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Abstract: An experimental method for non-standard off-axis tension tests of unidirectional compos-
ites is developed. A new oblique end-tab is designed to eliminate stress concentration and in-plane
bending moment induced by off-axis tension loading. Finite element analysis and experiments on
Polyetheretherketone (PEEK)/AS4 unidirectional thermoplastic composites (CFRTP) were conducted
to evaluate the effectiveness of the proposed testing method. Simulation and test results demonstrate
that the use of oblique end-tabs eradicates stress concentration and bending movements. The digital
image correlation (DIC) method was used to help investigate the full-field tension/shear coupling
deformation response of the off-axis specimen. Test results show significant nonlinear behaviour
and inhomogeneous strain distribution under tension/shear combined stresses. A fractographic
study was carried out to study the damage mechanisms under a tension/shear combined stress
state. Specimens with 30°, 45° and 60° off-axis angles, fail in tension/shear mixed failure mode.
Fracture surface morphology indicates that matrix plastic deformation and ductile drawing under
tension/shear coupled stress state induced the nonlinear stress-strain response.

Keywords: thermoplastic composites; off-axis tension; tension/shear coupling; digital image correlation;
fractography

1. Introduction

Polymer composites have drawn a vast amount of interest in the aerospace and aero-
nautical industries. The main advantage of polymer composite over metals is the high
strength /weight ratio. The development of polymer materials has provided a wide range
of matrix choices [1-3]. These polymer composites can be elastomer composites, thermoset
composites or thermoplastic composites. The newly developed carbon fibre reinforced
thermoplastic composites (CFRTP) have a semi-crystalline thermoplastic matrix which
increased the performance and moulding processes compared to thermoset composites.
The thermoplastic polymer is in the form of linear chains that shows ductile mechani-
cal behaviour. Sevenois et al. [4] evaluated the tension and compression behaviours of
open hole glass/PA6 thermoplastic cross-ply and quasi-isotropic laminates. A prominent
nonlinear response was reported. Fedulov et al. [5] use the finite element (FE) method to
study the transverse tension failure behaviour of unidirectional carbon fibre reinforced
PEEK thermoplastic composites. Simulation results show that the thermoplastic matrix
around the fibre/matrix interface exhibits a strengthening effect due to plastic deformation.
Holmes et al. [6] compared the deformation modes of twin-hole specimens of three woven
thermoplastic composite systems: glass fibre/polypropylene (PP), self-reinforced PP, and
glass fibre/polycarbonate (PC). The measured strain fields show that the induced shear
strain has a load-transfer effect on the deformation of the specimen and results in a lower
fibre direction strain level. Bergmann et al. [7] compared the mechanical behaviours of
three woven thermoplastic composites under +45° quasi-static and high strain-rate tensile
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loading conditions. Results show that the materials are strain-rate sensitive and exhibit
nonlinear responses. Lee et al. [8] conducted 0°, 45° and 90° tension and compression tests
on short fibre reinforced thermoplastic composites. Different failure mechanisms were
observed as the loading direction varies. Tan and Falzon [9] conducted in-plane shear tests
on an AS4/PEKK thermoplastic composite and reported nonlinear response and plastic
deformation. The effect of high toughness thermoplastic matrix on the mechanical response
and failure mechanisms of CFRTP requires additional investigation.

Several biaxial test methods of fibre reinforced polymer composites were developed
including biaxial tension of cruciform specimens, tension/torsion of tube specimens, and
in-plane tension/shear of off-axis specimens [10]. Vankan et al. [11] carried out biaxial
loading tests on AS4D/PEKK-FC thermoplastic quasi-isotropic laminates by subjecting
cruciform specimens to a biaxial test rig with a suspended horizontal loading axis. Specimen
buckling under compression loading was reported. Strain concentrations along the —45°
and 45° directions were recorded due to induced shear stress. Zhang et al. [12] investigated
the mechanical behaviour of a 3D woven T700/TDE-86 composite using short beam shear
specimens with three different off-axis angles. Failure modes were changed from yarn
tensile and delamination failure, to interface debonding and yarn pull-out. Gan et al. [13]
employed a modified Arcan fixture (MAF) to conduct tension/shear and compression/shear
combined loading tests on E-glass/RP528 epoxy composites. Comparing the stress-strain
curves shows that the specimens fail at much higher stress and strain under compression-
shear mixed loading conditions. The use of MAF would cause specimen pinhole shear-out
failure when the off-axis angle is smaller than 30°. Laux et al. [14] also employed the MAF
to experimentally study the tension/shear and compression/shear behaviours of quasi-
isotropic open-hole carbon/epoxy composites. The ply thickness effect was reported with
thin ply specimens showing higher strength.

