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ABSTRACT 
 
Epocast 50-A1/946 epoxy was primarily developed for joining and repairing of 
composite aircraft structural components. The Epocast epoxy was modified by 
ultrasonic dispersion of Multi-Walled Carbon Nanotubes (MWCNTs) with different 
weight percentages. Neat epoxy (NE) and the optimum MWCNT weight percentage 
are used to fabricate structural adhesive joints (SAJs) with different scarf angles (5o, 
10o, 15o, 30o, and 45o) in carbon fiber reinforced epoxy (CFRE) composite 
adherends.  SAJs with different scarf angles were instrumented by eight strain 
gauges to measure the adherend tip strains and bond line strains during tension 
tests. The effect of water absorption on the tensile properties of the SAJs with 5o and 
10o scarf angles was investigated experimentally. Because the SAJs with 5o scarf 
angle have the highest tensile properties, special attention was considered to 
investigate their performance under elevated temperature (50, 75 and 100oC) and 
fatigue loads. The tensile properties of the MWCNT/E-SAJs showed significant 
improvements compared to the neat epoxy-SAJs. Crack initiation and propagation 
were detected effectively using the instrumented-SAJs. The effect of water 
absorption has marginal effect on the tensile strengths of the SAJs. On the other 
hand, the tensile strengths and stiffness are dramatically decreased at elevated 
temperature. MWCNTs have insignificant effect on the fatigue lives of the SAJs.  
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INTRODUCTION 
 
The weight and fuel savings offered by polymeric composite materials, due to their 
high specific strength and stiffness, makes them attractive not only to the military, but 
also to the civilian aircraft, space, and automobile industries. In these industries the 
adhesive joints are extensively used as a primary method of forming structural joints. 
Fatigue loads in these applications are usually unavoidable. Therefore, improving the 
adhesive properties in composite bonded joints will prolong the life of the product as 
well as ensure its safety, which is the main objective of the present work. 
 
Recently, many researchers [1-13] have focused on the improving of epoxy materials 
using carbon nanotubes (CNTs). Some of them [12,13] used nanophased epoxy in 
adhesive joints/repairs. 
 
Kwon [12] investigated the effect of infusion of different types and configurations 
(lengths and diameters) of multi-wall carbon nanotubes in epoxy matrix on the 
performance of the bonded scarf joints. Their results showed that CNTs provide 
enough enhancements in strength along the joint interface that is the weakest 
portion of the adhesive scarf joint. 
 
Kang et al. [13] studied the static and fatigue strengths of adhesive single-lap joints 
incorporating carbon nanotubes to CFRE/aluminum adherends. They reported that 
the fatigue strengths and lives of the nanophased adhesive joints were increased 
compared to the control joint (without CNTs) and vice versa for the static strengths. 
Crack initiation and propagation were detected effectively by measuring the variation 
of equivalent resistance for the adhesive joints with nanophased epoxy.  
 
Some investigators showed that the theoretical strength of bonded scarf joint 
specimens with small scarf angle (2o-3o) have higher values compared to the larger 
scarf angles [14]. Experimentally, small scarf angle required extremely large repair 
lengths, which verified laminate failure predominantly by fiber fracture and pull-out 
[14,15]. Therefore, in the present work the minimum scarf angle will be taken 5o, 
which result in 57.15 repair length for 5 mm adherends thickness (5/tan5o).  
 
Many investigators studied the effect of bond line thickness on the strength of 
bonded joints/repairs [15-23]. Xiaoquan et al. [17] showed that when the adhesive 
film thickness is about 0.15–0.25mm, the ultimate stress of the scarf repaired plate 
reaches the highest value. Bond line thickness ranging from 0.2 to 0.25 mm is 
recommended by some researches [15,19]. Therefore, in the present work bond line 
thickness of 0.25 mm was adjusted for all the test samples. This value 
recommended for aircraft bonded composite joints [20,21]. 
 
