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a b s t r a c t

The impact shear strength of phenolic resin adhesive blended with nitrile rubber in a double-lap steel
joint was measured to discuss the applicability of the strain rate-temperature equivalent principle. This
strain rate-temperature equivalent principle was confirmed to be applicable to the quasi-static shear
strengths of the adhesive. Because phenolic resin adhesive blended with nitrile rubber was in the glass
transition state under a quasi-static deformation at room temperature and its adhesive strength was
sensitive to the strain rate, the impact strength of the adhesive could not be predicted without the strain
rate-temperature equivalent principle. Instead, the impact strength of the adhesive measured by using a
manufactured impact testing machine could be predicted approximately with quasi-static results at low
temperature by using the principle. The strain rate-temperature equivalent principle was clarified to be
sufficient for predicting impact strengths without the need for impact testing.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Adhesive bonding is applied to joint structural components in
several mechanical structures. The strengths of adhesive joints are
important to ensure the reliability of structures [1]. Because, in
many cases, this bonding is subjected to impact loads, the impact
strength of the adhesive also needs to be evaluated. Several
researchers clarified the impact strengths of adhesive joints by
using a split Hopkinson pressure bar testing [2–9]. Some research-
ers have clarified the strengths by using drop weight testing and
pendulum testing [10–15].

The dependences of high strain rates on adhesions were discussed
in almost all pieces of research related to impact strengths. Tempera-
ture dependence needs to be considered because of thermo-
viscoelasticity in polymer bonds as well as strain rate dependence
on the impact strengths of adhesive joints, [16,17]. The dependences
of strain rates and temperatures on deformation are known as the
temperature-time equivalent principle in thermo-viscoelastic theory
[18,19]. The strengths and fracture toughnesses of many polymers
were clarified to be governed by this principle in several pieces of
research [19–30]. Some studies have shown that the principle can be

applied to adhesive joints or bonds. Gent and Petrich [31] clarified
that the peel energy of styrene-butadiene rubber adhesives on a
polyester film followed the time-temperature equivalent principle
above the glass transition temperature with the Williams–Landel–
Ferry (WLF) equation [18,19]. Gent and Kinloch [32] expressed
adhesive fracture energy as a function of temperature and deforma-
tion rate of copolymer of butadiene and styrene/mylar-coated steel
joints on the basis of the strain rate-temperature equivalent principle
with the WLF equation. Aubrey and Sherriff [33] investigated the peel
adhesions of mixtures with various proportions of natural rubber and
each of two tackifier resins, a poly-β-pinene and a modified pentaer-
ythritol rosin ester, in joining a flexible polyester strip to a plane glass
substrate and confirmed that the time-temperature equivalent prin-
ciple could be applied to the adhesion. Lim and Mizumachi [34,35]
investigated the critical mode I and II strain energy release rates of
polyurethane adhesives between Japanese birch plates. They reported
that master curves based on the rate-temperature equivalent princi-
ple could be applied to the critical strain energy release rates. Derail
et al. [36,37] reported the peeling properties of polybutadiene/
tackifying resin compatible blends and found the master curve of
the peeling force. Guiu and Shanahan [38] used a peel test to
investigate adhesion between high-density polyethylene (HDPE) with
an inner layer of an ethylene/vinyl alcohol copolymer (EVOH) in a
five-layer structural system that consisted of two outer strata of HDPE
with an inner layer of EVOH. They found that the strain rate- and
temperature-dependences of peel energy can be described by using a
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time–temperature superposition with an Arrhenius-based relation
[18,19]. As described above, the report on the time-temperature
equivalent principle was limited to the static and quasi-static
strengths of the adhesives. However, the impact strengths of adhesive
joints determined on the basis of time-temperature superposition
have not been discussed. The applicability of the time-temperature
equivalent principle to impact strengths needs to be considered to
predict impact strengths from static ones under a different tempera-
ture environment because a specific apparatus is required to measure
the impact adhesive strength and managing the deformation rate is
not easy in impact testing.

We describe how the impact shear strength of phenolic
resin adhesive blended with nitrile rubber in a double-lap joint
was measured to discuss the applicability of the strain rate-
temperature equivalent principle. Quasi-static tests were done
at different strain rates under several temperatures to draw a
master curve of the shear strength on the basis of the strain rate-
temperature equivalent principle. Impact tests were conducted
by using a manufactured pendulum testing machine to measure
strengths under high strain rates. On the basis of a comparison of
the impact shear strengths with the quasi-static strengths on the
master curve, the prediction of the impact strength of the adhesive
was discussed.

