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Design Study of Adhesively Bonded Structures

Jacung Chung*

ABSTRACT

The failure responses of adhesively bonded, hat stiffened struclures are studicd through numerical
analysis using the finite element method. The responses are cvaluated numericaily for the bonded hat
scction/substrate structures containing different combinations of materials. It is studied what kind of
material combinations causes the easier crack initiation in the structure. This study is conducted under
plane strain conditions and I-integral via a commercial code ABAQUS as a total critical energy release
criterion was used for observation on crack initiation. Also, the influence of adhesive on the structure is

studied.

Key words : J-intcgral, Failure response, Adhesive, Crack initiation, Plane strain, Critical energy release

criterion

1. Infroduction

Composite materials are high strength to weight
and cost effective materials. For these characters of
the composite materials, the materials are increas-
ingly used in the automotive and aerospace industries.
When the materials are used in the mechanical struc-
tures such as vehicles, aircrafts and spacecrafis, the
adhesive materials are utilized to assemble the com-
posite materials instead of the traditional metheds like
bolt assembling or welding. When these adhesive
materials are used to bond the composite materials,
several problems are appeared to trouble to design the
safe and reliable mechanical structures. One of the
problems is the crack initiation between the adhesive
and composite materials.

A lot of rescarches related to this problem are car-
ried out. Fernlund and Spelt!"! developed the fracture
testing jig to investigate the entire mode-ratio range
from pure mode 1 to purc mode Il using the double-
cantilever-beam specimens. They® also calculated the
strain cncrgy release rate of cracked adhesive joints.
A semi-infinite interface crack between two infinite
isotropic layers was analytically solved by Suo and
Hutchinson®’. Suo et ¢l studied the fracture behav-
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ior of composite laminates analytically. Alternate and
new numerical schemes to evaluate energy release
rates has been proposed by Shen, Lee and Tay".
They introduced a robust finite element based tech-
niquc to compute the energy release rates based on
the virtual crack closure technique (VCCT). The
VCCT is an approximate method derived from the
more fundamental crack closure technique (CCT)1*™.
Tay er al¥® showed that the distributions of energy
telease rate (as a function of crack length) calculated
using CCT and VCCT are similar. Also, the VCCT
is verified through experiments for adhesively bonded,
hat stiffened structures!”. Reeder and Crews!'" devel-
oped a mixed-mode delamination test procedure
using a split unidirectional lamninate.

In the present paper, what kind of material combi-
nations causes the easier crack initiation in adhesively
bonded, hat stiffened structures. This is performed
through the failure mechanism of the structures using
J-integral via ABAQUS.

2. Numerical Analysis

In this section, the material properties are presented
for the numerical analysis to study the failure
response of adhesively bonded, hat stiffened struc-
tures. And the validity of J-integral used in this study
is confirmed through the comparisons among I-inte-
gral, VCCT and the analytical solutions derived by
Suo et al™ and Williams!". Also, the numerical
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modeling is described for the numerical analysis to
study the fuilure responsc of adhesively bonded, hat
stiflened structures.

2.1 Material Properties
Muterial properties of DOW M3 364 composite!'?!
are expressed in Equation (1),

Gy =Dty (¢}
where,
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Material properties of Steel 100817 are £-207GPa,
v—0.285. Material properties of Aluminum 5052
Alloy!" are £=78.280GPa, v=0.33.

To oblain material properties of B. F. Goodrich
Epoxy Adhesive, 5 ensile tests and 4 torsional tests
were perlormed using a tensile test machine and a
torsion test machine, respectively. One of the speci-
mens had much more air bubbles than the others,
This specimen will be referred to as speeimen E.

Table 1. Design vaiucs for B. F. Goodrich epoxy adhesive
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Fig. 1. The uniaxial tensile stress-strain curve for B. F.
Goodrich epoxy adhesive,

Fig. 2 shows Poisson’s ratio-stcain {(in the loading
direction)} curves for the adhesive material. As seen in
I'ig. 2, Poisson's ratio of each specimen converges to
a certain value with increase of strain in the loading
direction. The converged values of Poisson’s ratio are
summarized in Table |, Torsion test results arc shown
in Table 2. As seen in Table 2, shear moduli of B. F,
Goodrich Epoxy Adhesive obtained from 4 torsional
tests are sumumarized.