The main objective of the present work is to improve the performance of bonded 
joints in composite structures through introducing nanofillers to the epoxy resin. 
Carbon fiber reinforced epoxy (CFRE) composite laminates were fabricated using 
prepreg technique. CFRE structural adhesive joints (SAJs) with different scarf angles 
(5o, 10o, 15o, 30o, and 45o) and adhesive materials (neat epoxy and MWCNT/E) were 
locally fabricated. The tensile properties of the fabricated SAJs were determined at 
different environmental conditions and fatigue loads.  
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EXPERIMENTAL WORK 
 
Materials 
 
The used epoxy is bisphenol A diglycidyl ether resin consists of two parts, which are 
epoxy part-A (Epocast 50-A1 resin) and epoxy part-B (Hardener 946) manufactured 
by Huntsman Advanced Materials Americas Inc. The epoxy system is an unfilled, 
solvent-free, easy-to-handle material for the manufacture and repair of composite 
structures as well as for filament winding. The mixing ratio is 100g from epoxy part-
A: 15g part from epoxy part-B. The viscosity of the epoxy system is 2,400 cP at 
25oC.   
 
The used Multi-Walled Carbon Nanotubes (MWCNTs) were manufactured by 
Timesnano, Chengdu Organic Chemicals Co. Ltd, Chinese Academy of Sciences. 
The outer diameter of MWCNTs is < 8 nm with 30 µm length and the purity is > 95 
wt%. 
 
Carbon fiber reinforced epoxy (CFRE) composite laminates are fabricated using 
prepreg technique with 25 layer of T300-3k plain woven carbon fiber fabrics 
(200g/m2) and YPH-120-23A/B epoxy matrix. The laminate thickness is 5±0.1 mm. 
The adherends were cut from CFRE laminates at different scarf angles (5o, 10o, 15o, 
30o, and 45o).  
 
Optimum Weight Percentage of MWCNTs 
 
Four MWCNT/epoxy nanocomposite panels were fabricated using different weight 
percentages of MWCTs ranging from 0.25% to 1.0 % with 0.25% increment. The 
MWCNTs are dispersed in epoxy resin using a high intensity Ultrasonic Processor 
(750 W), Cole–Parmer, Inc., USA. Four tension specimens cut from each panel and 
tested in accordance with ASTM D 638. Details about the sonication parameters, 
fabrication procedure of the nanocomposites, machining the standard tension test 
specimens, and characterization details are illustrated elsewhere, Khashaba et al. 
[10].  
 
The experimental results showed that the MWCNT/E nanocomposite with 0.5 wt% 
MWCNTs has the highest improvements in the tensile properties compared to the 
other MWCNTs loading percentages. The in-plane shear properties of 0.5 wt% 
MWCNT/E nanocomposite was determined according to ASTM D5379 using 
Iosipescu test fixture and double V-notch specimens. Details about the test 
procedure are presented earlier, Khashaba et al. [10]. The experimental results 
showed that, compared to the neat epoxy, the improvement in the tensile strength 
and modulus of MWCNT/E nanocomposite are respectively 7.5% and 18.2%, while 
the improvement in the shear strength and modulus are respectively 5.5% and 
10.3%.   
 
Characterizations of the CFRE Composite Adherends  
 
Tension tests 
Tensile properties of the adherends were determined in accordance of ASTM D 
3039. The dimensions of the test specimens are illustrated in Fig. 1. Five test 
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specimens were cut into strips with 250 mm long and 25 mm width. Four rectangular 
aluminum end tabs were bonded to the griping length (65 mm) of three test 
specimens using a cold-hardening epoxy resin. These end tabs not only reduce the 
stress concentration from the serrated grips but also prevent the slipping of the test 
specimen from the grip, where the serration of the grip indented the aluminum tabs 
and engaged with it. End-tabs also smoothly transfer the lateral compressive load 
owing the grips of the testing machine to the specimen and prevent the crushing of 
the test specimens between the grips [24-26]. To measure the actual strains, 
modulus, and Poisson's ratio during the tensile test two samples were equipped with 
strain gages that bonded to the specimen back-to-back. The strain gages are 
connected to 4-channel data acquisition model 9237 NI, which connected to the PC 
to monitoring and recording the longitudinal and transverse strains during the tension 
tests.  
 
In-plane shear tests 
In-plane shear properties of CFRE composite adherends were determined in 
accordance with ASTM D5379 using Iosipescu test fixture and double V-notch 
specimens as shown respectively in Fig. 2a and Fig. 2b. The principle of the test is to 
apply a set of prescribed displacements on the V-notch specimen, so that the central 
region of the sample is under a state of predominant shear, Khashaba et al. [26]. 
These displacements are achieved through relative movement of the movable grip 
with respect to the fixed grip as shown in Fig. 2a.   