2. Specimen preparation

Simple double-lap joints with phenolic resin adhesive blended
with nitrile rubber were prepared to measure the shear strength of
the adhesive without deformation caused by a specimen bending.
The joints consisted of three steel plate adherends having 10 mm
in overlap length, and their geometric configuration is shown in
Fig. 1. The specimens for impact tests had holes near both ends to
fix them to the impact testing machine explained in Section 3,
although specimens for quasi-static tests did not. The distance
between the hole and the adhesive regionwas lengthened in order
to average stress dispersed due to the holes on the basis of the
dynamic stress concentration around a hole [39]. The Young's
modulus, yield stress, and ultimate tensile strength of the steel
were 211 GPa, 261 MPa, and 349 MPa, respectively. Surfaces of the
steel adherends were treated by shot-peening to increase adhesive
strength. The average surface roughness after the shot-peening
was 7.4 μm. The adherends were bonded with resin adhesive
under a pressure of 2.5 MPa and at a temperature of 503 K for
30 min. Several prepared specimens were cut after bonding to
measure the thickness of the adhesive layer between the steel
plates with a scanning electron microscope (JSM-T200, Jeol). The
average thickness of the adhesive layers was 30 μm.

3. Experimental procedure

3.1. Quasi-static test

Quasi-static tests were conducted by using a tensile testing
machine (8501, Instron) with tensile displacement rates of 0.01, 1,
and 100 mm/min for each temperature of 203, 223, 253, 293, 343,
and 423 K in a thermostatic oven (3119-007, Instron). The total test
conditions were 18 combinations of 3 displacement rates with
6 temperatures. Ten specimens at the standard condition, a
displacement rate of 1 mm/min and room temperature of 293 K,
were measured, though one specimen for the other conditions was
measured. The load was measured with a load cell in a testing
machine, and deformation of the specimens was also measured in
a gage length of 25 mm by using an extensometer (Fig. 2). The
deformation included deformations of the adhesive and the
adherends. Because the loading at the breaking of the resin
adhesive was below the yielding of the steel adherends, the elastic
deformations of the adherends were eliminated from the mea-
sured deformation in the gage length to evaluate the deformation
of the adhesive layer. The average shear stress, which was the
tensile force divided by the initial overlap area, was used to
express the strength of the joints. The average shear strain rate
was defined as the ratio of the deformation rate of the adhesive
layer and the average thickness of the adhesive.

3.2. Impact test

(a) Impact testing machine
An impact testing machine was developed to measure impact
shear strength, as shown in Fig. 3(a). The machine had a
pendulum and an impactor. The impactor consisted of two
steel bars that were 25 mm wide, 30 mm high, 300 mm long,
approximately 0.7 kg in weight, and were rounded at the
collision ends. The right side of each specimen was mounted
at the left end of a dynamic load cell, shown in Fig. 3(a). The
left end was connected by pins at Block D, which moved freely
on a steel base. The right end of the dynamic load cell was
fixed through Block E on the steel base. The impactor was
collided to the Block D to apply impact tensile load to the
specimen. Two strain gages (KFG-2-120-C1-11, Kyowa) were
attached on both sides of Adherend A to confirm that the
strain histories measured from the strain gages coincided by
simultaneously colliding the two bars of the impactor to Block
D (Fig. 1). The impact tests were conducted at room tempera-
ture, 293 K. Because the overlap length of the specimen was
10 mm, stress distribution in the adhesive region could be

Fig. 1. Specimen. All dimensions are in mm. Specimens for impact tests had holes near both ends to fix them to impact testing machine, although specimens for quasi-static
tests did not. Two strain gages on both sides of Adherend A were used in impact test to confirm simultaneous collision of two bars in impactors.
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approximated to be uniform in the loading. Therefore, shear
stress was evaluated by using the impact tests.

