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ARTICLE INFO ABSTRACT
Keywords: Heat-curing adhesives are widely used after being cured by heating to a temperature higher than room tem-
Heat-curing adhesives perature. To evaluate the adhesive strength, therefore, it is necessary to consider both the thermal stress

Strength analysis

Thermal stress

Butt joint

Thermal and mechanical loadings
Thermal stress intensity factor

generated during heat curing and external loads such as tensile stress. Butt joint specimens are essential for
evaluating tensile adhesive strength but also thermal strength. The interfacial strength can be discussed from the
stress intensity factor (SIF) of a fictitious edge interfacial crack assumed at the interface end. This is because the
SIF is controlled by the intensity of singular stress field (ISSF) at the crack-free interface end and a constant term
associated with the thermal load. In this paper, a useful thermal SIF solution is proposed by superposing the SIF
under tensile stress and the SIF under uniform interface stress associated with thermal loading. This general SIF
expression provided under arbitrary material combination can be applied for predicting the tensile strength o,
and critical temperature change AT without performing new FEM calculations. The usefulness of the expression
is confirmed through the adhesive strength of Aluminum/Epoxy butt joint experimentally obtained. Once the
critical SIF Kjc can be obtained from the tensile strength o, and the temperature change AT, the adhesive
strength can be expressed as Ki¢c = constant of an assumed fictitious interface, and this can be used to predict
critical o, for various temperature change AT and for various adhesive bondline thickness h.

but also have some difference. Thermal stress causes failure in dissimilar

1. Introduction materials and electronic devices because of the elastic-thermal
mismatch of the joined materials induces singular stress field at the
Adhesive joints offer lots of advantages such as improved appear- edge of the interface [7-12]. Munz et al. [13-19] presented asymptotic
ance, excellent sealing properties, high strength/weight ratio, and solutions of thermal singular stress fields generated at joint corners for
relatively low stress concentration. For this reason, in recent years, the AB joint due to uniform temperature change stating that specific con-
use of adhesives for assembly structural members has become wide- stant terms are included in thermal stress. Chen et al. [20,21] analyzed
spread in various industrial fields. For example, in recent years, they are two-layer and three-layer adhesive plates, which are corresponding to
primarily used in aircraft and vehicle construction to join metallic and AB joint and ABA joint, subjected to uniform temperature change clar-
non-metallic parts and to attach microchips to printed circuit boards ifying the intensity of the singular stress field (ISSF) for arbitrary ma-
[1-6]. To evaluate adhesive strength, the fictitious crack modeling as terial combinations. Qian-Akisanya [22,23] and Reedy [24] analyzed
shown in Fig. 1 has some advantages. For example, (1) The original the ISSF, which is named H parameter to estimate the adhesive joint
singular stress field without crack is not necessarily to be analyzed. (2) strength under thermal stress.
Although several problems whose original singular stress fields without In the authors previous study [25], the difference of the stress in-
crack are different, fictitious cracks always provide the same singular tensity factor (SIF) was discussed in the AB joint. Fig. 2 shows Fy, Fy of
fields, which are controlled by the SIFs. (3) If the critical SIF is obtained the edge interface cracks in the AB joint. Note that the AB joint is equal
from the maximum load for one problem, the critical SIF = const can be to the ABA joint when h/W > 1 in Fig. 1. As shown in Fig. 2, regarding
applied to other problems since they have the same singular fields. the singular stress fields of the AB joint, the followings are known [25].

It should be noted that the edge crack under thermal load in Fig. 1(a)
and the edge crack under tensile load in Fig. 1(b) have some similarity
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Nomenclature To Temperature
T, S Tensile and shear stresses applied to the reference problem

a Length of the interface edge crack in the unknown problem w Width of the bonded plate
2a* Length of the interface crack in the reference problem a,p Dundurs composite parameter
C1, C;  Dimensionless factors for short interface edge crack based AT Uniform temperature change

ona/W 3 Oscillation singular index of an interface crack
C;, C,  Dimensionless factors for short interface edge crack based n Thermal expansion coefficient

ona/h c Applied remote stress

Young’s modulus Oy0 Equivalent stress associated with thermal loading
e Minimum element size at the crack tip in the unknown oy(r) Singular stress along the interface

problem Oy0,.FEM, Txyo,pEM  Stress values at the crack tip node calculated by FEM
e* Minimum element size at the crack tip in the reference in the unknown problem

problem 0,0 5EM> Tryopzn StrESS values at the crack tip node calculated by FEM
Fy, Fy Dimensionless SIFs for interface crack based on applied in the reference problem

stress A Order of the stress singularity at the interface end without
F, Dimensionless ISSF at the interface end based on W the crack
F, Dimensionless ISSF at the interface end based on h v Poisson’s ratio
G Shear modulus o
h Bondline thickness of butt joint Ab b.re.vzanon.s L .
Ki, K>  SIFs of an interface crack in the unknown problem AB qu.t Bl'mat_eflal Jo?nt made of materials A ar%d B
K}, K,  SIFs of an interface crack in the reference problem ABA joint Butt _].omt using adherend A and adhesive B
K, ISSF at the interface end . i 1 nten51.ty factor .
r Distance from the interface crack tip ISSF Intensity of singular stress field

1) Under the same value of Dundurs parameter, the singularity expo-
nents at the interface end are the same.

2) Under the remote tensile stress named equivalent stress oy, the ISSFs
are the same when no crack.

3) Even under the same ISSFs, the singular stress distributions in Fig. 1
(a) and Fig. 1(b) are totally different. This is because under the
thermal loading, a large tensile stress often appears only near the
surface, but a compressive stress appears inside [25].

However, to design real adhesive structures, butt joints (named ABA
joints in this study) are essential. This is because the tensile adhesive
strength o, obtained for ABA joint has been used. Similarly, to evaluate
the adhesive strength under thermal loading, it is necessary to under-
stand the specific thermal singular stress field of ABA joints. For
example, it was reported that the ISSF varies depending on the adhesive
layer thickness in the ABA joint under tensile load [26,27]; however,
there is no systematical study of the SIF by varying the crack length, the
adhesive layer thickness under arbitrary material combination.

Therefore, in this study, interface edge cracks in the ABA joints
subjected to thermal stress will be analyzed. The thermal stress problem
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(a) ABA joint under uniform temperature change AT

can be represented by superposing the tensile load problem the uniform
stress problem. For this purpose, consider the ABA joints under tensile
loads first. Then, the effects of crack length and adhesive layer thickness
on the SIF will be investigated. Next, consider the ABA joints under
thermal stress under arbitrary material combination. Finally, the val-
idity of the SIF obtained will be confirmed through the experimental
results [23] by assuming a fictitious crack. The discussion in this paper is
especially useful for heat-curing adhesives. There are two types of
thermosetting adhesives. One is room temperature curing type and the
other is heat curing type, and the latter usually has a denser three-
dimensional network structure and is said to be stronger than the
room temperature curing type. The discussion in this paper is especially
useful for heat-curing adhesives because they are widely used after
being cured by heating to a temperature higher than room temperature.
To evaluate the heat-curing adhesive strength, it is necessary to consider
both the thermal stress generated during heat curing and external loads
such as tensile stress.

L1
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Material B | [

o

Material A

L
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(b) ABA joint under remote tensile stress which is
equal to equivalent stress a9

Fig. 1. Buttjoint named ABA joint in this paper under thermal loading compared to tensile loading assuming a fictitious crack length “a”. Note that equivalent stress

G — 8GAGp (v]; 1, )AT
Y0 = Galks—1)—Gp(ka—1)—2(Ga

= provides the same ISSF for (a), (b) when no crack. Here, Material A, B have elastic constants Ga, x4, Gg, kg and thermal expansion

& . e
coefficients 7, = n,,(plane stress), ;, = (1 + vp)y,(plane strain), m = A, B, F; + iFy = (K1 + iK2)/0y0/7a, 0y (1) + ity (r)—>5HL (L) .
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2. ISSF of ABA joint without crack under tension and thermal
loading

Before discussing the SIF of an edge interface crack under thermal
loading, in this Section 2, the Intensity the Singular Stress Field (ISSF) of
ABA joint will be described for thermal loading. This is because the SIF
of the edge crack in Fig. 2 should be discussed based on the double
singularities before and after cracking as shown in the previous studies
[28,29]. In the previous studies, Bogy pointed out the existence of log-
arithmic singularity in dissimilar bonded plates under surface traction
without mentioning the equivalent tensile stress of the thermal loading
[7]. Chen et al [21] explained that the stress distribution due to thermal
loading can be expressed by the stress distribution under tension and the
constant uniform stress without mentioning that the meaning of the
constant stress value [11,12,30]. Therefore, in this Section 2, the
interfacial stress distributions under tension and thermal loading will be
indicated focusing on the difference of the singular stress distribution.
Though the explanation, the value of the constant stress will be clarified
to understand the edge interface crack problem [21,25].