Generally, tensile loads are applied along one of the principal axes of unidirectional
composite laminates to measure the fibre tension or transverse tension properties (Figure 1a).
In the off-axis tension test, the tensile loading direction is neither parallel nor perpendic-
ular to the fibres. Hence the stress states correspond to the materials’ principal axes are
tension and shear mixed (Figure 1b). The off-axis tension test of fibre reinforced composites
can be used for the characterization of the mechanical behaviour under multiaxial stress
states. Hu et al. [15] conducted on-axis and off-axis tension tests of a URETEK 5893 woven
composite. Rectangular specimen and end-tab designs were selected. The DIC collected
strain fields of 45° specimens show that maximum strain appears at the edge corner, due
to the unbalanced off-axis stress state. Han et al. [16] studied the fracture behaviour of a
moso bamboo veneer composite subjected to off-axis loadings. Dumbbell-shaped off-axis
tension specimens were subjected to tensile loadings. The observed tension/shear coupling
failure mechanisms include fibre bridging and plastic deformation. Cai et al. [17] studied
the off-axis tension responses of woven glass/epoxy composites experimentally. Both speci-
mens show a nonlinear stress-strain relationship. Degraded elastic moduli were reported as
the off-axis angle increases. Zhai et al. [18] carried out off-axis tension tests on E-glass/PP
composites. Matrix plastic deformation and cleavage were observed under off-axis loading.
However, investigations on off-axis loading have reported in-plane rotation moment and
stress concentration, due to rigid clamping force and anisotropic material properties [19].
Chang et al. [20] and Cron et al. [21] used the end-pinned fixture to eliminate stress concen-
tration within composite off-axis tension specimens. Test results show higher shear strength
and strain compared to clamped off-axis tension test. A drawback of this method is stress
concentration in the pinhole area could lead to specimen bearing or buckling failure.

Some researchers use modified end-tabs to produce uniformly distributed stress states
and eliminate bending in off-axis tension specimens. Tahir et al. [22] proposed a tab design
which has the same length as the specimen to restrict the out-of-plane deformation during
the off-axis tension test of fibrous composites. Marin et al. [23] conducted 10° off-axis
tension tests on AS4/3501-6 thermoset composites, using three different clamping condi-
tions: add sandpaper between gripping jaws and specimen, attach glass-epoxy end-tabs to
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specimen ends, and clamp specimen ends directly. A comparison of the test results shows
that the most reliable method is to use end-tabs. Richards et al. [24] investigated the effect of
aspect ratio on stress distribution by the finite element method. Stress results indicate non-
uniform distribution along the width of the specimens. Increasing the specimen aspect ratio
would relieve the stress fluctuation. Sun and Berreth [25] proposed a new oblique end-tab
design manufactured using glass fibre-reinforced silicon rubber. Pierron and Vautrin [19]
conducted 10° off-axis tests using both regular and oblique end tabs. Finite element analy-
sis shows oblique end-tabs produce a uniform deformation field. Tension stress was also
detected, and the tension/shear coupled effect needs further research. Zhang et al. [26]
carried out off-axis tension tests on PVC coated fabrics using dog-bone specimens with
regular end-tabs. Images taken during the test show significant transverse deformation
due to the bending moment. Merzkirch and Foecke [27] conducted a 10° off-axis tension
test on thermoset composites using rectangle glass fibre end-tabs. Testing results and
DIC full-field strain analysis show a non-uniform axial and shear strain distribution. The
tension/shear coupling effect brings error to the measured shear strength. Current research
on the off-axis behaviours of composites is mainly focused on the pure shear response of
10° off-axis specimens. However, when a lamina is under off-axis loading, normal stresses
would produce shear strains and shear stresses produce normal strains. This tension/shear
coupled effect on the material mechanical behaviour and the relationship with different
fibre misalignment angles still require thorough study. Although the damage initiation
and failure of thermoset composites were well investigated, as demonstrated in the Second
World-Wide Failure Exercise (WWEFE-II) [28]. The development of appropriate failure theo-
ries for thermoplastic composites is insufficient due to the lack of experimental information
on biaxial tests.
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Figure 1. Illustration of on-axis tension and off-axis tension tests: (a) On-axis tension test; (b) off-axis
tension test.