(b) Measurement system
The dynamic load cell was manufactured to measure a load
widely ranging from impulsive to quasi-static. As shown in
Fig. 3(b), the dynamic load cell for measuring the impact load
applied to the specimen was a steel bar (Young's modulus:

209 GPa, density: 7850 kg/m3) that was 18 mm wide, 20 mm
high, and 245 mm long. Two semiconductor strain gages (KSP-
2-120, Kyowa) were attached on both lateral sides of the
dynamic load cell at two positions to measure longitudinal
strains. Data of the strain gages were stored through dynamic
strain meters (6M91, NEC Sanei) to a data logger (8835, Hioki).
Every result was measured at an interval of 1 μs.

Fig. 2. Gage length in quasi-static test. All dimensions are in mm.

Fig. 3. Impact testing machine. (a) Overall view. (b) Dynamic load cell. All dimensions are in mm. Two strain gages on both sides of Adherend A (Fig. 1) are omitted in
Fig. 3(b).
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The impact load was calculated from two strain histories and
by using the following method. Fig. 4 denotes an analytical model
of the dynamic load cell. The impact load was applied to the left
end of the dynamic load cell. Strain histories at two positions, εA
and εB, were measured with the strain gages. The mechanical
behavior of the dynamic load cell is governed by an equation for
one-dimensional wave motion.

∂2uðx; tÞ
∂x2

¼ ρ

E
∂2uðx; tÞ

∂t2
; ð1Þ

where u, E, and ρ denote axial displacement, longitudinal elastic
modulus, and density of the dynamic load cell. Here, x and t are a
coordinate defined in Fig. 4 and time. After applying the Laplace
transformation to Eq. (1), the general solution is derived as

u¼ A1exp
s
C
x

� �
þA2exp � s

C
x

� �
; ð2Þ

where Ai is an unknown coefficient determined by the boundary
conditions and C is the velocity of a longitudinal wave defined as

C ¼
ffiffiffi
E
ρ

s
:

The Laplace transformation is defined by

uðsÞ ¼
Z 1

0
u ðtÞ exp ð�stÞ dt:

The measured strain histories are given as the boundary condi-
tions:

∂u
∂x

¼ εAðtÞ at x¼
L
2
;

∂u
∂x

¼ εBðtÞ at x¼
3L
4
; ð3Þ

where L is length of the dynamic load cell defined in Fig. 4. By
substituting Eq. (2) into Eq. (3), the unknown coefficients are
determined as

A1 ¼
C
2s

1
sin h Ls

4C

� � �εAðsÞexp �3Ls
4

� �
þεBðsÞexp �Ls

2

� �	 


A2 ¼
C
2s

1
sin h Ls

4C

� � �εAðsÞexp
3Ls
4

� �
þεBðsÞexp

Ls
2

� �	 

ð4Þ

The impact load is given as follows.

FðsÞ ¼ AE
du
dx

at x¼ 0; ð5Þ

where A is the cross-sectional area of the dynamic load cell. By
using an inverse Laplace transformation of Eq. (5) with Eq. (4), the
solution is derived.

FðtÞ ¼ AE εA t� L
2C

� �
þεB tþ L

2C

� �
þεAðtÞ�εB t� L

4C

� �
�εB tþ L

4C

� �	 

ð6Þ

By using Eq. (6) with measured strain histories, εA and εB, the
impact load can be calculated.

Displacement at the left side of Block D measured by using an
optical displacement transducer (100B, Zimmner, resolution: 1 μm,

frequency response: until 300 kHz) was approximated as the
deformation of the specimen.

The impact velocity of the impactor was controlled by using the
initial lift angle of the pendulum. The results were evaluated in a
manner similar to the one in the quasi-static test, namely, average
shear stress and strain rate.

4. Experimental results

4.1. Quasi-static test

Several average shear stress–deformation curves of the speci-
mens were measured under different temperatures and displace-
ment rates. The stress–deformation curves are shown in Fig. 5 to
express the dependences of the temperature and deformation rate
on the curves. The stress–deformation curves were nonlinear
except in the case of the lowest temperature, 203 K. The initial
slopes of the stress–displacement curves reduced under low
displacement rates or/and high temperatures because of thermo-
viscoelastic properties. The ultimate shear stress, namely, apparent
shear strengths, also decreased for low displacement rates and
high temperatures. Therefore, the mechanical properties of the
adhesive were found to be strongly dependent on the temperature
and deformation rates.

