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It is challenging to reuse recycled carbon fibres (rCF) alone as reinforcement material in composites for structural
application due to its discontinuous and non-aligned fibre architecture. This study investigates innovative usage
of rCF when hybridized with other reinforcement fibres in a hybrid composite for multi-functional application. A
rCF non-woven is embedded in an E-glass fabric composite laminate to demonstrate its multi-functionality in
open-hole specimens with various hole sizes under monotonic tensile loading. Instead of brittle failure, the rCF
fails in a progressive manner due to the in-situ effect offered by the neighbouring glass fibre sublaminates.
Following damage initiation in the rCF layer, delamination takes place along the rCF and glass fabric interfaces,
enabling stress redistribution around the hole. This leads to reduced stress concentration, resulting in a notch-
insensitive hybrid composite when compared to the non-hybrid glass fabric composite. By monitoring the
change in electrical resistance of the rCF layer, the progressive damage events around the hole can be inferred.
Regardless of the hole size, a simple damage self-sensing system can be developed to inform the damage severity
of the hybrid composite. In this study, the rCF layer gives a damage tolerant notched composite and simulta-

neously offers damage monitoring functionality.

1. Introduction

Carbon fibres have been widely exploited to manufacture advanced
composites for applications in aerospace, automotive, marine, energy
and construction industries, owing to their exceptional strength-to-
weight ratios. However, they are also known to be expensive and
energy-intensive to produce with an embodied energy of 183-286 MJ/
kg, compared with 13-32 MJ/kg and 110-210 MJ/kg for glass fibres and
stainless steel respectively [1]. It also raises the waste management issue
when these composite components reach their end of life as recycling
and reusing them is not as straightforward as their metallic counterpart.
The last two decades have seen the development and commercialisation
of various technologies to recover the valuable carbon fibres from
composite waste, which can be found in the form of manufacturing
scraps or end-of-life composite components [2]. Recycled or reclaimed
carbon fibres are generally discontinuous, non-aligned and entangled,
resulting in significant depreciation in structural performance compared

to virgin continuous carbon fibres. There is also a lack of confidence in
the quality of recycled carbon fibres (rCF) as they could previously come
from various manufacturing processes and service backgrounds without
historic data or information. Currently there is limited research work
focusing on how to best reuse the rCF in high-value applications, with a
view to addressing the challenge to establish a sustainable circular
economy.

Despite their reduced mechanical performance as compared with
virgin CFs, short discontinuous rCF could still be used for structural
applications if they are incorporated into conventional composite lam-
inates at low fibre loading, which can enhance the mechanical proper-
ties of the composites. Attahu et al. [3] showed that the unidirectional
carbon fibre/epoxy laminate with a single core layer of low areal density
(60 g/m?) rCF non-woven mat gives better flexural and damping per-
formance than that with a virgin aramid fibre mat. Kogoglu et al. [4]
reported improvement of 60 % and 30 % in flexural and tensile strength
respectively when 12 mm scrap carbon fibres at 6.7 % fibre volume
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fraction were added to the hot-pressed glass fabric/polyamide com-
posite. The study by Quan et al. [5] used rCF for interlayer toughening of
carbon fibre/epoxy composites, showing that fracture toughness can be
improved by 17 % and 66 % for Mode I and Mode II fracture initiation
energy respectively.

Recent literature also suggests that rCF can be incorporated into
cementitious composites for infrastructure construction as aggregate
replacement or as reinforcing material, but with mixed results depend-
ing on numerous factors such as rCF length, dispersion of rCF, surface
treatment of rCF, impurities etc. [6] In general, there is improvement in
tensile behaviour of cementitious composites when a small amount of
rCF (around 1 % by volume or 2 % by weight) was added to them [7,8].
Mastali et al. [9] observed that increasing the length and dosage of rCF
increases the impact resistance of rCF reinforced self-compacting con-
crete. Making use of their excellent electrical properties, Segura et al.
[10] mixed rCF in concrete to modify its conductive characteristic to
develop smart self-sensing cementitious materials for civil engineering
structural health monitoring. Belli et al. [11] also reported that the
addition of rCF (up to 1.6 % by volume) in cement mortars is able to
improve their electrical conductivity up to one order of magnitude,
while increasing their flexural and tensile splitting strength up to 100 %.
Other novel application of rCF includes its use as the electromagnetic
interference shielding material [12]. The findings above collectively
demonstrate the potential of rCF as a sustainable multi-functional
candidate material in improving mechanical as well as electrical prop-
erties of the composites. It is also cost-effective as rCF can be recovered
from composite wastes at approximately 15 % of the cost of producing
virgin carbon fibres from raw materials [13].

