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Effect of thermal residual stress on the crack path
in adhesively bonded joints

H. R. DAGHYANI, L. YE*, Y.-W. MAI
Centre for Advanced Materials Technology (CAMT), Department of Mechanical and
Mechatronic Engineering, The University of Sydney, New South Wales 2006, Australia

Mode | fracture behaviour of adhesively bonded double and cantilever beam (DCB) compact
tension (CT) joints was studied using a rubber-modified epoxy (Araldite® GY260) as the
adhesive. Adherends were prepared from a carbon fibre (CF)/epoxy composite or aluminium
alloys. The crack path in the joints was studied based on the sign of the non-singular T-stress
ahead of the crack tip by calculating the thermal residual stress in the joints using finite

" element analysis. The results indicate that the type of adherend materials influence the level
of the thermal residual stress in the adhesive layer, which consequently causes different
crack paths in the joints, i.e. a uniformly smooth fracture surface in both CT and DCB
aluminium joints and a wavy crack growth in the DCB CF/epoxy composite joints. However,
the fracture energies of different types of adhesive joints were almost identical to each other
for bond thickness t < 0.2 mm, and a somewhat higher fracture resistance was obtained for

the CF/epoxy DCB joints with large bond thickness.

1. Introduction

It is well-known that cracks in adhesive joints propa-
gate in a variety of ways depending on the remote
loading conditions and the local stress state, the size
and location of pre-existing flaws, the integrity of the
interfacial bonding and the type of adhesive and the
adherend. The actual crack path influences the
strength of the joint and thus the nature of the. crack
path determines the effective fracture toughness of the
adhesive bond [1-3]. It has been generally observed
that a crack may grow within the adhesive, along the
interface of the adhesive and the substrate, alternating
between the adherend and the adhesive or alternating
between two interfaces [ 1-97. The fracture of isotropic
materials occurs predominantly in a local opening
mode, because this generally requires less fracture
energy. However, the mismatch of material properties
in the bonded joints may influence the local crack-tip
stress field and induce different local stress intensity
factors from its global remote loading. For example,
a pure remote mode I loading applied on a layered
material with an interfacial crack may induce a mixed-
mode local stress field at the crack tip [2, 3]. This may
cause the crack to deviate from its original direction.
For adhesive joints, when the crack exists within the

adhesive layer rather than at the adhesive/adherend .

interface, it is observed that [3, 6, 7, 9, 10] the crack
may run within the adhesive layer or veer towards the
interface or into the substrate depending on the re-
mote loading mode and the local stress state. In addi-
tion, the crack path may also be influenced by the sign
and the magnitude of the thermal residual stresses in
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the adhesive layer which have arisen from the differ-
ence in thermal expansion between the adhesive and
the substrates.

In this study a rubber-modified epoxy was used to
bond the aluminium substrates as well as the carbon-
fibre/epoxy (CF/epoxy) composite adherends to study
the effects of the adherend materials and the resulting
thermal stress on the fracture behaviour of these joints
with different bond thickness under remote mode
I loading. The fracture behaviour of the modified
epoxy used here has already been characterized for
modes I and II fractures using aluminium as ad-
herends as well as mixed-mode fractures using
CF/Epoxy composite adherends in our previous
papers [7, 10-12].

2. Experimental procedure

The base adhesive material was a diglycidyl ether of
bisphenol A (DGEBA) epoxy resin (Araldite® GY260,
Ciba-Geigy, Australia) modified with a liquid rubber
system (CTBN, 1300 X 13, BF Goodrich, USA). The
property profile of the adhesive material has been
reported elsewhere [13]. It was found that the fracture
energy of the pure GY260 epoxy resin was maximized
by adding only 2% rubber and shear yielding was the
major toughening mechanism of the bulk adhesive
material. The composite adherends of double canti-
lever beam (DCB) specimens (Fig. 1a) were prepared
using unidirectional carbon fibre/epoxy composite
panels (320 mm x 300 mm x 2.3 mm), consisting of 16
layers of prepreg (5218 T300 BASF, USA), which were
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Figure 1 Schematic drawings of CT and DCB adhesive joints: (a)
CF/epoxy, (b, ¢) aluminium specimens, ¢ is the bond thickness.