To measure the shear strain (γxy) and shear modulus (Gxy) two strain gages were 
bonded at +45o and –45o at the center of the test specimen as shown in Fig. 2. The 
strain gages are connected to the PC via 4-channel data acquisition model 9237 NI. 
 
Fabrication of the Structural Adhesive Joints 
 
Preparation the scarf angles of the adherends 
The CFRE composite adherends (500x500 mm) were cut to four panels each one 
has dimension equal 500x125 mm using diamond bench saw [14]. To obtain 
adequate scarf profiles and surface roughness in the SAJs, the scarf angles (5o, 10o, 
15o, 30o, 45o) were grinded using a milling machine with 46 grit vitrified mounted 
points [15]. A metal back plate of 10 mm thickness was used as a support to prevent 
the laminate from bending excessively, during the scarf machining process [16]. Fig. 
3 shows the machined adherend with 5o scarf angle.  
 
Preparing the bonded surfaces 
To avoid contamination from loosely held debris after the machining process, the 
scarf surfaces of the adherends were cleaned by wiping them with acetone-
dampened cloth [14-17]. The cloth was dampening by pouring a small amount of 
solvent onto the cloth not by placing it in contact with the mouth of the bottle. To 
ensure drying of the mating sides of the scarf surfaces, the specimens are left 2h in 
a clean, dust-free area with bonding surfaces upwards as recommended by 
[14,16,17] and ASTM D 2093. 
 
Preparing the adhesive materials 
The predetermined optimum weight percentages of MWCNTs (0.5 wt%) is dispersed 
in epoxy resin part-A using Ultrasonic Processor (750 W). Sonication parameters 
play a key role in dispersion of nanofillers in epoxy resin. These parameters include: 
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beaker material and dimensions, cooling medium (air, water, water/ice), temperature 
control via probe, sonicator probe diameter, immersion depth of the sonicator probe, 
sonication power and amplitude, sonication time, sonication energy densities 
(W·s/ml), and sonication mode (pulse or continuous). The important of each 
parameter in the sonication process was reported by khashaba et al. [10,11]. The 
sonication parameters for dispersion of MWCNTs in epoxy resin are as follows: 

• A cylindrical aluminum container with flat bottom and small diameter (50 mm) is 
used for dispersion 1.0436g MWCNT in 150 cm3 of epoxy part-A. The mass of 
MWCNTs is calculated based on the total masses of epoxies part-A (181.5g) and 
part-B (27.225g). The small diameter of high thermal conductivities aluminum 
container will maximize the mixture–probe surface area that exposed to the 
acoustic waves and accordingly, de-agglomerate the MWCNTs owing to the van 
der Waals attractive interactions.  

• To reduce the damage of MWCNTs the sonication amplitude was 50% (375W) 
for 30 min. Simple calculation showed that the energy densities during sonication 
of MWCNTs in 150 cm3 epoxy is 4500 W·s/ml. 

• The maximum temperature of the mixture was kept lower than 50oC using 
temperature probe that fixed at about 1 cm away from the sonicator probe. 

• Sonicator probe with 25 mm diameter was fixed for all the sonication processes. 

• Sonication without cooling bath will raise the mixture temperature up to 50oC and 
accordingly, reduces the mixture viscosity that controls the dispersion of 
MWCNTs in epoxy resin.  

• The sonicated mixture is put in a wide glass beaker to reduce its height and 
accordingly, increasing the mixture surface area. The beaker is then placed in 
drying vacuum oven model DZF-6050 at 133 vacuum pressure and 40oC for 1h. 
Heating the mixture up to 40oC under vacuum leads to decreasing its viscosity. 
Under such conditions, the included bubbles can be easily removed from the 
mixture. 

 
Fabrication procedures of the structural adhesive joint 
Bond line thickness was controlled using gage foil [22] with 0.25 mm thickness that 
fixed at the ends of the machined scarf surface of CFRE panel (500x125 mm) as 
shown in Fig. 4. Because Epocast 50-A1/946 has low gel time (20 min 25°C), the 
heat can act as a catalyst and accordingly, reduce the gel time and speed up the 
curing process. Therefore, after evacuation the mixture (nanoparticles/epoxy part-A) 
is left to cool-down from 40oC up to the room temperature (23oC). The hardener 
(epoxy part-B) was gradually added to the mixture (i.e. drop by drop), and manually 
stirred for 5 min. 
 