Large automobile manufacturers such as Chevrolet, BMW and Ford
have demonstrated the potential of using rCF in large-scale
manufacturing of body panels of cars [14]. More work remains to be
done to develop and assess high-performance usage of rCF for future
sustainability. It is challenging to process the rCF with short and
discontinuous fibers. There are efforts to realign the random rCF to
manufacture into semi-finished forms to improve fibre content and
therefore mechanical performance via various additional dry or hydro-
dynamic processes [15-17]. Another straightforward way to reuse rCF is
by bonding the fibres together mechanically or chemically to convert
them into non-woven mats [18,19]. However, rCF non-wovens cannot
be used alone as structural material due to their poor material properties
and high material variability compared to the highly aligned continuous
fibre architecture. Their drawback can be alleviated by using them
together with other conventional composite plies to fabricate hybrid
composite laminates. This paper aims to present innovative usage of rCF
non-woven as a multi-functional material when embedded as a core
layer in a E-glass fabric composite laminate to form a hybrid composite.
The open-hole strength of a hybrid glass fibre/rCF composite with
various hole sizes is investigated under monotonic tensile loading and
compared with the non-hybrid composites to understand the role of rCF
in reducing notch sensitivity. Concurrently the electrical resistance of
the rCF layer in the specimens is measured in real time during loading
and correlated to the progressive damage events taking place around the
holes in order to demonstrate its damage monitoring capability. This
merging of mechanical and structural health monitoring functions offers
a new perspective of rCF as a sustainable solution to lightweight com-
posite structures to meet the efficiency requirements in the energy and
transportation industry.

2. Experimental methodology
2.1. Materials and specimen fabrication

A hybrid composite laminate was manufactured by sandwiching a
rCF non-woven mat between two sublaminates. Each sublaminate

comprises 4 plies of commercial-grade E-glass fibre fabric with plain
weave fibre architecture. The rCF non-woven (CARBISO M IM56D) was
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provided by ELG Carbon Fibre Ltd (now known as GEN 2 Carbon) in the
form of a dry random mat with an areal density of 89 g/m? made from
scrap intermediate modulus carbon fibres with sizing. Note that there is
a small degree of anisotropy in the rCF non-woven due to the slight
preferential fibre alignment in the weft direction during the
manufacturing process of the non-woven fabric. The weft direction was
chosen to be the loading direction in the lay-up. The areal density of a
single ply of E-glass fibre fabric was 270 g/m2. The fabrics were laid
down on a flat aluminium caul plate and consolidated in a vacuum bag
before being infused with epoxy resin (EpoxAmite 100) and finally cured
in the room temperature for 24 h. For benchmarking purposes, two
baseline non-hybrid laminates, consisting of 9 plies of the E-glass fibre
fabric and 4 plies of rCF non-woven respectively such that they give the
same number of plies or comparable thickness with the hybrid laminate,
were also fabricated using the same resin system following the same
procedures. This will allow comparative study of the mechanical
behaviour and the hybrid effect between the non-hybrid and hybrid
laminates. The stacking sequences of the three composite laminates are
illustrated in Fig. 1.

The average thickness of the hybrid glass/rCF laminate was 2.19
mm, while the thickness of the non-hybrid glass fibre and rCF laminates
were 1.81 mm and 2.37 mm respectively. Based on the density of the
constituent materials and the areal density of the constituent layers, the
fibre volume fraction of each laminate can be estimated as shown in
Table 1. The three hybrid and non-hybrid laminates were then cut into
specimens of 200 mm long and 20 mm wide using a water-cooled dia-
mond wheel cutter. The specimen width of 20 mm was chosen to obtain
across the width a round number of three repeating unit cells (about
6.7-6.8 mm in length per unit cell) of the plain weave architecture of the
glass fibre fabric, such that representative test data of the fabric can be
captured. 50 mm from both ends of the specimens were tabbed with
glass fibre/epoxy, bonded with epoxy adhesive (Huntsmen Araldiate
2014-2), leaving a gauge section of 100 mm long.

