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SUMMARY

A combined experimental and analytical investigation of an adhesively
bonded composite joint was conducted to characterize both the static and
fatigue debond growth mechanism under mode I and mixed-mode I and II loadings.
Two bonded systems were studied: graphite/epoxy adherends bénded with EC 3445
and FM-300 adhesives. For each bonded system, two specimen types were tested:
(1) a double-cantilever—beam specimen for mode I loading and (2) a cracked-
lap-shear specimen for mixed-mode I and II loading. In all specimens tested,
failure occurred in the form of debond growth. Debonding always occurred in a
cohesive manner with EC 3445 adhesive. The FM-300 adhesive debonded in a
cohesive manner under mixed-mode I and II loading, but in a cohesive, adhe-
sive, or combined cohesive and adhesive manner under mode I loading. Total
strain-energy release rate appeared to be the driving parameter for debond

growth under static and fatigue loadings.
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NOMENCLATURE
length of debond, mm
constants from least square fit
debond growth rate, mm/cyéle
compliance, mm/N
curve—fit parameters for power—-law equation
mode I strain—energy release rate, J/m2
fracture toughness, J/m?
mode II strain-energy release rate, J/m2
total strain-energy release rate (G + Gpp), J/m2
critical total strain—energy release rate, J/m2
number of cycles
curve—~fit parameter for power—law equation
critical load, N

width of specimen, mm



INTRODUCTION

To achieve the maximum saving in weight without sacrificing strength,
engineerg are faced with the problem of developing methods of joining struc-
tural composite components without weakening or damaging them. It is impossi-
ble to use conventional fastening techniques without drastically affecting the
strength of fiber reinforced composites. Hence, adhesive bonding is a desir-
able alternative to mechanical fastening in composite structures. Even with
all the potential advantages and encouraging experience with adhesive bonding,
manufacturers still hesitate to use this technology in primary structural
components. This reluctance is due, in part, to the lack of understanding of
failure mechanism and durability. Several studies have been reported on the
static strength of adhesively bonded composite joints (e.g., see Refs. 1-3);
however, very little information is available on their fatigue behavior.

The possible fatigue failure modes for bonded cbmposites are: cyclic
debonding (i.e., progressive separation of the adhesive bond under cyclic
load), cyclic delamination, adherend fatigue, or a combination of these. In
a previous study [4], cyclic debonding of adhesively bonded composites was
investigated under a mixed-mode loading, which introduced a combination of
opening (mode I) and sliding (mode II) at the debond front. Graphite/epoxy
(T300/5208)1 cracked—lap-shéar (CLS) specimens were tested under constant
amplitude cyclic loading in an ambient laboratory environment. Two adhesives
were used: EC 3445% and FM-3003. A fracture mechanics approach, employed
previously in fatigue studies of composite-to-metal joints [5,6] and metal-

to—metal joints [7,8], was used to model the cyclic debonding. The

L1300/ 5208 supplied by Narmco Corp., California, USA.
25C 3445 supplied by 3M Company, Minnesota, USA.
FM-300 supplied by American Cyanamid Company, Maryland, USA.



strain-energy release rate associated with cyclic failuré of the adhesive bond
was correlated with the measured cyciic debond growth rate, da/dN. Two
different geometries of the CLS specimens were tested. These two specimen
geometries provided the different ratio of GI/GII, where Gy and Gy are
the strain—energy release rate for opening mode I and for sliding mode II,
respectively. Data from theée two specimens were used to determine fracture
mode dependence of the adhesive. The cyclic debond growth rate correlated
better with the total strain-energy release rate Gy than it did with either
Gy or Gyp independently [4].

Since the previous study [4] was based on a rather narrow range of
GI/GII ratios (i.e., 0.25 to 0.38), further investigations were required to
substantiate that GT is the cyclic debond driver for tough structual adhe-
sives. The previously tested CLS specimens produced mostly shear stresses at
the debond tip, therefore this study will address a specimen configuration
that is entirely loaded in peel (i.e., GI), the double-cantilever beam speci-
men (DCB). Also, the previous study forcused solely on cyclic debonding. The
present study included static toughness results as well as cyclic results from
the CLS and DCB specimens to evaluate the mixed-mode loading effects. The
déta obtained from both CLS and DCB specimens gave a very wide range of mixed-

mode loading conditions for evaluation.