Fig. 3(a) illustrates the interface stress o,(r) of the ABA joint when
a =0.8, f = 0.3 in comparison with the AB joint subjected to oy’ (x). The
remote tensile stress can be chosen as 65° (x) = 60, which will be defined
later in Eq. (6) as shown in Fig. 3 (a) without losing generality. The
singular stress distribution ¢,(r) can be expressed in Eq. (1) at the
interface edge.

0y(r) = X% duetooye, K, = Fioyoh'™* &)

Here, K, is the intensity of the singular stress field (ISSF) and A is the
edge singularity index whose value is given by the characteristic equa-
tion of Eq. (2) [27]. The ISSF K, of the ABA joint under tension oy in
Fig. 3(a) discussed in Ref. [27] are indicated in Appendix A under
arbitrary material combinations as F, = K,/ch' ™.

sin®(Arx)
4

sin?(22) = 2172 + 222 [sin? (22) = 22 |ap+ 202 — 1) +
[sin® (34) - % sin*(34) %]
-0
2)

In Eq. (2), Dundurs parameters a,  are determined from the material
combination as follows [31].
Ga(kg +1) — Gg(ka + 1)

= B =
¢ Ga(kg + 1) + Gp(ka + 1)’/

Ga(kg — 1) — Gg(ka — 1)
GA(KB + 1) + GB(KA + ].)7

3

4.5
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=A,B) 4

_ J (3=vm)/(1 + vn)(plane stress) (m
Kim = 3 — 4y, (plane strain) ’

Fig. 3(b) shows the stress distribution o, (r) at the interface edge due
to the thermal loading by cooling the plate’s temperature uniformly as
AT = T, < 0. Fig. 3(b) is an example when @ = 0.8, f = 0.3, T, = — 100
deg, and linear expansion coefficient ratio 1, /n; = 10. To conform the
constant term associated with the thermal loading, Fig. 3(c) shows the
subtracted distribution of Fig. 3(b) from Fig. 3(a). As shown in Fig. 3(c),
a constant interface stress distribution ¢}(r) = 00 is confirmed as can be

expressed o} (r) = oy(r) —og(r) = 0y0. The dashed line in Fig. 3(b) is the
stress o, at the interface due to the uniform temperature change AT =
—T, < 0 subtracting the constant term ¢, = 0,0 in Fig. 3(c).

From Fig. 3(c), it can be confirmed that the singular stress distribu-
tion under thermal loading in Fig. 3(b) at the interface end oy (r) can be

expressed in Eq. (5).
Krr
oy(r) = e +0y0 dueto AT 5)

In other words, under the bad pair condition satisfying a(a —24) > 0
the power function type singular stress field r'~* occurs in the case of the
thermal load as well as in the case of the mechanical load causing
0y(r)—>o asr—0. The constant term oy, is known as the equivalent
remote tensile stress that should be applied to the bimaterial plate (see
Fig. 3(a)) to produce the same ISSF (see Fig. 3(b)). Under the remote
tensile stress 0,9 defined in Eq. (6), the same intensity of the singular
stress K, due to the uniform temperature change AT = —T, < 0 can be
obtained [21,25,30].

8GGg(ny —my) AT
GA(KB - 1) - GB(KA - 1) - Z(GA — GB)7

Oyo =

(plane stress)

- Mm —
m = { (1 + Um)n,,(plane strain) (m=4,B) ®)

Here, Gy, Gg, are shear modulus, v4, v are Poisson’s ratio and 77y, 77
are thermal expansion coefficient of material A, B, respectively.

The singularity index A < 1 obtained from Eq. (2) characterizes the
presence of the singular stress in Fig. 3 in the following way.

1) When a(a —2p) > 0 (Bad pair), 0 < 1 < 1.

2) When a(a —2) = 0 (Equal pair), 4 = 1.
3) When a(a — 2f) < 0 (Good pair), 4 > 1.

R
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Fig. 2. Difference of the SIF between under thermal loading and under tensile loading in F; —a/W relation in AB joint whena = 0.8, f=0.3, 1, /nz = 10,K; + iKy =

2a"

. ie
(F1 +iF3)oy0/ma(1 +-2ie), 0, (r) + irxy(r)e’“%\/‘_ﬂiﬁ ( L > , =0 (r is a distance from the crack tip). Note that when no crack the ISSFs are equal. The AB joint in Fig. 2

can be regarded as ABA joint in Fig. 1 with.h/W > 1.
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(a) Interface stress distributions oy () due to remote tensile loading 0y°(x) = 0, for ABA joint when

h/W=0.1 and h/W =1.0 which is corresponding to AB joint
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(b) Interface stress distributions a}l,’ (r) due to negative uniform temperature change AT =T, < 0 for

ABA joint when h/W=0.1 and h/W =1.0 which is corresponding to AB joint
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(c) Constant interface stress distribution oy (r) = 0, obtained by subtracting Fig.3(b) from Fig.3(a) as
oy (r) = oy (r) — a}l,’ (r) = g, for ABA joint when h/W=0.1 and h/W >1.0 which is corresponding
to AB joint

Fig. 3. Interface stress distribution o, (r) under mechanical loading and thermal loading for ABA joint when h/W = 0.1 and h/W > 1.0 which is corresponding to AB
joint under fixed material combination a = 0.8, = 0.3 obtained as G4/Gg = 10.93, va/vg = 0.0314, plane stress), AT = Tp = —100 deg, thermal expansion co-
efficient ratio 1, /nz = 10.
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Table 1
Behaviors of the interface stress oy (r) when r—0 in Fig. 3 under mechanical
loading and thermal loading.

Material combination Under thermal loading Under tensile loading

ala—2p) >0

K, K,
oy(r) = Ee + oyo—00(r—0) oy(r) = r——»oo(r—>0)

(Bad pair) 1-2
a(a—2p)=0 0y (r) = kslog(r)—=oo (r—0) oy (r)—finite (r—0)
(Equal pair) (a #0)
ala—2p) <0 oy (r)—finite (r—0) 0y (r)=0 (r-0)
(Good pair)

Table 1 summarizes the difference between the singular stress fields
under mechanical loading and the one under thermal loading. The
presence or absence of the interface stress singularity was discussed in
the previous studies [12,25]. Table 1 summarizes the behaviors of the
interface stress oy (r) when r—0 in Fig. 3 under mechanical loading and
thermal loading. The interface stress behavior varies depending on
ala—2p) >0, a(a—2p) =0, a(a —2p) < 0. Note here that the ISSF K,
due to mechanical load 6,9 in Eq. (1) and the ISSF K, due to thermal
stress AT in Eq. (5) are equal since the constant term 6, in Eq. (5) does
not affect the ISSF.

Fig. 4 illustrates the idea of the analysis method used later in Section
4. The stress distribution in Fig. 4(a) under thermal loading consists of
the one under the tensile loading in Fig. 4(b) and the constant interface
stress in Fig. 4(c). The ISSF solution in Fig. 4(b) was analyzed previously.
As shown in Fig. 4(c), the uniform interface stress in Fig. 4(c) is
expressed by the sum of the compressive remote loading and the thermal
loading. In this study, the stress intensity factor of the edge crack in the
butt joint under uniform temperature change will be discussed based on
the superposition in Fig. 4. Accurate values of ISSFs F, = K,/ch!™* of
ABA joints are indicated in Table Al and Fig.Al in Appendix A under
arbitrary material combinations. Also, the usefulness of these results is
indicated in Fig. A2 in Appendix A.

3. Analysis method of interfacial cracks under thermal load
3.1. Fictious crack method to analyze adhesive strength

The ABA joints are often used as a most fundamental testing method
to evaluate adhesive strength. Suzuki [32] measured the adhesive
strength of ABA joints by varying adhesive layer thicknesses stating that
the maximum principal stress value at a distance § from the surface can
be used to predict the strength. Reedy-Guess [33,34], Reedy [35] and
Mintzas-Nowell [36] focused on the interface edge singular field stating
that the generalized stress intensity factor (ISSF) to evaluate the
strength. Noda et al. [37] analyzed the intensity of the singular stress
fields (ISSF) at the end of ABA joint interface controlling the strength by
varying the material combination and adhesive layer thickness stating
that the ISSF controls the strength. Furthermore, they explained the
stress intensity factor (SIF) of an assumed fictitious interface crack is also
useful since the adhesive strength can be expressed as a constant value of
the SIF [37]. This is because the SIF of the assumed edge crack is
controlled by the ISSF of the singular stress field at the interface end
[28,29,38].

