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Abstract

The specification and use of recycled carbon fibre (rCF) composites requires the generation
of data that can give a comprehensive description of the material system. The property-
constituent relationships of discontinuous short-fibre composites requires the development or
adaptation of material testing practices, coupled with an understanding of the failure
mechanisms. Our research dealt with an experimental study of recycled, discontinuous,
needle-punched, non-woven carbon fibre/epoxy composites. The object was to define a test
protocol that could be used to determine the shear load limits. Four different interlaminar
shear test methods were investigated, namely, Short Beam Shear, Double Notch Shear,
Double Beam Shear and losipescu Shear for two laminates of different fibre volume
fractions. Identification of the weakest shear plane in the composite and re-fabrication of the
specimen geometry enabled consistent interlaminar shear failures using the losipescu Shear
test method. A modified losipescu shear specimen provided a stress state in the composite
that was much closer to pure interlaminar shear than that observed with other test methods,
where the specimens are subject to more complex stresses. We found that the shear behaviour
of the rCF was related to the internal fibre architecture of our particular material, thus

enabling potential optimisation of such composites.
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Introduction

The rapid rise in carbon fibre composite usage in recent years has a large impact on
sustainability issues and this has led to the development of carbon fibre recycling
technologies such as solvolysis [1-3], hydrolysis [4-6], fluidised bed pyrolysis [7-9] and chain
conveyor pyrolysis [10-12]. The critical technological challenge with recycled fibres is the
inability to replicate the reinforcement structure of the virgin composite system [13]. The
recycled carbon fibres are generally fluffy, tangled and difficult to handle and need further
processing. Currently, they are converted into randomly dispersed, discontinuous, non-woven
reinforcement mats and reproduced into composite laminates by compression moulding
techniques [14]. The major barriers to the adoption of rCF composites have been the lack of a
credible knowledge base and the unsuitability of standards and test protocols that adequately
represent them. Several test methods exist for measuring the same property but while some
are easy to use they can produce unreliable results, whereas more complex test methods
produce more reliable results with appropriate operator skills. The challenge lies in the
identification or development of a methodology that can generate conclusive data. The
continuous emergence of new composite forms, that do not respond to loads in the same
manner as the ones developed earlier, makes it difficult to generate a database and
standardized test scheme for the composite family [15].

As many industries begin to rely more heavily on composites and bonded materials, reliable
and accurate shear testing is essential [16]. The anisotropic nature of composites mean that it
is critical to understand the shear response including in-plane shear and out-of-plane shear.

In addition to the material structural capabilities, shear testing can be devised to assess the
fibre-matrix interface bond quality and the quality of the bond between the composite plies.
The random dispersion of recycled fibres in the composite structure imply that the shear

characteristics strongly depend on how the composite is loaded with respect to the principal



fibre directions. It is hence more critical to compute the weaker interlaminar shear over in-
plane shear because the reinforcement architecture would provide additional in-plane and
biaxial mechanical strength in the XY shearing planes (Fig 1). Many test methods have been
developed to measure both in-plane shear and out of plane shear such as Short Beam Shear
(SBS) [17, 18], Double Notch Compression [19], Double Beam Shear [20], losipescu shear
[21], 10 or 45 degree off axis tensile test [22], two-rail shear [18], etc. However, getting
reliable and repeatable data is of particular concern in the selection of test methods for rCF

composites.

Figure 1 - Laminate plane notations in the X direction (warp), Y direction (weft), and Z direction (thickness)

The difficulty with a majority of interlaminar shear test methods is to achieve a state of pure
and uniform shear over the gauge region repeatedly for that specific material under
examination. Judging the validity of a test at the composite level is more difficult than at the
fibre level. The SBS test is a popular, widely known and quick method to determine the
apparent interlaminar shear strength of a composite but shear failure is rarely achieved. It
may be required to alter the specimen geometry or the test procedure even for continuous
fibre reinforcements, as had been done for the SBS test by reducing the surface area of shear
failure by introducing a longitudinal notch [23], use of a thick beam [24] and bonding the
laminate between strips of metallic plates [25] to facilitate interlaminar failure. Another
variant of the SBS test is the double beam shear (DBS) test that was reported to produce
interlaminar failure in unidirectional (UD), cross-ply and quasi-isotropic composite layups by