processed using an autoclave according to the manu-
facturer’s specification. After curing, the panels were
cut to 20 mm x 150 mm strips as adherends. The bond
surfaces were treated using a procedure described else-
where [7]. The aluminium adherends for compact
tension (CT) and DCB adhesive joints (Fig. 1b and ¢)
were cut from 6061 aluminium alloy panels of § mm
thickness and 6060-T5 aluminium alloy bars of 25 mm
width and 10 mm height, respectively. The surfaces of
the aluminium adherends to be bonded were treated
using the P2 etching procedure as described eclsewhere
[14]. A 25um UPILEX® film, coated with the
FREKOTE®-44 release agent was used to generate
a film-induced starting crack in the middle of the
adhesive layer for both DCB and CT specimens. The
bond thickness (from 0.05-0.6 mm) of the adhesive
joints was controlled by spacers located at both ends
of the bond line as shown in Fig. 1. All sides of the
bond line were sealed by a sticky tape except for
a small opening. The epoxy resin was. then cast
through this opening and the joints were finally cured
for 16 h at 120 °C. After curing, the edges of the bond
line were polished. The edges of both CF/epoxy and
aluminium-epoxy DCB specimens were coated with
typewriter correction fluid and a travelling micro-
scope was used to observe the crack growth along the
bond line. Two hinges were attached to the end of the
CF/epoxy DCB adherend beams for easy loading, and
holes of 6 mm diameter were drilled near one end of
the aluminium adherend DCB joints for pin-loading
(Fig. 1b). The specimens were loaded in a 4302 Instron
machine with a crosshead speed of 0.3 mmmin~*. The
load—displacement curves were recorded continuous-
ly, and the crack lengths were marked every 5 mm on
these records for the CF/epoxy composite joints. Un-
stable fracture occurred in both CT and DCB alumi-
nium joints, and thus the maximum fracture load was
used to evaluate the fracture toughness. After testing,
the crack path in the specimens was examined using
optical microscopy (OM).
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3. Crack growth in adhesive joints

The major paths of crack growth in adhesively bonded
joints have been investigated previously by many re-
searchers [1, 3, 4, 6]. Their characteristics can be
summarized as follows.

(a). An interfacial crack exists at the interface of the
adhesive and the substrate (Fig. 2a.) The crack path is
dependent on a number of variables including the
toughness of interfacial bonding, the location and size
of the pre-existing defects at the tip of the interfacial
crack, the global and local stress intensity factors. The
crack growth behaviour has been explained in pre-
vious quantitative studies [3, 15] which have intro-
duced some useful parameters. When an adhesive
joint contains an interfacial crack, which is under
remote loading K{° and K7, the remote loading phase

angle, ¢, is defined as
Ky :
t S
arctan (Kf") 1)

The elastic mismatch between two dissimilar materials
is governed by the following parameters under plane
strain conditions [15]

U=V = (= v/
(I =va)/pa + (1 —vi)/py

B — L1~ 2vo) /by — (1 ~2vy)/py
20— va)/ue + (L= v/
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where | is the shear modulus, v is Poisson’s ratio,
subscripts 1 and 2 refer to the substrate and the
adhesive, respectively, and ¢ is the oscillatory index.
The mismatch between the two materials at the tip of
an interfacial crack causes local stress intensity fac-
tors, K¥ and K%, and a local phase angle, \s, defined by

Im (K [**)
arctan [W{“I*TJ 3)

¢ =
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where K is the complex interfacial stress intensity
factor and I* is the distance from the crack tip where
the local stress intensity factors are defined. A putative
kink-like flaw caused by either defects such as dusts
and bubbles or surface roughness of the substrate
during bonding may exist at the tip of the interfacial
crack. The necessary condition for the interfacial
crack to kink, i.e. to deviate from the interface, is that
the local stress intensity factors at the tip of the kink,
K¥and K%, satisfy the conditions K} > 0 and K¥ > 0.
When K% < 0, the kinked crack is reflected back to
the interface [4]. The sufficient condition for the inter-
facial crack to veer out of the interface of toughness
I () into an adjacent material of toughness I, is given

by [16]
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where Gj is the strain energy release rate along the
interface and Gg is the strain energy release rate at the
tip of a kink which satisfies the condition of K§; = 0.
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Figure 2 Major crack paths for adhesive joints: (a) interfacial crack,
(b) serrated crack, (c) alternating crack, and (d) in-layer crack.