The aim of this study is to (1) develop an oblique end-tab for off-axis tension tests,
based on the mechanical properties of PEEK/AS4 thermoplastic composites, to eliminate
stress concentration and in-plane bending moment; (2) conduct off-axis tension tests on
unidirectional PEEK/AS4 thermoplastic laminates and, investigate the full field deforma-
tion and strain fields using the DIC method; (3) analyse the failure mechanisms and the
tension/shear coupling effect under biaxial stress states based on DIC and SEM results.

2. Materials and Methods

The composite system used in this study is PEEK/AS4 thermoplastic epoxy/carbon
Cetex® TC1200 prepreg produced by Toray Advanced Composites, Nottingham, UK. The
nominal thickness of the prepreg is 0.14 mm. The AS4 carbon fibre has a diameter of 7 um.
The polyetheretherketone (PEEK) matrix is a high-performance engineering thermoplastic
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material. The density of the prepreg is 1.46 g/cm? and the resin content by weight is 34% in
the lamina [29]. The basic properties of the PEEK/AS4 prepreg are summarized in Table 1.

Table 1. The properties of the PEEK/AS4 prepreg.

PEEK/AS4
Matrix system Polyetheretherketone (PEEK)
Fibre AS4 carbon fibre
Fibre volume fraction 34%
Overall density 1.46 g/cm?
Moulding Hot press moulding
Thickness 0.14 mm

A 400 x 700 mm? unidirectional laminate was manually stacked and fabricated by hot
pressing. The laminate was consolidated in the hot press compression chamber at 390 °C
for 20 min and then cooled down at 4 °C/min until room temperature.

Off-axis tension specimens were cut at different orientations from the laminate by waterjet.
Six off-axis angles 6 = 15°, 30°, 45°, 60°, 75° and 90° (transverse compression) were selected to
cover different combined stress states. The sketch of the off-axis tension specimen is shown in
Figure 2. Nominal dimensions of the specimens were 120 mm (H) x 10 mm (W) x 3 mm (T).
A slender specimen design is chosen with an aspect ratio of 12 to weaken the stress undulation
across the width direction.

B 120 |
End-Tab \, ¢ ¢ IS
« 25
X ¢ Ll
L T 1 I | l
3] Tw

Figure 2. Off-axis tension specimen with oblique end-tabs.

2.1. End-Tab Design

Sun and Berreth [25] have proposed using oblique end-tabs in off-axis tension tests to
counterbalance bending moment and eliminate stress concentration areas. The concept is
to use a slant rigid connection between the loading point and the specimen to generate a
uniformly distributed stress field. The end-tab oblique angle ¢ depends on the compliance
of the off-axis lamina S;;:

S
cotgp = — 216 @
51

For unidirectional laminate under plane-stress conditions, the off-axis compliance §l-j

can be derived from the transformation of the on-axis compliance S;;:

S11 = S11c05*0 + (2515 + S16)sin?0c0s6 4 Sypsinh @)
S16 = (2511 — 2512 — Ses)sinfcos®0 — (2S5 — 2515 — Seg)sin>0cosd
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The compliance coefficients can be expressed by material constants:
=1
Sn =1
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S66 = Gy
Sip = ——F4

1

Therefore, the corresponding oblique angles are calculated and listed in Table 2.

Table 2. End-tab oblique angle ¢ for different off-axis specimens.

Category Angle
Off-axis angle (°) 15 30 45 60 75
Oblique angle (°) 23 38 59 79 89

Oblique end-tabs are manufactured using glass fibre epoxy composite in the dimension
of 25 mm x 10 mm. The nominal thickness of the end-tab is 1.5 mm.

The effect of this end-tab design on the failure mechanisms of thermoplastic composites
is not analysed by any researcher. Hence finite element (FE) analysis and experimental
investigation are carried out in this study.

A comparative study on rectangle and oblique end-tabs is carried out using the FE
method. Three-Dimensional models of the specimen with two types of end-tabs were
built in ABAQUS using an eight-node brick element with reduced integration (C3D8R).
The properties of the thermoplastic composite lamina and end tab is listed in Table 3.
A displacement loading of 0.2 mm was applied on the end-tab surfaces to simulate the
experimental loading condition.

