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ABSTRACT: Adhesive strength shows temperature and rate dependencies that reflect
viscoelastic properties of an adhesive. Similarly, a critical strain energy release rate is
expected to show temperature and rate dependencies because deformation and fracture
of the adhesive occur at the time of the measurement of the strain energy release rate,
which is a kind of fracture mechanical parameter for adhesive joints. In this study, the
critical strain energy release rate (GIIC) of a plane-shear mode was measured over a
wide range of temperatures and rates, and then a master curve was obtained by
applying the temperature-rate superposition principle to the obtained data. The rela-
tion between GIIC and adhesive shear strength was also investigated. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 63: 835–841, 1997

INTRODUCTION The ultimate stress and failure strain of poly-
mer materials depends on the intrinsic structure

A polymer used as an adhesive is a viscoelastic and physical properties of the materials, and at
material, and its mechanical properties are de- the same time microvoids inside the materials
pendent on experimental conditions, especially and the other flaws largely alter the fracture be-
the temperature and time scale (strain rate, fre- havior. Recently, the fracture mechanical ap-
quency). A series of time-scale dependencies on proach has been frequently tried with emphasis
the linear viscoelastic properties of the polymer on the latter. Bitner et al.,5 Huang and Kinloch,6

were measured at various temperatures, and a and Hunston and Bullman7 showed that the frac-
master curve was then obtained by applying the ture energy of rubber-modified epoxy could be de-
time–temperature superposition principle to the scribed as a function of temperature and time to
obtained data. We also obtained viscoelastic func- failure, and they clarified that the master curve
tions over a wide range of time scales from the was obtained by applying the temperature-rate
master curve. A shift factor, aT , used to obtain superposition principle to these data.
the master curve, was expressed by the WLF (Wil-

It was also experimentally confirmed that theliams, Landel and Ferry equation) or Arrhenius
adhesive strength measured by the standardizedequation.1–4

test methods shows systematic temperature and
rate dependencies in most cases. Application of

* To whom correspondence should be addressed. Current the temperature and rate superposition principleaddress: Kumbo Tire Co., R & D Center, 555 Sochon-dong,
to this complicated behavior was also attemptedKwangsan-gu, Kwangju 506-040, Korea.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/070835-07 by many researchers, and it was found that the

835

/ 8e70$$3693 12-10-96 18:18:02 polaas W: Poly Applied



836 LIM AND MIZUMACHI

Table I Description of Adhesives KU661/2

KU661 KU662

Component Polyester(polyol) Polyisocyanates
Specific gravity 1.13 1.23
Viscosity (cps at 257C) 6000–15,000 100–250
Mixing ratio, parts by weight 100 100
Work life at 207C 30–40 min(mixture)

Table II Characteristics of Adherend

Specific Gravity Young’s Modulus (105 kgf/cm2)

Adherend Air Dry Moisture Content (%) E1

Kaba 0.88 0.78 14.9 1.16

shift factor just changed according to the change fact that two different fracture mechanisms ex-
ist. Furthermore, a positive correlation be-of the fracture modes.8–13

In fracture tests of adhesive joints, there tween the square root of GIC and the adhesive
tensile strength was confirmed in a higher tem-are opening, plane-shear, and tearing-shear

modes; their critical strain energy release rates perature region, and no clear correlation was
found in a lower temperature region.14are GIC , GIIC , and GIIIC , respectively. We stud-

ied the rheological characteristics of these criti- On the other hand, the data on the critical
strain energy release rate (GIIC ) of the plane-cal strain energy release rates. A critical strain

energy release rate (GIC ) in the opening mode shear mode for the adhesive joints have not
been studied sufficiently. Gent and Kinloch 15for the adhesive joints bonded with polyure-

thane adhesive showed temperature and rate measured adhesive fracture energy (f ) as a
function of temperature and rate of deforma-dependencies reflecting viscoelastic properties

of the adhesive. We showed that the master tion for a copolymer of butadiene and styrene /
curve was obtained by applying the tempera-
ture-rate superposition principle to these data.
In an Arrhenius plot of a shift factor, we ob-
tained two straight lines, which suggests the

Figure 1 The geometry of specimens for adhesive Figure 2 Dynamic mechanical properties of the adhe-
sive.shear strength and mode II fracture test.
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Figure 3 Temperature dependencies of GIIC for adhesive joints bonded with polyure-
thane adhesives. CHS, crosshead speed.