-1 % -1 % T.
UyOVFEM'Tfyo,FEM _GSyO.FEM “Txy0,FEM o

=1 . — I
0.FEM " ‘xy0,FEM YO.FEM "¢ xy0, FEM
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To evaluate the adhesive strength based on the singular field at the
edge of the interface, the ISSF method and the fictitious crack method,
which assumes an interfacial crack at the interface end as shown in
Fig. 1, have been proposed [37]. In the ISSF method, the adhesive
strength is evaluated using the parameter K, related to the normal stress
oy at the interface. On the other hand, the strength evaluation method
using a fictitious crack investigated in this study uses the SIFs K3, K5 of
the interfacial crack as substitute parameters for the strength of the
singular field K,; at the edge of the interface. Since not only K; related to
oy but also K related to shear stress 7y, can be obtained, there is an
advantage that the mechanical state of interfacial failure can be intui-
tively understood.

3.2. Proportional method to analyze thermal interface stress intensity
factors

Fig. 5 shows a butt joint with an edge interface crack subjected to
uniform temperature change AT, which is the target problem in this
study. In the FEM analysis, a uniform temperature change AT is applied
to the entire element in Fig. 4 considering elastic modulus and linear
expansion coefficient. Then, the stress value at the crack tip is calcu-
lated. In a similar way, an interface edge crack under heat flow may be
solved after analyzing temperature distribution [39]. Since the singular
field appears at the interface end of the bonded plate without crack, the
discussion in Section 2 must be useful for heat flow problems. In this
study, the SIF of the interface crack under uniform temperature change
AT is focused by applying the proportional method [28,29,38]. As
shown in the preceding papers as well as the following explanation in
Sections 3 and 4, the proportional method may provide exact solutions
[25,28,29,38].

In the method, stress values at the crack tip node are used and a stress
intensity factor is determined by the ratio of the crack tip stress values
between an unknown problem in Fig. 5 and the reference problem in
Fig. 6. In this study, the definition of stress intensity factor is expressed
as follows based on the interface crack length 2a*.

. Ki +iK. ie
e CO Y @

The method gives the singular stress field equal to the unknown
problem by adjusting load stress T and S of the reference problem whose
stress intensity factor is already-known. The single interface crack in a
bonded semi-infinite plate subjected to the tension T and shear S is
selected as the reference problem because the interface crack tip is al-
ways mixed mode state. The stress values at the interface crack tip node
calculated by FEM in the reference problem under the tensile stress T=1
(8 = 0) or shear stress S = 1 (T = 0) are written by 6/5 4y, ooy and
Oyotmms Tayorems Tspectively in Fig. 5. The crack tip stress values of the
unknown problem under the uniform temperature change in Fig. 5 are
also denoted by 6y0 rem, Txyorem. By using the same crack tip stress con-
dition between the reference and the unknown problems, that is,
Oyo.rEm = G;O‘FEM and 7.0 mm = 1;;},07FEM, the external loading stress T and S
in the reference problem can be determined from the next expression

(8).

— _ Y
T= 0;0:1 * ol . = = *
\FEM

1 1 % T-1__ * r 1 1 % T-1__ *
Tsxyo.FEM 70‘;0.FEM “Txy0.FEM 0y0 FEM 'T)S(yO.FEM *frgyo.FEM “Txy0 FEM

(8)
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b
(a) ISSF K\? (b) ISSF K (c) ISSF=0

Fig. 4. (a) Singular interface stress due to uniform thermal loading AT = T < 0 can be expressed by superposing (b) tensile loading and (c) constant interface stress
when a(a —2p) > 0. The constant interface stress in Fig. 3(c) can be obtained from compressive oyo and AT = Ty < 0.

0y0,FEM
Txy0,FEM
Material A /
a AT ' '
[EE—— X
Material B h Interface
crack
e=e*
AT
nf
Material A

Fig. 5. Unknown problem for an edge interface crack in bi-material rectangular
plate subjected to uniform temperature change AT. The stress values at the
crack tip oyo rem, TxyorEm are calculated by FEM considering the elastic modulus
Ga, va, Gg, vg and thermal expansion coefficients 1,, 7.

From the loading stresses T and S obtained by Eq. (8), the stress in-
tensity factor of the interface crack in the reference problem in Fig. 6 can
be evaluated by Eq. (9).

Ki" +iK, = (T +iS)Vra' (1 + 2ie),
Ve 1 kg 1 (C)
(6 a)/ (6 )]

Here, ¢ is the oscillation singular index, x, = 3 —4v,, (plane strain),
(3 —um)/(1 + vp) (plane stress), (m = A, B). Because the stress intensity

* _ T=1+ S=1+
OyorEM = Oyorem " T + Oyorem =S
¥ _ T=1+ X S=1+ .
TryoFEM = Uxyo,rem T + TayoFem *S
/
/
/
- ;
; T
: .
. )
: ;
. Interface
p— Za ——- }\
crack
T, Ty e*

xB
{ Material B

EER

1

Tea =
A 1+ kg

G G
B (1 + KT + {3 — kg — 23— AA)T}l
Ga Gy

Fig. 6. Reference problem for an interface crack in a bonded semi-infinite plate
subjected to tension T and shear S.

factor of Eq. (9) is equal to that of the unknown problem, the stress
intensity factors of the unknown problem in Fig. 5 can be obtained as

K=K, K=K 10)

From K; = K;', K, = K3', (T, S) in Eq. (8) can be regarded as
dimensionless SIFs (F;, F5) of unknown problem (see Eq. (11)). It is
noted that in the proportional method the finite element models of the
reference and the unknown problems have the same crack length and
the same FEM mesh pattern near the interface crack tip [25,28,29,38], a
= a* and e = e*. The detail of the accuracy discussion can be found in
previous papers under mechanical loading [28,29,38]. The proportional
method is useful for analyzing interface cracks by providing mesh-
independent interface SIFs F;, F, efficiently. Since those FEM results
are mesh-independent, the obtained SIFs K;, K, can be regarded as the
exact solution by using the exact reference solution in the bonded
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Table 2
Mesh-independence of Fy, F, obtained by the proportional method when h/W = 0.1in Fig. 5 [Ky + iKy = (F1 +iF2)0y0+/7a(1 + 2i), a=0.8, p=0.3, a/W = 10 >anda/
W =0.1].
h/W a/Ww e/a Thermal loading Tension
F F, P Fy
0.1 10°° (3’5)/11 1.643003 ~0.2851651 2.725190 —0.230368
878;; E 1.642920 ~0.2853527 2.725152 ~0.230969
1.643179 —0.2853674 2.724885 —0.230956
0.1 0.1 39711 —0.0305951 —0.0757925 0.887870 —0.100019
3/11 —0.0306005 —0.0757973 0.887860 —0.100019
37911 —0.0306041 —0.0758045 0.887899 —0.099987
Table 3 infinite plate Ky + iK, = (T + iS)y/ma(1 + 2ie). In Table 2, several ex-
able

Confirmation of the thermal SIFs F;, F, defined from Kj +iKy; = (F; +iF2)
oy0v/7a(1 + 2ie) are controlled by a, § by taking an example when a = 0.8, $=0.3
and h/W = 0.1, a/W = 107° in Fig. 4.

amples are indicated.

3.3. Effect of material combination on the thermal interface stress
intensity factors

Analysis Case 1 Case 2 Case 3 Case 4
conditions (Plane (Plane (Plane (Plane In this study, the dimensionless stress intensity factors F; and F,
stress) stress) strain) strain) . . . . L .
defined in Eq. (11) will be used to discuss ABA joints by applying the
Shear modulus Gy 496.524 4878.049 99.999 3998.612 proportional method in section 3.1.
[MPa] Gy 45.426 453.515 9.091 363.625
Poisson’s ratio VA 0.007 0.025 0.000011 0.000347 Ky +iK, = (Fl 4 iFZ)UyO\/ﬁ(l + 2i€) a1
v 0.223 0.225 0.181819  0.181844
Thermal na 10 10 5 3 In Eq. (11), the equivalent stress is defined by Eq. (6).
?;q/);lsmn I 100 2 20 The thermal stress intensity factor ( SIF ) varies depending on the
Temperature AT 100 100 100 100 temperature change AT, Dundurs parameter a, f, thermal expansion
change [K] coefficient ratio ), /1, and relative crack length a/W. Table 3 shows the
Equivalent stress ~ 6y0 450,000 —45000000 26,364 —8254337 values of F; and F; for an edge interfacial crack under fixed @ = 0.8,
(Eq.6) $=0.3 and fixed geometry h/W = 0.1, a/W = 10> by varying material
Normalized SIF F,  1.6431 1.6431 1.6431 1.6431 F Table 3.1 b h if th ial
F, 02854 _0.2854 _0.2854 02854 const:ants. rom Table 3, it can be seen that even i t e?materla constants
are different, the values of Fi, F, are the same. This is because Dundurs
parameters a, f control Fy, Fs.
4 4 Tyo l l l J Jy0
4
Material A 4T Material A Material A 47T
a_‘E“) S o 5o q‘sc) -
r—0), (r-0), (r—0),
a F, > a F > a F; - finite
- (a/h - 0) - (a/h - 0) . (a/h - 0)
Material B Ih = Material B 3/, _|_ Material B ]j h
AT AT
L W -
Material A Material A Material A
L P11

(@) F =Ci(h/a)*™*+D;
Fy = C5(h/a)*™* + Dj

(@) Fi =Ci(h/a)'™
F, = C3(h/a)'™*

() F=D;

F‘ZZDQk

Fig. 7. (a) Singular interface stress of ABA joint due to uniform thermal loading AT = Ty < 0 which can be expressed by superposing (b) tensile loading and (c)

constant interface stress when a(a —2f) > 0. The constant interface stress in Fig. 7(c) can be obtained from compressive 0,9 and AT = Tp < 0, [K; + iKy =

iF2)(7y() vra(l+ 2ie)].