2.2. Unnotched and open-hole tensile testing

Four specimens from each of the three laminates in Table 1 were
selected for unnotched tensile testing to determine their unnotched
mechanical properties, i.e. ultimate strength, effective stiffness and
stress-strain relations. For the rest of the specimens of the hybrid glass/
rCF laminate and the non-hybrid glass fibre laminate, holes were made
in the center using solid carbide dagger drill bits of various diameters to
investigate their open-hole tensile behaviour and notch sensitivity. Four
hole diameters of 2.4 mm, 3.2 mm, 4.1 mm and 5.95 mm were chosen,
giving the hole diameter to specimen width (D/W) ratios 0.12, 0.16,
0.205 and 0.2975 respectively. To minimise delamination during dril-
ling, a wooden backing plate was placed beneath the specimens. For the
hole diameters larger than 3.2 mm, a smaller starter hole was made
before enlarging it to the final diameter by incremental drilling. For the
specimens of non-hybrid rCF laminate, only one hole diameter of 3.2
mm was investigated in this study for comparison purposes, as the me-
chanical performance of a pure rCF non-woven composite is not the
main interest of this study. Three to four specimens were tested for each
hole diameter for all laminates. Fig. 2 shows the overall dimensions of
the unnotched and open-hole specimens.

All the unnotched and open-hole specimens were tested under
monotonic tensile loading using a Shimadzu AGX-50kNV testing ma-
chine with a 50 kN load cell at a constant displacement rate of 1 mm/
min at room temperature. The full-field displacement and strain fields of
the specimens were acquired using a stereo Digital Image Correlation
(DIC) set-up by capturing images at 2 Hz using a pair of Teledyne Flir 5
MP (2,448 x 2,048 pixels) monochromatic Blackfly S cameras fitted
with 50 mm focal length lenses. For the unnotched specimens, the
cameras were positioned at 0.63 m away to capture the full gauge length
with a stereo angle of 16.7°. For the notched specimens, the cameras
were positioned at 0.34 m away with a stereo angle of 22.3° so that a



F. Zhang et al.

E-glass fibre woven
fabric [G]

Composite Structures 372 (2025) 119574

#' Recycled carbon fibre
non-woven mat [rCF]

[G,/rCF/G,] [Go) [YCF«}]
Hybrid E-glass/rCF Non-hybrid E-glass Non-hybrid rCF
laminate laminate laminate

Fig. 1. Stacking sequence of hybrid E-glass/rCF laminate, non-hybrid E-glass laminate and non-hybrid rCF laminate.

Table 1
Average thicknesses of the hybrid and non-hybrid laminates and their fibre
volume fractions.

Laminate Stacking Thickness Areal density Fibre volume fraction
sequence (mm) after resin (%)
22‘;5“’" 4 Glass Recycled
fibre carbon
fibre
Hybrid E- [G4/rCE/ 2.19 3,674 385 2.7
glass/ G4l
rCF
Non- [Gol 1.81 3,311 54.5 -
hybrid
E-glass
Non- [rCF4] 2.32 2,409 - 11.3
hybrid
rCF

closer view on the deformation around the hole could be obtained. To
prepare the specimens for DIC, one side of the specimens was first coated
with white paint and then random black speckles were applied using air
brush to control the speckle size and distribution such that there were
approximately 3 to 5 speckles in the corresponding subsets. Images
collected were analyzed using commercial software MatchID with subset
and step sizes of 31 and 15 pixels respectively. For strain derivation, a
strain window of 5 subsets (or datapoints) was used.

For the unnotched specimens, three virtual extensometers of 80 mm
long along the longitudinal (loading) direction were placed each at three
locations (left, middle and right across the specimen width) in the gauge
section (Fig. 2a). The readings were averaged to obtain the global strain
gxx,G in the loading direction for establishing the global stress—strain
relation. On the other hand, for all the open-hole specimens, two virtual
extensometers of 30 mm long were placed close to both edges of the
specimens and averaged to acquire the global strains eyx g away from the
holes (Fig. 2b). A third virtual extensometer was positioned close to the
edge of the hole to track the hole’s edge-to-edge elongation in the
loading direction. Two additional square regions of interest (ROIs) of
3.4 mm x 3.4 mm were defined on both sides of the holes, within which
strains in the loading direction were averaged to give the local strains ey
next to the holes. Comparison of the strain within the two ROIs is useful

to determine damage initiation and the extent of damage around the
hole, which will be described in detail in Section 3.2. The size of the ROIs
was chosen corresponding to the width of a single E-glass fibre tow in the
plain weave fibre architecture. The gross stress and net stress of the
open-hole specimens were calculated respectively as:

P
Ogross = Wet

€Y)

and.

