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1. Introduction

Adhesively bonded joints are frequently used in
design of light weight components such as vehicles and
aircraft frames. Most of adhesives show viscoelastic be-
havior even at low temperature and low stress levels.
Therefore studying the viscoelastic and creep behavior of
the adhesively bonded connections is an important issue to
increase durability of these joints [1].

Experimental studies reveal that epoxies show
linear deformation below moderate stresses and with in-
creasing loads, nonlinear deformation is observed [2].
Nonlinear behavior of the adhesives can be simulated us-
ing several viscoelastic models. The classical models of
Voigt and Maxwell are known as the simplest viscoelastic
models [3]. Improved Voigt and Maxwell models have
also been introduced and commonly are used in the litera-
ture [4-7]. Majda and Skrodzewicz [8] have simulated non-
linear behavior of an epoxy adhesive using modified burg-
er’s model. Furthermore, some of researchers developed
empirical models to simulate creep behavior of the adhe-
sives for example Burger’s model is composed of Maxwell
and Kelvin-Voight models. Yu et al [9] developed an em-
pirical approach to determine time dependent creep func-
tion of adhesives with viscoelastic behavior. Roseley et al
[10] have simulated creep behavior of three types of adhe-
sives using Kelvin-Voight equations. However, they have
reported that this model cannot simulate the adhesive be-
havior above the adhesive’s glass transition temperature.

Since experimental investigation of the creep be-
havior of the adhesively bonded joints are time consuming
and expensive; hence, creep behavior of single lap bonded
joints has been investigated using different analytical and
finite element approaches [2, 11-14]. Pandey et al [15]
analyzed the adhesive joints considering elasto-viscoplastic
behavior of the adhesive. Ferrier et al [16] investigated the
epoxy adhesives creep durability and performance which
are applied to strengthen steel-reinforced concrete struc-
tures. Choi [17] presented a rheological model for a typical
adhesive which is used to reinforce concrete beams. They
experimentally showed that creep is the most significant
failure reason of the concrete fiber reinforced polymers.

Due to the increasing application of adhesively
bonded joints, numbers of studies are carried out to im-
prove mechanical and thermal characteristics of the bonded
joints. For instance, several studies show that introduction
of small fraction of carbon nano tubes (CNTSs) enhance
mechanical properties of epoxies such as fracture tough-

ness, ultimate strength, thermal and environmental durabil-
ity [18-21]. Also recent studies show that polymers rein-
forced with CNT particles demonstrate enhanced creep
resistance characteristics [22-25]. Although CNTs are
known as excellent fillers due to their spectacular high
strength and stiffness but they are very expensive to use.
Recently, graphene has been introduced as a new nano-
material which has high strength as nano-tubes and low
cost as nano-clays [26]. Graphene, as a mono-ply of sp2
bonded carbon atoms has unique properties for example, it
has enormous specific surface area (2620 m?g), high me-
chanical properties (Young’s modulus of 1 TPa and ulti-
mate strength of 130 GPa), high thermal conductivity
(above 300 W/(mK)) and other properties which have been
reported in the literature [27]. Therefore, adding graphene
has recently attracted researchers’ interest as one of the
potential methods to improve creep resistance of the poly-
mers. Zandiatashbar et al, [28] reported that graphene sig-
nificantly increases the creep resistance of the epoxies
comparing to the CNTs. Tang et al. [29] investigated the
effects of chemically Reduced Graphene Oxide (RGO)
sheets on the creep and recovery characteristics of the pol-
ystyrene composites. They compared the results with cor-
responding composites with CNTs and observed that RGO
efficiently decrease the creep deformation comparing to
the worse efficiency of the CNTs. Wang et al. [30] investi-
gated the effect of added different weight fractions of RGO
on the creep and recovery behavior of the polystyrene
composites at different environmental temperatures. They
have found that creep response and recovery drop with
decreasing environmental temperature.

