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Abstract: This study aimed to explore failure mechanisms of carbon fibre-reinforced plastic (CFRP)-
aluminium (Al) single-lap adhesive joints which CFRP adherends had different stacking sequences.
These results showed that fatigue performance of CFRP decreased as the number of 45° plies increased,
which caused the initial failure location to gradually move from the adhesive layer towards the
CFRP. Under high load levels, joint-failure models were influenced by the stacking sequence of
CFRP; large-area cohesive failure occurred in joints when the CFRP stacking sequence was [0/90]45
and [0/45/—45/90],5, and delamination failure occurred when the CFRP stacking sequence was
[45/ —45]4s, due to the weak interlaminar properties of CFRP. However, under low load levels, the
stacking sequence of CFRP had little effect on the failure model of the joint, with interfacial failure
being the main failure mode for all joints due to weakening of the mechanical interlock.

Keywords: CFRP-Al single-lap joints; stacking sequence; fatigue performance; failure mechanisms

1. Introduction

Employing lightweight materials to reduce structure weight is one of the most effective
ways to solve the problems of rising carbon emissions and environmental degradation [1-4].
Carbon fibre-reinforced plastic (CFRP) is a material with exceptional properties such as high
strength, light weight, and corrosion resistance. It has been extensively used in the building,
aerospace, and automotive industries to solve problems related to structure repair [5-7]
and reinforcement [8-13] or to form new structures for engineering applications [14].

However, in practical engineering applications of composite connections, composite
materials cannot completely replace metal materials, so the connection between CFRP
and Al has become a hot topic [15]. Compared with traditional connection methods
(bolting and riveting), adhesive technology is widely adopted in wings, fuselages, and
multi-materialized vehicle bodies due to its great structural integrity and rational design
flexibility [16-19]. Numerous factors affect mechanical properties of CFRP adhesive joints,
such as stacking sequence, adhesive thickness, and overlap length. [20-25]. Among these,
stacking sequence can change the mechanical properties of the composite by altering
interlaminar stress, which provides a reference for the design of braided CFRP connection
structures [25]. Therefore, many scholars are focused on the study of the effect of stacking
sequence on mechanical properties of joints.

Hitherto, Jiang et al. [20] investigated quasi-static failure behaviour of CFRP-CFRP
adhesive joints. They revealed that the direction of a fibre contact with adhesive has
a significant influence on overall structural strength. Compared with the 45 plies,
when fibre contact with the adhesive is 0/90 plies, the joint had greater strength. The
numerical and experimental studies of Ozel et al. [21] explored how CFRP adherends
with different stacking sequences significantly affect joint-failure load and stress dis-
tribution. The results of that study showed that stresses formed at the ends of the
overlap region gradually increased when the stacking sequence of the CFRP adherend
changed from [0/90]g to [0/45/—45/90]4, then to [45/—45]g. Zhang et al. [22] stud-
ied the tensile performances of adhesive joints by designing three stacking sequences
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([45/90,/—45/90,/45/0/—45/90/45/0/—45/90/45/0,/—45/0,], [45/0/—45/90/45/0/
—45/90/45/0]s and [0]pg) for CFRP. They found that stress distribution between different
layers could influence failure models of joints. Under the same applied load, [0]yp had the
least Mises stress, leaving the smallest area for cohesive failure.