Table 3. Properties of PEEK/AS4 unidirectional lamina and glass fibre epoxy end-tab.

Category PEEK/AS4 Glass Fibre Epoxy
Property E; (GPa) E; (GPa) G (GPa) Gps (GPa) vpp vy  E(GPa) V12
Value 133 9.08 4.31 4.31 0.3 0.3 27.6 0.3

Representative deformation contour plots of 15° off-axis tension models are illustrated
in Figure 3. Significant in-plane bending deformation was induced by the off-axis loading in
the specimen with regular end-tabs. The oblique end-tab neutralized the bending moment
and produced a uniform displacement field.

Figure 4a,b is the FE simulated stress contour plots of the 15° off-axis tension specimen.
For the specimen with rectangle end-tabs, clear stress concentration points can be observed
at the upper right and bottom left area of the specimen assessment area. The stress values
are also not evenly distributed along the width direction. The application of oblique end-
tabs eliminates stress concentration points, and the largest values are located along the
hypotenuse of the end-tabs. The stresses are homogeneously distributed over the specimen
length and width.

Figure 4¢,d illustrates the simulated shear stress contour plots of the 15° off-axis tension
specimen. A highly inhomogeneous shear stress field was generated in the specimen with
rectangle end-tabs. Shear stress concentration points are located in the same corners as the
axial stress field shows. The highest values are detected along the centre of the specimen
width. The shear stresses of specimens with oblique end-tabs show uniform distribution.

FE analysis results have shown that the use of oblique end-tabs in a 15° off-axis tension
specimen alleviates stress concentration and bending moment. Homogeneous strain fields
are produced over the off-axis specimens with oblique end-tabs. The peak values of tensile



Appl. Sci. 2023,13, 3476

6 of 14

and shear stresses of specimens with rectangle end-tabs are much higher than that of
specimens using oblique tabs. The higher level of stress represents the earlier failure of
the specimen with regular tabs during tests. Hence, by alternating the clamping condition
using oblique end-tabs, a fully developed damage process and failure under tension/shear
combined stresses can be obtained.

(@) (b)

Figure 3. Deformation plots of 15° off-axis tension specimens: (a) 15° off-axis tension specimen with
rectangle end-tabs; (b) 15° off-axis tension specimen with oblique end-tabs.

(a) (b) (0) (d)

Figure 4. Stress contour plots of 15° off-axis tension specimens: (a) ¢y of specimen with regular
end-tabs; (b) 0y, of specimen with oblique end-tabs; (c) Ty, of specimen with regular end-tabs; (d) Txy
of specimen with oblique end-tabs.

2.2. DIC System

To apply the DIC measurement, all specimens were painted with matt white spray
paint. When dried, black spray paint was carefully applied onto the surface to create a
randomly distributed speckle pattern.

A GOM ARAMIS 4M 2D DIC system, manufactured by GOM in Braunschweig,
Germany, is used to investigate the specimen deformation and strain variation during the
tests. The system has a 4 Megapixel CMOS camera with a 35 mm lens. The image size was
2352 x 1728 pixels?. Inspection of the speckle patterns using the DIC system is conducted to
ensure the pattern density of approximately 50%. The measured average black pattern size
is about 3.2 pixels. Images collected were analysed using the GOM ARAMIS 6.3.0 software
provided by GOM mbH from Braunschweig, Germany to evaluate the displacement fields.
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Suggestions were made by the iDICs [30] on the user-defined DIC parameters. According
to the guide, the subset size should include at least three transitions from dark to white
patterns and the step size ought to be 1/3 to 1/2 of the subset size. Hence, in this study, a
subset size of 17 x 17 pixels? and a step size of 7 pixels were selected.

Engineering strain was calculated based on the virtual strain gauge (VSG) method.
The strain computed using this method in the DIC analysis system is the average of all the
strain data calculated within the pre-selected VSG region. The VSG size was set at 45 pixels
in this work.

2.3. Off-Axis Tension Experiment

The off-axis tension tests were conducted on a DDL100 electronic universal testing
machine manufactured by Sinotest Equipment Co., Ltd. in Changchun, China. A 100 kN
load cell was used. The specimen was placed on the testing machine with both end-tabs
fully clamped in the jaws. The loading rate is 0.5 mm/min. DIC system acquisition
frequency was set at 1 Hz to capture all deformation stages.