I}It_imatc Strength r::(:g:f;z Puissgn's
strain (%) | (MPa) (Cl’a) Ratio
Specimen A 1.1 32 3401 031
Specimen B 1.1 34 4.399 .31
Specimen C 1.3 40 3.699 0.33
Specimen D 1.0 33 3.800 0.36
Specimen E 1.2 35 330 0.38
Average 1.] 35 3.720 0.34

Tensilc test results are shown in Table |, Fig, 1 and
Fig. 2. The uniaxial tensile siress-strain curves for B.
F. Goodrich Epoxy Adhesive are shown in Fig. 1.

As scen in Fig. 1, the matetial curves of 5 test
specimens arc reasonably consistent. Through this
Fig., it is clear that the air bubbles in the specimens
did not influcnce the material response too much. In
Table 1, the tensile test results are summarized. Two
strain gauges werc installed ou the specimen to obtain
strains and Poisson's ratio of the adhesive material.
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Fig. 2. The poisson’s ratio-strain curve for B. F. Goodrich

Adhesive,

Table 2. Shcar modulus for B. F. Goodrich epoxy adhesive

Tested Shear Modulus Shear Modulus caleulated
(GPa) through equation {2) (Gl'a)

Specimen 1 1,254 Specimen A 1.298

Specimen 2 1.261 Specimen B 1.679

Specimen 3 1.357 Specimen € 1.370

Specimen 4 1.38% Specimen D 1.397

- - Specimen E 1.196

Average 1.314 Average 1.388
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In addition, the obtained shear moduli are com-
pared with the shear moduli calculated through sub-
stituting Young’s moduli and Poisson’s ratios which
were obtained from 5 tensile tests via the equation

(2).

E
2(1+v)

@

The shear moduli we obtained are reasonably close
to the shear moduli calculated through using Young’s
moduli and Poisson’s tatios of tensile tests. From the
above experimental observation, it is concluded that
B. F. Goodrich Epoxy Adhesive behavior is isotropic
in the elastic regime. In order to check whether B. F,
Goodrich Lpoxy Adhesive is an isotropic material in
the plastic regime, the following equations describing
the uniaxial stress-strain response can be used,

_o.(sY
£= E+(B) 3)
where, n and B are obtained from tensile tests.
y= (Y
r=2+(3) @
where, 4 = :
1,1
32 2n

These equations are consistent and are applicable
to a solid obeying J, deformation theory of plasticity.
They are also identical to the equation for a solid
obeying J; incremental theory of plasticity under pro-
portional loading condition. Thus, if B. F. Goodrich
Epoxy Adhcsive is an isotropic material in the ¢lastic
and plastic regimes, the shear strain-stress curve
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Fig. 3. Geometry of mixed mode end-loadcd-split.
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obtained through cquation (4) and the data from ten-
sile tests (B and n obtained from equation (3}) must
be reasonably close to the shear strain-stress curve
deduced from torsional test data.

As seen in Fig. 3, the shear strain-stress curves
(thick dashed lines) are reasonably close to the shear
strain-stress curves (thin straight lines) obtained from
torsional tests. From the above experimental observa-
tion, it is concluded that B. F. Goodrich Epoxy Adhe-
sive behavior is isotropic in the elastic and plastic
regimes.

Fig. 4. Geometry of mixed mode end-loaded-split.

2.2 Validity of J-integral

Suo ef al*! derived the energy release rate (G) for
the mixed mode End-Loaded-Split configuration of a
composite laminate (see Fig. 4). They partitioned the
total energy release rate, G into G; (mode 1 energy
release rate) and Gy (mode II energy release rate).
The energy release rates analytically derived by Suo
et al are equation (5), (6), (7).

orse (-3’

[l +¥(p)(1+Fip)(1 —n))}i”’“ﬂ' ©)

2 wh
Gr=AmEL 1+ v4p) 1+ Fap)1-mn 2 |
Eh a

()
Gy=G-G, Y
where,
Y(p) =0.484+0.122(p—1)-0.016(p— 1)’
+0.002(p-1)°
(o) = 0.677+0.146(p—1)—-0.0178(p— 1)°
+0.00242(p-1)’
F(p) = 0.468¢xp(~0.181./p}
Fi(p) =0.5185-0.0244p
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A(M)=3.734-0.2231-0.867n" +0.3567°
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In order to confirm the validity of J-integral used
in this study, J-integral values computed through
ABAQUS were compared with the energy relcase
rates computed using VCCT® through ABAQUS,
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Fig. 5. Comparison among VCCT and J-integral computed
through ABAQUS and the energy rclease rates
derived by Suo and Williams,