Adhesive layers were spread on the both mating scarf surfaces of the parent CFRE 
panels. The mating scarf surfaces of the panels were carefully placed on each other. 
The jointed panels (500x250 mm) was compressed between two waxed glass plates 
using distributed dead weights of 50 kg to remove the excess adhesives and obtain 

joint planar. The bonded panels were held at room temperature (23o
± 1C) for 10 

days [22] to ensure complete curing of the epoxy. The bonded panels with different 
scarf angles were machined into tensile (static and fatigue) SAJs specimens with 
250 mm length and 24 mm width, ASTM D3039.  
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Mechanical Characterizations of the SAJs 
 
Tension testes of the SAJs  
The tensile properties of the SAJs were characterized using computer controlled 
universal testing machine model CMT5205/5305 MTS SYSTEMS. Fifty samples 
were tested to investigate the effects of scarf angle (5o, 10o, 15o, 30o, and 45o) on the 
tensile properties of neat epoxy and MWCNT/E SAJs (five specimens for each scarf 
angles). Ten specimens were instrumented with eight strain gauges (one specimen 
for each scarf angle of the SAJs with different adhesive materials).  
 
The adherend tip strains of the SAJs with 5o scarf angle were measured through SG-
1, SG-2, SG-3, and SG-4. The strains of the long bond line of these specimens were 
measured through SG-5, SG-6, SG-7, and SG-8 as shown in Fig. 4a. The adherend 
tip strains of the SAJs with 10o to 45o scarf angles were measured through SG-1, 
SG-2, SG-3, SG-4, SG-5, and SG-6 while the bond-line-strains were measured 
through SG-7 and SG-8 as shown in Fig. 4b. The strain gauges were wired with 
coaxial cables to minimize the signal interference noise as shown in Fig. 4c. The 
tension tests are implemented at constant cross–head speed of 0.5 mm/min [15,27].  
 
Tension testes of moist SAJs 
The effect of moisture absorption on the mechanical properties of the SAJs with 5o 
and 10o scarf angles was investigated experimentally. Gude et al. [28] showed that 
the saturation of epoxy and epoxy/CNT and epoxy CNF by water absorption is 
reached after about eleven days. Therefore, in the present work the specimens were 
immersed in distilled water up to about 22 days (526 h). The weight gain due to 
water absorption was measured using high sensitivity (0.0001 gm) digital balance 
model A & D HR-200. The tensile properties of the moist SAJs with different 
adhesive materials (neat epoxy and MWCNT/E) were determined according to 
ASTM D 3039. Six specimens were tested for each adhesive material (three for each 
scarf angle).  
 
Tension testes of the SAJs under elevated temperature 
Because, the SAJs with 5o scarf angle has the maximum tensile properties 
compared with the other scarf angles, special attention will be given for studying their 
tensile properties under elevated temperature, and fatigue loads. 
 
The effect of different temperature environments on the tensile properties of the 
SAJs with 5o scarf angles was investigated using Instron universal testing machine 
model 8803 (500 kN). The bond line strain was measured using Instron dynamic 

extensometer Model 2620-601 with ± 5 mm travel and 12.5/25/50 mm gauge lengths 
as shown in Fig. 5. The machine is provided by digital temperature chamber model 
Instron-3119-506 as shown in Fig. 5. The oven can perform temperature ranging 
from -70oC to +350oC. Tension tests are implemented at three temperature levels 
ranging from 50oC to 100oC with 25oC increment.  Nine test specimens with 5o scarf 
angles were tested for each adhesive type (three specimens for each temperature 
level). 
 
Fatigue testes of the SAJs 
The SAJs were tested in tension–tension fatigue using an Instron servohydraulic 
universal testing machine model 8872 (10 kN) at ambient laboratory environment. All 
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the fatigue tests were performed under sinusoidal waveforms, constant load 
amplitude, frequency of 10 Hz, and stress ratio of 0.1 [29-32]. The machine capacity 
(10 kN) is very suitable for the fabricated specimens. The maximum load during 
fatigue tests was varied from 5 kN to 7 kN, which approximately equal 35% to 50% 
of the average ultimate tensile loads in the joints. Before testing, the machine was 
auto tuned for the specimen stiffness as recommended by the Instron manual. The 
bond line strain under fatigue loads was measured using Instron dynamic 
extensometer Model 2620-604 with 12.5/-2.5 mm travel and 10/25/50 mm gauge 
lengths as shown in Fig. 6. 
 