Many studies have focused on effects of the stacking sequence on quasi-static mechan-
ical properties of adhesive joints. However, during long-term service, structures experience
cyclic loads that result in 50-90% of mechanical failures and threaten their service life
severely [26,27]. At the same time, owing to excellent sealing performance of the adhesive,
it is difficult to check for internal failure of an adhesive joint in time. This can result in
damage accumulation and overall structure destruction [28]. Therefore, fatigue resistance
of adhesive joints is an essential property in connecting CFRP and Al [29,30]. In this regard,
Mariam M. et al. [31] investigated tensile fatigue properties of aluminium alloy (AA7075)
and GFRP single-lap adhesive joints. Their results indicated that fatigue damage mecha-
nisms in composites were considerably more complicated than those in metal adherends.
Fibre breakage, extensive delamination, and matrix cracks led to composite failure, as metal
surfaces only experienced mixed mode and adhesive failure. S. Azari et al. [32] investigated
the effect of adherend thickness on the fatigue performance of joints under cyclic loads.
They revealed that due to greater global stiffness and larger crack-tip stresses of thicker
joints, fatigue properties of joints decreased when adherend thickness (h) increased, and
when h > 12.7 mm, joint fatigue behaviour was independent of h. Kara E et al. [33] stud-
ied the effect of overlap length on static and fatigue behaviours of adhesive joints. They
found that increasing overlap length increased static strength but decreased fatigue life.
Shin et al. [34] investigated the effect of the stacking sequence on fatigue performance of
the steel-composite co-cured joint. They found that under a high load level, a joint with
a composite stacking sequence of [£45]4; had more transverse shear stress than a joint
with the [0]14 condition, indicating that the [0];4 sample had good fatigue characteristics.
R Hedayati et al. [35] compared tensile fatigue properties of Al-composite adhesive joints
with composite adherend stacking sequences of [0/90]s and [0/45/—45/90]s. Their re-
sults indicated that cases with a stacking sequence of [0/45/—45/90]s had much a shorter
fatigue life than cases with [0/90],s because using a composite with a stacking sequence
of [0/45/—45/90]; transferred more stress to the adhesive crack front in comparison with
the cases with [0/90]s. G. Meneghetti et al. [36] performed an experimental study of
failure mechanisms in adhesive joints that composited adherends with different stacking
sequences under cyclic loads. They revealed that compared with 0° plies, presence of 45°
plies could slightly extend crack propagation life, but that effect tended to disappear when
total fatigue life was considered.

To sum up, compared with influencing factors such as overlap length, adhesive thick-
ness, etc., there are fewer studies on effects of stacking sequences on fatigue performance
of adhesive joints, and most mainly focus on the influence of joint fatigue life. Meanwhile,
limited attempts have been made to reveal failure mechanisms of joints under cyclic loads.

In this paper, fatigue performance and the failure mechanisms of CFRP-Al single-
lap adhesive joints that CFRP adherends with different stacking sequences were studied.
For this purpose, first, CFRP laminates with three typical stacking sequences ([0/90]4s,
[0/45/—45/90], and [45/ —45]4s (Where subscript number n indicates repetition of n plies
and subscript s indicates symmetrical arrangement of plies) were selected to fabricate
adhesive joints, and a series of quasi-static and fatigue tests was carried out for those
joints. Second, based on experimental data and the Weibull method, joint mean fatigue
life was calculated and SN curves were fitted using multiple function models. Finally,
microscopic fracture morphologies were measured by SEM in order to analyse differences
in failure modes of the joints, thereby further revealing failure mechanisms of the joints
under cyclic loads.
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2. Materials and Methods
2.1. Materials

CFRP laminates with three typical stacking sequences ([0/90]4g, [0/45/—45/90]2s,
and [45/—45]4s) and aluminium 7075-T651 plates were selected as adherends, as they
are commonly employed in the aviation sector. The CFRP laminates were fabricated
using carbon fibre/epoxy prepreg (USN15000/7901/RC33, CETC Wuhu Diamond Aircraft
Manufacture Co., Ltd., Wuhu, China) via autoclave moulding technology. Mechanical
properties of the USN15000/7901/RC33 and aluminium are shown in Tables 1 and 2,
respectively. Furthermore, Araldite 2015 (Huntsman, SLC, US)), a two-component epoxy
resin adhesive that cures at room temperature, was used to bond the adherends.

Table 1. Material properties of USN15000/7901/RC33 [37].

Parameter Symbol Value
Longitudinal tensile modulus E11/MPa 121,000
Transverse tensile modulus E»y/MPa 8600
Shear modulus Gi2/MPa 3450
Poisson’s ratio H12 0.301

Density p/kgm™3 1570

Table 2. Material properties of Al 7075-T651 [38].

Parameter Symbol Value
Young’s modulus E/MPa 71,700
Poisson’s ratio U 0.32

Density p/kgm™3 3000

To simplify expression of the joints which CFRP with different stacking sequences, the
specimens are abbreviated as J-stacking sequences, as shown in Table 3.

Table 3. Specimen ID.