P

Onet = W_ )

where P is the load, W is the specimen width, D is the hole diameter
and t is the specimen thickness. The gross strength retention and net
strength retention of the open-hole specimens can then be defined as the
ratio of the gross strength and net strength of the open-hole specimens to
those of the unnotched specimens respectively.

To demonstrate the structural health monitoring and damage sensing
capability of the rCF layer around the hole under monotonic tensile
loading, the electrical resistance change in the rCF layer in the hybrid
composite was measured as a function of applied strain. The resistance
was measured by four-point measurement to eliminate the contact
resistance between the wires and the rCF layer. Four wires (two each on
the upper and lower sides of the hole) as the electrodes were directly
connected to the rCF layer along the same specimen edge using
conductive silver paste. The arrangement of the electrodes on an open-
hole specimen (with hole diameter 3.2 mm) is shown in Fig. 3 (inset).
The two outer electrodes were used to pass the current while the inner
two were used for voltage measurement. To prevent detachment of the
wires from the specimens during loading and to ensure stable reading,
the wires were bonded on the specimen across the width using ultravi-
olet (UV) cured epoxy. The electrical resistance was measured by a
digital multimeter (Keithley 2100) and recorded at a sampling rate of 20
Hz. The resistance reading was synchronized in time with the force
measurement from the universal testing machine based on the time-
stamp provided by the computers. The full set-up of the tensile testing
with the relevant instrumentation is illustrated in Fig. 3.
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Fig. 2. (a) Unnotched specimen and the positioning of three virtual extensometers (shown as red lines) for global strain measurement. (b) Open-hole specimen and
the positioning of two virtual extensometers (shown as red lines) for global strain measurement, one virtual extensometer (shown in blue) for hole elongation
measurement and two square regions of interest (ROI 1 and ROI 2) for local strains measurement.

Universal
Testing
Machine

Specimen

Digital Multimeter

LED
Panels

DIC Stereo
Cameras

Fig. 3. Full experimental set-up of the tensile testing with digital image correlation for full-field strain measurement and a digital multimeter for electrical resistance
measurement. (Inset) Front and back sides of a hybrid E-glass fibre/rCF composite specimen connected to 4 wires as the electrodes at the edge.

3. Experimental results and discussion
3.1. rCF for notch sensitivity reduction

This section demonstrates the role of rCF layer in enhancing the
notch insensitivity of the hybrid composite. Performing the unnotched
tensile tests provides the mechanical behaviour of the non-hybrid rCF
and E-glass fibre composites such that they can be compared against the
hybrid composite and provides the baseline data to the open-hole

specimens. Fig. 4 present the stress—strain curves of the non-hybrid
rCF, non-hybrid E-glass fibre and their hybrid composite specimens
respectively, with and without open holes. The stresses of the three
laminates shown in the figures are given both in gross and net stresses.
The strains used are global strains ex g as described in Section 2.2. It
should be noted that the apparent stiffer material responses of the
notched specimens compared to the unnotched ones in Fig. 4b, 5b and
6b are simply an artefact due to the definition of global strain chosen for
the open-hole specimens. The global strain was taken far away from the
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Fig. 4. (a) Gross and (b) net stress—strain curves of non-hybrid rCF composite unnotched specimens and open-hole specimens with a 3.2 mm-diameter hole.
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Fig. 5. (a) Gross and (b) net stress—strain curves of non-hybrid E-glass fibre composite unnotched specimens and open-hole specimens with various hole diameters.
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Fig. 6. (a) Gross and (b) net stress—strain curves of hybrid E-glass/rCF composite unnotched specimens and open-hole specimens with holes of various diameters.

hole and therefore lower than the average strain in the ligaments due to
stress concentration, resulting in stiffer responses for the open-hole
specimens. Table 2 shows the average maximum load and stress

achieved by each specimen configuration. Fig. 7 shows the failed open-
hole specimens of the three laminates with hole diameter 3.2 mm after
tensile loading. Similar failure appearance was seen in the specimens of



F. Zhang et al.

Table 2
Tensile test results of non-hybrid rCF, non-hybrid E-glass fibre and hybrid E-
glass fibre/rCF composite specimens.