(F1 +
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1.00

a=05, p=03
1.2
0.10
a=038, =03
~
&
001 F \
a=0.6, =03 0.7, 03
0.00
3 -5 N -3 -2 -1
10 10 10 10 10 10 10
aW
L " " " " " |
10° 10" 10° 10° 10" 1 10
a/h

Fig. 8. F1, F, — a/W relation for ABA joint in Fig. 7 (b) showing that In[F;/(a/W)]~ —(1 —2), In[F»/(a/W)] ~ —(1 —1) when a/W < 107!, A= singularity index,

h/W = 0.01 [K; + iKy = (F1 + iFs)0,0y/Fa(1 + 2ie)].

4. Stress intensity factor of an interface edge crack in butt joint
under tensile loading in Fig. 7 (b)

As shown in Section 2 (see Fig. 2 and Fig. 3), the interfacial stress
distribution due to uniform temperature change in the ABA joints
without crack (Fig. 3(a)) can be composed of the tensile load problem
(Fig. 3(b)) and the uniform stress problem (Fig. 3(c)). In this study, the
problem of interfacial edge cracking in the ABA joints due to thermal
stress (Fig. 7 (a)) is investigated by superimposing Fig. 7(b) and 7(c). In
this Section, the effect of the crack length a/W and bondline thickness h/
W on the SIF of the interface edge crack under tensile load in Fig. 7(b).

4.1. Effect of crack length a/W and bondline thickness h/W on F;, F
under tension

The SIF in Fig. 1(b) is affected by crack length a/W and adhesive
layer thickness h/W. In this section, the effect of those geometry on the
SIF in Fig. 1 will be investigated to understand the edge interface crack
in ABA joint.

Fig. 8 shows F;, F2 — a/W relation in a log-log diagram for ABA joint
in Fig. 7(b). The crack length “a” is changed widely in a range
a/W=10"7 ~ 1071, The adhesive layer thickness h is set to be rela-
tively larger than “a” as a/h = 0.1 and indicated in the second x-axis of

10
a=08, f=03
a=0.7, p=03

> —_— a=0.6, =03

l L
a=0.5, p=03

o . . . ))

10° 10? 10 1 (C

W

a/h. The material combinations are @ = 0.5 ~ 0.8 with fixed g = 0.3. As
shown in Fig. 8, when a/W < 1072 or a/h < 0.1, it can be seen F;, F»
change linearly in a log-log diagram with respect to a/W and the slope
agrees with —(1 —21) by using the singularity index A. This is because the
ISSF K, is proportional to h!~* as shown in Eq. (6), K, = F,0,0h' ™ [27].
Fig. 9 shows F;, F, —h/W relation in a log-log diagram for ABA joint
in Fig. 7(b). The adhesive layer thickness h is changed widely in the
range h/W = 0.002 ~ oo. The relative crack length is set to be relatively
smaller than has a/h = 0.1. The material combinations are = 0.5~ 0.8
with fixed g = 0.3. As shown in Fig. 9, when h/W < 0.1, F;, F» change
linearly in a log-log diagram with respect to the adhesive layer thickness
h/W, and the slope agrees with —(1 —2) by using the singularity index 1.
This is because the ISSF K, is proportional to h'~* as shown in Eq. (6),
K, =F,0,0h!~* [27]. On the other hand, when the adhesive layer
thickness is h/W > 1, F;, F, are constant and independent of h.

4.2. Definition of SIF for an edge interface crack in butt joint under
tension

From Figs. 8 and 9, it was clarified that F;, F» change linearly in a
log-log diagram with respect to a/W, and h/W. Then, the slope agrees
with —(1—1) by using the singularity index A. In previous studies
[25,28,29], the SIF of the edge interface crack in AB joint under tension

a=0.8, f=0.3

0.1 F a=0.7, p=0.3
k:. : - \

a=0.5, p=0.3

a=0.6, f=0.3

L . ) ))
0.01
10° 102 10" 1 (( *
hw

Fig. 9. Fy, F» —h/W relation for ABA joint in Fig. 7 (b) showing that In[F;/(h/W)]l~ —(1 —1), In[F2/(h/W)] ~ —(1 —4) when h/W < 107!, A= singularity index [K; +

iKy = (F1 + iF2)oy0y/7a(1 + 2ie)].
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<
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09
0.8
0.7 L
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0.20
018
016 |
014 a=0.8, =03
012 F
w010 | b ron
a=0.), p=0.3
0.08 i
0.06 a=0.7, f=0.3 \
004 |
0.02 a=0.6, p=03
0.00 ‘ . . .
10° 10* 10° 10? 10" 1

(b) C; = F2/(h/a)'* vs a/h

Fig. 10. G, C - a/h relation for ABA joint in Fig. 7 (b) showing that C1", C," = constant when a/h<0.1, h/W =0.01,a =05~08,5 = 0.3,K; +iKy =

(F1 +iF2)0y0y/ma(1 42i€),F; = C;(h/a)' ™ F, = Cy(h/a)' ™

1.60
140 | =05, =03
. 120
oy a=0.6, 0.3
3
=< 1.00
s a=0.7, =03 ——
I e
© 0.80
=08, p=0.3
0.60
0.40 - n n
10°% 10 107 1

h/w

(@) C1" = F1/(h/a)"* vs h/W

0.12
01
a=0.5, =03
0.08
0.06
= 004 |
3
< 002 |t a=0.6, =03
:ﬁ:.
e O F
.}
0.02
a=0.7, f=0.3
-0.04 + o
-0.06 | a=0.8, f=0.3
-0.08 L .
10 10 10 1

h/w

(b) C2" = F1/(h/a)'~* vs h/W

Fig. 11. C;", C2" — h/W relation for ABA joint in Fig, 7 (b) when h/W < 0.1 showing that C;",C," = const. when a/h < 0.1, @ = 0.5~ 0.8, = 0.3, K; + iKy =

(F1 +iF2)0y0y/@a(1 +2ie),F; = Cy(h/a)' ™, F, = Cy(h/a)" ™

is expressed in the form F; = C,(W/a)' ™, F, = C;(W/a)' ™ indicating
that the coefficients C;, C, are constant when a/W < 0.01. Considering
this, F1, F» of the edge interface crack in ABA joint under tension is
defined in the following form based on the adhesive layer thickness h.

K + Ky = (F; + iF2)oy0v/7a(1 + 2ie),
F, = C,(h/a)" 7, (12)
Fy = Cy(h/a)*™

Fig. 10 shows C;", C," — a/h relation for ABA joint in Fig. 7(b) when
the bondline thickness h is fixed as h/W = 0.01 by taking example when
a =05~ 08,8 =0.3. Fig. 10 shows that C;", C," = constant when the
crack length is relatively smaller as a/h < 0.1.

Next, Fig. 11 shows [N h/W relation for ABA joint in Fig, 7(b)
when a/h < 0.1 by taking example when o = 0.5 ~ 0.8, # = 0.3. From
Fig. 11, it is seen that C;", C," are insensitive of h/W, and especially
when h/W< 0.1, C;", C," = constant. This is practically important
because usually the adhesive layer thickness is in the range h/W < 0.1.
By using the constant value of C; 1 Gy, it may be concluded that the SIF
of the interface edge cracks in ABA joints can be expressed accurately to
the three digits when a/h < 0.1, h/W < 0.1. This is because the SIF of a
fictitious crack is controlled by the constant ISSF defined in F, =

K,/(ch'™*) [27]. Since a useful SIF expression defined in Eq. (12) is
available when a/h < 0.1 and h/W < 0.1, accurate values of C1*, C," are
indicated in Table B1 in Appendix B.

When h/W > 1, Fy, F; of the edge interface crack in in ABA joint are
independent of the adhesive layer thickness h, so the SIF should be
defined as follows based on the joint width W.

