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Adhesives have made significant inroads into structural bonding of automobiles,
but concerns remain over the integrity of these bonds under high speed loading
conditions that could occur in accidents. A commercial epoxy adhesive is charac-
terized over a wide range of crosshead rates using compact tension fracture speci-
mens made of the neat resin. Measured fracture toughness values at room
temperature decreased steadily from 2.5 MPa

ffiffiffiffiffi
m
p

to roughly 1.7 MPa
ffiffiffiffiffi
m
p

as cross-
head speeds increased from 10� 6 to 1 m=s, exhibiting similar behavior as observed
in tests of bonded double cantilever beam tests reported elsewhere. Additionally,
intermediate rate tests conducted at subambient temperatures showed fracture
toughness values that were comparable with the high rate tests conducted at room
temperature. Applications of time temperature superposition principle techniques
may be suitable for predicting the fracture behavior of the adhesive studied herein.
Good correlation was also found between the fracture toughness values measured
and the value of tan d obtained from dynamic mechanical analysis tests conducted
at the corresponding reduced test rate.
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INTRODUCTION

Adhesives are used increasingly for many automotive applications,
including joining of structural components. Long advocated for weight
savings, reductions in noise, vibration, and harshness (NVH), sealing
capabilities, and improved fatigue resistance, adhesives have become
an essential means of assembling automobiles and other transportation
vehicles. Modern dispensing equipment and robots, newer adhesives,
and improved cure techniques have contributed to their ease of appli-
cation and reductions in joining cost. New opportunities for adhesive
bonding are resulting from the quest for lighter weight and more energy
efficient automobiles, where hybrid structures often require joining dis-
similar materials, and applications where spot welding and mechanical
fastening become impractical or impossible. As adhesives take on more
significant roles in automobile assembly, their durability and perform-
ance over a range of environmental and loading scenarios is of signifi-
cant concern. This paper will address characterizing the impact
fracture behavior of a commercial adhesive that has been marketed to
the automotive industry for model development and possible utilization.
A general background for impact fracture testing of polymers and other
materials may be found in useful references [1–3].

A number of test methods have been advanced to measure the frac-
ture toughness or fracture energy of adhesives for many applications.
Neat resin adhesive samples may be characterized just as other poly-
mers, using common configurations such as compact tension (CT) or
single edge notch bend (SENB) specimens. Quasi-static test standards
exist for these geometries and practitioners have extended the meth-
ods to higher rates of testing [4]. The SENB specimen appears to be
more popular in the literature for characterizing the impact behavior
of polymers, perhaps because of the convenience of performing such
tests in drop towers. However, the CT specimen has also been used
in conjunction with high-rate servo-hydraulic test frames when a
wider range of test rates is desired [4,5].

Since adhesives will typically be used in the joining of substrates,
fracture tests of bonded joints are also popular. Although linear elastic
constitutive properties are often similar for neat resin and bonded
joints, behavior beyond yielding, including strength and fracture
properties, are often quite distinct. For structural applications of
interest here, beam type fracture specimens are common, including
the double cantilever beam (DCB) for Mode I loading, the end notched
flex (ENF) or end loaded split (ELS) for Mode II loading, and the single
leg bend (SLB), also known as the mixed mode flex (MMF), for mixed
Mode I=II characterization. The adhesive studied herein has also been
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characterized using bonded specimens as well [6–10]. Significant stick
slip behavior was seen at both quasi-static and low-speed impact test
rates, suggesting considerable rate dependence of the material.

Applications of the time temperature superposition principle
(TTSP) to constitutive behavior of polymers has been widely used,
and with great success, to predict behavior at much shorter or longer
times than are experimentally accessible [11]. Provided the polymer
does not change during testing or service, temperature-dependent
shift factors may be used to scale times for accurate predictions. Fail-
ures of TTSP for modeling constitutive properties are occasionally
observed when chemical, morphological, or physical changes occur in
a polymer during the testing or actual service conditions. The litera-
ture contains numerous successful examples of applying TTSP to
other polymer properties such as strength and fracture behavior for
a range of adhesive materials [12,13].