Laminate Hole Maximum Maximum Gross Net
diameter force (kN) gross stress strength strength
(mm) (c.v) retention retention
(MPa) (%) (%)
Non- Unnotched 8.11 175 (11.3 — —
hybrid %)
rCF 3.2 5.26 114(8.5%) 64.8 80.8
Non- Unnotched 14.40 397 (2.5%) — —
hybrid 2.4 11.46 320(2.6%) 80.7 92.7
E-glass 3.2 10.15 283(2.2%) 71.4 87.4
4.1 9.91 277 (2.8%)  69.8 90.3
5.95 8.64 241(1.6%) 60.8 90.6
Hybrid E- Unnotched 13.73 301 (2.7 %) - -
glass 2.4 11.44 271(4.2%)  90.1 102.1
fibre/ 3.2 10.84 246 (1.4%) 81.6 97.6
rCF 4.1 9.81 228(6.6%) 75.8 96.3
5.95 8.61 200(5.3%) 66.5 96.2

(a) (b)

Fig. 7. Failure of open-hole specimens of (a) non-hybrid rCF composite, (b)
non-hybrid E-glass fibre composite and (c) hybrid E-glass/rCF composite with a
3.2 mm-diameter hole after tensile testing.

other hole diameters.

Both the unnotched specimens and the 3.2 mm diameter open-hole
specimens of non-hybrid rCF composite failed in a very brittle
manner, as evidenced by the sharp load drop in the stress—strain curves
after the maximum load in Fig. 4. The fracture surface was clean and ran
straight and flat in the transverse (width) direction, while for the open-
hole specimens it emanated transversely from the hole (Fig. 7a). The
unnotched specimens gave a tensile strength of 175 MPa (compared to
the strength of neat epoxy 54.5 MPa [20], showing that the presence of
recycled carbon fibres does reinforce the epoxy giving three times in-
crease in tensile strength. It has a failure strain of about 1.3 %. However,
the random non-woven arrangement of the recycled carbon fibre
showed significant material variability as reflected in the 11.3 % of
coefficient of variation (c.v.) in its tensile strength measurement. When
a 3.2 mm hole was introduced, the stress concentration at the hole
caused the notched strength of the specimen to decrease by 35 % to 114
MPa (with a lower global strain at failure 0.8-0.9 %), but with a lower c.
v. of 8.5 %. The reduction of c.v. can be explained by the fact that failure
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was now localised and constrained to take place at the hole due to stress
concentration instead of initiating at a random weakest point or defect
within the larger volume of the gauge section. The brittle nature, low
strain at failure and high material variability of the non-hybrid rCF non-
woven composite suggests that it is not suitable to be used in isolation as
a structural material. This motivates the subsequent investigation of its
performance when it is hybridised with other reinforcement fibres.

The non-hybrid plain weave E-glass fibre composite gives an
unnotched strength of 397 MPa (with failure strain around 2 %). It has a
much lower material variability compared to the rCF non-woven com-
posite due to its more structured plain weave woven fibre architecture.
For the unnotched specimens, the failure is brittle and catastrophic
considering the sharp load drop in the stress-strain curve in Fig. 5.
However, for the open-hole specimens, the failure was more progressive.
There was a small degree of localised delamination around the hole
interacting with fibre failure (Fig. 7b), allowing slight stress redistri-
bution and relief of stress concentration around the hole. This explains
the rounded shape of their stress-strain curves near the peak load. The
open-hole specimens of non-hybrid glass fibre composite demonstrated
lower notch sensitivity compared to the rCF composite specimens, with
the net strength retention of around 82-89 % for the range of hole di-
ameters investigated.

The hybrid E-glass fibre/rCF composite has an unnotched strength of
300 MPa. For the unnotched specimens, damage firstly initiated in the
low-strain rCF layer, followed by extensive delamination along the in-
terfaces between the rCF layer and the woven glass fibre layer
emanating from the initiation sites, before the ultimate glass fibre
fracture. For the open-hole specimens, damage initiated in the rCF layer
from the hole due to localised stress concentration, followed by
delamination along the rCF-woven glass fabric interface in the ligaments
adjacent to the holes, and finally glass fibre fracture took place next to
the hole (Fig. 7¢). The damage evolution will be described in detail in
Section 3.2, where the damage monitoring functionality of the rCF layer
is discussed. The presence of rCF non-woven layer and subcritical
damage mechanism in the form of delamination helps redistribute the
stress over a larger area, significantly blunting the stress concentration
around the hole. The net stress-global strain curves in Fig. 6b for spec-
imens of various hole sizes generally overlap with similar peak stresses
and stress plateaus, suggesting that the hybrid composite is notch-
insensitive. This is also supported by the net strength retention values
of the notched specimens which are close to 100 %. Similar observation
has also been reported in [21] for self-reinforced polypropylene where
notch insensitivity was achieved by delamination in the material.

