends itself easily to a possible
energy or COD interpretation of the fatigue crack growth process in poly-

mers.
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Plate Specimen Data

To collaborate the data taken from the TDCB specimens, tests were

made on center-crack plate (CCP) specimens for which X_ may be accurately

I
calculated when crack length and nominal stress are known. Center-crack
plates were precracked by wedging a small sawcut, then loading between con-
stant load limits and monitoring the crack growth. Difficulty was encoun-
tered in that the crack front became somewhat eccentric making the latter
crack length measurements difficult. This problem seems to be encountered
often in the testing of polymer CCP specimens and points up an advantage

to using the TDCB geometry.

When cycled between constant load limits, the crack length history
is that shown in Fig. 5. The results of reducing this crack length versus

cycles to growth rate (da/dN) versus AK is given in Fig. 6. The data

points lie within the scatter band of the TDCB data.

Elevated Temperature Tests

Tests were performed on a TDCB at an elevated temperature (200°F)
with R equal to 0.1 and the results shown in Fig. 7. The net effect of
this increase in temperature is to increase the growth rate. A small

decrease in the slope, from n = 10 to n = 6, is indicated, also.

Surface Morphology and Growth Mechanism

The mechanism for fatigue crack propagation in non-crystalline
highly-crosslinked thermoset resins such as epoxy is not well understood.
These materials can be described as being highly resistant to flow mechan-
isms and therefore quite brittle. Figure 1 displays a tensile loading
cycle from a cylindrical specimen of the present epoxy. The cyclic curve

was virtually independent of strain rate over several orders of magnitude
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(0.002 to 2.0/min.). There was no observable permanent plastic strain but
the hysterisis indicates the presence of a viscous mechanism. These mate-
rials are also considered to be non-linear in the elastic sense.

Photomicrographs of the fatigue fracture surface reveal no observable
fatigue striations but show a rough surface hackle whose features are roughly
one to two orders of magnitude larger than the average growth per cycle.
There is actually no justification to assume that crack propagation is con-
tinuous on the microscale, although it appears to be so on the macroscale
(0.01 in. for da/dN = 0.0001). Figures 7-14 show the fatigue fracture sur-
face with dimensions as noted. In each figure the crack growth direction
is indicated by the arrow.

It is enlightening to look at the work done in describing fatigue
crack propagation in metals. While in the ductile pure metals, fatigue
crack growth is almost totally ductile striation formation arising from
successive blunting and re-sharpening of the crack tip, several researchers
(McClintock [32], Laird [33], and Frost [34]) note that in high strength
aluminum alloys, for example, two mechanisms appear to be present. The
first is the ductile striation formation; the second, a stable micro-crack
propagation ahead of the main crack. McClintock and others attribute the
latter to cleavage fracture at inclusion sites near the crack tip. Pelloux
[35] presents evidence that although microscale measurements of striation
spacing predict the growth rate in these aluminums as given from plasticity
models where n = 2 (see references [18, 19]), this cleavage mechanism makes
the observed growth rate much higher. Frost [34] attributes the dependence
on Kmean to this cleavage mechanism in discussing high strength aluminum
alloys. Laird [33] describes how such a combined ductile-cleavage mech~-

anism might occur and McEvily, et al [1], describe a similar possible
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mechanism for polymers. Although cleavage is associated with crystallo-
graphic planes in metals, a cleavage-like or branch cracking mechanism in
epoxy could explain the finger markings on the epoxy fatigue fracture sur-
faces (Figs. 8-14). These markings are similar to the "river markings"
running parallel to the crack propagation direction that are typically
observed as a result of cleavage-assisted fatigue crack propagation in the
above metals. Tomkins and Briggs [2] suggest that fatigue crack propaga-
tion in epoxy smooth specimen fatigue consists of this slow, stable cleavage-
like or branch cracking mechanism. Any branch cracks that did not result
in fracture as the crack tip passed would be very difficult to see on an
epoxy fatigue surface since they would close due to the low ductility of
the material.

The epoxy polymers may well be a prime example of a material where
this cleavage-like or branch cracking mechanism is dominant. They have
very little ductility, show no well defined fatigue striations, exhibit a
fracture surface similar to the river markings referred to by Laird (above),
have a growth rate highly dependent upon Kmean’ and yield very high values

for the exponent m in eq.(9).
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SUMMARY

This investigation has used the tapered-double-cantilever-beam (TDCB)
specimen to determine fatigue crack growth rates in a representative epoxy
resin polymer. The motivation for this study came from the widespread use
of this type of polymer as an adhesive in adhesively-joined systems where
quantitative prediction of the fatigue performance is essential. These
results taken together with the observed behavior of similar polymers should
lead to practical design criteria for the tolerance of flaw growth in these
polymeric materials. The results may be summarized as follows:

1. The epoxy system investigated (DER 332-TEPA, cured as described)
exhibits regular fatigue crack propagation in ambient and high temperature
environments that appears to be continuous on the macroscale. The TDCB
specimen with side grooves worked very well in determining the growth rates.

2. A semi-empirical model for the fatigue crack propagation is pro-
posed based on the change in strain energy release rate or crack extension
force, Azf, that inherently accounts for the effect of mean stress inten-
sity in this epoxy as well as other polymers. This relation which provides

a fit to the data for epoxy is:

da _ -5 5.5
Foi 5.9(10 ) A

3. Micrographs of the fracture surface show no observable fatigue
striations but indicate the presence of some cleavage-like or branch

cracking mechanism of a type described by several other authors.
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APPENDIX

Analysis of TDCB Specimen

In general, for a body under point 1oading::

1.2 3C
D=5 %
where
C = specimen compliance defined as the inverse of the stiffness
(for linear elastic materials)
A = area of crack surface (one surface only)

For the TDCB specimen, this expression can be expanded [17] to:
A = sz

Where vy 1is a geometric variable dependent upon the contour of the speci-
men and crack length. Using straight sloped sides the value of y is
very nearly constant with respect to crack length when the crack tip lies

in an area near the center of the specimen. Thusly:
Y « p?
in this area. Also, from the theory of linear elasticity:

2
_(A-vT) 2
A=K

KI « P

The area of specimen validity and Y  were determined from a compliance

calibration (Fig. 2) from which:

where -bn is the width of the fracture surface. KI and QUI were

subsequently calculated for each specimen.
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