MATERIALS AND SPECIMEN PREPARATION

The adhesive used, PL731SI, is a commercially available, two-part
epoxy system (Sovereign Specialty Chemicals, Inc., Chicago, IL,
USA). The resin and hardener were mixed at a 4:1 ratio using a
MixPac MC 10–24 static mixer (MixPac Systems AG, Rotkreuz,
Switzerland) on a Profill pneumatic dispenser (Profill Corp., North
Canton, OH, USA). The adhesive was degassed by centrifuging for
15 min at room temperature in a container that could serve as a syr-
inge for subsequent dispensing. The adhesive was then carefully
squeezed onto a stainless steel plate that had been coated with Lilly
RAM 225 (RAM Chemicals, Gardena, CA, USA) mold release to allow
for subsequent separation. A dam of silicone rubber tubing and rigid
spacers of the desired thickness were used to support a second plate
to produce a plaque with consistent thickness. The plates were
clamped together and the assembly was held at 125�C for 60 min in
a convection oven. The curing procedure was used based on discus-
sions with the manufacturer. Using this technique, neat adhesive pla-
ques were prepared with thicknesses of 8 mm.

After curing, specimens were cut from the plaques with a milling
machine, using water as the cutting fluid. CT specimens were fabri-
cated according to ASTM D-5045 [14] and appropriately sized to the
recommended dimensions for a thickness of 8 mm. Notches were sawn
into the samples with a high speed steel (HSS) slitting saw to a depth
of 0.45 a=W, the standard’s minimum acceptable crack length, where a
is the crack length and W is the depth of the specimen. Pre-cracks
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were introduced in some specimens to a distance to exceed twice the
cutter radius by tapping with a razor, a method that has been shown
to produce lower fracture toughness values [15]. Completed specimens
were typically held for a minimum of 7 days in a conditioned labora-
tory environment prior to testing.

Tensile dogbone specimens were prepared in a similar fashion with
a thickness of 3 mm. Blanks were cut from the plaques and then
machined to the ASTM D-638 standard shape using a Tensilkut model
10–21 specimen router (Tensilkut Engineering, Maryville, TN, USA).
These specimens were used to determine the modulus and yield
properties of the adhesive. Dynamic mechanical analysis specimens
were also cut from these plaques for thermal analysis.

FRACTURE TESTING METHODOLOGY

Experimental Set-up

An MTS servo-hydraulic machine (MTS Corporation, Eden Prairie,
MN, USA) equipped with a 50 kN actuator and two 1 liter=sec servo
valves was used for initial rounds of testing at speeds up to 1 m=s. A
5000 N strain gage-based load cell was initially used for acquiring load
measurements. Data were acquired at sampling rates of up to 33,000
samples per second using a PCI-6031E National Instruments data
acquisition card in a computer running custom LabVIEW (National
Instruments, Austin, TX, USA) software. The strain gage-based load
cell led to anomalous load values at the higher loading rates, as has
been experienced by others [2,16]. Subsequent testing was performed
on a higher speed load frame that was equipped with a 40 kN piezo-
electric load cell that offered a much faster response time. This MTS
servo-hydraulic machine was capable of achieving test velocities up
to 18 m=s, and included two 190-liter accumulators and a 25.2 liter=s
main servo valve. Additionally, this load frame was controlled using
custom LabVIEW data acquisition software capable of achieving sam-
pling rates up to 100,000 samples per second. The higher sensitivity
and faster response time of the piezoelectric load cell allowed for con-
sistent load data to be collected.

Modifications to the load trains of both test machines were made to
improve results for the higher rate CT tests. In order to minimize the
mass of the load train between the specimen and load cell, a short sec-
tion of threaded rod was used to attach a small aluminum clevis
directly to the load cell, which was in turn mounted to the upper,
stationary crosshead. The lower clevis was attached to a small slack
adaptor (also known as a lost motion device) to allow the actuator to
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reach the set-point velocity prior to engaging the specimen. Self-
locking tapers have been used to minimize anomalous ringing of the
load train. For the purpose of this study, a small slack adaptor was
fabricated by cutting a #2 Morse taper extension in half, threading
the ends appropriately, and assembling into an inexpensive unit, as
illustrated in Fig. 1, for the initial round of dynamic testing. The
device provided sufficiently smooth loading profiles, especially when
a small amount of lubricant was added to prevent premature sticking.
Additionally, an alternative design was utilized for the second round of
dynamic testing on the faster servo-hydraulic test machine. This
design made use of a small, off-the-shelf linear ball bearing combined
with a 6.35 mm diameter stainless steel rod and custom-machined
aluminum housing to provide an adequate travel distance for test velo-
cities up to 10 m=s prior to engaging the test specimens. A schematic of
the modified load train utilized in the second round of testing is illu-
strated in Fig. 2.