Specimen Full Name Specimen ID
The joint with CFRP adherend stacking sequences of [0/90]4s J-[0/90]4
The joint with CFRP adherend stacking sequences of [0/45/—45/90],s J-[0/45/—45/90],s
The joint with CFRP adherend stacking sequences of [45/ —45]4s J-[45/—45]4

2.2. Preparation of Specimens

According to the standard of ASTM D3166 [39], the CFRP laminates were cut into
rectangular plates with a size of 120 x 25 x 1.65 mm each. Similarly, Al was cut into plates
with dimensions of 120 x 25 x 1.5 mm for joints. The joint overlap length and adhesive
thickness were designed to be 15 mm and 0.2 mm, respectively, and end tabs with the same
thickness as the adherends were bonded at the free ends of each joint to make the joint
better align with the gripper during the fatigue test process. Specific structural parameters
are shown in Figure 1.

Before bonding of specimens, waterproof abrasive papers (80 mesh) were used to
polish each adherend bonding surface in order to increase its roughness. During the
polishing process, polishing direction, polishing intensity, and polishing frequency were
kept consistent for all specimens. Acetone was subsequently used to remove detritus and
oil contamination from each adherend surface.
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Figure 1. Geometry of CFRP-Al single-lap adhesive joints.

To obtain valid test results, 0.2 mm calibration spacers and adherend spacers with the
same thickness as substrates were used to control thickness of the adhesive layer. After
fixing of the spacers, the joints were pressurized in 0.6 MPa by the upper and lower pressure
plates and cured at room temperature. The schematic diagram of the control method of
adhesive thickness is shown in Figure 2.

Constant pressure applied by clips

R A by

1 < Clip

Upper press plate

Calibration
spacer

Adherend spacer

Lower press plate

Prr ber ot

Figure 2. Configuration for fabrication of single-lap joints.

2.3. Test Instruments
2.3.1. Quasi-Static Tensile Test

Quasi-static tensile tests were conducted in a universal testing machine (Instron 9520,
USA) equipped with a 100 kN load cell, as shown in Figure 3a. The joints were stretched at a
constant speed of 2 mm/min in accordance with ASTM D5868-01 [40]. The Al adherend was
fixed and the joint was stretched at the end of the CFRP. Failure loads and displacements of
the joints were recorded.

m

Figure 3. Testing equipment: (a) universal testing machine and (b) electro-hydraulic servo fatigue
testing machine.
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2.3.2. Fatigue Test

The electro-hydraulic servo fatigue testing machine (100 kN) was used to conduct
fatigue tests of the joints under different load levels, as shown in Figure 3b. In the fatigue
test, the Al adherend was fixed and the joint was cyclically stretched at the end of the
CFRP in the same way as in the quasi-static tensile test. According to the experimental
results from S. Cavdar et al. [41], when load levels reached 80% of peak load, specimens
will immediately fracture, making data collection extremely challenging. Therefore, load
levels were reduced from 75% of peak load, and four different load levels were applied to
obtain effective fatigue life of the joints (less than 10° cycles) for analysis. According to the
standard of ASTM D3166 and the numerous literatures that study the fatigue behaviour of
Araldite 2015, fatigue tests were carried out under 30 Hz [39,42-44]. The load ratio was set
to 0.1, and four samples were tested under each load level to ensure that the test results
were repeatable and reliable.

2.3.3. Fatigue Analysis

Weibull distribution, normal distribution, and logarithmic normal distribution are
often used as statistical analysis methods to describe the distribution law of test data
from the fatigue test [45]. Compared with other methods, Weibull distribution is more
extensively applied. In this study, two-parameter Weibull distribution was adopted to deal
with joint fatigue life. Probability density and cumulative distribution functions (namely
reliability) in the Weibull model can be represented as [43,46]:

D(t) = & (t)“_le(?)“ M

—(&)"

F(t)=e 'F 2
where t is a random variable that refers to the joint fatigue life, « is shape parameters, and
B is scale parameters.