3. Results and Discussion
3.1. Mechanical Response

Six groups of off-axis specimens were subjected to tension tests. Each group has six
samples. Since all specimens fractured in the same mode, a representative 45° off-axis
tension specimen, after failure, is selected and shown in Figure 5a. Final failure occurs
with a matrix crack along the fibre direction for all tested specimens. The fracture surfaces
are parallel to the x — z plane. Figure 5b shows the oblique end-tab region after the 45°
off-axis tension test. The clamping dents indicate no sliding or rotation during the test and
therefore validates the effectiveness of the oblique end-tabs.

(a) (b)

Figure 5. Representative fractured 45° off-axis tension specimen: (a) Failure mode of a 45° off-axis

tension specimen; (b) End-tab region of the specimen.

The extracted axial stress-strain curves are shown in Figure 6. All specimens exhibit
significant nonlinear behaviour. The 15° off-axis tension specimen shows a linear stress-
strain relationship before the stress increased to 250 MPa. As the stress mounts, the
specimen shows a nonlinear response. The failure strength of the 15° off-axis tension
specimen is prominently higher than the other specimens. An explanation is that when the
fibre misalignment angle is smaller than 15°, fibre is the primary load bearing constituent,
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and the tension/shear coupling effect of the matrix is suppressed. Thus, the 15° off-
axis specimen shows brittle behaviour with an elongation after fracture of 3%. When
specimen off-axis angles are between 30°~60°, the stress-strain curves exhibit a linear
relationship before the strain reaches 1%. The mechanical response then changed into a
strain-hardening phase as the strain increases rapidly, and the stiffness decreased gradually
until the final fracture. The 45° off-axis specimen has the largest failure strain of over
5%. Other than the brittle thermoset epoxy [17], the thermoplastic matrix demonstrates
elastic-plastic behaviour. The 75° and 90° specimens have similar stress-strain relationships.
The specimen elongation during the strain hardening stage is relatively short, indicating a
decreased plastic deformation.

450
400 —15°
I T
350 45°
_60"
300 i
3 .
< 20 —— 90
[72]
8 200
B 150
100
50 L
0 1 I L 1 L
0 1 2 3 4 5

Strain (%)

Figure 6. Stress-strain relationships of different off-axis tension tests.

The off-axis tension stiffness vs. off-axis angle relationship is shown in Figure 7a.
The largest value of stiffness appears in the 15° off-axis specimen. The stiffness decreased
sharply as the off-axis angle changed from 15° to 30°. The stiffness descent gently when
the off-axis angle altered from 30° to 75°. The 75° and 90° specimens have nearly the same
stiffness values. Figure 7b gives the off-axis tension strength vs the off-axis angle curve.
The strength declines sharply from 419.6 MPa to 137.4 MPa with the angle increased from
15° to 45°. The strength then slowly descends to 102.1 MPa as the off-axis angle rises to 90°.

50 450
L
45 4 400 -
& 40 - g
% ESSO 1
2 3 1 £ 300 A
8 30 | S
£ £ 250 |
%] [}
c 25 c
k] S 200 A
£2] 5
2 2150 4
15 | % 50
] ]
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(@] (]
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Off-axis angle (° ) Off-axis angle (° )
(a) (b)

Figure 7. Relationships between material properties and off-axis angles: (a) Off-axis tension stiffness
vs. off-axis angle curve; (b) Off-axis tension strength vs. off-axis angle curve.
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The changing trends of strength and stiffness, with relation to off-axis angles, show
that at a small off-axis angle of 15°, fibre is the main load-carrying component, and the
material has maximum strength and stiffness. Loads transfer from fibre to matrix when,
the off-axis angle increases to 30°, resulting in a rapid decrease in strength and stiffness.
Tension and shear combined stress state forms and evolves as the off-axis angle changed
from 30° to 90° but has fewer effects on the strength and stiffness values.

3.2. Full-Field Displacements and Strains Analysis

Full-field analysis of the displacements and strains is obtained based on the DIC
technique and VSG method. DIC calculation, using subsets limits that the edges of the
specimen and end-tabs, should be excluded.