To further substantiate the role of rCF non-woven layer in facilitating
load redistribution in the hybrid E-glass/rCF composite, the longitudinal
strain &4y distribution across the ligament from the hole (see inset in
Fig. 8) on the E-glass surface ply is extracted from the DIC analysis at
four different global strain ey g values (i.e. exx g = 0.3 %, 0.6 %, 0.8 %
and 1.0 %) for the specimens of various hole diameters. This can reveal
how the load is effectively distributed in the ligament next to the hole as
the load is increased. It is then compared against the corresponding
longitudinal strain distribution on the E-glass surface ply in the non-
hybrid E-glass composite without the rCF non-woven layer at the same
global strain values, as shown in Fig. 8. The results show that the strain
gradient is generally more gradual with better strain uniformity in the
hybrid E-glass/rCF composite, compared to the non-hybrid E-glass
composite, especially for the open-hole specimens with small holes. At
low strain (up to approximately 0.6 %), the strain distribution is more
uniform due to the randomly orientated carbon fibres in the rCF non-
woven which help to disperse and redistribute the load across the liga-
ments. As the strain increases beyond 0.6 %, when damage is developed
in the rCF non-woven layer at the hole, the glass fibre tows in the E-glass
sublaminates next to the hole are then forced to carry more load and
therefore the strain gradient near to the hole becomes steeper. However,
the strain gradient is still more gradual compared to that of the non-
hybrid glass fibre composite, demonstrating the load redistribution
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capability of the remaining undamaged rCF non-woven layer. The
waviness in the strain distribution plots seen in Fig. 8 reflects the woven
pattern of the load-bearing E-glass fibre tows.

The use of orthotropic composites with holes can promote higher
stress concentrations than their isotropic metallic counterparts [22],
potentially leading to lower load bearing efficiency. This could have an
impact in the overall weight and cost of the composite structure design.
The gross strength retention versus diameter-to-width ratio for the three
laminates is shown in Fig. 9, where their overall notch sensitivity can be
compared. For a perfectly notch-insensitive material (such as a perfectly
plastic material), the stresses are redistributed uniformly across the
width and therefore its failure stress is proportional to the net section.
This is represented by the ideal notch-insensitivity line in the figure. The
hybrid rCF/glass fibre composite specimens follow closely the ideal
notch-insensitivity line, followed by the pure glass fibre composite and
the pure rCF composite which has the lowest open-hole strength
retention. Although the hybrid composite seems to deviate slightly from
the line as the holes get bigger, its notched strength under tensile loading
can still be well approximated by simply using the ideal notch-
insensitivity line. It makes the open-hole strength prediction of such
composites straightforward, without the need for empirical measure-
ment of characteristic length as in the point or average-stress criteria
[23] in determining the notched strength, or for numerical methods such
as advanced finite element analysis [24] which requires the full details
of the hole geometry and high computational resources.

Note that the hybrid E-glass/rCF laminate has the same number of
plies as in the non-hybrid E-glass laminate, except that the middle ply of
the latter was replaced by a layer of rCF non-woven. The lower
unnotched strength of the hybrid composite specimen (300 MPa)
compared to that of the non-hybrid E-glass composite specimens (399
MPa) is attributed to the ply replacement with a thicker rCF non-woven
mat which possesses a significantly low fibre volume fraction due to its
non-optimised, non-aligned random fibre arrangement. However, when
considering the load carrying capability of the non-hybrid E-glass fibre
composite and the hybrid composite specimens, their ultimate failure
load values are very close, as shown in Table 2. It is interesting to note
that they are almost the same for all open-hole specimens. It implies that
a 89 g/m? recycled carbon non-woven mat can be an economical sub-
stitute for a 270 g/m? E-glass woven fibre fabric in the middle of
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laminate as the core material without compromising the overall load
carrying capability of the laminate. Besides, it helps to improve the
notch insensitivity of the woven glass fibre composite laminate by
triggering large scale delamination not observed in a pure woven glass
fibre composite. The thicker hybrid rCF/glass composite also means that
it has better flexural rigidity and strength. However, there is an areal
weight penalty of about 10 % as indicated in Table 1, which is tolerable
for non-weight sensitive structural applications.