K1 + iKz = (Fl + in)(Tyo\/ﬂa(l + 2i€),
F =C(W/a)', 13)
Fy = Cy(W/a)' ™

The coefficients C;,C, in Eq. (13) are constant when h/W >1
because the ISSF controlling the SIF defined as F, =K,/(cW'™) is
constant when h/W > 1 [27]. Since a useful expression defined in Eq.
(13) is also available when h/W > 1, accurate values of C;, C, are also
indicated in Table B2 in Appendix B.

4.3. Values of coefficients C;, C,, under arbitrary material combinations

Fig. 12 shows the coefficients Cj, C, for arbitrary material combi-
nations a, # with a > 0. Note that as shown in Fig. 13 practical material
combinations are in the range a > 0 and metal/resin combinations are
in the range 0.7 <a, 0 < <0.3. The adhesive layer thickness is
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h/W < 0.1
*
ﬂ:o-‘ ------------ h/WZl'O 030
$=0.45
0
3
9
N Metal/Resin
o)
a
* The range of formula (14a) is indicated
04

Fy/(h/a)'*

Gy’

h/W < 0.1 ¥
- hJW = 1.0

\ . p=0.45

Metal/Resin

0.8 1

* The range of formula (14b) is indicated

Fig. 12. Values of C;, Cy in Ky +iKy = (Fy +iF2)0,0/7a(1 + 2ie) with F; = C;(h/a)'™* + Dj, F, = Cy(h/a)' * +Dj, having more than three digits accuracy for ABA
joint in Fig. 7(b) when in the range a/h < 0.1 and h/W < 0.1 in comparison with values of C1, Co in Ky +iKs = (F1 +iF2)oy0+/7a(l +2ie) with F; = C; (W/a)l’i + D;,
Fy = Co(W/a)'™ +D}, having more than three digits accuracy for ABA joint in Fig. 7(b) when h/W > 1 (=AB joint) under arbitrary material combinations practically

used 0 <a<1.

usually h/W < 0.1. Since a useful expression defined by Eq. (13) is also
available when h/W > 1, the values of the coefficients C;, C, are also
indicated by dashed lines (exact numbers are given in Appendix B).
Comparison between the values of C;, C; shown by the solid line and the
values of C;, C; shown by the dotted line shows that under many
practical material combinations (see Fig. 13) the effect of h/W is small.
For readers’ convenience, regarding Metal/resin combination in the
range 0.7 < @, 0 < $8 < 0.3, the following formulas for calculating C;, C,
are provided by applying the least square method.
When 0.7 < a, 0 < < 0.3 (Metal/resin combination):

C, = 7.5609 —59.5015 + 283.544> — 304.734°
+[—26.082 +236.42f — 1105.34% + 1303/°]a
+[32.28 — 304.944 + 1420.15* — 1770.34%]a?

+[—13.6 +130.74p — 605.554* + 781.474°| o (14a)

(less than 2.4 % error and less than almost 1 % error in most cases).

10

When 0.7 < a, 0 < # < 0.3 (Metal/resin combination):

2.1157 + 22.2144 — 108.654° + 201.934°

G,
+[7.6267 — 83.5394 + 409.824° — 726.914%]a
+[-9.7143 + 104.894 — 512.774% + 881.294°|a?

+[4.1556 — 44.2975 + 214.454% — 359.275°|a® (14b)

(less than 2.4 % error and less than almost 1 % error in most cases).

5. Stress intensity factor of an edge interface crack in ABA joint
caused by constant term associated with thermal stress

When thermal load AT and compressive load oy are applied at the
same time as shown in Fig. 7(c), the adhesive interface has a uniform
stress distribution. Under this condition, Fig. 14 shows Dj, D, —a/h
relation. Here, the SIF is defined in Eq. (15) when the material combi-
nations a = 0.5, 0.7, 0.8, f=0.3, h/W=0.01. Fig. 14 shows that D, D}
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Fig. 13. Dundurs composite parameters for several engineering materials.
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Fig. 14. D;",D," —a/h relation for ABA joint in Fig. 7 (c) showing that D;”",D," = constant when a/h < 0.1 when h/W = 0.01, @ = 0.5~ 0.8, f = 0.3,K; + iKy =

(D1” +iDy")oy0/ma(1 +2ie).
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Fig. 15. Dlﬁ,Dzkfh/W relation in Fig. 7(c) for ABA joint showing that D;, D;:const. when
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11

(m=A,B)

R/W<10, a = 05~08, = 03, K + iKs
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Fig. 16. Values of D}, D, having more than three digits accuracy in Fig. 7(c) when a/h < 10~2, and the error is less than 3 % when a/h < 1071, Ky +iKy = (D;" +

8GaGp (v];—ﬂ;)AT «

— . _ o n,
iD2")oyov/aa(1 + 2ie), 030 = G TG0 26 Gy I = "

{(1 + Vm) M

are insensitive with less than 3 % error as D], D, ~ constant when
a/h <0.1. The coefficients D], D,=constant to three digit when
a/h < 0.01.

Ky +iK, = (D; +1iD})oy0v/7a(1 + 2ie) in relation to Fig.7(c),

o 8GGg(ny — my) AT
7" Galks — 1) — Ga(ka — 1) — 2(Gs — Gp)’

(15)
N (plane stress)

M = ,(m=A,B)
(1 + vm)n,, (plane strain)

Fig. 15 shows Dj, D, —h/W relation for ABA joints. When the ma-
terial combinations a = 0.5, 0.7, 0.8, f=0.3, h/W = 0.002 ~ 1.0. As a
result, under the uniform adhesive interface stress distribution the co-
efficients D}, D}, are insensitive to h and determined only by a, f.

Fig. 16 shows the values of the dimensionless coefficients Dj, D in
the range 0 < @ < 1. From Fig. 16, it is seen that the value of D;"isina
narrow range of D] = —1.13 ~ — 1.05, and D}, is almost proportional to
a for the same . Accurate values of D], D, necessary for thermal loading
are indicated in Table B3 in Appendix B.

From the discussion above, when a/h < 0.1 and h/W < 0.1 in Fig. 7

(plane stress)
(plane strain)’

12

,(m=A,B)

(a), the SIF can be provided in the following form under the uniform
temperature change AT for arbitrary material combination. Note that
this expression is valid up to h/W < 1 for adhesive resin.

K1 + iKz = (F1 + in)Gy()\/ﬂ'a(]. + 2is),
Fi =G (h/a)" +Dy,

F, = Cy(h/a)' ™ + D,

8GaGa (5 — 1) AT
GA(KB - 1) - GB(KA - 1) - 2(GA - GB)7
- 1, (plane stress)
m = { (1 + Um)n,,(plane strain)

Oyo =

(16)
,(m=A, B)

The values of C;, C, were indicated in Fig. 12 and Table B1 with the
formula for metal/resin in Eq. (14). To express the SIF caused by con-
stant term associated with thermal stress, other coefficients D}, D, are
indicated in Fig. 16 and Table B3 for arbitrary material combinations
practically used 0 < a < 1. Regarding Metal/resin combination in the
range 0.7 < a, 0 < < 0.3, the following calculation formula is pro-
vided by applying the least square method for readers’ convenience.

When 0.7 < a, 0 < < 0.3 (Metal/resin combination):
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D] = —1.0958 — 0.13634 + 0.3854*

+[—0.072658 + 0.38654p — 1.32734%|a

+[0.10738 — 0.188074 + 0.833254%]a> (17a)

(less than 0.1 % error).
When 0.7 < a, 0 < # < 0.3 (Metal/resin combination):

D, = —0.005728 +0.235434 + 0.266794>

+[-0.15675 +0.178824 — 0.513%]a

+[~0.025048 — 0.119524 + 0.26194 o> (17b)

(less than 0.2 % error)
6. Critical tensile stress for ABA joint subjected to thermal stress

There are two types of thermosetting adhesives. One is room tem-
perature curing type and the other is heat curing type, and the latter
usually has a denser three-dimensional network structure and is said to
be stronger than the room temperature curing type. The heat-curing
adhesives are widely used after being cured by heating to a tempera-
ture higher than room temperature. To evaluate the heat-curing adhe-
sive strength, therefore, it is necessary to consider both the thermal
stress generated during heat curing and external loads such as tensile
stress. As an example, Fig. 17 shows the critical tensile stress o, of at
debonding experimentally obtained by the Qian-Akisanya [23]. This
experiment uses ABA joints composed of A = aluminum, B = epoxy F922
and thermally stressed when the width W = 30 mm and the thickness
t = 10mm. In Fig. 17, the symbol > denotes the critical tensile stress
when aluminum plates were bonded with epoxy resin at a temperature
of To = 120°C, the temperature was maintained for 8 h to harden the
adhesive, and then the temperature was cooled to room temperature
To = 20°C. In other words, the symbol > denotes the critical stress o, =
oc(AT) for the residual stress due to the temperature difference of AT =
T—-To = —100°C. Similarly, the symbol [l denotes the critical stress
when aluminum plates were bonded with epoxy resin at a temperature
of To = 160°C, the temperature was maintained for 6 h to harden the

Thermal Science and Engineering Progress 55 (2024) 102967

Table 4
Elastic and thermal properties of the epoxy resins and the aluminum substrates
in ABA joint in Fig. 17~Fig. 20.