Thirty five SAJs with 5o scarf angles were tested in fatigue (18 epoxy neat-SAJs and 
17 MWCNT/E-SAJs). At least three stress levels were tested for each adhesive type 
to construct the S-N curve of the SAJs with 5o scarf angles. The fatigue lives of the 
composites materials showed remarkable scatters even that the specimens are 
tested at the same conditions, Khashaba et al. [33,34]. Therefore, at least five 
specimens were tested for each stress level.  
 
 
RESULTS AND DISCUSSIONS 
 
Tensile Properties of the Adherends 
 
The output of the universal testing machine PC is load (stress) vs time 
(displacement) curves. The output of 4-channel data acquisition model 9237 NI is 
strain vs time. Therefore, to calculate the tensile modulus the stress-time and strain-
time relationships are drawn as shown in Fig. 7. The slopes of the tangent to the 
initial linear portion of these relationships were used to calculate the tensile modulus 
as shown in Fig. 7. Table 1 shows summary of the mechanical properties of the 
adhesives with maximum improvement in their tensile properties and CFRE 

composite adherends. It is interested to note that the value of Poisson’s ratio, υ12, is 
equal to 0/90o cross-ply CFRE composites (0.05) [35]. The lower value of Poisson’s 
ratio of woven or cross-ply composites was due to the presence of fibers cross to the 
loading directions, which plays a key role in reducing the transverse strains under 
tensile loading and accordingly, decreasing the Poisson’s ratio that equal the 
negative ratio of the strain in the transverse direction to the strain in the longitudinal 
direction as shown in Fig. 7.  

 
Table 1. Mechanical properties of the used adhesives and adherends 

Properties 

Materials 

Neat epoxy 
[10] 

0.5 wt% MWCNT/E 
[10] 

CFRE adherends 

Tensile modulus (GPa) 3.43 4.06 81.66 

Shear modulus (GPa) 1.45 1.60 6.94 

Poisson’s ratio 0.32 0.313 0.052 

Tensile strength (MPa) 75.53 81.21 895.28 

Shear strength (MPa) 50.71 53.51 145.41 
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Figure 8 shows photographs of some fractured CFRE composites in tension. The 
figure showed that the tested specimens were completely fractured at the start of 
chamfering the aluminum tabs.   

In-Plane Shear Properties of the Adherends  

Fig. 9 shows load (shear stress)-displacement (time) curve of CFRE adherends. The 
specimen is not separated completely as in nanocomposite materials. The shear 
failure of the specimen was accompanied with evidently drop in the applied load after 
it reached the ultimate value. The load further rapidly increased due to the contact of 
the specimen at the lower right end of the V-notch with the fixed grip as shown in 
Fig. 10. In such case, the test should be stopped and the value of shear strength is 
calculated based on the ultimate shear load, Fig. 9, using the following equation: 

 
A

P
xy =τ                                                     (1) 

where A is the cross-sectional area between the roots of two V-notches, P is the 
ultimate load obtained from load-displacement curves of in-plane shear tests as 
shown in Fig. 9.  

Figures 11-13 show the different stress and strain relationships of CFRE adherend 
from one Iosipescu shear test. These relationships are necessary to construct the 

shear stress (τxy) versus shear strain (γxy) relationship, and accordingly to calculate 
the in-plane shear modulus as following: 

The output of 4-Channels Data Acquisition Model 9237 NI is strain versus time as 

shown in Fig. 11. This figure shows the strain-time relationship of ± 45o strain gages. 
The output of the PC of universal testing machine is load-time (displacement) 
relationship. The load is divided by the cross-section area between the roots of two 
V-notches to obtain stress-time relationship as shown in Fig. 9. Linear curve fitting 
was performed to the first linear portion of the stress-time relationship as shown in 
Fig. 9. From the strain-time relationship of Fig. 11 and stress-time relationship of Fig. 
9 the stress-strain relationship was constructed as shown in Fig. 12. The strain 

values in Fig. 12 are the output of ± 45o strain gages, which converted to shear strain 

(γ12) using the following equation [36]: 

454512 +− −= εεγ                                        (2) 

where ε+45 and ε-45 are the measured strains of the +45o and -45o strain gages 
respectively. Because the in-plane shears strain of +45o strain gage is negative and 
vice versa for -45o as shown in Fig. 12, the resultant shear strain is positive. Applying 
Eq. 2 to Fig. 12 the shear stress-shear strain relationship can be drawn as shown in 
Fig. 13. Thus, the in-plane shear modulus (Gxy) is determined from the slope of the 

initial linear portion of shear stress-strain curve (∆τxy/∆γxy) as: 

xy

xy

xyG
γ

τ

∆

∆
=                        (3) 
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The average values of the in-plane shear strength and modulus of five tests are 
presented in Table 1. Most of the determined mechanical properties of the used 
adherends are closed to AGP370-5H/3501-6S woven carbon fiber composites 
prepared from prepreg by autoclave molding [37].  