According to the author’s literature research, S0
far, the effect of the added RGO on the creep behavior of
the bonded joints have not been investigated yet. For ex-
ample, Zehsaz et al [32] have investigated the creep behav-
ior of adhesive bonded joints without adding any reinforc-
ing elements. Hence, in this article the effect added rein-
forcing element: 0.5 wt % RGO on the creep behavior of
single lap adhesively bonded joints has been investigated.
To this aim, bulk specimens of the neat adhesive and adhe-
sive-RGO composite were manufactured to observe the
influence of the added RGO on the creep characteristics of
the adhesive. Then single lap joints with neat adhesive and
adhesive-RGO mixture were produced. Using these speci-
mens uni-axial creep tests are carried out and the creep
deformations of the joints are recorded. Also, finite ele-
ment based numerical models were developed to simulate
the creep deformations of the lap joints.
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2. Testing procedures

Uniaxial creep tests were conducted on Araldite
2011 epoxy based adhesive. To investigate the effect of
adding RGO, two sets of bulk specimens are produced:
neat adhesive and adhesive-RGO composite. The proce-
dure of mixing RGO additive has been fully described in
our previous paper [31]. The required ratio of the RGO has
been blended with epoxy resin for 3 hours in a Ball-Mill
machine. Then epoxy hardener has been added to the mix-
ture and bath-sonicated at 480 Hz for 10 minutes. Then the
mixture was stored in a vacuum machine to remove the
entrapped air during the mixing process. Bulk specimens
were produced according to ASTM D638 recommendation
and the method which has been described by Zehsaz et al
[33]. In this method, the prepared adhesive and adhesive-
RGO are casted in the molds of silicone sheet. Afterwards,
samples were cured in a furnace at 67°C for 30 minutes
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and then kept for seven days at room temperature before
creep testing.

Uniaxial tensile creep tests were conducted in
Amsler creep testing machine and creep elongation of the
specimens was measured using contact extensometers with
the accuracy of +0.001in. Fig. 1 presents the test configu-
ration for a bulk specimen and a typical sample with its
dimensions. It should be highlighted that the displacement
and strain of the samples are measured between points “A”
and “B” (presented in Fig 1, ¢) using extensometers which
operate during the test. In this part the cross section of the
sample is constant; and hence, the deformation of the “pin
holes” and the “end parts” of the sample are excluded in
the calculating of the displacement and strain. Tests were
conducted at 25°C and 55°C to obtain the response of the
added RGO on the creep deformation in the room and high
temperatures. It is worth noting that the glass transition
temperature of the adhesive and adhesive-RGO is 67°C
and 78°C [31], respectively.

c

Fig. 1 Amsler creep testing machine (a), adhesive-RGO bulk specimen sample (b) and its dimensions (c)

To study the effect of RGO additive on the creep
deformation of the bonded joints, single lap joints were
manufactured according to ASTM D1002 using neat and
modified adhesive. Lap joints were produced with 2mm
thickness aluminium alloy 7075-T6 plates.

Prior to the bonding, mating surfaces were tread-
ed based on ASTM D1780 recommendations. Acetone is
used to remove any contamination on the plat surfaces.
Then the surfaces are treated with SiC abrasive paper and
washed with water. Finally, adherends are etched with op-
timized FPL etch (Forest Products Laboratories Sulfo-
Chrome etch) [31]. Then, the adhesive was applied on the
mating surfaces and the assembly is placed in a fixture to
adjust the adhesive thickness and ensure the joint align-
ment. Finally, samples were stored in a furnace at 67°C for
35 minutes. To obtain identical samples, excess adhesive is
removed and samples were kept for seven days before test-

ing.
3. Experimental data and numerical simulation
3.1. Bulk specimens and test results

Uniaxial creep tests were conducted to evaluate
the creep response of the modified adhesive with 0.5wt%

RGO additive. During the creep tests, elongation of the
bulk specimens has been recorded and creep strain (ewr) is
calculated using Eq. 1:

& (t) (t)_‘ge’

where & is initial elastic strain and & is creep strain. Fig. 2
presents the creep curves for the neat adhesive and adhe-
sive-RGO samples at 25°C and 55°C and at different stress
levels. It is noted that tests at 25°C were stopped after 12
days. As it can be seen in these figures, incorporation of
RGO particles remarkably improves the creep resistance of
the adhesive by decreasing the creep strain at the same
temperature and stress levels. Also, this figure shows that
application of RGO increases creep failure time of the
modified adhesive comparing to the neat adhesive. To
highlight this effect, in Fig. 2 e, creep strain curves for the
neat adhesive and adhesive-RGO at 25°C and 8 MPa are
compared to show the effect of adding RGO. It can be seen
that adhesive-RGO strained to 0.062 after 45 hours where-
as neat adhesive is strained up to 0.13 after 41 hours.
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generalized time hardening model:
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showing the effect of adding RGO

To perform stress analysis in the bonded joint,  mizing the error function between theoretical values of the
creep strain obtained using Eq. 2 and the experimental val-

ues

£, = (Dyo +Dyo? + Dgo'?’)t(D“DsU) )

is used to simulate the creep behavior of the bulk speci-
mens. Zehsaz et al. [32] demonstrated that generalized
time hardening model can accurately simulate the creep
behavior of the epoxy based adhesive in room and high
temperature. This model is capable of simulating the creep
behavior of variety of materials in wide range of stress and
temperature levels. In this model ¢ is stress, t is time and
D:-Ds are material constants. To obtain the material con-
stants, curve fitting is performed using Matlab software.
This method [34] is based on least square method as mini-

as:

oSl ]

Table 1 presents the values of material constants
or parameters D;-Ds and corresponding data fit quality
number R? values. The values of R? indicates the square of
the correlation between the experimental values and the
predicted values. The calculated values of R? are given in
Table 1 and as it can be seen their values are close to one
which indicates the acceptable quality of the regression.

Fig. 2 Creep strain curves (2): neat adhesive at 25°C; (b): adhesive-RGO at 25°C; (c): neat adhesive at 55°C; (d): adhesive-
RGO at 55°C; (e): comparison of the creep strain curves for neat adhesive and adhesive-RGO at 25°C and 8 MPa
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Table 1
Parameters of the generalized time hardening model
Parameters D1 D2 Ds D4=Ds R?
T= 25°C-Neat adhesive -2.20e-3 5.64e-4 -3.17e-5 0.035 0.99
T=25°C adhesive-Graphene -5.95e-4 1.74e-4 -9.73e-6 0.035 0.98
T=55°C-Neat adhesive -8.4e-3 2.50e-3 -1.59e-4 0.035 0.98
T=55°C adhesive-Graphene -5.2e-3 1.80e-3 -1.29¢-4 0.035 0.97

3. 2. Single lap joints simulation and test results

In the first step, adhesively bonded single lap
joints were prepared to investigate the effect of RGO addi-
tive on their creep behavior. Adherend material is alumi-
num alloy 7075-T6 plate with 2mm thickness and epoxy
based Araldite 2011 is used for the bonding of the sub-
strates. Two sets of samples were prepared: neat adhesive
and adhesive-RGO composite with 0.5wt% RGO. Ad-
herend surface is prepared according to ASTM D1780 [23]
recommendations.

In this procedure, adherends are cleaned with ace-
tone then surfaces are treated with SiC abrasive paper and
washed with water. Finally, adherends are etched with
H,SO..

Uniaxial creep tests were carried out using the
prepared specimens and axial creep deformation of the
specimens is measured experimentally. Eight sets of tests
were carried out at 25 and 55°C and at two different stress
levels for the bonded joints with neat adhesive and adhe-
sive-RGO. Failure is occurred in tests at 55°C, but in tests
at 25°C the tests were stopped after 12 days.

Fig. 3 depicts the fractured surface of the joint af-
ter creep failure. The fractured surface shows that cohesive
failure mode has been occurred in joints. This type of fail-
ure reflects the proper adherend surface preparation and
joint.