3.2. rCF for damage monitoring

The electrical conductivity of the load-bearing rCF can be exploited
for a secondary function. In a non-woven arrangement, they form a
complicated multi-directional fibre-fibre contact network whose elec-
trical resistance can be responsive to the presence of strain and damage
in the material, providing the possibility of real-time structural health
monitoring. This section demonstrates the second functionality of rCF as
a damage monitoring sensor in the open-hole hybrid rCF/glass fibre
composite specimens with various hole sizes. The electrical resistance
change in the rCF layer was measured to seek correlation to the extent of
damage around the hole of the open-hole specimens. Two physical
quantities on the external surface of the specimens were extracted from
the DIC results as two independent means to indirectly indicate internal
damage in the vicinity of the hole, i.e. the local strain ey, adjacent to the
hole (averaged within ROI 1 and ROI 2 as indicated in Fig. 2) and the
hole elongation measured from edge to edge across the hole. Fig. 10
shows the measurement of relative electrical resistance change (AR/R,)
in the rCF layer for four representative open-hole specimens with hole
diameters 2.4 mm, 3.2 mm, 4.1 mm and 5.95 mm respectively when
subjected to monotonic tensile loading. It is plotted against global strain
£xx,G Which is measured near to the specimen edges away from the hole.
Also shown in the same plot but separately are the local strains (Fig. 10
left) and the hole elongation (Fig. 10 right).

All the specimens present a consistent trend in the change of elec-
trical resistance as they are loaded. Regardless of the hole diameter, the
overall response of the hybrid composite specimen generally comprises
three stages: undamaged linear elastic region (stage I), damage onset
and propagation in the rCF layer (stage II) and delamination along the
interface between the rCF layer and the woven glass fibre sublaminate

e Notch-insensitive line
4 Non-hybrid GF
e Non-hybrid rCF
X Hybrid GF/rCF

0.0 0.2

0.4 0.6 0.8 1.0

Diameter-over-width ratio D/W

Fig. 9. Gross strength retention of non-hybrid glass fibre (GF), non-hybrid rCF and their hybrid GF/rCF composites for different diameter-over-width ratios (D/W).

The ideal notch-insensitive line is also shown in the figure.
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(stage III) (see Fig. 11). During stage I (up to global strain ey, g about
0.7-0.8 %), the resistance change increases linearly due to combined
elastic deformation of the carbon fibres in the rCF layer following tensile
loading. As indicated in Fig. 11a, there is no detectable damage taking
place around the hole, as confirmed by the overlapping local strain gy
measurements on both sides of the hole. The hole elongation curve also
shows an approximately linear trend without a marked change in the
slope.

In stage II (at global strain ey, g about 0.7 % to 0.95 %), upon further
loading, damage or cracks are initiated in the rCF layer at both sides of
the hole due to stress concentration and propagate in the width direc-
tion. As shown in Fig. 11b, there was appearance of white spots on the
specimen surface due to localised straightening of the woven glass fibres
of the surface ply, but it did not compromise the overall load carrying
capability of the specimen. Closer inspection on the edge of the hole
revealed cracks in the rCF layer, but no internal delamination was
observed between the rCF layer and the glass fabric. Instead of failing in
a brittle manner, the damage propagation in the rCF layer in the hybrid
composite is more progressive as there are neighbouring glass fibre
sublaminates constraining the opening of the cracks (in-situ effect [25]).
Therefore, global strain up to 1 %, which is higher than the global strain
at failure in the open-hole non-hybrid rCF composite (about 0.85 %, see
Fig. 4), can be achieved. This is supported by the fact that there is finite
reading from the electrical resistance measurement implying that the
rCF layer has not completely failed upon reaching the global strain of
0.95 %. The damage propagation in stage II is also manifested in the
change of the slope of the relative resistance change curve which be-
comes steeper and non-linear. At the same time, the local strains exx on
both sides of the hole start to deviate from each other, again confirming
the presence of damage initiation at the hole in the rCF layer. The hole
elongation curve also starts to display a steeper slope, indicating that the
hole is becoming more elongated due to opening of the cracks next to the
hole.