5 point bending, failing to produce any delaminations by the SBS test [26]. The shear



properties of a composite laminate as determined by an losipescu shear test depend on the
material orthotropy and, to accommodate this, the optimal V-notch angle of an losipescu

specimen is rescaled by Equation 1:

4\/% .. (1)

where 2850 = 110° and E; and E; are elastic moduli along the principal directions of the

laminate being tested [27, 28]. Acceptable in-plane shear failure, characterised by a notch-to-
notch crack, is captured in composites with layups of continuous fibre reinforcements of [0]s,
[90]s, or [0/90]s specifically along the 0° direction but resorts to a tensile failure characterised
by a crack at 45° from the notch axis when switched to a random reinforced mat [29-32].

This is also true for 3D textile composites where a 4 notch losipescu specimen was developed
because of the lack of inherently weak shear strength planes in the material [33]. In-plane
shear failure is plausible in laminates with a higher degree of anisotropy than random fibre
reinforced composites due to the influence of normal stresses in the gauge section of the
specimen. The use of losipescu shear for the determination of out-of-plane shear or
interlaminar shear, along the XZ and YZ planes, have been seldom reported because of the
difficulties involved in manufacturing a thick composite laminate and the catastrophic failure
in transverse tension along notch flanks for UD specimens [34-36]. The losipescu shear
strength of a UD laminate along the 0° direction is numerically equal to the through-
thickness shear strength and hence testing in the XZ plane is rarely used in practice [21].
Along the 90° direction of a UD laminate, the common observation of failure is a sequence of
horizontal cracks and splitting of fibres near the top and bottom notch roots followed by
horizontal cracks between the notches in the gauge section. Few authors recommend
increasing the angle of the V notch as per Equation 1 to induce horizontal delamination

cracks in the gauge section between the notches, but it was shown that the stresses associated



with the initial horizontal splitting and the ultimate shear failure are relatively close to each
other. Furthermore, the point of failure of the material to be considered as representative for
the material is debatable and the shear strength of the material should be linked with the first
delamination or horizontal splitting observed rather than the ultimate strength [21, 28, 37].
Although these arguments may hold for UD composites, it could be understood that for non-
woven and other textile composites, achieving shear failure and the material response to shear
loads depend heavily on the nature of the composite reinforcement and the plane of load
introduction into the test specimen.

Another alternative to measure interlaminar shear is the double notch shear (DNS) test and it
has been shown that the shear strengths from the losipescu shear test and DNS shear test
along the XZ plane are identical in a UD CF/epoxy composite [21]. The DNS test remains a
simple and reliable method for interlaminar shear characterisation on the condition that the
failure of the specimen occurs as a longitudinal notch-to-notch crack signifying the
delamination of the laminate due to a compression load. Consistent shear failures have been
reported in CFRP and GFRP based UD and cross-ply fibre systems [29, 38] and it was later
recommended that a 90 degree lay-up be used to induce pure interlaminar shear in the gauge
section of the specimen [39]. However DNS has a lot of drawbacks including poor stress
uniformity, high stress concentrations at the notch and dependence on the notch distance and
depth that led to the development of inclined double notch shear test [21, 40, 41].

In the event of an interlaminar shear failure, the cause of failure could be the breakdown of
the fibre-matrix interface, a matrix failure, delamination between the plies, or a combination
of them depending on the interfacial strength between the fibre and the matrix and the shear
strength of the matrix which makes interpretation of the experimental results complicated.
Composites are sensitive to specimen preparation techniques and the quality of the specimens

prepared for mechanical testing is of utmost importance as they influence the reproducibility



and reliability of test results [42]. The purpose of our research was to realise ‘true’
interlaminar shear failure in the XZ and YZ planes (Figure 1) for recycled, discontinuous,
non-woven composites that could be useful to develop design data with reasonable accuracy
and define appropriate shear test methodology for this class of composites. The variability of
results, failure mode of the specimens and the data obtained from the above testing methods

were analysed and the validity of these test methods was assessed.