Fig. 3 Fractured surface of a single lap joint showing the cohesive failure
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Fig. 4 Single lap joint: a - schematic model with dimensions and boundary conditions; b - FE model

Table 2

Mechanical properties of the adhesive-RGO composite [31]

Sample designation, RGO, wt %

Young’s modulus, MPa

Poisson’s ratio Tensile strength, MPa

Neat adhesive 1802 +20.1

0.29 +£0.04 26.36 +0.48

Adhesive-RGO 0.5 wt % 2105 +£22.4

0.31+0.02 34.35+0.63




In the second step, the developed generalized time
hardening model is used to predict the creep behavior of a
single lap joint using finite element based computer soft-
ware ABAQUS. A two dimensional finite element model
is used to model the single lap joint and its results are
compared with the experimental results. Fig.5, a and b
illustrate the two dimensional finite element mesh, sche-
matic drawing of the lap joint dimensions and boundary
conditions which are used in the solution. The adherend
material is Aluminum with elastic modulus, Poisson’s ratio
and thermal expansion coefficient of E=70000 MPa, v=0.3
and a=2.2x10 respectively [31]. Material properties of the
adhesive are given in Table 1 [31]. In this study ABAQUS-
STANDARD 6.12 finite element commercial software is
used to carry out the numerical solutions. Quadratic plane
strain elements 8-node which is referred as CPE8R in
ABAQUS manual [25] is used to produce the finite ele-
ment model. The total number of elements is 11,054 and
nodes are 32,221. The analysis is performed considering an
applied static force of F=1.25 and 2 kN. The proposed
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model is introduced to the software with a user defined
subroutine.

Fig. 5 shows the variation of the creep defor-
mation with time for the samples. Fig. 5, a and b compare
the creep elongation curves at 25°C under 1.25 and 2 kN
for the joints which are bonded with neat and adhesive-
RGO. Also, Fig. 2, c and d present the creep elongation
and creep-failure time for tests at 55°C with 1.25 and 2 kN.
As it can be seen in this figure, incorporation of RGO
greatly decreases the creep elongation; and therefore, it
decreases the creep deformation and prolongs the creep-
failure time of the joints at room and high temperatures.
According to the experimental results, it is inferred that
RGO additive enhances the creep performance of the adhe-
sively bonded significantly. Also in this figure, the results
of the numerical analyses are compared with the experi-
mental data and good agreement can be observed. This
shows that the finite element solution using the proposed
model can simulate the creep behavior of the bonded joint
with good accuracy at different stress and temperature lev-
els.
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Fig. 5 Creep elongation -time curves for the single lap joints: a - T=25°C and F=1.25 kN; b - T=25°C and F=2 kN;

¢ - T=55°C and F=1.25 kN; d - T=55°C and F=2 kN
4. Conclusion

In this research, uniaxial creep tests have been
conducted on Araldite 2011 epoxy based adhesive in dif-
ferent stress and temperature levels. Using the results of
these tests for both neat and RGO added adhesives, the
strengthening effect of the added RGO on the creep behav-
ior of the adherend has been observed.

Results show that, reinforced adhesive with RGO
particles demonstrates lower creep deformation in room
and high temperatures. Also it is observed that RGO in-
creases the creep failure time of the epoxy adhesive signif-
icantly. The results reveal that; the single lap joints bonded

with reinforced adhesive demonstrate lower creep defor-
mation and higher creep failure time.

Additionally, the constitutive parameters of the
generalized time hardening model has been obtained and
this model is used to predict the creep behavior of the sin-
gle lap joints. The results are compared with experimental
data and good agreement is observed.
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Summary

The creep behaviour of adhesively bonded joints
is one of the major concerns in modern industry due to
their application at relatively high temperature. In this re-
search, the effect of added RGO on the creep behaviour of
the Araldite 2011 adhesive is investigated. Uni-axial creep
tests have been carried out on neat Araldite 2011 and RGO
added adhesive at different stress and temperature levels. It
has been shown that adhesive with RGO particles demon-
strate higher creep resistance. Also, general time hardening
models are developed for both materials and their constitu-
tive coefficients have been determined using creep test
data. Based on these models, the creep behavior of single
lap joints has been simulated using finite element solution
method. The results are compared with experimental data
and good agreement has been observed that reflects the
robustness of the model. It has been shown that joints with
added RGO adhesive have significantly higher creep
strength.

Keywords: creep behavior, RGO, joints.
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