Based on Equation (1), reliability R(¢) can be estimated as

R(t) = e B 6)

Taking the logarithm of both sides of Equation (3) can obtain the following formula:

1
lnlnm =waln(t) —aln(B) 4)
It can be seen from Equation (4) that Inln [1/R(#)] has a linear relationship with In(t),
and « and S can be obtained through the intercept. However, F(t) cannot be calculated
through Equation (2), so the definition replaces reliability in order to describe reliability as

i—0.3

R(t)=1- n+04

Q)
where i is the serial number of the specimen under a particular load level and 7 is the total
number of fatigue samples under a specific load level.

Shape parameters « and scale parameters 8 could be calculated through Equation (4),
and the mean life (mean time to fatigue, or MTTF) of joints was determined as

MTTF = /O+°° FF(+)dt = B r<1 v i) ©)
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To evaluate relative dispersion of fatigue life under different load levels, the standard
deviation (SD) and coefficient of variation (CV) were used for respective assessment:

- i (2) (o)

o \/r(1+§)—r2(1+;)
CV == r(1+§) ®)

where I is the gamma function [47].

3. Results and Discussion
3.1. Quasi-Static Tensile Behaviour

Figure 4 presents typical tensile load-displacement curves of the joints, while values of
joint-failure load and displacement are listed in Table 4. It can be seen that J-[0/90]4s had a
maximum failure load of 5.93 kN and J-[45/ —45]4s had a minimum failure load of 3.52 kN.
It can also be clearly seen that from J-[0/90]4s to J-[0/45/—45/90]y, then to J-[45/ —45]4,
the failure loads of the joints decreased gradually. Since the fibres bear the main load in
CEFRP, it can be presumed that the more 0° plies are in the same direction as the load, the
higher the failure load of the joints will be. Meanwhile, it was found that J-[45/—45]4
exhibited a plastic deformation stage during the test; that is, the load continued at around
3.5 kN, but joint displacement increased from 1.82 mm to 2.08 mm, while J-[0/90]4s and
J-[0/45/—45/90],5 exhibited a linear elastic stage until a brittle fracture occurred. The main
reason for this is that £45 plies can rotate and deform in the loading direction when the ply
angle is changed. Along with tensile stress, the matrix is subjected to compression stress
caused by deformation, and eventually, shear or crush failure will occur [48]. The matrix
will lose support and restraint of the CFRP adherend, thereby reducing bearing capacity of
the CFRP adherend and causing more deformation [49].

6L —a— [0/90]
—eo— [0/45/-45/90],,
5 —A— [45/-45]
4k
Z
=
2
o 3}
.|
2L
1k
1 1 1 1 1 1 1 1 1 1 1

0
00 02 04 06 08 10 12 14 16 18 20 22
Displacement/mm

Figure 4. Typical load-displacement curves of the joints.
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Table 4. Failure loads and displacements of the joints.
Specimen ID Failure Load Failure Displacement
J-[0/9014s 5.93 kN 1.13 mm
J-[0/45/—45/90]2s 4.40 kN 1.47 mm
J-[45/—45]4s 3.52 kN 2.19 mm

3.2. Fatigue Life

Two-parameter Weibull distribution was used to analyse fatigue life of the joints,
and SN curves were performed to explore the characterization function suitable for joint
fatigue life. Table 5 shows detailed fatigue life and calculation results of Inln [1/R(t)]
and In(f). Considering fatigue life of the joints, it can be found that, from J-[45/—45]4s to
J-[0/45/—45/90]55 and then to J-[0/90]4s, the load level which joint fatigue life exceeding
10° cycles increased from 15% to 25% to 35%, respectively. Cycles greater than 10° were
generally considered to be the infinite cycle of each joint, which meant that no failure would
be experienced when a cycle was greater than 10°. There was an indication that as the
number of 45° plies increased, the joints became more resistant to damage.

Table 5. Fatigue life under different load levels with different stacking sequences.