Figure 8a,b depicts the representative displacement fields in the X and Y directions
before the failure of the 15° off-axis tension specimens. The deformation in the Y direction
is significantly higher than that in the X direction. The distribution of displacements has
a high degree of uniformity. No distortion is generated along the width of the specimen
compared to the report by Merzkirch and Foecke [27]. The strain fields show non-uniform
distribution with scattered strain concentration points. The highest strain in the Y direction
appears in the bottom left of the specimen and coincides with the final fracture location. The
shear strain fields show homogeneous distribution. Few shear strain concentration points
appear at the right edge of the specimen. The shear damage process of the matrix is affected
by the coupled tensile stress, leading to discontinuously distributed strain fields. The
displacement and strain fields of the 15° off-axis tension specimen, validate that by using
oblique ted-tabs, the shear-induced in-plane bending moment is erased and a homogeneous
stress state is ensured.

- Txy
438
0.25
46
44 0.2
42 -
4
E 38 E 0.1
£ 3.6 £
x 0> 0.05
3.4
3.2 0
3 -0.05
2.8
26 -0.1

(b) (d)

Figure 8. Representative DIC displacement and strain fields of 15° off-axis tension specimen: (a) X
direction displacement field; (b) Y direction displacement field; (c) Shear strain field; (d) Tension
strain field.

The displacement and strain fields of specimens with off-axis angles of 30°, 45° and 60°
are alike. Therefore, a representative displacement and strain field of a 30° off-axis tension
specimen is illustrated in Figure 9. The displacement fields have a uniform distribution
along the fibre direction. The highest Y direction displacements emerge at the upper right
corner of the specimen. The tension strain level is higher than that of the 15° off-axis
tension specimen while the shear strain decreases. Both tension and shear strain fields
show non-uniformity over the specimen, indicating mixed tension/shear stress states
within the specimen [31]. The coupled stresses induced higher axial deformation compared
to the 15° off-axis specimen. A comparison of the stress curves shows that the combined
tension/shear stresses improve the damage and plastic deformation of the matrix.
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Figure 9. Representative DIC displacement and strain fields of 30° off-axis tension specimen: (a) X

direction displacement fields; (b) Y direction displacement fields; (c) Shear strain field; (d) Tension
strain field.

The 75° and 90° off-axis tension specimens have similar deformation patterns. A
representative 75° off-axis tension specimen is chosen to analyse the deformation and
strain behaviours. Figure 10 shows the displacement and strain fields of a 75° off-axis
tension specimen. The displacements are evenly allocated through the specimen width.
The highest displacement level is at the top of the specimen and gradually declines along
the specimen length. The shear strain is significantly lower than the tension strain. The
strain fields show regularity over the specimen width. Shear strain concentration points
dispersed over the specimen surface. A tension strain concentration area is located at the
right edge of the specimen but not coincident with the final failure position. The 75° and
90° off-axis specimens have the smallest deformation before failure, indicating that the
matrix shows less ductility under pure tension stress.

X Y

1.8 0.003 0.03
0.028
1.7 0.002 0.026
0.001 0.024
1.6 0.022

0 0.02
E 1.5 E -0.001 0.018
£ £ 0.016
x 14> -0.002 0.014
~0.003 0.012

1.3 0.01
1.2 -0.005 0.006
0.004
] 16 ! -0.006 0.002

(a) (b) (0

Figure 10. Representative DIC displacement and strain fields of 75° off-axis tension specimen: (a) X
direction displacement fields; (b) Y direction displacement fields; (c) X direction strain fields; (d) Y
direction strain fields.

3.3. Fractography

To further investigate the damage and failure mechanisms of the material under
different combined stress states, the fractured surfaces were tested through the scanning
electron microscope (SEM) method. Images were taken using a TESCAN VEGA II XMU
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scanning electron microscope (SEM) manufactured by TESCAN ORSAY HOLDING as.,
Brno-Kohoutovice, Czech Republic.

Figure 11a shows the fracture surface morphology of the 15° off-axis tension specimen.
The shear stress dominated fracture surface is smooth and led to a small part of fibre frac-
tures. The fibre surfaces are sleek due to fibre/matrix debonding under shear loading. The
surface of the matrix reveals riverline, textured microflow and matrix plastic deformation
features, implying the plastic behaviour of the matrix.