After the quasi-static tests, we observed fracture surfaces on
the adherends of the specimens by using an optical microscope
(SHZ-ILLD, Olympus). Fracture for every specimen was found to
occur only on interfaces between the adhesive and the adherend,
namely, interfacial failures occurred because the adhesives

Fig. 4. Analytical model of dynamic load cell used to calculate impact load. Left end
of dynamic load cell is connected to specimen. Right end is connected to Block E.

Fig. 5. Average shear stress–deformation curves in quasi-static tests.
(a) Temperature dependence at deformation rate of 1 mm/min. (b) Deformation
rate dependence at 343 K. These graphs were typical average shear stress–
deformation curves.
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remained on either the surface of Adherend A or those of
Adherends B and C (Fig. 6). Digital images of the fracture surfaces
taken with the optical microscope were binarized to clarify any
remaining adhesives on the adherends in the images. Shown in
Fig. 7(a) are binarized images of the surfaces of Adherends B and C

for the 10 specimens tested at a deformation rate of 1 mm/min
and temperature of 293 K. The black and white regions in the
figure denote adhesives on the adherends and surfaces of the
adherends, respectively. The adhesive only near the circumferen-
tial edge remained on Adherends B and C, although most of the

Fig. 6. Specimen after quasi-static tests. Temperature and deformation rate of quasi-static test were 293 K and 1 mm/min.

Fig. 7. Binarized fracture surfaces. (a) Fracture surface images of 10 specimens at 293 K and 1 mm/min. Fracture surfaces of #1-B and -C were binarized from images in Fig. 6.
(b) Fracture surface image of specimen with maximum apparent shear strength: 31.2 MPa (test condition: 203 K and 1.0 mm/min). (c) Fracture surface image of specimen
having minimum apparent shear strength: 5.4 MPa (test condition: 423 K and 0.01 mm/min). Black and white regions in Fig. 8 denote adhesives on adherends and their
surfaces. Here “♯1-B” and “♯1-C” mean fracture surfaces on Adherends B and C of specimen ♯1.
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adhesive remained on the surface of Adherend A. Fig. 7(b) and
(c) show the binarized images of the fracture surfaces of the
specimens with maximum and minimum values of the apparent
shear strengths within all quasi-static tests. The characteristics of
the images in Fig. 7 were not recognized only from observation of
the fracture surfaces. The ratios of the remaining adhesive area to
the initial area of the adhesive layer in the images of Fig. 7 were
calculated to quantitatively consider the characteristics of the
fracture surfaces related to the apparent shear strengths. The
ratios are plotted in Fig. 8. The results under the deformation rate
of 1 mm/min and temperature of 293 K were expressed by using
average value with error bars denoting a two-sided 95% confi-
dence interval. However, the ratios did not correlate to the
apparent shear strength. Therefore, fractures for every test condi-
tion were clarified to occur with the same interfacial failure mode.

4.2. Impact test

Some histories of the shear stress and deformation of the
specimens with lift angles of the pendulum, about 50 and 115
degrees, are plotted in Fig. 9. For the lift angle of 50 degrees (Fig. 9(a)),
the average shear stress reached a maximum at 17MPa at 0.13 ms. At
this time, fracture of the adhesive layer occurred. After that the
fracture was expanded and finally broke completely at 0.33 ms.
The deformation rate was kept constant until the specimen broke.
For the lift angle of 115 degrees (Fig. 9(b)), the average shear stress
increased until 32 MPa at 0.08 ms and the adhesive layer was broken
completely at 0.15 ms. The shear stress was fluctuated due to
vibration of the load cell after the specimen broke. The average shear
stress rate was dependent on the lift angle, namely, impact velocity of
the impactor to Block D. In this case, the deformation was also linear
to time. Therefore, by using the manufactured testing machine,
impact tests could be conducted under a constant deformation rate
controlled by the lift angle of the pendulum.

The impact apparent shear strengths of the adhesive when the
lift angles of the pendulum were 50 and 115 degrees are summar-
ized in Fig. 10. The apparent shear strengths increased when the
impact velocity of the impactor were higher, although the measured
results were scattered a little. The fracture surfaces on the adherends
after the impact tests were observed after the tests. The failure modes
of the fracture surfaces were confirmed to be the same as the ones
in the quasi-static tests.