Materials and Methods

Material used:

The shear characteristics of rCF/epoxy composite manufactured by ELG Carbon Fibre Ltd.
was investigated in this study at the coupon level. Two laminates of 2 mm and 6 mm
thicknesses, corresponding to 0.21 and 0.35 fibre volume fractions respectively, ascertained
by an optical sectioning method reported elsewhere [43], were used in this study. The plies
comprised of 200 gsm dry non-woven mats based on fibres recovered via pyrolysis, which
are porous in nature. The non-woven fabric is unbalanced with respect to the fibre volume
content in longitudinal (X) and transverse (Y) directions in the XY plane due to the slightly
preferential dispersion of the discontinuous recycled fibres in the weft direction over the warp
by the textile processing carding mill. Furthermore, during the carding stage of the non-
woven mats, the fabric is consolidated in the Z direction by a needle punching process. The
mat with the tradename CARBISO™ M (Figs 2 and 3), is made of approximately 80 mm
long discontinuous fibres with the code name SM45D [44]. The laminates were then moulded
from their non-woven fabrics in epoxy matrix by sheet moulding compounding (SMC)
technique.

Laminates of 2 mm thickness made of 4 plies of non-woven mats were used for the SBS,

DNS and DBS test methods to maximise matrix based shear failure whereas a 6.2 mm thick



laminate made up of 20 plies were used for the SBS, DBS and the losipescu test for which
the laminate needed to be remanufactured into appropriate specimen geometries in
accordance to the plane of testing. All of the tests were run on a Testometric M500-50CT
Universal Tester at room temperature conditions and a crosshead displacement speed set at 1

mm/min.
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Figure 3 — Micrographic sections at 50x magnification depicting typical fibre distribution in the rCF/epoxy laminate

Shear test methodologies:

1. Short Beam Shear (SBS)
The SBS test method by three point bending, as described by ASTM D2344 [18] and ISO
14130 [17], was used to determine the interlaminar shear strength (ILSS) in the XZ (or YZ)
plane of the composite laminate by the use of a short beam specimen with a small span to

thickness ratio. The specimen of dimensions shown in Figure 4Figure 4- Schematic of Short



Beam Shear specimen and the test was subjected to three point bending, with the objective of
maximizing shear in the central region of the specimen. The apparent interlaminar shear

stress is calculated from the beam theory using equation 2:

_ 3F (2
T= ton

where F is the failure load in N, b and h are the width and thickness of the test specimen in
millimetres and t is the shear strength in MPa. Both the ASTM D2344 and ISO 14130 use the
same principles but differ slightly with specimen geometry and experimental set up as
summarised in Table 1. It is required that the specimens fail by an interlaminar crack in the

mid-plane of the beam for an acceptable result.
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Figure 4- Schematic of Short Beam Shear specimen and the test apparatus

Parameter = ASTM D2344  ISO 14130

rl 3 mm 5 mm
r2 1.5 mm 2 mm
L/h 4 5

Table 1- Fixture dimensions of Short Beam Shear Test



2. Double Notch Shear (DNS)
The DNS test method is used to estimate the through-the-thickness shear strength of
thermoset and randomly dispersed fibre reinforced composites as specified by ASTM D3846
— 0819, 45]. An axial compressive load was applied onto the edge of a double notched
specimen of length 79.5 mm, thickness 2 mm and width of 12.7 mm as shown in Figure 5
that was firmly held in a supporting jig to prevent buckling of the test specimen. The
experimental apparatus was manufactured in house. The notches were machined to half the
thickness of the specimen and were centrally located on opposite faces of the specimen
spaced at a distance of 6.4 mm with a diamond coated saw. The compression load was
applied at a test speed of 1 mm/minute and was carried out at ambient laboratory conditions.
The shear failure as per the DNS test is characterised by a crack along the shearing plane
between the staggered notches of the specimen. The shear strength of the material in the ZX
(or ZY) plane is defined as the ratio of the maximum load carried by the specimen until

rupture during the test to that of the shear area between the notches.