Stacking Sequence Load Level Fatigue Life Inln [1/R(#)] In(#)
100% (5.93 kN) 1 - -
474 —1.753 6.161
. 638 —0.717 6.458
75% (445 kN) 1026 —0.050 6.933
1248 0.609 7.129
2442 —1.753 7.801
o 3283 —0.717 8.097
55% (3.26 kN) 5235 —0.050 8.563
7562 0.609 8.931
[0/90]4s 33,364 —1.753 10.415
o 68,903 —0.717 11.140
35% (2.08 kN) 103,672 ~0.050 11.549
135,573 0.609 11.817
99,998 —1.753 11.513
. 179,375 —0.717 12.097
25% (1.48 kN) 252,329 —0.050 12.620
457 897 0.609 13.034
15% (0.89 kN) >1,000,000 - -
100% (4.40 kN) 1
3706 —1.753 8.218
. 4184 —0.717 8.339
75% (3.30 kN) 6464 —0.050 8.774
10,801 0.609 9.287
4072 —1.753 8.312
. 9015 —0.717 9.107
55% (2.42 kN) 10,837 —0.050 9.291
20,441 0.609 9.925
[0/45/—45/90]5 15,661 —1.753 9.659
. 37,542 —0.717 10.533
45% (1.98 kN) 52,921 20,050 10.877
103,162 0.609 11.544
30,780 —1.753 10.335
. 81,592 —0.717 11.309
35% (1.54 kN) 215,581 —0.050 12.281
258,906 0.609 12.574
25% (1.10 kN) >1,000,000

100% (3.52 kN) 1
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Table 5. Cont.

Stacking Sequence Load Level Fatigue Life Inln [1/R(#)] In(®)
824 —1.753 6.714
o 1015 -0.717 6.923
75% (264 kN) 1711 —0.050 7.445
2716 0.609 7.907
4928 —1.753 8.503
o 10,119 —0.717 9.222
65% (2.29 kN) 16,734 —0.050 9.725
25,827 0.609 10.159
[45/—45]4s 27,448 —1.753 10.220
o 55,589 —0.717 10.926
55% (1.94 kN) 150,917 —0.050 11.924
215,542 0.609 12.281
51,592 —1.753 10.851
o 120,667 —0.717 11.701
45% (1.58 kN) 264,656 —0.050 12.486
789,365 0.609 13.579
35% (1.23 kN) >1,000,000

Equation (4) shows a linear relationship between Inln [1/R(t)] and In(t). Linear fitting
was performed to obtain the shape parameter («) and scale parameter () of the Weibull
distribution mathematical model, as shown in Figure 5. Based on Equations (6)—(8), MTTF
and the CVs of the joints are presented in Table 6.

1.0 1.0
@ y =2 25¢-1526 (b) y = 1.27x-14.10
- - A v
05T y = 1.98x—17.02 05 -
y = 1.50x—14.18
00 0.0}
= y = 1.64x—18.90 S
Sosf y = 1.53x—19.29 Eost
£ £ y=1.01x—12.15
-10 1.0 |
= 75% = 75%
ask ® 55% ask ® 55%
A 35% A 45%
= e v 25% v 35%
_2 0 1 1 1 1 1 1 1 1 _20 1 1 1 1 1 1 1 1 1 1
6 7 8 0 11 12 13 14 15 75 80 85 90 95 100 105 11.0 115 120 125 13.0
In(t) In(t)
10
(©)
05 | ¥=180x-1356
00}

y =1.41x—13.80

Inin [1/R(0)]

g
o
T

-15 F

= v 45%

_20 1 1 1 1 1 1 1 1
6 7 8 9 10 11 12 13 14
In()

Figure 5. Weibull probability plot under different load levels: (a) [0/90]4s, (b) [0/45/—45/90],5, and
(c) [45/ —45]4s.
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Table 6. Weibull parameters under different load levels.
Stacking Sequence Load Level o B MTTF cv
75% 2.25 975.56 864 0.47
[0/90] 55% 1.98 5372.48 4763 0.53
4s 35% 1.64 100,859.46 90,269 0.62
25% 1.53 305,218.04 275,001 0.67
75% 1.95 7201.55 6387 0.53
55% 15 12,750.60 11,515 0.68
[0745/=45/900 45% 1.27 66,327.65 61,611 0.79
35% 1.01 151,856.77 154,392 0.96
75% 1.8 1869.33 1662 0.57
65% 1.41 17,804.99 16,218 0.72
[45/—4514s 55% 1.06 126,157.07 123,734 0.94
45% 0.86 312,126.17 337,158 1.17