Material Young’s Poisson’s Thermal a B A
combination modulus, ratio v expansion
E [GPa] K]
Aluminum 70 0.35 2.1 x 0.894 0.171 0.718
alloy 1073
F922 epoxy 3.8 0.38 5.8 x
10°°

adhesive, and then the temperature was cooled to room temperature
To = 20°C. In other words, the symbol [l denotes the critical stress o, for
the residual stress due to the temperature difference AT = T—Ty =

—140°C. The dotted lines in Fig. 17 can be obtained by applying the SIF
solution in this paper and the detail will be discussed later.

Table 4 shows elastic and thermal properties of the epoxy resins and
the aluminum substrates in this ABA joint necessary to calculate the SIF
of the fictitious crack [23]. By substituting @ = 0.894 and = 0.171 in
Table 4 into Eq. (14) and Eq. (17), which is useful for metal/resin
combination, the values C] = 0.5429, C; =— 0.1098, D] =— 1.069,
D; = — 0.1142 can be obtained. By using these values with Eq. (16), the
SIF K37 due to temperature change AT can be determined. Similarly, by
using the values of C; = 0.5429, C, = — 0.1098 and the critical stress o,
experimentally obtained in Fig. 17(b), KJ* due to 6,0 =0 can be
determined from Eq. (12).

Fig. 18 shows the critical value of SIF, Kj¢ (fracture toughness)
determined from a fictitious edge interface crack length a = 10~*mm
and the critical tensile stress o, experimentally determined. As shown in
Fig. 18(b), the adhesive strength can be expressed as Ki¢c = KIAC”"‘ =
K3T 4+ K°= constant = 6.34MPa/mmwhen a fictitious crack length a =
10~*mm independent of temperature change AT.

Kic = Kyg % = KAT + K§* = constant

= 6.34MPay/mm (when a =10"*mm) (18)

As shown in Eq. (18), the adhesive strength can be expressed as Kic
= constant, which is much more convenient than ¢, varying depending
on AT and h. Fig. 18(c) shows the SIF ratio K»c/Kic = constant like K;¢

70
A T T 4 o; 60
Material A 5 O
£ 10
e =
~ 30
Material B i h ;g 2 O
AT © 1 0
L 0
Material A
N

(a)

(b)

Fig. 17. Critical tensile stress at debonding of ABA joints thermally stressed (A = aluminum, B = epoxy F922, a=0.894, # = 0.171). The experiment was conducted
for the width W = 30 mm and the thickness t = 10 mm. Here, AT (=T —T)) is a uniform temperature change from the curing temperature Ty to the room temperature
T (T < To). The marks > and [l are the experimental data obtainded by Qian-Akisanya [23] for AT =—100"C and —140 C, respectively. The solid and dashed lines
show the critical tensile stress calculated from K;. = constant using the fictitious crack method when AT is changed.

13
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Fig. 18. ABA joint strength expressed as SIFK;¢ = const when a fictitious crack length a = 10~* mm is assumed for A = alminium, B = epoxy (F922), a = 0.894,

=0.171.

= constant. If the fictitious crack length “a” differs, the critical value will
be different, but it will still be a constant value. In other words, the
critical value varies depending on the fictitious crack length “a”, but the
constant K;¢ can be used to express the strength of this ABA joint Similar
to Fig. 18, Qian-Akisanya [23] showed that the adhesive strength of the
ABA joint can be expressed as the ISSF = constant (see Fig.A2 in Ap-
pendix A). Those analyses assume a constant linear expansion coeffi-
cient and a constant Young’s modulus of thermosetting epoxy adhesives
independent of temperature [22,23].

As discussed above, Kijc=constant in Fig. 18 can be obtained by
applying the fictitious crack method by calculating the SIF. They can be
provided from coefficients C;, C,, Dj, D, in Egs. (14), (17) without
performing extra FEM calculations. The ABA joint tensile strength
o.(AT) subjected to temperature change AT can be evaluated by
assuming a fictitious edge interface crack in ABA joints. This is because
the SIF of the crack is totally dominated by the ISSF at the crack-free
interface end. The usefulness of the SIF solution can be expressed as
shown in Eq. (19), which represents the critical tensile strength o.(AT).

o (AT) = (K?gwc 7K1AT)/K?|(;C(AT):17
K2 = KAT +KJ° = 6.34MPa/mm (when a = 10~*mm),

7 = [{Ci(h/@) + D} | - 26{C;(h/a) " + D, } |orov/ma,

R

(a)

A T T 4 oc

Material A 8.00
. o z 6.00

N £
Material B 1/1 & 4.00

=)

AT i
< 2.00

w

Material A 0.00

K{{c‘ﬂc(AT):l = (C1 - 2eC;)(h/a)171\/ﬁ

8GaGa (11 — ;) AT
GA(KB — 1) — GB(KA — 1) — Z(GA — GB)

Oy = 19)
As well as the experimental results, Fig. 17 also shows the results of
Eq. (19) as the dotted line by varying the temperature change AT. The
results of 6.(AT) for AT = —100'C, AT =-140"C agree with the
experimental results within about +4 MPa. With decreasing the tem-
perature difference AT, the critical stress o.(AT) increases significantly.
Fig. 18 and the following Fig. 19, Fig. 20 are based on K32 "*=K4T +
K{*=6.34MPay/mm (when a = 10~ mm) in Eq. (19).

To clarify the amount of the thermal SIF K27 in the critical SIF
KyZto = K4T +K§ at debonding, Fig. 19 illustrates the variation of K§T
in Eq. (19) when AT = —20, —40, —60, ---, —140°C. With increasing
AT, the amount of K;7 increases, although a certain amount of AT
necessary for cure of thermosetting resin.

Under constant AT, the amount of K47 decreases with deceasing the
adhesive thickness h. For example, when AT = —140°C, it is seen that
KyT =~ K3T%% at h = 1.3 mm. Therefore, the ABA joint may be deboned
only due to thermal stress at AT =—-140'C and h = 1.3 mm. With
decreasing AT, KT becomes insensitive to the adhesive layer thickness

W = 30mm
KiTH% = 6.34 AT = —140°C
A~ 120
/////,,,,,/—””""__100

/ -80

- 40
-20
0.5 1 1.5 2

h [mm]
(b)

Fig. 19. Effect of thermal SIF K47 due to temperature change AT on the critical SIF KIAC””‘ = KT +K{* when a fictitious crack length a = 10~* mm assumed for

alminium/epoxy (F922), W = 30 mm, a=0.894, = 0.171.
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Fig. 20. Thermal SIF K27 due to temperature change AT by varying the adhesive area W and the adhesive layer thickness h for alminium/epoxy (F922) ABA joint.

h.

Qian-Akisanya used the ABA joint specimen whose widthW = 30 mm
[23], but K¢ " = K4T + K} = 6.34MPa,/mm can be applied to other
specimen width W. Fig. 20 illustrates KT —h/W relation in the ABA joint
having a similar shape when W = 30 mm and W = 60 mm. Fig. 20 (a)~
(d) can be provided from the critical SIF Kjz'® = KT + K§
6.34MPa/mm. Fig. 20 (a), (b) show K47 —h/W relation (a) whenW =
30 mm, and (b) when W = 60 mm. From the comparison between Fig. 20
() and (b), to obtain the same value of K37, the relative adhesive
thickness h/W is smaller when W = 60 mm. For example, when W = 30
mm and AT = —140°C, K27 = K3I™" at h/W = 0.04 but when W = 60
mm and AT = —140°C, K37 =~ K{Z™* at h/W = 0.02.

Fig. 20(c) shows the normalized SIF K47 /(6y9\/7a) —h/W relation by
using oyo. As shown in Fig. 20(c), although K37 varies depending on AT
as can be expressed KT = K{T(AT) in Fig. 20(a), (b), K47 /(6y0+/7a) can
be expressed as a single curve independent of AT. As shown in Fig. 20(c),
with increasing the plate width W, the value of K{T /o,0+/7a increases. In
this way, the SIF K47 due to thermal stress cannot be directly applied to
specimens with similar dimensions h/W, and care must be taken.