When the crack propagates along the interface with-
out kinking into the adhesive layer, the interfacial
toughness essentially increases as the proportion of
global shear loading increases [1]. No effect of the
thermal residual stress on the interfacial fracture
toughness has been identified in all previous observa-
tions [1, 6-9, 17]. For poor interfacial bonding,

however, the crack will remain at the interface regard-
less of the variation in the remote phase angle, ¢ [6].

(b) A serrated crack path (Fig. 2b) may occur when
the conditions for crack veering into the adhesive
layer and kinking back towards the interface are pro-
vided. That is when K ¥ > 0, the interfacial crack veers
into the adhesive layer. But when the condition of
K} < 0 is gradually satisfied at the tip of the kinked
crack, it is reflected back to the interface [4] and
a.serrated crack path is produced. The fracture tough-
ness of such crack propagation was observed to be
approximately 20% greater than that of the interfacial
crack propagation [1]. For such a crack path, by
increasing the magnitude of thermal residual stress,
the fracture toughness was slightly increased [1].

(c) Fig. 2c shows an alternating crack path ob-
served in the aluminium—epoxy adhesive joints [1, 5]
whereby the crack deviated from one interface across
the adhesive layer towards the opposite interface.
Akisanya and Fleck [4] have analysed the alternating
crack path by finite element method and showed that
the local phase angle, s, of the interfacial pre-crack
increases with crack growth under a fixed remote
loading, K, and a thermal residual stress, o, of the
interfacial crack. This causes the interfacial crack to
veer into the adhesive layer when the interfacial local
phase angle, \, at the crack tip attains a critical value,
V. [16]. The fracture toughness measured in a speci-
men with an alternating crack path under remote
mode I loading was observed to increase approxim-
ately two-fold compared to an interfacial crack [1].

(d) A pre-crack exists in the centre of the bond line
or slightly above the centre line (Fig. 2d). Cotterell and
Rice [18] postulated that the crack trajectory is de-
pendent on the sign of the local non-singular stress, T,
acting parallel to the crack plane. The local T-stress is
dependent on all four remote loading parameters
which is given by [3]

1 —o KpP K¢

T = . T%+00+ C‘ﬂ% + c“tl% (5)
where T is the remote non-singular stress acting
parallel to the crack plane, ¢, the thermal residual
stress, ¢ and ¢y, coefficients depending on the location
of the in-layer pre-existing crack given by Fleck et al.
[3], and ¢ the adhesive thickness. The local and global
stress intensity factors ar¢ related to the strain energy
release rate, G, by [3]

1 1
G = —(Ki* + Ki¥) = — (K + Ki?) (6)
Ea ES

where E, and E, are Young’s modulus of the adhesive
and the substrate, respectively. Equation (6) is equiva-
lent to

k 1 —a\'? o ©
K; = (K{° cos® — K7 sin ®)

1=
P (7
1_(1 1/2
Ky = <1—B> (K{?sin® + K cos @)

where the phase angle @ is a dimensionless function of
the clastic mismatch constants (o and B) and the
location of an in-layer crack, ¢ parallel to the interface,
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ie. ® = @ (c/t, o, B) which is a phase angle shift be-
tween the remote and the local stress intensities [3]

K} Ky
arctan <K—?> — arctan <K—?°> (8)

For different material combinations, ® is given by
Fleck et al. [3].