3. Double Beam Shear (DBS)
The DBS method was developed to determine the interlaminar shear of composite laminates
in the XZ (or YZ) plane of the composite laminate and is specified in BS ISO 19927:2018
[20]. A short beam specimen was subjected to a 5 point bending load as shown in Figure 6
with the use of cylindrical rollers that have a contact diameter of 6 mm. Rectangular cross
section specimens of thickness 2 mm, length 30 mm and width 10 mm was used for the 2 mm
thick laminate. The width and length for the 6 mm thick laminate were set to 5 times and 15
times the thickness respectively. The beam is supported by three equidistant rollers based on
the thickness of the beam used and is loaded on by two other rollers at a test speed of 1

mm/minute until specimen failure. The shear failure is defined by delaminations or



interlaminar failure on the mid-plane region of the specimen. The shear strength, derived

from the classical beam theory, is determined from equation 3.

_ 33F ... (3)
©= B4bh

where F is the critical failure load in N, b and h are the width and thickness of the test specimen

in millimetres and 7 is the shear strength in MPa.
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Figure 5- Double Notch Shear Apparatus
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Figure 6 - Double Beam Shear Apparatus and Specimen Geometry

4. Tlosipescu Shear
losipescu shear can be used for determining the in-plane shear and out-of-plane shear of the
composite material based on the direction the laminate is being tested in. The losipescu shear
test experimental set up is shown in Figure 7. The standard test method uses a prismatic
rectangular specimen of dimensions (80 x 20 x specimen thickness) mm? with symmetric
90°-V notches through the height and loaded asymmetrically in compression to maximise
shear between the notches [21]. The specimen rests on the back face of the losipescu fixture
to reduce specimen twisting, with the notch aligned at the centre between the two grips. The
relative movement of the moving upper grip to the fixed lower grip induces a shear strain
between the notches along the direction of compression and shear failure is either
characterised as a notch to notch crack in conventional continuous fibre reinforced 0° UD
composites or the presence of horizontal cracks in 90° direction specimens. The upper grip
movement is facilitated by the crosshead of a S0kN Testometric testing equipment at a speed
of Imm/min. The in-plane losipescu shear specimens (XY plane) were prepared as per

ASTM D5379 by water-jet cutting from the composite laminate. The ratio of the maximum



force at failure to the cross sectional area between the notches is taken as the shear strength of

the material.

The out-of-plane shear or interlaminar shear in the ZX (or ZY) plane was determined by
remanufacturing the central gauge section of the standard losipescu specimen by bonding
three 6 mm thick cured laminates onto each other with epoxy, the 90°-V notch cut using an
end mill tool and completing the length of the losipescu geometry by symmetrically bonding
6 mm thick rectangular laminate blocks oriented in the XY plane to the prepared gauge
section (Fig 7). The out-of-plane shear or interlaminar shear in the XZ (or YZ) plane was
determined by bonding 6 mm thick cured laminates over each other until the required width
of the losipescu geometry is achieved and the V notches were cut out by an end mill tool (Fig
8). The V notches were cut at 90° for one set of specimens and at 135° for another set
corresponding to Equation (1). In the XZ (or YZ) plane, the shear strength is determined from
the strength at the first occurrence of delamination or splitting in the specimen. The selection
of a 6 mm thick laminate for out-of-plane shear facilitates the V notch to be cut within one
laminate and prevent its penetration or the root end of the V notch at the bond lines between
the laminates. It was ensured in all cases that the generation of the V notch did not produce

any micro-cracks in the specimen by examination under a microscope.