The Tensile Properties of the SAJs 

Bond-line-strains 
Figures 14 and 15 show respectively, the variation of bond-line-strain versus load of 
neat epoxy-SAJs and MWCNT/E- SAJs with different scarf angles. It can be seen 
from Figs. 14 and 15 that the bond-line-strains increase with increasing the scarf 
angles at the same load level. This behavior indicates that failure modes of the 
tested joints varied from shear in the bond materials at the smaller scarf angles 
(lower strains) to the interlaminar fracture between the adhesive/adherend interfaces 
(higher strains) for joints with large scarf angles. The results in Figs. 14 and 15 also 
showed that at the same bond-line-strain level the MWCNT/E-SAJs can sustain 
higher loads than neat epoxy-SAJs.  

Adherends-tip-strain 
Figures 16 and 17 show respectively the variation of adherends tip strains versus 
load of neat epoxy-SAJs and MWCNT/E-SAJs. The load-tip strains relationships 
shown in these figures have initial linear portion, which means that no damages 
detected. The slope of the load-tip strains curves was decreased due to the stress 
relief owing to crack initiation in the SAJs. The propagation of the cracks causes 
stress relaxation, which is translated into a sudden drop in the measured tip strains 
of SAJs as shown in Figs. 16 and 17. It can be seen from the figures that the 
adherends-tip-strains for specimens with 5o, 10o, 15o scarf angles have higher 
strains compared to the adherends tip strains of 30o and 45o scarf angles and the 
adherend strain (from the tensile test of CFRE laminate) at the same load levels.  

Strength Properties of the SAJs 
Figure 20 shows the variation of ultimate tensile strength versus scarf angle of neat 
epoxy and MWCNT/E SAJs. It is evident from the figure that the ultimate tensile 
strength decreases with increasing the scarf angle. The results in Fig. 20 also 
showed that the tensile strengths of MWCNT/E-SAJs with different scarf angles are 
higher than that for neat epoxy-SAJs. Compared to neat epoxy-SAJs, the 
improvements in the tensile strengths of MWCNT/E-SAJs were 23.5%, 33.0%, 
22.0%, 12.0% and 40.0% for scarf angles of 5o, 10o, 15o, 30o, and 45o respectively. 
Fig. 21 showed that the fracture of the SAJs was accompanied with adhesive and 
adherend fractures.   

Figures 18 and 19 show respectively the variations of ultimate failure tip and bond 
line strains versus scarf angle of neat epoxy and MWCNT/E SAJs. It is clear from the 
figures that the ultimate failure adherend tip strain was decreased with increasing 
scarf angle. In contrast, the ultimate failure of bond line strain increased with 
increasing the scarf angle. The results in Figs. 18 and 19 also showed that the 
ultimate failure strains of MWCNT/E-SAJs are lower that of neat epoxy-SAJs. These 
results indicate that the MWCNTs improve the SAJs stiffness. 
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Effect of Environmental Conditions 

Effect of moisture absorption 
Figure 22 shows the variation of moisture content versus immersion time of neat 
epoxy and MWCNT/E SAJs with 5o and 10o scarf angles.  Fig. 23 shows 
compression between the tensile strengths of dry and moist SAJs with 5o and 10o 
scarf angles.  The results in this figures showed marginal decreases in the tensile 
strength of the moist joints compared to the dray one.   