Through analysis of MTTF and the CV’s of the joints under different load levels, it
was found that CVs showed an upward trend with an increase of MTTF (as shown in
Figure 6a), indicating that volatility of joint fatigue life rose as load levels decreased and
fatigue life reliability of the joints was reduced. At the same time, from J-[45/—45]4 to
J-[0/45/—45/90]5s, then to J-[0/90]4s, the CV's of the joints decreased, as shown in Figure 6b,
illustrating that fatigue performance stability of the joints decreased when the number of
45° plies increased. The explanation for this phenomenon is that structural strength tends
to change uniformly under cyclic loads as a result of involvement of a large number of
fibres in the load direction [50]. Therefore, the CV of J-[45/—45]45 was larger than that of
J-[0/90]4s and J-[0/45/—45/90]s.

1o | @) R [0r90],, 12 |- (b) [—=— [0/90],¢ V596117
XN [0/45/-45/90] 5 § —o— [0/45/=45/90],5
Lo Y [45/-451, LIF e [45/-45],6
é \ N § ror CVsg0=0.94
Sost 2
S SO09F CV 3595 = 0.96
S S
206 \ g08r
3 5
£ Sorf
Q0.4 | IS CVoeg, =057
] 75% CVg0,=0.6
06 CV3506 =062
0.2
05 CVggg, =0.53
CV750, =047
0.0 04 1 1 1 1

,763 90,269 27,5001

6,38711,515 61,611 154,392
Mean fatigue life / cycles

1,66216,218 123,734 337,158 1

2 3
Number of load levels

Figure 6. Variations of the CV of the joints: (a)The relationship between MTTF and the CV, (b)The
relationship between load level and the CV.

Figure 7 shows the SN curves of three kinds of joints under different load levels.
According to the relevant results based on various function models, R? was the largest when
the fitting functions were power functions (0.98 for J-[0/90]4s, 0.97 for J-[0/45/—45/9014,
0.99 for J-[45/ —45]4s), which means that the highest fit. Function expressions are shown in
Equations (9)-(11):

[0/90]4s: y = 8.84 + 2.93x%08 ©)
[0/45/—45/90]55: v = 62.68 — 51.93x0-01 (10)
[45/ 45451 y = 5.34 + —0.28x%2! (1)
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Figure 7. Typical SN curves of the joints: (a) [0/90]ss, (b) [0/45/—45/90]2, and (c) [45/ —45]4s.

According to the SN curves, the MTTF of the joints did not change significantly under
high loads, and the MTTF gradually increased with a decrease in load levels. This means
that joints are more sensitive under low loads, which resulted in the CV’s of the samples
increasing gradually with the decrease in load levels.

3.3. Failure Mode

Figure 8 exhibits the typical failure modes of the joints, while the percentage of area
occupied by the different failure modes of the joints is shown in Table 7. With increasing
load levels for J-[0/90]4s, area of cohesive failure increased, area of interfacial failure
decreased, and complete cohesive failure occurred at 100% of the peak load. On one hand,
under a high cyclic load, the adhesive defect had a more significant effect on joint failure
than did interface defect [51]. On the other hand, due to the larger displacement per cycle
at the high load level, crack propagation velocity was higher in the adhesive along the
overlap length. These factors resulted in a larger cohesive failure area with increasing load
levels. Moreover, under 100% of the failure load, there were a lot of slight cracks in the lap
end of the CFRP adherend. This occurred because the lower elastic modulus of the CFRP
was the first to deform in the tension process [51].
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Figure 8. Diagram of failure mode of joints under different load levels.

Table 7. Failure mode details of the joints.

Specimen ID Load Level Failure Mode
25% cohesive failure (8%) + interfacial failure (92%)
35% cohesive failure (6%) + interfacial failure (94%)
J-[0/90]4s 55% cohesive failure (46%) + interfacial failure (54%)
75% cohesive failure (97%) + interfacial failure (3%)
100% cohesive failure (100%)
35% cohesive failure (20%) + interfacial failure (80%)
45% cohesive failure (34%) + interfacial failure (66%)
J-[0/45/—45/90] 55% cohesive failure (62%) + interfacial failure (38%)
75% cohesive failure (85%) + interfacial failure (15%)
100% cohesive failure (98%) + slight fibre failure (2%)
45% cohesive failure (23%) + interfacial failure (77%)
55% cohesive failure (26%) + interfacial failure (74%)
J-[45/—45] 4 65% cohesive failure (49%) + interfacial failure (51%)
75% delamination failure (100%)
100% delamination failure (100%)