Fig. 20(d) shows K{T/(6y0v/ma) —h relation by changing the hori-
zontal axis to h in Fig. 20(c). By setting h to the horizontal axis, KT/
(6y0v/7a) becomes independent of W. Fig. 20(d) also shows the value of

o

c

K7
with KIACT”” = 6.34MPay/mm (when a = 10~*mm), the critical stress
6¢(AT) can be calculated for any h, AT by substituting K47, KJ* |JE (a1 b
Fig. 20 (d) into Eq. (19).

In this paper, a useful thermal SIF solution was proposed by super-
posing the SIF under tensile stress and the SIF under uniform interface

se(aT)—1/ V™, Which is necessary for calculating 62T, From Fig. 20

n

15

stress associated with thermal load. This general SIF solution under
arbitrary material combination can be applied for predicting the tensile
strength o, and critical temperature change AT without performing
extra FEM calculations. The usefulness of the solution was confirmed
through Aluminum/Epoxy butt joint strength experimentally obtained.
In other words, the tensile strength o, can be predicted for various
temperature change AT and for various adhesive layer thickness h
fromK;c = constant of a fictitious interface crack.

7. Conclusions

The ABA joint specimens usually called butt joints are essential for
evaluating the thermal adhesive strength as well as the tensile adhesive
strength. The adhesive strength can be discussed from the stress in-
tensity factor (SIF) of a fictitious edge interface crack assumed at the
interface end. This is because the SIF of the crack is totally dominated by
the ISSF at the edge of the crack-free interface. In this paper, therefore,
the SIF of an edge interface crack in the ABA joints was investigated by
varying crack length and adhesive layer thicknesses under arbitrary
material combinations. The solution presented in this paper is especially
useful for heat-curing adhesives because they are widely used after
being cured by heating to a temperature higher than room temperature.
The conclusions can be summarized in the following way.

(1) A useful thermal SIF solution for ABA joint was proposed by su-
perposing the SIF under tensile stress ¢, and the SIF under uni-
form interface stress associated with thermal load AT. This
general SIF solution provided under arbitrary material combi-
nation can be applied for predicting the tensile strength ¢, and
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(2)

3

-

critical temperature change AT without performing new FEM
calculations.
When a/h < 0.1 and h/W < 0.1 in Fig. 1(a), the thermal SIF so-
lution can be provided in the following form under a uniform
temperature change AT for arbitrary material combination. Also,
without using Dj, D5, this expression can be used as the SIF so-
lution under tension as shown in Fig. 1(b). The SIF for interface
edge crack in ABA joints has less than 3 % error when a/h < 0.1
and three-digit accuracy when a/h < 0.01.

Ki + iKy = (Fy +iF2)o,0/7a(1 + 2ie), F; = Cj(h/a)'* + Dj,

Fy = Cy(h/a)'™ + D,

o 8G4Gg(ny —my) AT
Y Ga(kg — 1) — G(ka — 1) — 2(Ga — Gg)’
. { 11, (plane stress)

(1 + Um)n,, (plane strain)

The values of C}, C, are indicated in Fig. 12 and Table B1 and
the values D}, D) are indicated in Fig. 16 and Table B3 for arbi-
trary material combinations practically used 0<a< 1. Further-
more, the approximate formulas for calculating C;, C, and D;, D},
were presented in Egs. (14) and (17) for metal/resin combination
in the range @ > 0.7 and 0 < < 0.3.

The usefulness of the SIF solution was confirmed for Aluminum/
Epoxy ABA joints subjected to both thermal stress due to AT and
mechanical stress oy. From the critical tensile stress o, = o.(AT)
experimentally obtained, the SIF of a fictitious crack was calcu-
lated as K7¢. Also, from the temperature change AT, the SIF was
calculated as K27. Then, the critical SIF was obtained as K37 "¢ =
KAT +K3¢ by using the present SIF solution. Without performing
extra FEM analysis, the adhesive strength was expressed asKi¢c =
constant for various temperature change AT and for various

(m=A,B)

Thermal Science and Engineering Progress 55 (2024) 102967

adhesive bondline thickness h (see Fig. 18). This is useful for
predicting the adhesive strength 6.(AT) for various adhesive ge-
ometries. The results showed that with increasing AT, the amount
of K57 increases, although a certain amount of AT necessary for
cure of heat-curing adhesives.
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Appendix A. Normalized ISSF of a semi-infinite ABA joint in Fig. 4(b) under tension and thermal loading

Table Al and Fig. Al show the normalized ISSF F, = K,/ch!~* of ABA joint in Fig. 4(b) under arbitrary material combinations. Those results are
useful in the range h/W < 0.01 in Fig. 4(a) and can be used within 10 % error for h/W < 0.1 in Fig. 4(a). The accurate results can be obtained by the
interpolation in the range for 0.01 < h/W < 1.0 under arbitrary material combination.

Table Al
Normalized ISSF F, = K, /ch!~* of ABA joint in Fig. 4(b) which is useful for h/W < 0.01 in Fig. 4(a).

a p=-04 p=-03 p=-02 p=-01 B=0 A =01 =02 =03 B =04
-1.0 1.134 1.209 1.315 1.404 1.498

-0.9 1.066 1.148 1.252 1.347 1.424

-0.8 1.000 1.082 1.191 1.289 1.352

-0.7 0.904 1.032 1.134 1.223 1.288

0.6 0.990 1.075 1.156 1.227 1.420

—0.5 0.946 1.028 1.119 1.185 1.360

0.4 0.901 1.000 1.092 1.166 1.320

-0.3 0.812 0.940 1.057 1.142 1.280

—0.2 0.680 0.837 1.000 1.113 1.250 1.500

-0.1 0.710 0.916 1.061 1.230 1.460

0 0.585 0.799 1.000 1.195 1.430

0.1 0.460 0.654 0.873 1.124 1.380

0.2 0.353 0.550 0.758 1.000 1.314 1.918

0.3 0.456 0.643 0.858 1.181 1.769

0.4 0.384 0.558 0.740 1.000 1.572

0.5 0.326 0.476 0.630 0.813 0.293

0.6 0.3257 0.405 0.546 0.686 1.000

0.7 0.340 0.470 0.588 0.794 1.730
0.8 0.290 0.403 0.506 0.634 1.000
0.9 0.223 0.333 0.430 0.543 0.746
1.0 0.169 0.265 0.358 0.456 0.495
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Fig. A1l. Normalized ISSF of ABA joint in Fig. 4(b) which is useful for in Fig. 4(a).

Like K1¢ = 6.34MPa,/mm of the fictitious crack length (when a = 10~*mm) in Fig. 18, Fig. A2 shows the ABA joint strength expressed as ISSF K,¢
= const. As shown in Fig. A2, without using the fictitious crack, the adhesive strength can be expressed as a sum of the ISSF due to tensile loading and
the ISSF due to thermal loading. The result in Fig. A2 is in good agreement with the one of Qian-Akisanya [23]. It may be concluded that Egs. (5), (6)
with Table A1 and Fig. A1 are useful for adhesive strength. Both the ISSF method and the fictitious crack method express the adhesive strength. The
ISSF method simply uses only K,. Instead, the fictitious crack method may have an advantage indicating the effect of shear stress 7y, on the

delamination stress o, from the stress ratio K /K

A T T + o,
Material A
AT
Material B 1 h
AT
w
Material A

P

by using two parameters Ki, K».

40.0
350 |
300
T ™
-
E25.0 --i-.----t--__,___;_. _______
g 20.0 |
S50 | ¢ AT=100°C
< B AT=140°C
100 |
— — = Average
50 |
0.0 L \
0.5 1.0 1.5 2.0
h [mm]

Fig. A2. ABA joint strength expressed as ISSF = const for alminium/epoxy (F922), ,

Appendix B. SIF of an edge crack in AB joint corresponding to h/W > 1.0 in ABA joint

Table B1 shows the coefficients C; = F /(h/a)' ™ and C, = F»/(h/a)' ™ (solid lines in Fig. 12) of the ABA joint in Fig. 7(b) for arbitrary material
combinations. These results are useful in the range h/W < 0.01 in Fig. 7(b), and within 10 % error for h/W < 0.1 in Fig. 7(b). Table B2 also shows the
coefficients C; = Fy /(W/a)' ™ and C; = F»/(W/a)' ™ (dashed line in Fig. 12) of the AB joint in Fig. 7(b) for arbitrary material combinations. For any
combination of materials, accurate results can be obtained by interpolation in the range 0.01 < h/W < 1.0.