Data Analysis

For common fracture specimens, the Mode I stress intensity factor is
given by:

KI ¼
F

B
ffiffiffiffiffi
W
p � f a

W

h i
; ð1Þ

FIGURE 1 Simple slack adaptor components fabricated from a #2 Morse
taper extension, as shown at the top.
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where F is the applied load, B is the specimen thickness, W is the
specimen width, a is the crack length, and f is a function of the non-
dimensional crack length, a=W. For intermediate crack lengths in
the CT specimen, f may be approximated as [14]:

f
a

W

h i
¼

2þ a
W

� �
1� a

W

� �� �3
2

0:886þ 4:64
a

W

� �
� 13:32

a

W

� �2
�

þ14:72
a

W

� �3
�5:6

a

W

� �4
�
: ð2Þ

Following the ASTM D 5045�� standard, a conditional fracture tough-
ness, KQ, is defined for F ¼ Fmax when the load trace is linear to failure
or when nonlinear behavior is evident in the load-deflection trace,
using the intercept of the trace and a line drawn at 95% of the linear
slope, FQ. Provided the characteristic dimensions (W, a, and ligament
length) of the specimen are sufficiently large compared with the

��A reviewer pointed out that ISO 17281 addresses similar testing configurations and
is advocated at rates up to 1 m=s.

FIGURE 2 Modified load train used for dynamic CT tests.
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plastic zone size at the tip of the crack, a valid plane strain fracture
toughness value is obtained as KIc ¼ KQ. This three-fold size require-
ment is expressed as:

B;a; ðW � aÞ > 2:5
KQ

ry

� 	2

; ð3Þ

where ry is the yield strength of the material. If these criteria are not
satisfied, larger specimens must be tested to obtain a valid linear elas-
tic fracture mechanics (LEFM) parameter. These criteria are often
considered to be conservative, so comparisons of specimens that devi-
ate somewhat from these criteria may still be possible [5].

The results presented herein will focus on the effect of applied cross-
head rate on measured fracture toughness values. However, in using
these results for numerical modeling of the rate dependence of the
fracture behavior, the need arose for an effective measure of the crack
tip loading rate. A meaningful measure of loading rate is the time rate
of change of the applied stress intensity factor, dKI=dt, where all the
quantities except the applied force in Eq. (1) are assumed to be con-
stant during the loading event prior to catastrophic crack propagation.
The time to failure is also commonly used as a rate parameter. For this
paper we will report both the crosshead rate, a prescribed test para-
meter, as well as dKI



dt, which we believe to be more physically

meaningful as a local crack-tip loading rate.

EXPERIMENTAL RESULTS

Ambient Temperature CT Tests

In earlier fracture testing of DCB specimens consisting of aluminum
and composite adherends bonded with the PL731SI adhesive, cohesive
failures within the adhesive layer showed dramatic stick-slip behavior
[6,7], suggesting a strong time dependence. This time dependence,
coupled with an interest in properties under both quasi-static and
impact conditions, led to the development of a relevant test matrix.
The neat adhesive fracture tests conducted in this study were tested
over a wide range of test rates ranging from 10�6 to 1 m=s. Tests were
conducted at room temperature, as well as at several different subam-
bient temperatures. Lower temperatures were chosen because of their
correlation with high-rate testing through the TTSP, as will be dis-
cussed in the next section.

Figure 3 illustrates the measured fracture toughness values obtained
from room temperature tests as a function of applied crosshead rate.
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Two or three specimens were tested for most conditions, and data were
quite consistent, as evidenced by the error bars representing one stan-
dard deviation from the mean. The small sample size seemed appropri-
ate because of the very repeatable results observed at all crosshead
rates. At the highest loading rates, substantial differences are noted
between the results from the strain gage-based and piezoelectric load
cells to show the substantial errors that can be introduced if the
response time of the load sensor is inadequate.