Also, J-integral values arc compared with the
encrgy release rates predicted by Suo ¢ o/ and the
energy release rates derived by Williams!"'!. The com-
parisons are shown in Fig. 3. Using the mixed mode
End-Loaded-Split gecometry (Fig. 4) made of an iso-
tropic malerial (Goodrich Lpoxy Adhesive; E—
3.720GPa, v=0.34), thc cnergy release rates are cal-
culated. In equation (5). (6). (7) derived by Suo,
A=p=1 for an isotropic material. As seen in I'ig. 3, J-
integral based computation through ABAQUS shows
excellent agreement with G computed through VCCT
via ABAQUS and G derived by Suo, while there is
a discrepancy between G derived by Williams and G
computed through VCCT via ABAQUS. Thus, the
energy release rate expression derived by Williams is
EITONCOUS,

2.3 Numerical Modeling

A numerical model which is a half of a typical
bonded test panel is shown in Fig. 6. The finite ele-
ment model contains 3983 elements. These elements
are 6-node quadratic plane strain triangular elements

(CPE6 clements in ABAQUS) and 8-node biqua-
dratic plane strain quadrilateral elements (CPLS ele-
menis in ABAQUS).

1 2 3
cotrposite adhesive COMpoSite
aluminum adhesive aluminum

steel adhesive stedl
aluminurne adhesive CoMmasite
compaosite adheshve aluminum

steel sdhesive | composite
composite adhesive steel

Fig. 6. The geomelry of a structure studied here and 7 com-
binations of materials applied to the structure.
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Fig. 7. The dimensions of the structure.

To perform a J-integral anatysis via ABAQUS, sec-
ond-order elements must be used and the clements
around the crack tip in the numerical model must be
collapsed using node collapsing!'”, As seen in Fig. 6,
we sludiced 7 cases through the numerical analysis via
ABAQUS. Each case has different combinations of
materials, respectively. The dimensions of the speci-
men in Fig. 6 are shown in Fig, 7.

3. Numerical Results

For cach combination of materials (hat section,
adhesive and substrate, see Fig. 6), the numerical
analyscs arc performed using clastic and plastic prop-
crty of the adhesive material and elastic properties of
the materials [or the hat and substrate sections. In the
analyses of the structure, properties of the adhesive
material measured (£73.720 GPa, v 0.34) were used.
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Fig. 8 shows T integral values comesponding to crack
opening obtained via three different analyses under
load control.

0.4
adhesive 1:steel, 2:composite
(E=3.720 GPa, V=0.34} S 1:aluminum,
5 1 2:composite
03
E ) . )
E 1:composite, 2:composite
€
©0.2
E f:composite,
c
= 2:aluminum
ed N
0.1 1:aluminum, 2:aluminum 1:steel, 2:steel
1:composite,
" isteel
0 i s
0 1 2 3 4

P: Load (N)

Fig. 8. J integral of crack opening for 7 combinations ot
materials in the hat stiffened structure.

Fig. 8 shows variations of I integral as a function
of increase of load on the structure. In the analvses
corresponding to crack opening under load control
(see Fig, 8), the J integral values for a stee! fhat sec-
tion) & composite (substrare) are the highest,
although the T integral values for a stee! (hat section)
& composite (substrate) has a similar value to alumi-
num (hat section) & composite (substrate} and com-
posite (hat section) & composite (substrate).

TFable 3. Rank of 7 different material combinations in the
hat stiffened structure in terms of the J integral

Rank Structure
I3 steel (hat) & composite (substrate)
2 aluminum (hat) & composite (substrate)
31 composite (hat) & composite (substratc)
4™ alominum (hat) & aluminum (substratc)
5™ compuosite (hat) & aluminum (substrate)
& steel (hat) & steel (substrale)
™ composile (hat) & steel (substrate)

The rank of different structures in terms of the J
integral values corresponding to crack closing under
load control is the same as the rank related to crack
opening. From Fig, 8, we can rank 7 different struc-
tures containing 7 different combinations of materials,
in terms of the J integral values as shown in Table 3.

4, Discussions

To understand the vanations of the J integral values
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under load control, Fig. 9 has been constructed.
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Fig. 9. The load-displacement responses of the structure.