Effect of temperature 
Figures 24 and 25 respectively show the load-displacement of neat epoxy and 
MWCNT/E SAJs tested at elevated temperatures. Figure 26 shows the effect of 
temperature on the strengths and compliances of the SAJs. It is clear from the 
figures that the SAJs have good and acceptable tensile strengths in the temperature 
range up to 50oC, but their stiffness (inverse compliances) were dramatically 
decreased. The reduction in the ultimate tensile strengths were 2.3%, 77.5%, and 
90.9% for neat epoxy-SAJs tested respectively at 50oC, 75oC and 100oC compared 
to the tensile strength at room temperature (23oC). Similarly, the ultimate tensile 
strengths of MWCNT/E-SAJs tested at 50oC, 75oC and 100oC were decreased by 
15.6%, 83.1%, and 92.8% respectively. Although the reductions in the ultimate 
tensile strengths of MWCNT/E-SAJs are higher than that of neat epoxy-SAJs, the 
ultimate tensile strengths of the former joints are higher than the latter one as shown 
in Fig. 26.  
 
Fatigue Behavior 
 
Figure 27 shows the experimental results of fatigue lives of the neat epoxy and 
MWCNT/E SAJs with 5o scarf angles. The results in the figure showed that the 
infusion of MWCNTs in epoxy matrix has insignificant effect on the fatigue lives of 
the SAJs especially at high stress levels. The improvement in the fatigue stress at 
106 cycles is 2%.  
 
 
CONCLUSIONS 
 
The present work shows modification of Epocast 50-A1/Hardener 946 epoxy resin by 
dispersion of 0.5 wt% MWCNTs using high intensity ultrasonic liquid processor. The 
sonication parameters are well quantitatively defined. Neat epoxy and MWCNT/E 
were used to fabricate structural adhesive joints (SAJs) with different scarf angles. 
The following concluding remarks can be drawn from this study: 
 

1. Carbon fiber reinforced epoxy (CFRE) composite laminates are fabricated using 
prepreg technique with 25 layer of T300-3k plain woven carbon fiber fabrics 
(200g/m2) and YPH-120-23A/B epoxy matrix. The laminate thickness is 5±0.1 
mm. Tensile and in-plane shear properties of the fabricated CFRE composites 
were characterized in accordance with ASTM D 3039 and ASTM D 5379 
respectively. The determined mechanical properties are necessary for the finite 
element analysis that will be illustrated in the following papers. 
  

2. The adherends were cut from CFRE laminates at different scarf angles (5o, 10o, 
15o, 30o, and 45o). Neat epoxy and MWCNT/E SAJs with different scarf angles 
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are fabricated and tested in tension. The experimental results showed that the 
ultimate tensile strength decreases with increasing the scarf angle. Compared to 
the neat epoxy-SAJs, the improvements in the tensile strengths of MWCNT/E-
SAJs were 23.5%, 33.0%, 22.0%, 12.0% and 40.0% for scarf angles of 5o, 10o, 
15o, 30o, and 45o respectively.  

 

3. The adherend tip strains and bond line strains of the adhesive joints with 
different scarf angles and adhesive materials were measures using eight strain 
gauges for each specimen. The results showed that crack initiation and 
propagation can be effectively detected using the instrumented-SAJs. The 
results also showed that the ultimate failure adherend tip and bond line strains of 
MWCNT/E-SAJs with different scarf angles are lower than that of neat epoxy-
SAJs. These results indicate that the MWCNTs improve the SAJs stiffness.  

 

4. Because the SAJs with 5o scarf angle have the highest tensile properties, special 
attention has been paid to investigate their performance under different 
environments and fatigue loads. The effect of moisture absorption on the 
mechanical behavior of the neat epoxy and MWCNT/E SAJs with 5o and 10o 
scarf angles was investigated experimentally. The SAJs specimens were 
immersed in distilled water up to about 22 days (526 h). The experimental results 
showed marginal decreases in the tensile strength of the moist joints compared 
to the dray one.   

 

5. SAJs have good and acceptable tensile strengths in the temperature range up to 
50oC, but their stiffness (inverse compliances) are dramatically decreased. The 
reduction in the ultimate tensile strengths of the SAJs is more than 90% when 
tested at 100oC. Although the reductions in the ultimate tensile strength of 
MWCNT/E-SAJs are higher than that of neat epoxy-SAJs, the ultimate tensile 
strengths of the former joints are higher than the latter one.  