Mylar-coated steel joints and obtained the mas- superposition principle could be applied to the
obtained data. And we examined the relationter curve by applying the WLF equation to

these data. They also confirmed that the energy between GIIC and the adhesive shear strength,
both of which have similar deformation modes.criterion could be applied to the fracture of the

adhesive joints. In our previous work 16 we clar-
ified the fundamental conditions to experimen-
tally estimate the strain energy release rates EXPERIMENTAL
in three different fracture modes.

In this study, the GIIC of the plane-shear Materials
mode was measured over a wide range of tem-
peratures and rates for a specimen prepared Polyurethane adhesives KU661 and KU662 (Kon-

ishi Company) were used in this work. The adhe-according to our previous work.16 Then, we ex-
amined whether or not the temperature-rate sives consist of polyester(polyol) (KU661) and
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mm/min over a range of 060 to 807C by means
of a Tensilon testing machine (Orientec Co.) . A
critical strain energy release rate, GIIC , was deter-
mined by the compliance method according to the
following equation15,17 :

GIIC Å
P2

c

2b S ÌC
ÌAD , (1)

where PC and E are failure load and Young’s mod-
ulus of the adherend, respectively, and the other
parameters are shown in Figure 1.

Measurement of Adhesive Shear Strength

The specimen for the shear-lap test was prepared
as shown in Figure 1. The adhesion conditions,

Figure 4 Master curve of GIIC for adhesive joints such as the spread amount of the adhesive and
bonded with polyurethane adhesives reduced to 207C. bonding pressure, was the same as that of the

fracture mechanical test described above. The
measurement of adhesive shear strength was car-polyisocyanates (KU662). The characteristics of
ried out with crosshead speeds of 0.5, 5.0, 50.0,the adhesives are summarized in Table I.
and 500.0 mm/min over a range of 060 to 807CKaba (Japanese birch, Betula maximowiczana
using the Tensilon testing machine.regel ) finished with a surface planer (Hitachi

Co.) , was used as an adherend. Its physical prop-
erties are shown in Table II. RESULTS AND DISCUSSION

Temperature and Rate Dependencies of GIICMeasurement of Dynamic Mechanical Properties

Figure 2 shows the dynamic mechanical proper-The cured polyurethane film was prepared by
ties of the adhesive used in this work.14 a and bcasting the mixture of KU661 and KU662 on a

Teflon sheet and curing the mixture at room tem-
perature and 65% relative humidity (RH) for 5
days. Dynamic mechanical properties of the film
were measured by means of a Rheovibron DDV-
II (Toyo Baldwin Co., Ltd.) at 110 Hz with an
average heating rate of 17C/min.

Measurement of GIIC for Adhesive Joints

Wood specimens for fracture mechanical tests
were prepared with grain angle of 57 as shown in
Figure 1, which is the angle necessary to prevent
wood failure along the grain prior to fracture. Pre-
crack length was 4 cm, as in our previous work.16

The amount of adhesive employed was 250–300
g/cm2, and the specimen was assembled as shown
in Figure 1.