Another controlling parameter which affects the
nature of the crack trajectory is related to the vari-
ation of the mode II stress intensity factor across the
bond thickness. For a predominant mode 1 remote
loading (Kt = 0), the centre line of the adhesive is
a path satisfying the condition of K% = 0. However, if
the crack lies above the interface, the crack will veer
towards the centre line if K} > 0 [3]. Four different
possible patterns of crack propagation can occur de-
pending on the sign of T and dK}/0c [3]. When
0K%/0c >0 and T <0, an off-centre pre-crack will
veer towards the centre line and run stably along that
line because of the positive K%. Then the compressive
T-stress will stabilize the crack path in the centre line,
as illustrated in Fig. 3a. The crack trajectory is expected
to be wavy along the centre line if 3KJ/dc > 0 and
T > 0. The positive K ¥ drives the crack towards the
centre line, but the tensile T-stress destabilizes the
crack trajectory in the centre line. A positive 8K %/dc
may keep the crack in the centre line if T is relatively
small. Consequently, a wavy crack pattern is expected
to occur along the centre line. However, the crack will
deviate towards the interface if T is large enough (Fig.
3b). The crack is expected to kink gradually towards
the interface when both 0K}/0c and T are negative
(Fig. 3¢), while for negative 0K §;/0c and positive T, the
crack will run in an unstable manner with a large
angle towards the, interface (Fig. 3d). The sign of
dKY};/dc can be obtained from Equation 7 which is
dependent only on the elastic mismatch parameters
o and B. Fracture propagation in the adhesive occurs
when the local stress intensity factor, K¥, at the crack
tip achieves the fracture toughness of the adhesive

O =

oK\ foc >0 oK\ 1oc > 0
T<0 T>0
_._.Cv_,.m__w_____ ___________ _
(a} (b}
aKk¥ /e <0 8K, /6c <0
T<0 T>0
{c) (d)

Figure 3 Different patterns of crack paths for in-layer crack propa-
gation: {a) 8K% /08¢ > 0 and T < 0, crack path along the centre line,
(b) 9K }/0c > 0 and T > 0, a wavy crack path propagates along the
centre line if T is relatively small, but the crack deviates towards the
interface if T is enough large, (c) 8K%/dc < 0and T < 0, crack kinks
gradually towards the interface, and (d) 9K};/oc <0 and T >0,
crack runs unstably with large angle towards the interface [3].
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joint, K. The T-stress is thus calculated from Equa-
tion 5 considering Kif =0, and using Equation 6,
gives
l—a
1+o

T =

E\Y? K
T> + Gy + <E> Cltl% (9)

4. Evaluation of fracture energy
The strain energy release rate, G, of the CF/epoxy
composite adhesive joints was evaluated based on the
compliance equation obtained from the load—deflec-
tion curves of the DCB test specimens

P2dC

G = ——— 10

2bda (10)
where P is the applied load, b the beam width,
C the specimen compliance and a the crack length.
Owing to the unstable fracture of aluminium-
epoxy DCB joints, the maximum load at fracture,
Pq, was used to evaluate Gy which is given
by [19]
4PZ(3a* + h?)

E.b%h?

where h is the thickness of the adherend. The fracture
toughness of the CT joints, is given by [20]

Gie = (11)

Pe [E\'?
Ky = bW 12 <ES> [29.6(a/W)'/?

— 185.5(a/W )2 + 655.7(a/W )
— 1017 (a/W)7* + 638.9(a/W )°'*] (12)
where W is the width of the CT specimen (Fig. 1).

5. Results and discussion

A typical load—deflection curve of the DCB joints is
shown in Fig. 4. Discrete load drops occurred in some
cases associated with intermittent (stick—slip) crack
jumps for the CF/epoxy specimens. The critical strain
energy release rate, Gy, was evaluated using Equation
10 based on a master compliance calibration curve
obtained by fitting a polynomial to the C—a data of
specimens with different bond thickness considering
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Figure 4 Typical load—deflection (p—38) curve of DCB composite
joints (¢t = 200 pm).