 

6. Fatigue behavior of the structural bonded joints with 5o scarf angles and different 
adhesive materials (neat epoxy and MWCNT/E) was investigated using Instron 
servohydraulic universal testing machine model 8872 (10 kN) under sinusoidal 
waveforms, constant load amplitude, frequency of 10 Hz, and stress ratio of 0.1. 
The fatigue results showed insignificant effect of MWCNTs on the fatigue lives of 
the SAJs especially at high stress levels. The improvement in the fatigue stress 
of MWCNT/E-SAJs at 106 cycles is 2% compared to neat epoxy-SAJs.  
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Fig. 1. Dimensions of tension 
CFRE specimen, ASTM D 3039. 
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Fig. 2. (a) Iosipescu shear test fixture, (b) dimensions of 
in-plane shear specimen, ASTM D5379. 
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Fig. 3. Two 0.25 mm gage foils for determining the bond line 

thickness of the adhesive joints with 5
o
 scarf angle. 
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Fig. 4. Dimensions and strain gauge distributions in the structural bonded scarf joints: (a) scarf  

                angle = 5
o
 (strain gages 7 and 8 are bonded back to back), (b) the other scarf angles (10

o
 –  

                45
o
), (c) photograph of instrumented CFRE joint with 10

o
 scarf angle. 

 

 
Fig. 5. Experimental setup for testing the structural bonded joint specimen under high temperature. 
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Fig. 6. Experimental setup of Instron servohydraulic universal testing machine model 8872 (10 kN) for 
fatigue testing of the structural bonded joint specimens. 

 

 

 
 

Fig. 7. Stress-time, longitudinal strain-time, and transverse strain-time relationships of CFRE  
            composite adherends in tension. From this figure the ultimate tensile strength, Young’s 

modulus, and Poisson's ratio are calculated. 
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Fig. 8. Photos of some fractured CFRE composite adherends in tension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Shear stress vs time in Iosipescu shear test of CFRE composite adherends. 
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Fig. 11. Strain variation of ±45
o
 strain gages vs time in Iosipescu shear test of CFRE composite 

adherends. 

 

Fig. 10.  (a) Photo of CFRE composite adherends at the start of Iosipescu shear test, (b) photo of fractured 

specimen Iosipescu shear test. The specimen is not completely separated as in nanocomposite materials. 

The shear failure of the specimen was accompanied with evidently drop in the applied load after it reached 

its ultimate value. The load is further rapidly increased as shown in Fig. 9 due to the contact of the lower 

right end of the V-notch with the fixed grip, Fig. (a). In such case the test should be stopped. 
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Fig. 12. Strain variation of ±45
o
 strain gages vs 

stress in Iosipescu shear test of CFRE composite 
adherends 

 
Fig. 13. Variation of shear strain vs shear stress 

in Iosipescu shear test of CFRE composite 
adherends. 

 

 

 

 

 

 

 

 
 

Fig. 14. Bond line strain vs. load for neat epoxy 
adhesive bonded joints with different scarf 

angles. 

 
Fig. 15. Bond line strain vs. load for MWCNT/E 

adhesive bonded joints with different scarf 
angles. 
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Fig. 16. Adherend tip strain vs. load for neat 

epoxy-SAJs with different scarf angles. 

 
Fig. 17. Adherend tip strain vs. load for 

MWCNT/E-SAJs with different scarf angles. 

 

 

 

 

 

 

 

 
 

Fig. 18. Ultimate failure adherend tip strain vs. 
scarf angles for neat epoxy and MWCNT/E 

adhesives. 

 

 
Fig. 19. Ultimate failure bond line strain vs. scarf 
angles for neat epoxy and MWCNT/E adhesives. 
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Fig. 20. Ultimate tensile strength vs. scarf angle 
for neat epoxy and MWCNT/E adhesives. 

 

 
Fig. 21. Photographs of some fractured SAJs 

specimens 
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Fig. 22. Moisture content vs. immersion time of 
SAJs with 5

o
 and 10

o
 scarf angles and different 

adhesives. 

 

 
Fig. 23. Comparison between tensile strengths of 
dry and moist SAJs with 5

o
 and 10

o
 scarf angles 

after 526 h immersion time. 
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Fig. 24. Load-displacement curves of the structural 
adhesive joints with neat epoxy adhesives tested in 

tension under different temperatures. 

 

 
Fig. 25. Load-displacement curves of the 
structural adhesive joints with MWCNT/E 

adhesives tested in tension under different 
temperatures. 
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Fig. 26. Tensile strengths and compliances vs. 

temperature of the neat epoxy and MWCNT/E SAJs 

 

 
Fig. 27. S–N curves of the neat epoxy and 

MWCNT/E SAJs with 5
o
 scarf angle 

 
 