For J-[0/45/—45/90]ys, the variation pattern of the joint-failure model at different
load levels was similar to that of J-[0/90]4; with increasing of load levels from 35% to
45% to 55% to 75%, the proportion of cohesive failure areas increased from 20% to 34%
to 62% to 85%, respectively. When the load level reached 100% of the failure load, CFRP
exhibited slight fibre failure, indicating a weaker performance when the stacking sequence
was [0/45/—45/90],5 as opposed to [0/90]4s. In general, extension of cracks in the matrix is
prevented when there are more intersections between different plies, but this factor was not
applicable to this phenomenon, indicating that the number of fibres in the same direction
as the cyclic load has a greater effect on joint fatigue performance than the number of
intersections between multiple layers [50].

For J-[45/ —45]4s, with the increase of load levels from 45% to 65%, the proportion of
cohesive failure areas increased from 23% to 49%. However, except for in interfacial failure
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and cohesive failure, delamination failure occurs when load levels reach 75% and 100%
of the failure load. On one hand, there were no fibres in the same direction as the cyclic
load, causing the matrix to carry the main load. On the other hand, J-[45/ —45]45 had weak
interlaminar properties at high load level due to fewer intersections between its different
layers. Therefore, it was easy for ]J-[45/—45]4s to delaminate under high loads.

3.4. Fracture Analysis

Figure 9 shows typical microscopic fracture morphologies of the joints, obtained
through SEM. In the enlarged view of Figure 9a,ce, it can be seen that compared with
J-[0/90]4s, the failure location of J-[0/45/—45/90],s was close to the CFRP adherend. For
J-[45/ —45]4s, it could be observed that the matrix partially failed, and some parabolic
shape cracks existed on the fibres, revealing that the CFRP adherend was subjected to shear
stress [52]. It was shown that the initial failure occurred at the CFRP adherend near the
adhesive. This phenomenon indicates that from J-[0/90]4 to J-[0/45/ —45/90],s, then to
J-[45/ —45]4, the location of initial damage gradually moved from the adhesive to the CFRP.
The main reason for this is that the location of initial failure was biased toward the weakest
part of the joint, and overall fatigue properties of CFRP gradually decreased as the number
of 0° plies declined.

Under the low load level, some holes (Figure 9a,c) in the adhesive could be seen due
to thermal expansion of the cavities in the adhesive, indicating that temperature inside
the joints had an upward trend after massive cycles [53]. In addition, the Al surface
was smooth, without any adhesive residue, as shown in Figure 8, demonstrating that
adhesion strength decreased at the low load level: a phenomenon caused by weakening
of mechanical interlocking of the interface. The cross-sections of the adhesive joints as
shown in Figure 10 could explain the weakening phenomenon of mechanical interlock.
Figure 10a shows interface morphology of the Al and of the adhesive layer of the joint
not subjected to cyclic load, while Figure 10b displays those of the joint subjected to
cyclic load at 35% load level. This image shows that there were almost no gaps at the
interface of the joint not subjected to cyclic load, resulting in more compact mechanical
locking. However, at low load level, extensive gaps were found at interface, indicating
the poor penetration of adhesive into grooves. This occurred because with an increase
of temperature, adhesives enter high-elasticity instead of glassy states, which causes Al
and adhesive surfaces to fail to bond closely; meanwhile, strength of adhesion produced
by the mechanical interlock between the adhesive and the Al surface declines [54-56].
Therefore, fatigue cracks propagate to the Al-adhesive interface through the adhesive
layer, and interfacial failure will eventually occur. At the same time, there were many
fish-scale patterns along the direction of crack propagation, fracture surfaces of each layer
were relatively smooth under low load level, and edges of each layer were slightly raised
(Figure 9a,c), illustrating that plastic deformation occurred in the joint due to the high-
elasticity-state adhesive layer.