The shear modulus of the material was determined with the use of dedicated losipescu strain
gauges of specification A2P-08-C085C-500 connected to a data acquisition device,
StudentDAQ MMO1 in a half-bridge configuration to record the shear strain. The losipescu
strain gauge has its resistors aligned in the +45° and — 45° directions and are overlapped in a
polyamide foil, and hence when connected in a half-bridge network, shear strain is recorded

and averaged over the entire length of the losipescu notch as

Y = Vias — V-1s .. (4)
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Figure 8 - Remanufactured XZ/YZ plane losipescu specimens with 90° V notch (left) and 135° V notch (right)
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Figure 9 - Representation of losipescu specimens in XY plane (top), ZX plane (middle) and XZ plane (bottom)

Results

The typical failure mode of the laminate when subjected to SBS test in a three point bending
set up with both ASTM and ISO standard specifications for both 2 mm and 6 mm thick
laminate is a tension failure at its bottom plane which is deemed as an unacceptable failure
mode. Adaptations to the SBS test as suggested by literature, including the [-beam specimen,
use of a sandwich specimen and remanufacture of a thick short beam specimen of 20 mm

thickness comprising of 60 plies, did not induce shear failure in the laminate.




Figure 10 - SBS failed specimen as per standards and modifications to specimen geometry

The DNS test, which was originally designed as an alternative to the SBS test that would not
yield acceptable shear failures, uses an axial compressive load to generate a shearing action
between the plies in the staggered notched specimen. The compressive load applied the ZX
plane resulted in an instantaneous failure with the specimen being crushed at one of the
notches instead of an expected delamination crack between the notches as seen in Figure 11.
The apparent shear strength was calculated as the ratio of the failure load to the notch area as

a result of the absence of a shear crack plane in the specimens.
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Figure 11 - Failure mode of a DNS specimen

The five point bending load applied on a short beam specimen in the DBS test method
subjects the laminate to a complex state of stress. The objective of the DBS test is to induce
interlaminar shear failure in the mid-plane of the specimen by means of a delamination
between plies or an interlaminar crack in the XZ plane of the composite material. 33% of the
2 mm thick specimens depicted interlaminar cracks in the specimen as shown in Figure 12
whereas the remaining specimens failed by two tensile cracks at the bottom plane in between
the support rollers. Although the specimens that depicted interlaminar failure also had cracks
at the bottom plane, the delaminations are independent from them. The 6 mm thick laminates

fail catastrophically and none of the specimens tested depicted any signs of shear failure.
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Figure 12 - Interlaminar crack observed with 2 mm thick laminates

The losipescu shear test was conducted on specimens in the XY, XZ and ZX planes of the
rCF composite laminate as mentioned in the previous section. The XY plane specimens
which were utilised to estimate the in-plane shear of the material failed with 45° tensile
cracks between the notches. End tabbing the specimens with GFRP or remanufacturing a
thick losipescu specimen with thinner critical cross section at the gauge also resulted in a

tensile failure. The modifications to the losipescu geometry by altering V-notch angles to 60°



and 120°, and by reducing the notch to notch distance of the 90° V notch have all failed by a

tensile crack as shown in Figure 13.
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Figure 13 - Typical in-plane shear failure by losipescu shear test for standard and modified geometries in XY plane



The remanufactured specimens tested in the ZY/ZX planes of the composite laminate
depicted pure shear failure characterised by a notch to notch shear crack as shown in Figure
14. The shear failure occurred within the laminate in the ZX plane and not at the bond-lines
between the cured laminates that confirms the delamination failure in the rCF composite. The
interlaminar or the out-of-plane shear strength was calculated at its failure load in these two
planes. The shear modulus was estimated with the use of dedicated shear strain gauges
bonded between the notches of the specimens that recorded the out of plane shear strain of

the material.
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Figure 14 - Typical out-of-plane notch to notch shear failure in ZX/ZY plane (top) and delamination by splitting at the notch

in the XZ/YZ plane with 90° V notch (bottom)

The specimens tested in the XZ/YZ plane with a 90° V notch angle failed with delaminations
by splitting near the notch. These cracks change the shear stress distribution in its deformed
specimen that prevents failure between the notches in the gauge section. The delaminations

depicted as a drop in load in the load-displacement curve shown in Figure 16. The cracks



followed to propagate through the width of the specimen away from the gauge section. The

splitting delaminations are also seen with the 135° V notch angle specimens as shown in