With the exception of the result at the slowest rate (10�6 m=s), a
consistent downward trend is observed in the fracture toughness
values as the crosshead rate is increased over the full range of data.
At the three slower rates, significant stress whitening was observed
in the failed specimens, and the plane strain fracture toughness, KIc,
was determined from the intercept of a 95% slope with the load trace
[14]. This corresponds to limited subcritical crack growth prior to cata-
strophic rupture. At higher rates, failures were more brittle and the
fracture toughness values were determined from the peak load and
the linearity of the load trace did not suggest subcritical crack growth.

As the higher crosshead rates were approached, the peak loads
obtained with the strain gage-based load cell dropped precipitously,
and the symmetric load traces suggested significant inertial effects.

FIGURE 3 Measured fracture toughness values as a function of crosshead
rate for tests conducted with strain gage-based and piezoelectric load cells.
Error bars for two highest rates (i.e. 0.3 and 1 m=s) are so small that they
are hidden for piezoelectric load cell (shaded symbols) results.
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Clearly the values obtained were well below the values obtained with
the piezoelectric load cell with the faster response time. Concerns with
load cell response time, anomalous load traces, and fracture toughness
values that fell well below those obtained at subambient temperatures
and failed to correspond with fracture energies obtained on DCB tests
of bonded specimens, all suggested that the loads obtained with the
strain gage-based load cells were in error. On the other hand, the
results obtained from the piezoelectric load cell seemed to satisfy these
concerns and led to internally consistent results. Consequently, the
remaining results presented in this paper will focus on the piezoelec-
tric load cell results.

As will be shown later, a correlation between these bulk CT data
and results obtained on bonded DCB specimens has been made.
Because of the different loading kinetics, attempts to compare results
from CT and DCB tests must recognize the effective rate of loading at
the crack tip. When considering the nature of each type of test speci-
men, it is clear that the CT specimens experience a very short time
to failure due to the high relative stiffness of such a test specimen.
In contrast, the bonded beam specimens experience rather large defor-
mations and, thus, undergo a much larger period of loading due to
their relative flexibility [8]. Using a common fracture mechanics
approach, the effective fracture loading rate, dK=dt, is often used,
where K is the stress intensity parameter and dt refers to the time
to failure for a particular fracture event. Therefore, the same data illu-
strated in Fig. 3, but now plotted in terms of crack tip loading rate,
dKI=dt, are shown in Fig. 4.

Subambient Temperature and Dynamic Mechanical
Analysis(DMA)

Dramatic drops in fracture toughness at higher test rates were sug-
gested from the initial round of testing conducted with the strain
gage-based load cell, as observed in Fig. 3. Subambient temperature
tests were then conducted to determine if TTSP could be used to infer
behavior at even higher loading rates. To correlate the subambient
test results to different loading rates, DMA tests were conducted.
Small single-cantilever beam specimens were cut from the cured
adhesive plaques and were evaluated using the DMA method to deter-
mine the glass transition temperature of the adhesive. The glass tran-
sition temperature, Tg, was determined to be about 100 and 125�C,
based on the peaks of the E00 and tan d curves, respectively, at a fre-
quency of 1 Hz. The DMA results for a typical sample subjected to a
temperature sweep are shown in Fig. 5.
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FIGURE 5 DMA results at 1 Hz for bulk adhesive sample measured with a
temperature sweep.

FIGURE 4 Measured fracture toughness values as a function of dKIc=dt for
tests conducted with strain gage-based and piezoelectric load cells. Error bars
for two highest rates (i.e. 0.3 and 1 m=s) are so small that they are hidden for
piezoelectric load cell (shaded symbols) results.
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The dynamic moduli results obtained over a range of temperatures
and at frequencies of 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 Hz were shifted,
thus establishing the corresponding shift factors to be used in the gen-
eration of a master curves for the DMA measured properties. Figure 6
illustrates the resulting shift factor plot for the dynamic moduli. Some
differences were seen in the shift factors, with the values obtained
from the loss moduli showing more erratic behavior. A linear relation-
ship was developed for later use by relating the storage modulus shift
factor, aT, and temperature, T:

logðaTÞ ¼ �0:1601T þ 5:24: ð4Þ

Figure 7 provides the master curves resulting from the use of the com-
mon shift factor approximation provided in Eq. (4) for both dynamic
moduli as well as the tan d results.