SPECIMEN PREPARATION AND CONFIGURATION
Two bonded systems were studied: graphite/epoxy (T300/5208) adherends
bonded with either EC 3445 adhesive or with FM-300 adhesive. The EC 3445
adhesive is a thermosetting paste with a cure temperature of 121°C; specimens
were fabricated by conventional secondary bonding procedures. The FM-300 is a
modified epoxy adhesive supported with a carrier cloth with a cure temperature

of 177°C. The FM-300 specimens were fabricated by cocure, whereby adherends



were cured and bonded simultaneously. The bonding processes followed the
manufacturers' recommended procedures for each adhesive. The nominal adhesive
thickness was 0.10 mm and 0.25 mm for the EC 3445 and FM-300, respectively.

Two specimen types were fabricated: double-cantilever-beam (DCB) speci-
mens and cracked-lap-shear (CLS) specimens. The DCB and CLS ‘specimens (shown
in Figs. 1 and 2) were used to characterize debond growth under opening mode I
loading and the mixed-mode loading, respectively. The DCB specimen consisted
of two bonded adherends, each having 14 unidirectional plies with an initial
debond length of 38 mm. This debond was introduced by a Teflon film of thick-
ness equal to the adhesive bondline. Two 0.5 mm thick aluminum end tabs were
bonded to the DCB specimen, along with two 1.3 mm thick aluminum reinforcing
plates. The peeling load was applied through these tabs.

The adherends of the cracked-lap-shear specimens consisted of quasi-
isotropic lay-ups, [0/45/-45/90], and [0/45/-45/90],,« Two configurations of
CLS specimens were tested: 8-ply strap to 16-ply lap and 16-ply strap to
8-ply lap. The two adhesive systems with these two geometries resulted in
four sets of specimens. The CLS specimen did not have an initial debond like

the DCB specimens.

TESTING PROCEDURE
The test program included the static and fatigue tests for both types of
specimens. The objective of the test program was to measure the critical
strain-energy release rate under the static loading, and to measure the debond
growth rate under the cyclic loading. These are described separately for each
specimen in the following.

Static Tests of DCB Specimen

All static tests of DCB specimens were performed in a displacement con-

trolled test machine. Both edges of the specimen were coated with a white



brittle fluid, to aid in visually locgting the debond tip. Fine viéible marks
were put on these edges, at 1 mm intervals, to aid in measuring the debond
length. The debond length was measured visually on both sides with two micro-
scopes having a magnification factor of 20. Prior to testing, either for
static or fatigue loading, these specimens were fatigued to create a debond of
at least 6 mm beyond the end of the Teflon film. The static test involved the
application of displacement at a slow crosshead speed (approximately

1.0 mm/min). The load corresponding to the applied displacement' was also
recorded. When the load reached the critical value, the debond grew. The
onset of growth results in a deviation from linearity in the load versus
crosshead displacement record. The applied displacement was then decreased
until a zero load reading was observed. After each static test, the specimen
was fatigued until the debond grew at least 6 mm further, thus forming a sharp
crack for the next static test. A series of static tests was performed on
each specimen, which provided compliance and critical load measurements at
several debond lengths. These measurements provided the critical strain-
energy release rate as explained in the section entitled "ANALYSIS."

Fatigue Tests of DCB Specimen

The fatigue tests of DCB specimens were conducted in a servohydraulic
test machine at a cyclic frequency of 3 Hz. Two constant—amplitude testing
modes were employed: (1) constant amplitude cyclic load and (2) constant
amplitude cyclic displacement. In both modes, the ratio of minimum to maximum
load (or displacement) in a fatigue cycle was 0.l. 1In displacement controlled
tests, debond growth rates reduced as the debond propagated, while in case of
load controlled tesfs, debond groﬁth rates increased as the debond propagated.
Debond lengths, fatigue cycles, applied loads, and displacements were moni-

tored continuously throughout each test. The measured relation between the



debond length and fatigue cycle provide& the debond growth rate, da/dN. The
strain-energy release rate, Gy, waé computed from the measured compliance and
applied load, as explained in the section entitled "ANALYSIS."” Thus, a
relation between Gp and da/dN was established for the cyclic debonding
under mode I loading.

Static Tests of CLS Specimen

Static tension tests on CLS specimens were conducted in a displacement-
controlled mode. Prior to static testing, this specimen was fatigued, and
thus it had an initial sharp debond. During the test, the axial load and
displacément were recorded. The displacement was measured with two displace-
ment transducers attached on the opposite sides of the specimen. The applied

load was increased slowly until the debond propagated. The critical load
corresponding to unstable debond growth was measured. and verified by the
deviation from linearity in the recorded load-displacement curve. Only one
such measurement could be obtalned from each specimen, since debonds grew into
the composite strap adherend. Static tests were conducted on all four sets of
specimens (i.e., two geometries and two adhesives).