SEM MAG: 500 x Det: SE Detector Lot - VEGAWTESCAN
-

SEM MAG: 500 x Det: SE Detector Lot ] VEGAW TESCAN
-

SEM HV: 20.00 kV Date(m/d#y): 05/16/21 100 um SEM HV: 20.00 kV Date(m/d#y): 05/16/21 100 um
View field: 600.0 ym  Device: VEGA Il XMU n View field: 600.0 ym  Device: VEGA Il XMU n
(@) (b)

Figure 11. Fracture surface morphology of different off-axis tension specimens: (a) 15°; (b) 30°.

Figure 11b is the SEM image of the fractured 30° off-axis tension specimen. As
the off-axis angle increased, the tension stress component within the matrix increased.
The fractured surface exhibits scarps, riverline and a larger amount of matrix plastic
deformation under a tension/shear combined stress state. The tension/shear coupling
effect leads to increased plastic fracture features. Fibre fractures can also be identified
owing to tension loading.

Figure 12 compares the different fracture features of 45° and 60° off-axis specimens
which have similar failure strengths. The increased tension stress generates a step-shaped
feature on the fractured surface of the specimen with a 45° off-axis angle as shown in
Figure 12a. Scarps features produced by tension/shear coupled stresses are all over the
image. Matrix plastic deformation can also be spotted near the fibre surface.
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£ A 3
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View field: 600.0 ym  Device: VEGA Il XMU n View field: 600.0 ym  Device: VEGA Il XMU n

(a) (b)

Figure 12. Fracture surface morphology of different off-axis tension specimens: (a) 45°; (b) 60°.

An uneven fractured surface was created under 60° off-axis tension loading conditions
as shown in Figure 12b. The size and distribution of the scarps feature on the matrix surface
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enlarged under decreased shear stress and inclined tension stress. The matrix around fibre
surfaces developed plastic deformation features as a result of ductile fracture behaviour.

Figure 13 depicts the SEM images of the fractured 75° and 90° off-axis tension speci-
mens. The surfaces of the failed specimens show similar patterns. Rough fractured surfaces
are produced by matrix tension failure. The thermoplastic matrix exhibits ductile-brittle
mixed fracture mode under tension. Some riverlines, after brittle fracture and plastic
deformation, can be observed on the fractured surface of the polymer. The material shows
a non-uniform fracture of the fibres due to resin-rich areas. The amount of fibre pull-out
increases compared to the other off-axis specimens as a result of the effect of elevated
tensile stress level.

SEM MAG: 500 x Det: SE Detector VEGAW TESCAN

SEM MAG: 500 X Det: SE Detector Lot
SEMHV:20.00KkV  Date(m/dsy): 05/16/21 100 pm SEMHV:20.00KkV  Date(m/dsy): 05/16/21 100 pm 7
View field: 600.0 ym  Device: VEGA Il XMU n View field: 600.0 ym  Device: VEGA Il XMU n
(@) (b)

Figure 13. Fracture surface morphology of different off-axis tension specimens: (a) 75°; (b) 90°.

The fractographic study of the off-axis specimens shows that under a small off-axis
angle of 15°, a high level of shear stress led to shear plastic damage of the matrix, and the
fibres limited the material deformation. For specimens with off-axis angles of 30°, 45° and
60°, the tension and shear combined stresses promote the damage process in the matrix.
The thermoplastic resin demonstrates ductile fracture behaviour under the tension/shear
coupling effect. When the off-axis angle is larger than 75°, the composite shows a transverse
tension failure character. The thermoplastic matrix shows ductile-brittle mixed fracture
behaviour under tension stress.

4. Conclusions

This paper presents an experimental study on the unidirectional PEEK/AS4 ther-
moplastic composites, subjected to off-axis tension loads, using a full-field digital image
correlation measurement technique. Conclusions are drawn as follows:

(1) Finite element simulation and experiments validate that, by using oblique end-tabs
with angles designed according to the material properties, stress concentration and
shear-induced bending moment could be eliminated.

(2) The mechanical response of the material exhibits a linear-elastic relationship at the
first stage, and nonlinear behaviour at the strain-hardening stage. The combined
tension and shear stress-induced tension/shear coupling effect promotes a higher
level of nonlinearity and produces inhomogeneous strain fields. The strength and
stiffness decline rapidly when the off-axis angle increases from 15° to 30°, and then
decreases gradually.

(3) The primary failure mode for small off-axis angle specimens is matrix shear failure.
The tension/shear coupling effect accelerates the damage process of the matrix result-
ing in tension/shear combined ductile fracture mode. Specimens with large off-axis
angles exhibit matrix tension failure feature.
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