Figure 15. It was observed that the failure strength taken from the first occurrences of

laminate splitting of the 135° V notch specimens were higher than the 90° V notch

specimens.
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Figure 15 — Laminate splitting in XZ/YZ plane on 135° V notch losipescu geometry
Failure Stress or
S. No. Shear Test Method Shear Strength Testing Plane | Failure mode
(MPa)
1 Short Beam Shear (SBS) 39.90 +/-3.97 XZorYZ Tensile
2 Double Notch Shear (DNS) 30.59 +/- 3.10 ZX or ZY Crushing
3 Double Beam Shear (DBS) 48.70 +/- 2.88 XZorYZ Shear (33%)
46.90 +/- 4.96 XZoryz | Delamination/
splitting
4 losipescu Shear 47.1 +/- 4.02 ZX or ZY Shear
(90° V notch) ' '
148.31 +/- 5.52 XY or YX Tensile
losipescu Shear Delamination/
4.1 (135° V notch) 60.81 +/- 4.22 XZorYZ splitting

Table 2 - Failure strengths of the shear test methods




The shear strengths estimated by the four test methods are summarised in Table 2. The load-
crosshead displacement plot for the out-of-plane tests is depicted in Figure 16 and for the in-
plane Iosipescu test in Figure 17. It can be seen that the slopes of the DNS and the losipescu

tests are linear whereas the SBS and DBS have transition regions during the shear tests.
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Figure 16 - Load-Crosshead displacement curves for the out-of-plane shear tests
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Figure 17 - Load-Crosshead displacement of the losipescu in-plane shear test (XY plane)



The average shear modulus from the losipescu shear test in the ZX plane was derived from its
stress-strain plot in Figure 18, calculated from the slope of the curves until the failure of the
strain gauge and was estimated to be 2.74 +/- 0.34 GPa. The strain gauges de-bonded from

the specimen before reaching the failure stress of the composite.
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Figure 18 -Shear Stress-Strain curves of losipescu shear test in the ZX plane

Discussion

Analysis of the failure modes in rCF/epoxy non-woven composites indicates the pertinence of
the above mentioned test methods for this class of materials. The load-displacement curves
(Figure 16) shows that the short beam specimens under SBS and DBS have distinct regions
where the slope increases after a certain load whereas the losipescu and DNS curves are
relatively linear in nature. This could possibly be the result of the complex stress states that
the SBS and DBS specimens are subjected to during the test. Despite this, the DBS test
resulted in 33% acceptable interlaminar shear failures for 2 mm thick laminates. The higher
fibre volume fraction in 6 mm thick laminates could have prevented an interlaminar shear
failure by DBS. The SBS test, utilised for the characterisation of shear in the XZ or YZ plane,

and its modifications including the use of over 60 porous nonwoven plies, the introduction of



notches and the sandwich beam result in a tensile failure at its bottom plane. This failure
mode with SBS is not limited to discontinuous laminates as this has been the commonly
reported failure mode with numerous other composite reinforcements too. The advantage of
this method has always been the simplicity of the test, ease in the manufacture of the
specimens and the fixture and has been adopted as a quick quality check for composites by
determining its ‘apparent’ interlaminar shear strength. The DBS method has been slightly
more successful than the SBS method in getting an interlaminar shear failure in the same XZ
or YZ planes of the discontinuous nonwoven laminate used here. Similar to the SBS, the
DBS test is simple and inexpensive to set up and is a viable alternative to determine the
interlaminar shear strength of the material. The disadvantage lies in detecting the interlaminar
crack in the material, especially in the rCF/epoxy composite used in this study, and the lower
repeatability and success rate in shear failure. The DBS may possibly be less applicable to
non-woven laminates with higher fibre volume fraction content as no shear failure was
observed in the 6 mm thick rCF/epoxy composite. The inability of the test to subject the
specimen to a pure shear stress state like the lTosipescu or the Arcan test methods means that it

is limited to the shear determination in the XZ or YZ plane alone.

The DNS test does not result in shear failure in the composite structure used here. This could
be because of the non-uniformity of the stress field in the gauge section of the specimen
between the notches and the existence of highly concentrated stresses around the
manufactured notches that forces the specimen to fail by crushing at the notch in
compression. The incapability of the DNS test to generate a uniform shear fracture plane
could possibly be because of the nature of the porous nonwoven reinforcement composite
that results in a moderately transversely isotropic material in the XY plane [41]. In addition to

this, it has been widely reported in literature that the distance between the notches and depth



of the notches can result in variable results and DNS has very little scope as a shear test

alternative at least for the reinforcement structure used in this study.