The specimen was pressed under 10 kg/cm2

and kept at 207C and 65% RH for 4 days for cur-
ing. A fracture mechanical test was carried out Figure 5 Arrhenius plot of shift factor, aT , used to

obtain the master curve.with crosshead speeds of 0.5, 5.0, 50.0, and 500.0
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Figure 6 Temperature dependencies of adhesive shear strength for adhesive joints
bonded with polyurethane adhesives. CHS, crosshead speed.

relaxations appeared at 46 and 0607C, respec- chanical relaxation mechanism of the adhesive re-
flects in the fracture. In the temperature regiontively. It was assumed that the viscoelastic prop-

erties of the adhesive strongly affected the frac- over Tg , GIIC decreased with an increase of tem-
perature. It was not clarified in this work whyture mechanical properties of the adhesive joints

because the fracture phenomena of the joints in- GIIC showed a higher value at 0807C at a cross-
head speed of 5.0 mm/min. The curve of GIICvolved deformation of the adhesive layer.

Figure 3 shows the temperature dependence of shifted to a higher temperature region with the
increase of crosshead speeds.GIIC for the adhesive joints. GIIC showed a higher

value or a peak around the glass transition tem- Equation (2) holds for GIIC of the adhesive
joints bonded with viscoelastic adhesive,14perature, Tg . This result suggested that the me-
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lower temperature region or a higher rate region
than that of GIC .14 Similar behavior was found
between adhesive tensile strength and shear
strength.9,18,19

Temperature and Rate Dependencies of Adhesive
Shear Strength

Figure 6 shows the temperature dependence of
the adhesive shear strength. The value of adhe-
sive shear strength was almost constant in a tem-
perature region lower than Tg and then decreased
with increasing temperature. As crosshead speeds
increased, the curve of the adhesive shear

Figure 7 Master curve of adhesive shear strength for strength tended to shift to a higher temperature
adhesive joints bonded with polyurethane adhesives re- region.
duced to 207C.

Applying the temperature-rate superposition
principle using the shift factor shown in Figure 5
to these data, a master curve was obtained as
shown in Figure 7. The adhesive shear strengthGIIC(y ) Å S T

T0
D2

GIIC0(yaT ) , (2)
increased with increasing crosshead speed and
approached a constant when the crosshead speed
was over 1.0 1 1001 mm/min.where y is the rate, aT is a shift factor, and GIIC

Observation of the fracture surface showedand GIIC0 are critical strain energy release rates
that mixed modes of the cohesive fracture of theat temperatures T and T0 , respectively.
adherend and interfacial fracture occurred in aFigure 4 shows the master curve of GIIC reduced
lower temperature region, and cohesive fractureto 207C by applying the temperature-rate super-
of the adhesive layer mostly occurred in a higherposition principle to the obtained data. We ob-
temperature region.tained information on GIIC over a very wide range

of rates from this master curve. The peak of GIIC

centered at around yraTÅ 1.01 103 mm/min was
considered to correspond to an a relaxation of the
adhesive polymer. The scatters of GIIC at higher
rates indicated that the fracture behavior at
higher rates and lower temperatures was unsta-
ble and complicated. Criterion for the crack propa-
gation strongly depended on interfacial structures
because stress concentration was occurred easily
in flaws of the interface between the adhesive and
the substrate. The surface of the wood was a
bumpy structure with voids, and tissue and quan-
tities of the structure were not uniform. Critical
criterion of the crack propagation was dependent
on this heterogeneous interfacial structure. This
resulted in great scatters of GIIC .

The Arrhenius plot of the shift factor, aT , which
had been used to obtain the master curve, is
shown in Figure 5. Two straight lines were clearly
observed, which suggests that there were two dif-

Figure 8 Relationship between adhesive shearferent fracture mechanisms.
The peak of the curve of GIIC appeared in a strength and

√
GIIC .
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Relationship Between GIIC and Adhesive Shear the square root of GIIC and adhesive shear
strength. Furthermore, a slope of the recurrenceStrength
line tended to be gentle with increasing crosshead

Figure 8 shows the relationship between the GIIC speeds. In a lower temperature region, interfacial
and the adhesive shear strength of the specimens properties between adherend and adhesive
bonded with polyurethane adhesive. A positive strongly affected the fracture mechanism of the
correlation with a correlation coefficient of 0.8 was adhesive joints.
found between the square root of GIC and adhesive
tensile strength. Furthermore, the slope of the re-
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