the small difference in the effect of the adhesive layer
on the compliance is negligible (the largest deviation
in flexural stiffness for the maximum bond thickness,
t = 0.5 mm obtained from the modified beam theory
is less than 0.5%). Fig. 5 shows the master compliance
calibration curve and typical C-a data for some
CF/epoxy specimens. As shown in Fig. 6, Gic was
almost a constant for each bond thickness as the crack
grew. Thus, the fracture toughness of CF/epoxy DCB
joints cited hereafter is the average value of Gy ob-
tained for different crack length. Because fracture was
unstable for both CT and DCB aluminium joints, the
maximum load was used to calculate Gy.. For CT
joints, Ky was first obtained from Equation 12, then
Gy was calculated from Equation 6 assuming
K¥ = K;cand K% = 0, which is valid when the crack is
located in the centre line of the adhesive (c/t = 0.5).
When ¢/t > 0.5, K§; # 0, however, for predominantly
remote mode I loading, K is very small compared to
K¥ (e.g. for ¢/t =0.75, K&/K¥ = 0.04), thus, the as-
sumption of Kf = Kjc can be used with appropriate
approximation. For aluminium DCB specimens,
Gyc was directly evaluated from Equation 11. Fig. 7
shows the variation of Gy as a function of bond
thickness, ¢, for these three specimen geometries.
Gc was almost a constant for small bond thickness
(t < 0.2 mm), but increased gradually for larger bond
thickness. For CF/epoxy composite DCB specimens,
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Figure 5 Master curve of compliance calibration in C—a plots.
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Figure 7 Variation of critical strain energy release rate, Gy, versus
bond thickness, ¢ in DCB and CT geometries. (@) CF/epoxy DCB,
(W) CT, (——O-~) Al/CB.

Gic was somewhat higher than that of the CT and
DCB aluminium joints when ¢ > 0.2 mm. Different
fracture surface morphologies were also observed for
these three specimen geometries. For stick—slip behav-
iour of the CF/epoxy DCB composite joints, the crack
propagated first unstably causing a wavy path and
then changed to a stable crack growth causing a rough
region associated with some shear deformation.
A mirror-like and featureless fracture surface was,
however, observed for the CT and DCB specimens.
Fig. 8 shows the crack path in the CT and DCRB
specimens where the crack was initiated from the
film-induced pre-crack and propagated within the ad-
hesive layer. Because of the difficulty in specimen
preparation, the film-induced pre-crack was not pre-
cisely located in the centre line of the adhesive layer.
For the CT and DCB aluminium adhesive joints used
in this study, it has been found that o > 0 and B = a/4,
being independent of specimen geometry, and thus,
0K} /dc is positive [3]. Therefore, the crack growth
was initiated from slightly upper (or lower) side of the
centre line and then propagated towards the centre
line as discussed in the previous sections with two
different patterns: i.e. uniformly smooth for the CT
and DCB aluminium joints (Fig. 3a) and wavy for the
DCB CF/epoxy composite joints (Fig. 3b) along the
centre line of the adhesive layer.

As discussed previously, the in-layer crack propaga-
tion in adhesive joints is attributed to the sign of the
non-singular stress acting parallel to the crack surface
at the crack tip, i.c. the T-stress [3]. The sign of the
T-stress in the joints has been determined using Equa-
tion 9 in this work. The first term in Equation 9 is
negligible compared with the other terms [3]. The
thermal residual stress, &, (second term), in the joints
was evaluated using finite element models for the CT
and DCB specimens. The value of the third term was
calculated from the fracture toughness of the joints
and the value of ¢; is obtained from the work of
Fleck et al.

Two-dimensional finite element models (FEM) were
generated to evaluate the thermal residual stress state
along the bond line. All finite element analyses (FEA)
were conducted with eight-noded quadrilateral plane
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Figyre 8 Crack pathsin (a) CT aluminium-epoxy joint, (b) DCB alumininm-epoxy joints, and (c) a DCB composite adhesive joint; (d) fracture
surface of a DCB composite. Crack growth is from left to right.

stress elements, assuming the adhesive to be plastic,
the aluminium adherend elastic-perfect-plastic, and
the composite adherend elastic. Some typical proper-
ties of the adhesive and the adherends are listed in
Table 1. All finite element analyses were carried out
using the ADINA [21] software. It was assumed that
at the curing temperature before cooling, the specimen
was free of stress and the thermal residual stress was
produced upon cooling because of the mismatch in
thermal expansion between the adhesive and the ad-
herend. Therefore, the FEM was subjected to a ther-
mal loading with AT = — 100°C, i.e. the difference
between the ambient and the curing temperature of
the adhesive joints.