Figure 8 illustrates a fracture toughness master curve (Tref ¼ 25�C)
obtained by combining the room temperature and subambient tem-
perature test results. The subambient temperature results have been
shifted to their corresponding test rates by using the relationship pro-
vided in Eq. (4). In short, these results have been shifted by a factor of
approximately 5�C=decade rate of test. Tests conducted at slower rates
at temperatures as low as �115�C showed slightly lower fracture
toughness values than obtained at room temperature-but, based on

FIGURE 6 Shift factor plot for dynamic moduli results from DMA tests
conducted on bulk adhesive sample.
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these limited results, a glassy plateau appears to be developing after
appropriate horizontal shifting is applied. These tests conducted at
temperatures of �115 to �40�C and at several displacement rates

FIGURE 8 Fracture toughness master curve obtained from various cross-
head rate data collected at room and subambient temperatures (Tref ¼ 25�C).
(Error bars for two highest measured rates (i.e. 0.3 and 1 m=s) are hidden
for room temperature (shaded symbols) results).

FIGURE 7 Master curves generated from DMA test results on bulk adhesive
(Tref ¼ 25�C).
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showed no specific trends and averaged about 1:4 MPa
ffiffiffiffiffi
m
p

, slightly
less than the high rate tests conducted at room temperature. Finally,
according to Fig. 8, the trends observed at subambient temperatures
for relatively low applied crosshead rates appear to be consistent with
the use of TTSP, potentially suggesting that this may be a useful
method for characterizing this material.

DISCUSSION

Fracture Surface Morphology

All specimens except those tested at 10�6 m=s exhibited unstable cata-
strophic crack growth. At this slowest rate, stable propagation was
observed and the specimens were finally broken manually due to the
excessive length of the test. A comparison of the stress-whitened, plas-
tic zones is shown in Fig. 9 for representative samples tested at room
temperature over the full range of applied crosshead rates.

The radius of the plastic zone under plane strain conditions may be
estimated as:

rp ¼
1

6p
KIc

ry

� 	2

: ð5Þ

FIGURE 9 Illustration of typical stress whitening for a range of applied
crosshead rates.
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Dogbone tensile specimen results suggested that the yield stress was
on the order of 40 MPa, and showed a modest dependence on crosshead
rate [17]. Based on these results, the plastic zone radius would drop
from approximately 0.2 mm to about 0.1 mm as the fracture toughness
drops from 2.5 to 1.7 MPa

ffiffiffiffiffi
m
p

. Plane strain dimensional requirements
were satisfied for all but the slowest test rates.

Figures 10 and 11 provide SEM images of the fracture surfaces of
the CT specimens tested at quasi-static and high rates, respectively.
Figure 10 shows significant stress whitening taking place ahead of
the crack tip due to plastic deformation for a specimen tested at
10�6 m=s. Figure 11 illustrates the striations or chevrons on the frac-
ture surface of a specimen tested at an intermediate rate of 0.01 m=s.
Note that the plastic deformation ahead of the crack tip is severely
limited at this intermediate rate, causing the size of the visible
stress-whitened zone to be significantly reduced.

Small stress-whitened zones were observed ahead of the crack tip
for all specimens, even at the highest crosshead rates and coldest test
temperatures. This was confirmed from the SEM images of the
fracture surfaces of specimens tested at the highest crosshead rate
of 1 m=s. One concern was whether this observed plasticity could have

FIGURE 10 SEM image of the fracture surface of a CT specimen tested at a
slow rate of 10�6 m=s.
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been introduced at the crack tip when the cracks were initiated by tap-
ping a razor into the notched specimens. This was especially of concern
since the crack tip advanced only a small distance ahead of the razor
blade tip—no significant jumps occurred during pre-cracking. To
investigate this possibility, several specimens were cooled to �115�C
and the crack was advanced by tapping a razor blade. Usually the
crack propagated a limited amount, although in one specimen, the
crack jumped forward by 13 mm. All of these specimens that were
pre-cracked cold continued to show similar amounts of stress whiten-
ing at the crack tip and fracture toughness values, leading to the con-
clusion that stress whitening and the measured fracture toughnesses
were not affected by the creation of a pre-crack with a razor blade.