The use of losipescu shear test in the determination of the in-plane shear component along
the XY or YX plane of the material did not generate a shear failure that is characterised as a
notch to notch crack. Changes to the V-notch geometry of the losipescu specimen set at 120°,
60° and a reduced notch distance have not changed the pattern of the 45° tensile crack
observed. This can be explained by the distribution of the fibres in the XY plane of the
laminate that offers resistance in the warp and weft directions which prevents the matrix
dominant shear failure in this plane. The influence of the lay-up and fibre distribution is also
explained in a continuous fibre reinforced cross-ply [0/90] GFRP/epoxy laminate where
different failure modes were observed when tested at different off-axis angles in the losipescu

test [30, 46].

The remanufacture of the laminate to characterise the composite in the ZX or ZY plane
resulted in a pure shear failure between the V notches characterised as an instantaneous and
straight crack between the notches. This fracture is synonymous to that of a delamination
failure between the plies of the cured laminate and is consistent across all of the specimens
tested. The shear strength calculated here comply with the out-of-plane or interlaminar shear
strength of the material as the gauge region of the losipescu specimen is subjected to a state
of pure shear. The lesser amount of fibres dispersed in these planes relative to that in the XY
plane facilitated a matrix dominated crack. The influence of the epoxy bond between the
cured laminates can be negated as the cracks observed occurred within the central laminate
and not at the bond-line. The disadvantage is that careful specimen remanufacture can be
cumbersome and requires the use of thick cured laminates, of at least 6 mm in thickness, to
minimise the influence of external epoxy bond-lines. ASTM D5379 requires that the laminate

must either be at least 76 mm thick or be co-bonded to 76 mm thickness [47]. The



manufacture of a 76 mm thick laminate is challenging for compression moulding techniques
especially on a fabric such as rCF nonwoven mats, that are by nature lofty due to the
mechanical bonding enabled by the needle punched fibres in the Z direction. The hypothetical
case of manufacturing a 76 mm thick laminate would suggest the presence of flaws, defects,
voids and a poorly cured material through the thickness of the laminate that would result in
poor experimental values. The maximum thickness of the laminate in this study was thus
restricted to 6 mm. This ensured a suitably cured laminate through the thickness of the
material with minimum manufacturing defects. The alternative option of co-bonding up to 76
mm thickness was also considered, but this was thought likely to introduce several
undesirable variables during the test. Firstly, the bond-lines between the cured laminates has
to be minimal to reduce the influence of adhesive in the test. Secondly, co-bonding over 13
cured 6 mm thick laminates in a laboratory setting without imperfections or misalignments
was deemed unlikely. Thirdly, in the case of such a manufactured material, the grips of the V
notch specimen may well undergo some amount of crushing that would also influence the
result. Hence, only the critical section of the V notch geometry was manufactured and bonded
to laminates in the XY plane, which tend to exhibit higher load resistance than those loaded
in the ZX/ZY plane, as the results of this study would suggest. The fulfilment of interlaminar
shear in the refabricated V notch specimen was realised with cracks that occurred within the
central laminate between the V notches with the exclusion of any cracks originating from the
bond-lines between the cured laminates, as seen in Figure 14. Although the specimen
remanufacturing seemed tedious, it remains a valid method for the determination of the
critical shear strength in the ZX/ZY plane of rCF composites. The shear modulus was
estimated with the use of dedicated shear gauges bonded onto one face of the losipescu
specimen. The influence of any twisting in the specimen was checked by measuring the shear

strains by bonding the strain gauges on both the sides of one losipescu specimen. A



difference of 0.31 GPa in the shear modulus was calculated but this error can be averaged out
by the use of a larger sample size. This variance could arise due to errors in bonding
alignment of the central gauge section to the remaining sections of the losipescu geometry,
possible twisting of the specimen by the jig, differences in thickness across the specimen,
relatively smaller strain considered (up to 13 MPa load), variability in the distribution of the
fibres in the gauge section or the material and errors from the strain gauge itself. However
this inconsistency in shear strains from the two faces of the same specimen falls within the

standard deviation of the sample considered here.
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Figure 19 — Shear Modulus calculated from both faces of the ZX/ZY losipescu specimen