- The thermal residual stress (o, see Fig. 2d) in each
joint (CT or DCB) was almost constant along the
bond line (except at the specimen edge) and indepen-
dent of the bond thickness. However, due to the differ-
ent coefficients of thermal expansions between the
CF/epoxy (DCB) and aluminium (CT and DCB) ad-
herends, different thermal stresses were obtained for
these joints. The T-stress was evaluated for the three
different joints and the results are shown in Table IL.
As discussed in Section 3, a negative T-stress leads the
crack to-propagate along the centre line of the adhes-
ive layer. Thus, a uniformly smooth in-layer fracture
surface was observed for the CT and DCB aluminium
joints. The positive T-stress value for the DCB
CF/epoxy composite joints resulted in a wavy crack
(see Fig. 8) along the centre line of the adhesive layer.
These observations were consistent with the predic-
tion described in the previous section. Therefore, the
type’ of the adherend material influences the level of
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TABLE I Mechanical properties of adhesive and adherend

Material Young’s  Transverse Shear Ultimate
modulus  Young’s modulus  tensile
E, (GPa) modulus p (GPa)  strength,

E,, (GPa) G, (MPa)

GY260 + 2% 3.15 - 1.6 81

Rubber

Aluminium 71 71 25.5 152 [22]

Alloy-6061

Aluminium 71 71 25.5 150 {22]

Alloy-6060-T5

CF/epoxy 133 8.7 - 2194

5218 T300

TABLE II Results of T-stress obtained from thermal residual
stress, o, and adhesive fracture toughness, K., for CT, DCB
aluminium and DCB CF/epoxy composite adhesive joints

Specimen o, (MPa) K, (MPam'??) T (MPa)

for t (mm) for t (mm)

0.1 02 05 0.1 02 05
CT-Al 11 06 072 09 —158 -12 —-72
DCB-Al 1 0.62 07 092 —161 —112-76
DCB (CF/
€pOXYy) 26.9 058 065 10 12 .3 35

the thermal residual stress in the adhesive layer and
consequently causes different crack paths in the joints.

The.wavy crack path in the DCB CF/epoxy com-
posite joints was a dominant fracture morphology for



the specimens with bond thickness ¢ > 0.1 mm. By
increasing the bond thickness, the amplitude of the
waves was increased, but the period of the waves was
almost constant. The greater amplitude of the waves
for larger bond thickness can be attributed to the relief
of the constraint effect of the composite adherend and
the relatively tough adhesive material (G¢=
2.76 kJm~? for bulk adhesive material). The wavy
crack path also indicates that the crack propagates
under a local mixed-mode loading. Thus, the mixed-
mode stress state at the crack tip requires more energy
for crack propagation compared to the local pure
mode I loading. The increase of fracture energy of the
DCB CF/epoxy composite joints in large bond thick-
ness compared to that of the aluminium joints is
caused by this energy dissipation mechanism.

6. Conclusions

The fracture behaviour and the crack paths in CT and
DCB aluminium adhesive joints as well as DCB
CF/epoxy composite adhesive joints with different
bond thickness have been investigated. The fracture
energy of the different types of joints was almost the
same for the bond thickness ¢ < 0.2 mm but the DCB
composite joints showed somewhat higher fracture
resistance for larger bond thickness. The pre-crack for
both joint geometries was introduced near the centre
line of the adhesive layer; however, a uniformly
smooth fracture surface was observed for both CT and
DCB aluminium joints, but a wavy crack propagation
pattern appeared for the DCB CF/epoxy composite
joints. The reason for the different crack paths was
explained in terms of the sign for the non-singular
T-stress ahead of the crack tip. The T-stress was
determined from the thermal residual stress generated
during the curing cycle using finite element models. It
was found that for the aluminium adherends with
different geometries, almost identical T-stresses are
obtained, thus a similar crack path is expected. The
results of the crack paths are consistent with theoret-
ical predictions given elsewhere [3].
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