Fatigue Tests of CLS Specimen

4

A detailed investigation of cyclic debonding under mixed-mode loading waé
conducted in a previous study [4]. In that study, the CLS specimen was tested
under constant amplitudé cyclic load at 10 Hz frequency and stress ratio,

R = 0.1. 1In the present study, fatigue tests of the CLS specimen were con-
ducted at 3 Hz in order to compare mixed-mode results with mode I results
from DCB specimens which were also obtained at 3 Hz frequency. Only the 8-ply

strap bonded to the 16-ply lap with EC3445 adhesive system was tested at 3 Hz.



ANALYSIS

Static tests on DCB specimens, c;nducted as described earlier, provided
the critical load, Pcr’ and the c6mpliance, C, for each debonded length.
The measured values of Por and C were used with linear beam theory to
compute the fracture toughness Gi.» The details of this procedure are
elaborated by Wilkins et al. [10]. A brief discription of Wilkins, et al.,
technique is given below. Figure 3 shows the variation of compliance with the
debond length in a typical DCB specimen with EC 3445 adhesive. A compliance

relation of
C=Aa (1)

was fitted through the experimental data points by the méthod of least squares
which is shown in Fig. 3 as a éolid line. This relation, based on llnear beam
theory, fits very well with the experimental data. The constant A; in
Eq. (1) is 2/3EI where E 1is the extensional stiffness and I 1is the
moment of inertia of each adherend of the DCB specimen. The experimental
values of Al’ are within %7 percent of the linear beam theory value of
3.77 x 1077,

Finite element analysis [l1] was also used to analyze the DCB results.
The adhesive was modeled with eight layers of elements. The analysis was con-
ducted assuming plane strain conditions. The experimental values of compli-
ance were within +5 percent of those given by a geometric linear finite ele-
ment - analysis. The computer compliances at several debond lengths were within
5 percent of the experimental values. These computed values are also shown in
Fig., 3. Further, the geometric nonlinear analysis of this specimen did not
show any significant change from the linear analysis. The maximum difference
in the computed compliance from nonlinear and linear analyses was 5 percent

for the maximum debond length employed in the investigation (i.e., 200 mm) at



its maximum or critical load. Thus, the compliance-debond length relation,
expressed by Eq. (1), represents the appropriate behavior of the presently
employed DCB specimen. All results from the DCB specimen in this study are
calculated using the linear beam theory.

Figure 4 shows the measured critical load as a function of debond length
for a typical specimen with EC 3445 adhesive. Based on the linear beam theory

[10], a relatiop between the critical load, Pcr’ and the debond length a, is
Pcr = Az/a (2)

A solid line shown in Fig. 4 with a slope of -1 was fitted to the experimental
data with the method of least squares. Then, the averaged value of Gie for

each specimen was computed from the relation:

p2
_ cr 3C _ 2
GIc = 5 Ba 3A1A2/(2w) (3)

where w 1s the specimen width. A similar procedure was used to compute the
strain-energy release rate Gp associated with the cyclic debonding where the
critical load was replaced by the maximum load of the fatigue cycle. The

details of the analysis for the CLS specimens are given in Ref. 4.

RESULTS AND DISCUSSIONS

Debond Locations

All DCB and CLS specimens with both adhesives EC 3445 and FM-300 failed
by debond propagation during both static and fatigue tests. However, the
debond grew in a different manner in each case. In the case of DCB specimens
with EC 3445 adhesives, the debond grew in a cohesive manner during both
static and fatigue tests. Here the debond grew consistently in the middle

portion of the adhesive layer. In DCB specimens with FM-300, the debond



propagated in an irregular manner during both static and fatigue tests,
involving cohesive, adhesive, or mixed cohesive-adhesive debonding. Typical
debonded surfaces with these failure details are shown in Figs. 5 and 6 for
both adhesives.

The CLS specimens debonded in a cohesive manner during the fatigue tests
for both adhesive systems. 'The debond grew in the vicinity of the strap-
adhesive interface. A possible explanation of this phenomonon 1s given in the
previous study [4].

Cyclic Debonding Behavior

In the present study, all fatigue tests with both DCB and CLS specimeﬁs
were conducted at 3 Hz. Figure 7 shows the comparison between the Gy versus
da/dN relation for two cyclic frequencies, 10 Hz and 3 Hz, obtained from CLS
specimens with EC 3445 adhesive. The solid line shown is a power—law

relationship
da/dN = ch (4)

which was obtained in the previous study [4] by the method of least—squareé
fit to experimental data at 10 Hz, while the data in Fig. 7 correspond to the
3 Hz cyclic test performeé in the present study. The scatter in data is of
the same order as obtained at 10 Hz (which is not shown here for the sake of
clarity). The relation between G and da/dN 1is, therefore, not affected
by this change in frequency from 10 Hz to 3 Hz.