Table B3 shows the coefficients D; and D;, (Fig. 16) of the ABA joint in Fig. 7(c) for arbitrary material combinations. These results are useful in the

range a/h < 0.01 in Fig. 7(c) and are independent

of h/W.
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Table B1
Values of C; and C; having more than three digits accuracy in the range a/h < 0.1 and h/W < 0.1 in Fig. 7 (b) subjected to tension oy,o [K1 + Ky =
(Fy +iFy)oy0v/7a(1 + 2ie), Fy = C;(h/a)' ™, Fy = Cy(h/a)'™]

Values of C;

a =02 p=—01 §= B =01 B =02 p =03 B =04 § =045
0.00 0.6266 0.8831 1.1215 1.3249 1.4828
0.05 0.5749 0.8201 1.0630 1.2869 1.4732
0.10 0.5292 0.7521 1.0004 1.2396 1.4571
0.15 0.4884 0.7054 0.9368 1.1832 1.4335
0.20 0.6552 0.8746 1.1197 1.3955 1.6009
0.30 0.5817 0.7610 0.9842 1.2742 1.7047
0.40 0.4958 0.6655 0.8568 1.1141 1.5988
0.50 0.4320 0.5855 0.7486 0.9568 1.3551
0.60 0.3610 0.5168 0.6595 0.8256 1.1038 1.7168
0.70 0.4542 0.5849 0.7213 0.9123 1.3120
0.75 0.4235 0.5514 0.6774 0.8383 1.0871
0.80 0.3918 0.5195 0.6379 0.7759 0.9413 1.4672
0.85 0.3578 0.4885 0.6021 0.7226 0.8385 1.0753
0.90 0.3176 0.4571 0.5691 0.6770 0.7620 0.8948
0.95 0.2616 0.4228 0.5384 0.6384 0.6667 0.7370
1.00 0.1569 0.3678 0.4891 0.5785 1.7168 1.4672
Values of C,
a f= 02 5= —01 5= 5 =01 5 =02 5 =03 5 =04 5 = 0.45
0.00 —0.1219 —0.0872 0.0000 0.1306 0.2883
0.05 -0.1212 —0.0987 —0.0253 0.0932 0.2594
0.10 —0.1192 —0.1056 —0.0472 0.0647 0.2271
0.15 —0.1165 —0.1121 —0.0655 0.0331 0.1919
0.20 —0.1153 —0.0800 0.0041 0.1539 0.3513
0.30 —0.1114 —0.0996 —0.0429 0.0758 0.3153
0.40 —0.1152 —0.1089 —0.0746 0.0086 0.2092
0.50 —0.1103 —0.1142 —0.0939 —0.0394 0.0961
0.60 —0.0984 —0.1144 —0.1050 —0.0700 0.0138
0.70 —0.1110 —0.1104 —0.0888 —0.0363 0.1575
0.75 —0.1080 —0.1116 —0.0952 —0.0529 0.0700
0.80 —0.1039 -0.1117 —0.1000 —0.0658 0.0204
0.85 —0.0982 —0.1109 —0.1035 —0.0758 —0.0114 0.0925
0.90 —0.0901 —0.1090 —0.1061 —0.0837 —0.0333 0.0246
0.95 —0.0764 —0.1054 —0.1076 —0.0901 —0.0493 —0.0099
1.00 —0.0469 —0.0947 —0.1028 —0.0893 —0.0554 —0.0257
Table B2

Values of C; and C; having more than three digits accuracy in the range a/W < 1073, h/W > 1.0in Fig. 7 (b) subjected to tension 60 [K; +iK2 = (F1 +iF2)0y0 Vvra(l+
216), F1 = Cl (W/a)l"l, F2 = C2(W/(l)17}'].

Values of C;

a = -0.2 = -0.1 p= B =01 p =02 p =03 B =04 p =045
0.00 1.071 1.103 1.122 1.103 1,071

0.05 1.009 1.074 1.114 1.132 1.120

0.10 0.952 1.034 1.093 1.142 1.166

0.15 0.881 0.991 1.063 1.138 1.201

0.20 0.947 1.024 1.119 1.221 1.570

0.30 0.863 0.938 1.046 1.202 1.530

0.40 0.786 0.852 0.952 1.113 1.449

0.50 0.711 0.773 0.857 0.991 1.306

0.60 0.645 0.702 0.771 0.872 1.103 2.485

0.70 0.637 0.694 0.769 0.920 1.593

0.75 0.606 0.659 0.723 0.843 1.297

0.80 0.576 0.627 0.679 0.777 1.086 1.868
0.85 0.546 0.595 0.640 0.719 0.928 1.408
0.90 0.533 0.565 0.603 0.666 0.815 1.075
0.95 0.519 0.537 0.568 0.619 0.727 0.869

1.00 0.510 0.500 0.535 0.559 0.644 0.790

Values of C;

o B=0.2 p=0.1 B=0 p=0.1 p=0.2 p=0.3 p=0.4 p=0.45

0.00 —-0.210 —0.113 0.000 0.111 0.209

(continued on next page)
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Table B2 (continued)

Values of C;

o p=0.2 p=0.1 p=0 p=0.1 p=0.2 p=0.3 p= 0.4 p=0.45
0.05 —0.212 —-0.129 —0.027 0.085 0.198
0.10 —0.214 —0.145 —0.052 0.059 0.181
0.15 —0.209 —0.157 —0.074 0.031 0.159
0.20 —0.167 —0.093 0.004 0.133 0.349
0.30 —0.178 —0.123 —0.046 0.070 0.273
0.40 —0.183 —0.141 —0.083 0.008 0.181
0.50 —0.181 —0.151 —0.108 —0.041 0.089
0.60 -0.177 —0.155 -0.123 —-0.075 0.013 0.195
0.70 —0.155 —0.132 —0.095 —0.037 0.130
0.75 —0.153 —0.134 —0.102 —0.054 0.065
0.80 —0.151 -0.135 —-0.107 —0.067 0.020 0.134
0.85 —0.147 —0.136 —0.111 —0.076 —0.012 0.079
0.90 —0.145 —0.135 —0.113 —0.083 —0.033 0.024
0.95 —0.142 —-0.134 -0.114 —0.088 —0.048 —0.011
1.00 -0.139 —-0.129 —-0.101 —0.087 —0.061 —0.026
Table B3

Values of Dy, D; having more than three digits accuracy in the range a/W < 10~3 subjected to AT and 6,0 as shown in Fig. 7(c) [Ky + iK» = (D] + iD3)oy0v/7a(1 + 2ie)].

Values of D;*

a p=-02 f=-0.1 =0 =01 =02 p=0.3 =04 =045
0.00 -1.127 -1.123 —-1.122 —-1.123 —-1.127
0.05 —-1.128 —-1.123 —-1.121 —1.123 —-1.127
0.10 -1.128 -1.123 -1.121 -1.122 -1.126
0.15 -1.128 -1.123 -1.120 -1.121 -1.124
0.20 —-1.122 -1.119 —1.120 —1.123 —1.129
0.30 -1.120 -1.117 -1.117 -1.119 -1.125
0.40 -1.117 -1.113 —-1.112 —-1.114 -1.119
0.50 —-1.112 —1.108 —-1.107 —1.108 —-1.112
0.60 -1.107 -1.102 —1.100 —-1.100 -1.103 -1.111
0.70 —1.094 —1.091 —1.091 —1.094 —1.100
0.75 —1.090 —1.087 —1.086 —1.088 —1.094
0.80 —1.085 —1.081 —1.080 —1.082 —1.087 -1.091
0.85 —1.080 -1.076 -1.074 -1.076 —1.080 —1.084
0.90 —-1.074 —-1.070 —1.068 —1.069 —-1.072 —-1.076
0.95 —1.068 —1.063 —1.060 —1.061 —1.064 —1.067
1.00 —1.061 —1.056 —1.053 —1.052 —1.054 —1.057

Values of Dy*

a p=-0.2 p=-0.1 p=0 p=0.1 p=0.2 =03 p=0.4 p=0.45

0.00 —0.0647 —0.0318 0.0000 0.0318 0.0647

0.05 —-0.0737 —0.0408 —0.0089 0.0229 0.0556

0.10 —0.0828 —0.0497 —0.0179 0.0139 0.0466

0.15 —0.0918 —0.0587 —0.0268 0.0049 0.0375

0.20 —0.0677 —0.0358 —0.0041 0.0283 0.0629

0.30 —0.0857 —0.0538 —0.0222 0.0100 0.0441
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0.60 —0.1407 —0.1089 —0.0778 —0.0465 —0.0140 0.0217

0.70 —-0.1278 —0.0970 —0.0660 —0.0338 0.0009

0.75 —0.1374 —0.1067 —0.0759 —0.0440 —0.0097

0.80 —0.1472 —0.1166 —0.0860 —0.0544 —0.0206 —0.0020

0.85 —0.1571 —0.1266 —0.0962 —0.0649 —0.0314 —0.0132

0.90 —-0.1671 —0.1368 —0.1066 —0.0756 —0.0425 —0.0248

0.95 —0.1774 —0.1472 —0.1172 —0.0865 —0.0539 —0.0363

1.00 —0.1875 —0.1578 —0.1281 —0.0977 —0.0655 —0.0482
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