Fig. 9 shows load-displacement responses of 7 con-
figurations containing 7 different combinations of
materials, respectively. In this ¥ig., the structure hav-
ing composite (hat section) & composite (substrate),
experiences the largest displacement to reach a cer-
tain load, while the structure having stee! (hat sec-
tion) & steel (substrate) experiences the least
displacement to reach the load. Hence, we can rank
these different structures, in terms of the structural
compliance as shown in Table 4. The use of a com-
positc material for the hat and the substrate sections
of the structure, as seen in Fig. 6, is the worst choice
to initiate crack propagation because nonlinear eftects
such as nonlinear geometry due to large deformation
and nonlinear material properties {plastic properties)
are involved.

Table 4. Rank of 7 different structures in terms of the com-
pliance of crack opening

Rank Structure

I composite (hat) & composite (substratc)
2 aluminum (hat) & composite (substrate)
31 steel (hat) & composile (substrate)

4th composite (hat) & aluminum (subsirate}
5t gluminum (hat) & aluminum (substrate)
& composite (hat) & steel (substrate)

™ steel (hat) & steel (substratc)

The best choice to initiate crack propagation of the
structure is the structure with steel (hat section) &
steel (substrate section) because the structure can
reach the critical value of T to initiate crack propaga-
tion in the linear regime of the structural response
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without involving the above nonlinear effects.

Table 5. Rank of 7 different structures in terms of the ease
to Initiate crack propagation based on a critical

Forat

Rank Structure

1# steel (hat) & steel (substrate)

2nd composite {hat) & steel (substrare)

3v aluminum (hat) & aluminum {substrate)
4t composite (hat) & aluminum (substrate)
g steel (hat) & composite {substrate)

6™ aluminumn (hat) & composite {substrate)
7 compuosite (hat) & compositc (substrate)

Also, the structure with composite (har section) &
steel (substrate is casier to initiate crack propagation
than the structure with siee! that sectionj & compos-
ite (substrate section). This is caused by less ditter-
ence of material properties between (he adhesive and
the substrate structure subjected to the external load.
Hence, we can rank 7 different struclures containing
7 different combinations of materials respectively, in
terms of case to initiate crack propagation as shown
in Table 5.

D.4§
v Pavabysis iy adhesive 410270 (P8 -0 14)
fue the shustiae Iavieg sherd kal and
compozde subsirate
0.4 < Anadyzis vvug nekesive L P 7 GPa v 00IR)
. o1 e struciure havin sl bl aixl
—_ campnailr sbstiate
g + Ay ubmia wdlussio: (117 G, -0 214]
S0.3 b 1orhe stclu beang compnsilie Tl s
EAd compasits 2ubstrata
5 Analyss using wibwesnne (E-2 2 GPa, v 0¥}
= tar The stnetire b Compusite hat sl
E 0.2 romgasile subshrtn
£
0.1 F
0 :
0 ns 1 1.5 2 2.5 3 4.5 4

Load iN)

Fig, 10. Comparison of J integrals on the influence of the
adhesive matenial in the structure.

The influences of the adhesive material properties
on the J-integral value for the structure using steel
(hat section) & composite (substrate) and composite
thar section) & composite (substrare} arc shown in
Fig. 10. Two different cases of the adhesive material
were compared. One is £=2,168 GPa, v=0.36" and
the other is £=3.720 GPa, v=0.34 {mecasurcd proper-
ties). As scen in Fig. 10, J-integral values of the
structure for two different propertics of the adhesive
material arc similar despite the big discrepancy

between the properties. Hence, it is concluded that
the adhesive material properties do not influence the
computations of the J-integral values whereas the
material properties of the hat and the substrate sec-
tions have a more important role in influencing the J
integral value associated with the structure.

6. Conclusions

In this papcr. it has been studied what kind of
material combinations causes (he easier crack imtia-
tion in the bonded hat section/substrate structures
structure among 7 kinds of material combinations.
The conclusions through this study are as follows.

(1} The best choice to initiale crack propagation of
the siructurc is the structure with steef that section) &
steel (substrate section).

(2) The structure with composite (hat section} &
steel (substrare) is casier (o initiale crack propagation
than the struclure with steef (hat sectiony & compos-
ite (substrate section).

(3) The adhesive material properties do not influ-
ence the computations of the J-integral values too
much when compared to the material properties of
the hat and the substrate sceetions.
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