The measured debond growth rates from DCB specimens were correlated with
the corresponding strain-energy release rate Gy as shown in Fig. 8. As
previously mentioned, the DCB specimens were tested with constant amplitude

cyclic load and constant amplitude cyclic displacement. Data obtained from

these two testing modes are shown in Fig. 8. The constant load testing
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results in G 1increasing with debond length while the constant displacement
results in G decreasing. Since the constant displacement tests resulted in
faster debond rates, the debond process appears to be influenced by the G
gradient. Figure 8 also shows Gy versus da/dN and Gy versus da/dN
relations from the CLS specimens under mixed-mode loading [5]. The scatter in
data from the DCB specimens was larger than from the CLS specimens. The CLS
data points [4,12] are not shown herein for the sake of clarity. The G6g
versus da/dN data from the DCB specimen are in good agreement with the Gp
versus da/dN relationship from the CLS specimen, represented by the solid
line. On the other hand, the Gy versus da/dN relationship from the CLS
specimen represented by the dashed line, did not agree with the DCB

specimen. This indicates that fhe cyclic debond growth is a function of total
strain-energy release rate.

A similar phenomenon was also observed in the case of FM-300 adhesive.
Figure 9 shows the comparison of the Gp versus da/dN relation from the DCB
specimen. The data shown from the DCB specimen were obtained under thq\con—
stant amplitude cyclic displacement. As previously mentioned, cyclic debond-
ing occurred in a cohesive manner, adhesive manner, or a combination of both
in the DCB specimens. In Fig. 9, data on the right-hand side correspond to
the cohesive failure, and data in between these correspond to the mixed
failure.

Static Debonding Behavior

Figure 10 shows the critical strain-energy release rates Gp, and Gy,
obtained from static tests of CLS and DCB specimens, respectively. The total
critical strain-energy release rate Gy, from the CLS specimen is in agree-
ment with fracture toughness G1e from DCB specimen in each case. This shows

that the total critical strain-energy release is also the driving parameter
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for debond growth during static loadiqg. The only exceptions are those
adhesive failures in the FM-300 DCB specimens. These adhesive failure
strengths are 40 percent lower than the cohesive failure strengths.
General

The cyclic debond growth rate data show, in each case, ;hat the debond
propagates at Gp values as much as an order of magnitude below the critical
static value. So static data alone are insufficient for safe joint design.
Instead, the Gy associated with cyclic debonding at very slow growth rates
is ﬁore appropriate as a design value and as a criterion for adhesive selec-
tion. The threshold value of Gy has been demonstrated as a viable fracture
mechanics approach for designing adhesive joints [12]. If the total strain-
energy release rate is a governing parameter for the cyclic debond initiation
and propagation, as results of the present and previous studies [4,12] have
shown, then it would require the characterization of cyclic debonding under
under mode I loading only. It would be simpler and easier than testing under
mixed-mode loading. This should be, however, verified further for several
structural adhesives and various loading conditions. It is suspected that
only relatively tough adhesives would demonstrate a Gy governed debond
behavior.

The Gp 1is much easier to calculate then are the individual G; and
Gpy components of a mixed-mode specimen. The Gp can be measured directly
from most laboratory specimens. Therefore, even 1f some error is involved
with using G as a design parameter, as in ref. [12], the ease of calcula-

tion may compensate.

CONCLUDING REMARKS
A combined experimental and analytical investigation of composite-to-

composite bonded joints was undertaken to characterize the debond growth

12



mechanism under mode I and mixed-mode I and II static and fatigue loadings.
Two bonded systems were studied: graphite/epoxy adherends bonded with EC 3445
adhesive and with FM-300 adhesives. With each bonded system, two specimen
types were tested: (1) a double-cantilever-beam specimen for mode I loading
and (2) a cracked-lap~shear specimen for mixed-mode I and II loadings. The
following conclusions were obtained:

o The total strain-energy release rate, Gr, appears to be the
governing parameter for cohesive debond growth under static and
fatigue loadings. This is indeed significant since in most cases
Gp 1is much easier to calculate or determine experimentally than
are Gy and Gy components of a mixed-mode specimen.

o Debond growth was measﬁred at Gp values that were an order of
magnitude below the static toughness GTc’ Therefore one needs to
consider both debond growth threshold values as well as static

strength in design and material development and selection.
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