The delamination failure observed in the 90° V notch losipescu specimen in the XZ/YZ plane
is similar to the failure modes reported in UD composite specimens tested along the 90°
direction [21, 28, 37]. The specimen fails by splitting near the notches before shear failure is
observed in the gauge section. Applying shear load along the XZ/YZ planes led to the
manifestation of laminate splitting failure in the ZX/ZY planes. The splitting of the top and

the bottom laminates, represented by drops in load in Figure 16, is possibly followed by a



non-uniform stress distribution in the remaining specimen geometry that prevents further
delaminations between the 90° V notches. Alteration to the angle of the V notch to 135° as
per Equation 1 do not result in the occurrence of a shear failure, but rather the failure strength
of the modified specimen appeared to depend on the angle of the V notch. The dependence of
the failure strength on the angle of the V notch calls for the continued use of the 90° V notch
as recommended by the international standards. The failure strength was taken as the first
occurrence of a delamination crack in the test material, but whether this can be considered as
an interlaminar failure is debatable, just as in the case with unidirectional continuous fibre

composites discussed in literature [21, 28, 37].

The occurrence and determination of out-of-plane or interlaminar shear failure in a
multidimensional reinforced composite such as the discontinuous, non-woven reinforcement
discussed here involves the identification of the shear plane in which pure shear failure is
likely to occur. Interlaminar failure is likely to occur in the weakest shear plane of the
laminate wherein the reinforcement fibres along that particular plane is minimal. The
losipescu shear test for the determination of interlaminar shear requires a specific fixture,
refabrication of planar laminates for manufacturing specimens, bonding of strain gauges for
the determination of shear moduli and overall, it becomes a relatively expensive test
procedure. Despite this, the use of the losipescu test specimen for the out-of-plane shear
remains the only viable method that can repeatedly and precisely determine the interlaminar
shear strength and shear modulus for rCF composites reinforced with non-woven needle
punched fabric composites that can be used as data for design. This refabricated V notch
geometry and test method may also be applicable to textile composites with similar

reinforcement architectures.



Conclusions

Our research focused on the static shear behaviour of recycled carbon fibre/epoxy composites
with discontinuous, non-woven reinforcement architecture under ambient laboratory
conditions using four shear test methods. The nature of the internal fibre architecture means
that pure shear failures are difficult to realise from conventional testing. The difficulty in
obtaining a shear failure was evident with three point bending on a SBS specimen (including
modified geometries), and the DNC test. The DBS test by five point bending, provided the
occurrence of interlaminar failure, is a simple, inexpensive and quick test which should
effectively replace the use of SBS by three point bending in the determination of interlaminar
shear intended for quality based assessments only. The DBS test resulted in shear failures in
33% of the rCF specimens, even though the material was subjected to a complex loading

configuration.

The nature of the reinforcement architecture restricts pure in-plane shear failure for the V-
notch losipescu shear test. The losipescu test seemed to be the most successful for
interlaminar shear but the specimen geometry needed to be remanufactured and redesigned
with thick laminates so as to observe pure shear failure in the material, introducing load into
the weakest planes of the material. Identification of the shear plane in which interlaminar
failure is likely to occur was key in the determination of the critical limit of shear strength in
rCF composites. With rigorous and careful specimen preparation and remanufacturing
procedures, repeatable, reliable and pure interlaminar shear failures, characterised by a notch
to notch crack in the V notch specimens, were observed. We found that the refabricated
lIosipescu specimens provided consistent shear failures in the ZX plane, and the Double Beam
Shear (DBS) generally resulted in interlaminar shear failure in discontinuous non-woven

laminates. Shear modulus of the rCF composite was determined with the aid of dedicated



strain gauges, which was also used to check for any evidence of specimen twisting during the

lIosipescu test for interlaminar shear.
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