Of some interest is the observation that stress whitening was evi-
dent at crack initiation in all specimens, but was not evident in regions
where the crack grew rapidly in either the CT specimens or bonded
DCB specimens [6,7]. High-speed video recordings of the fractures
were made with a Photron FASTCAM APX-RS camera (Photron
USA, Inc., San Diego, CA, USA) at framing rates as high as
20,000 fps. In the CT specimens, crack advance occurred within a sin-
gle frame, suggesting speeds in excess of 200 m=s. (Often seen as an

FIGURE 11 SEM image of the fracture surface of a CT specimen tested at an
intermediate rate of 0.01 m=s.
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upper bound for crack propagation, the Rayleigh wave speed for the
SIA adhesive is estimated to be 300 m=s). Although stress whitening
is evident when a stationary crack is loaded to catastrophic fracture
at even the highest crosshead rate, such visual evidence of plasticity
is lacking at rapidly moving crack tips.

Correlation with DCB Tests

In a coordinated study conducted on the same adhesive studied herein
[7], bonded DCB specimens were tested under quasi-static and
dynamic loading conditions. The adhesive exhibited extensive stick-
slip behavior for all crosshead rates when bonded graphite=epoxy com-
posite adherend specimens were tested at room temperature. Mea-
sured fracture energies for initiation in quasi-static tests averaged
from 2450 to 2800 J=m2, depending on the adherend thickness. This
variation appears to be largely due to the longer time required for
crack propagation in thinner and less stiff adherends, as a constant
crosshead rate was used for all specimens. Upon initiation, the debond
would jump forward by 50 mm or more, resulting in apparent arrest
values as low as 150 J=m2. Such arrest values have long been viewed
with suspicion since kinetic energy during rapid crack growth can
drive the crack beyond what might be predicted based on static equa-
tions [18,19]. Nonetheless, the decreases in applied fracture energy do
suggest a strong dependence on rate. Additionally, average fracture
energies during the debond events were on the order of 600 to
800 J=m2, again depending on the adherend thickness [7].

As mentioned earlier, a correlation has been made between the frac-
ture results obtained from bulk adhesive CT tests and bonded DCB
specimens. However, instead of analyzing the KIc of the two different
specimen geometries, the strain energy release rate (GIc) has been uti-
lized as this is a more common fracture parameter for adhesive joints
involving dissimilar materials. Therefore, the fracture toughness
results obtained from the CT tests presented herein have been con-
verted to strain energy release rate values for comparison purposes
by using the following relationship:

G ¼ K2ð1� n2Þ
E

; ð6Þ

where n and E are the Poisson’s ratio, 0.38, and elastic modulus,
2.3 GPa, of the adhesive material, respectively. Questions could be
raised regarding the effect of the imposed adherend constraints on
the resulting plastic zone size relationship to adhesive thickness,
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which has been addressed in previous studies [20,21]. Calculations
corresponding to the various rates of tests have been shown to produce
plastic zone sizes less than the total bond-line thickness utilized in a
study of bonded composite joints [6].

It should be noted that a previous study [17] has shown a slight
variation in the elastic modulus over the range of applied loading rates
discussed herein. In particular, the modulus was shown to increase
from 2.2 to 2.37 GPa over the range of applied crosshead rates of 0.1
to 100 mm=min. This data were used to perform a linear extrapolation
to determine modulus values corresponding to the range of applied
crosshead rates of interest for this study. Therefore, calculations were
made to determine the effect of the rate-dependent modulus contri-
bution to the calculated strain energy release rate values; however,
only small differences were observed, as illustrated in Fig. 12. Results
obtained from three different adhesively bonded joint configurations
[8] have proven to yield very similar trends as a function of applied
crosshead rate to those observed as a result of the study presented
herein. Fig. 12 provides a summary of all CT and DCB test data.
The resulting trend for the DCB tests was determined to be
GIc ¼ 808 _DD�0:107, while that for the CT tests (constant modulus) was