Figure 9b,d,f present micro-failure morphologies of the joint under high load level
(75% of failure load). For J-[0/90]4s and J-[0/45/—45/90]5s, in this condition, the joints
broke after fewer cycles, the temperature inside the joints was insufficient to degrade the
interface bonding strength, and adhesive strength was less than interface bonding strength,
causing cohesive failure. In addition, it was observed that some sharp particles existed
on the fracture surface under the high load level, as shown in Figure 9b,d. This implies
that high cyclic loads result in adhesive brittle fractures. For J-[45/—45]4 the matrix
failed and the fracture surface was relatively smooth, and the fibres were pulled out. This
phenomenon can be explained by the fact that the matrix of a CFRP adherend does not act
as strong as the adhesive, and when a failure to the joint occurs, fibres are pulled out under
great tension [57].
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Figure 9. Micro-failure morphology of joints under different load levels: (ab) [0/90]4s,
(c,d) [0/45/—45/90]s, and (e,f) [45/ —45]4s.

As analysed above and shown in Figure 11, failure mechanisms of the joints were
investigated, where the red line represents the damage path of the joint. From J-[0/90]4s
to J-[0/45/—45/90],s, then to J-[45/—45]4s, the location of the initial damage gradually
moved from the adhesive to the CFRP, owing to the decrease of interlaminar properties
of the CFRP. Meanwhile, under high load level, the damage was less displaced in the lap
thickness direction, and cohesive failure occurred with J-[0/90]4 and J-[0/45/—45/90],s,
while delamination failure occurred with J-[45/—45]4s, since the matrix of CFRP bore the
main load. Under low load, damage gradually moves from the initial damage location
to the Al-adhesive interface due to a decrease in bonded strength of the Al-adhesive
interface, and eventually, interface damage will occur. Therefore, matrix modification could
be considered as a method to increase matrix strength and avoid delamination failure
of J-[45/—45]45 under high load level, and the Al-adhesive interface property should be
heightened when the joints need to be used in service under low load level [58].
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Figure 10. Cross-sections of adhesive joints: (a) no cyclic load applied and (b) cyclic load applied at
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Figure 11. Schematic diagram of failure mechanism of joints: (a) [0/90]4s, (b) [0/45/—45/90],5, and
(c) [45/ —45]4s.

4. Conclusions

In this paper, three types of CFRP-Al single-lap adhesive joint (J-[0/90]4s, J-[0/45/

—45/90],5, and J-[45/ —45]4s) were prepared for quasi-static and fatigue tests. Based on the
Weibull statistical analysis method, effects of different stacking sequences on fatigue life of
the joints were studied. Additionally, failure modes and microscopic fracture morphology
were obtained in order to reveal the joint-failure mechanism under cyclic loads. Within
limitations, some conclusions can be drawn, as follows:

@

@)

®)

4)

Stacking sequence can influence fracture mode of a joint under quasi-static loading.
The brittle fracture of J-[0/90]4s and J-[0/45/—45/90],s occurred due to 0° fibres
undertaking the main load, while the ductile fracture of J-[45/—45]4s occurred because
the matrix bore the main load.

The coefficient of variation of the joint varies depending on the stacking sequence. The
stacking sequence can change the stability of the joint; the fatigue life of J-[45/ —45]4,
fluctuated more than that of J-[0/45/—45/90]5s and J-[0/90]4s.

The initial failure location of the joint changes under influence of the stacking se-
quence. When the proportion of 45° plies in CFRP increased, the initial failure location
gradually moved from the adhesive layer towards the CFRP due to the decline of
fatigue performance of CFRP.

Under high load levels, damage extends mainly from the initial failure location along
the lap length direction and to a lesser extent in the lap thickness direction. Eventually,
large-area cohesive failure occurred in joints in which the CFRP stacking sequences



Polymers 2022, 14, 5088 15 0f 17

were [0/90]4 and [0/45/—45/90],5, and delamination failure occurred when the
CFRP stacking sequence was [45/ —45]4s.

(5) Under low load levels, all joints eventually suffered interfacial failure due to weak-
ening of mechanical interlocking between the adhesive—Al interface, caused by the
higher number of cycles; at this point, there was less effect of the stacking sequence
on failure mode of the joint.
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