5. Discussion

The relationship between the apparent shear strengths and
strain rates in the quasi-static tests is illustrated in Fig. 11. The
average shear strengths were not clearly dependent on the strain
rate in Fig. 11 because the strengths had a different tendency for
different temperatures.

To consider the strain rate dependence of the shear strengths,
the strain rate-temperature equivalent principle was applied to
the results in Fig. 11. By applying a similar way to the time-
temperature equivalent principle of the thermo-viscoelastic prop-
erty [17,18], the quasi-static shear strengths under different

Fig. 9. Histories of average shear stress and deformation in impact tests. (a) Lift
angle of pendulum, 50 deg. (b) Lift angle of pendulum, 115 deg. Solid and broken
lines denote histories of average shear stress and deformation. Temperature was
293 K.

Fig. 8. Ratios of remaining adhesive area on fracture surface of Adherends B and C
to overlap area. Double circle and their error bars denote mean values and 95%
confidence intervals of ratios calculated from binarized images in Fig. 7(a). Values
of open and solid circles were calculated from binarized images in Fig. 7(b) and (c),
respectively.

Fig. 10. Impact apparent shear strengths. Ten specimens were measured for each
pendulum angle at 293 K.
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temperatures and strain rates were shifted horizontally along the
strain rate axis to describe the master curve of the apparent shear
strength at standard temperature. The shifted strain rate and the
shift value along the strain rate axis are called “reduced strain
rate” and “shift factor”, respectively. The shifted master curve of
the shear strengths is plotted at a standard temperature of 293 K
in Fig. 12. The shift factor of the master curve shown as an
Arrhenius plot, is denoted in Fig. 13. The strain rate-temperature
equivalent principle was confirmed to be applicable to the appar-
ent shear strengths because the strengths were present roughly
along one curve. The strengths increased rapidly within the strain
rate ranges from 10�4 to 10�2 s�1. This means that glass transition
from a rubbery to a glassy state occurred at the strain rate region
under a temperature of 293 K. The shift factor was confirmed to be
governed by a thermally activated process because the shift factor
could be expressed as bilinear in the Arrhenius plot.

The data of the impact apparent shear strengths in Fig. 10 were
superimposed on the master curve of Fig. 12. The impact data were
in rough alignment with the master curve. The validity of the
strain rate-temperature equivalent principle was also confirmed
even for the impact strengths. Because the phenolic resin adhesive
blended with nitrile rubber was in the glass transition state under
quasi-static deformation (strain rates from 10�4 to 1 s�1) at 293 K
and the shear strength varied significantly at strain rates from
10�4 to 1 s�1, the impact strength of the adhesive could not be
predicted without using the strain rate-temperature equivalent

principle, namely the master curve (Fig. 12) with the shift factor
(Fig. 13). In the same way, the impact strength of the adhesive
could be approximately predicted on the basis of the results of the
quasi-static test at low temperatures found by using the strain
rate-temperature equivalent principle without the impact testing.
The strain rate-temperature equivalent principle was found to be
sufficient for predicting the impact strengths of phenolic resin
adhesive blended with nitrile rubber.

6. Conclusion

We describe how the impact apparent shear strength of
phenolic resin adhesive blended with nitrile rubber in a double-
lap joint was measured to discuss the applicability of the strain
rate-temperature equivalent principle. This principle was con-
firmed to be applicable to the quasi-static apparent shear
strengths of the adhesive. Because phenolic resin adhesive
blended with nitrile rubber was in the glass transition state under
quasi-static deformation at room temperature and its adhesive
strength was sensitive to the strain rate, the impact strength of the
adhesive could not be predicted without using the strain rate-
temperature equivalent principle. Instead, the impact strength of the
adhesive measured by using themanufactured impact testingmachine
could be predicted approximately with the quasi-static results at low
temperature by using the principle. Therefore, the principle was found

Fig. 11. Relationship between apparent shear strength and strain rate. Results were
all data in quasi-static tests under different temperatures and strain rates.

Fig. 12. Master curve of apparent shear strength. Master curve was drawn as strain dependence property of apparent shear strength at reference temperature, 293 K,
by shifting results in Fig. 11 along strain rate axis with impact strengths.

Fig. 13. Shift factor of apparent shear strength. Shift factor was used to draw
master curve in Fig. 12. Here, ΔH denotes apparent activated energy.
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to be sufficient for predicting the impact strengths without the need
for impact testing.
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