FIGURE 12 Average measured strain energy release rate values as a func-
tion of applied crosshead rate for CT and DCB test specimens. Error bars
for two highest rates (i.e. 0.3 and 1 m=s) are so small that they are hidden for
the CT test results. Error bars for DCB test results have been omitted for
clarity. The legend refers to 11, 20, and 36 ply adherends used for the bonded
DCB tests [7].
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determined to be GIc ¼ 1124 _DD�0:062 and that for the CT tests (rate-
dependent modulus) was determined to be GIc ¼ 1010 _DD�0:075 using a
standard power law fit.

TTSP Correlation

The ability of a material to dissipate energy viscoelastically at small
strain levels, as measured by tan d, has often been correlated with
strength and fracture properties of polymers [21–23]. Qualitative simi-
larities are often seen, for example, as corresponding peaks in tan d
and fracture toughness or fracture energy, since the same mechanisms
that dissipate energy within the linear viscoelastic regime are
expected to be present under the larger deformations that occur dur-
ing fracture. In some cases, even quantitative agreement is observed
[24], a fact that may be somewhat surprising considering the signifi-
cant differences in deformation states that occur in small strain
DMA tests and in the large scale deformations and post-yield con-
ditions that occur during fracture events. In Fig. 13, the measured
KIc (averaged for each specific test rate) from all tests conducted at
room temperature is cross-plotted with the corresponding tan d for
that condition. In order to correlate ramp-to-failure tests with sinus-
oidal DMA loading conditions, the time to failure of a fracture test is
taken to be equivalent to p=4 of a cycle, thus equating the times to

FIGURE 13 Variation of KIc with tan d for CT specimens [7].
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peak load. The resulting relationship was determined to be
KIc ¼ 83:2ðtan dÞ � 0:1.

Subambient testing at temperatures �100�C below room tempera-
ture lowered KIc values to roughly 60% of the ambient values at a
given applied crosshead rate. This is in relatively good agreement with
the high-rate loading, where KIc values dropped to about 65% of the
ambient temperature KIc as the crosshead rate was increased from
quasi-static crosshead rates to 1 m=s. The TTSP suggests that high-
rate tests are kinetically equivalent to colder tests conducted at slower
rates, which has been quantitatively shown in Fig. 8 using DMA shift
factors to shift the fracture data obtained at colder temperatures. The
apparent ability of TTSP to account for the fracture toughness values
obtained at subambient conditions is encouraging, as these tests are
often easier to perform than dynamic tests, although additional test-
ing is recommended to substantiate this correlation. Care should be
taken with other material systems, however, as there are instances
when TTSP is not applicable.

SUMMARY AND CONCLUSIONS

The fracture toughness of a commercial epoxy adhesive has been char-
acterized using CT specimens tested over a range of temperatures and
applied crosshead rates (up to 1 m=s) to gain insights into how this
material might behave under low-speed impact conditions. At room
temperature, the fracture toughness dropped steadily as crosshead
rates were increased over six orders of magnitude, to values as low
as 65% of the values obtained at slower rates. Attempts were made
to test at effectively higher crosshead rates, in a TTSP sense, by con-
ducting tests at subambient temperatures. Reductions in KIc were
found at relatively low displacement rates for the subambient tests,
and temperature effects on KIc were in good agreement with TTSP
for this range of test rates.

Plastic zones, in the form of stress-whitened zones, were evident in
all CT test specimens, becoming smaller as test speeds increased or
temperatures decreased. Once the crack began to propagate, feature-
less failure surfaces were observed, suggesting that plastic defor-
mation was significantly reduced for rapidly growing cracks. These
results were consistent with significant stick-slip behavior observed
in fracture tests of bonded specimens reported in a previous paper.
The apparent ability of TTSP to describe adequately the KIc values
at lower applied crosshead rates is encouraging. DMA tests are con-
siderably easier to conduct than fracture tests, providing data over a
range of frequencies and temperatures from a single specimen. The
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encouraging correlation suggests that further insights into fracture
results can be obtained with these simpler tests for this and other
adhesive systems.
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