Stage III (at global strain ey g about 0.95 % to 1.15 %) begins when
delamination at the interface between rCF and woven glass fibre

Stage I

Stage II

(b)

Undamaged
stage

Crack
initiation in
the rCF layer
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sublaminate starts to take place at the damaged sites of the rCF layer. As
the delamination propagates along the ligament of the specimen
(Fig. 11c), the rCF layer is freed from the constraint imposed by the
neighbouring glass fibre sublaminates, allowing the cracks in the rCF
layer to further open up and propagate towards the edges of the spec-
imen. This is shown by the rapid increase or step change in the electrical
resistance reading. The local strains ey within ROI 1 and ROI 2 continue
to deviate apart, showing small asymmetry in the damage pattern of
both sides of the hole due to local material variability caused by the
randomly orientated rCF and the woven structure of the glass fabric. The
hole elongation increases exponentially suggesting that the notch
opening is now effectively larger. After the global strain ey g of 1.4 %,
the rCF layer fails completely when the electrical resistance increases
sharply. The in-situ effect essentially allows the global strain of open-
hole rCF layer in the hybrid composite to go beyond that seen in the
non-hybrid rCF composite, highlighting the benefit of hybridization of
rCF with other continuous reinforcement fibres. Ultimately the hybrid
composite fails by glass fibre fracture at global strain ey, g around 1.7 %,
similar in value to that seen in the non-hybrid glass fibre composite. The
fracture surface of the rCF layer was inspected using scanning electron
microscopy (SEM), which reveals failure mechanisms such as fibre
fracture and fibre pull-out (Fig. 12).

It is also interesting to demonstrate in Fig. 10 that, for all the hole
sizes considered in this work, the demarcation of the three stages of the
failure response in the hybrid composite can be commonly drawn using
three constant AR/R, lines at 2.5 %, 5 % and 10 % (represented by the
green, amber and red lines respectively in Fig. 10). In practice, these
threshold lines require calibration or adjustment for different composite
laminates or lay-ups as their damage development is dependent on many
factors such as ply thickness, ply orientation, type of fibre and matrix,
type of loading, etc. This can be done via experimental testing or nu-
merical modelling. Once it is calibrated, it can be developed into a
simple green-amber-red warning or self-sensing system to inform the
users of the level of damage and therefore the urgency for repair or part
replacement, regardless of the size of the hole.

Stage III

(c) ==

.

Delamination at
the rCF - glass
fabric interface

Crack in the
rCF layer

Fig. 11. The three stages of damage evolution in the hybrid rCF/glass composite specimen as the load is increased: (a) Stage I, (b) Stage II and (c) Stage IIL
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Fibre fracture

Fibre pull-out
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Fig. 12. SEM inspection of fracture surface of the rCF layer revealing failure
mechanisms such as fibre fracture and fibre pull-out.

Composites commonly fail at holes or notches due to stress concen-
trations. However, it is challenging to peer into the interior of the ma-
terial and inspect for internal damage around holes, especially when
they are filled with fasteners. The results suggest that a damage self-
sensing hybrid composite can be developed by adding a thin rCF layer
for monitoring the structural health of a holed composite structure in-
situ and in real time. This overcomes the disadvantages of using
embedded sensors which can be a stress raiser affecting the mechanical
strength of the structure and requires complex manufacturing processes.
In this case, the composite material constituent itself, i.e. the rCF layer,
which is an integral part of the composite structure is used as a sensor.
Furthermore, the sensing can be done using an inexpensive multimeter.
To the authors’ knowledge, there is no extensive study being done on the
piezoresistivity or sensing performance of carbon fibre non-woven mats.
The extensive network of the non-aligned random fibre—fibre contact in
a non-woven mat could offer some advantages in damage monitoring
capability when compared to the aligned continuous fibre arrangement,
for example in a unidirectional ply [26-28] or a woven fabric [29]. It is
sensitive enough to pick up matrix failure which typically takes place
very early on before the ultimate fibre failure. The non-directionality
and high drapability of the non-woven arrangement also enable dam-
age sensing coverage over a large volume of a complex composite
component. Probing electrodes can be placed at any convenient loca-
tions around the hole or notch due to its isotropic electrical conductivity
without the requirement to follow certain fibre orientation. For instance,
it could work by placing the electrodes at the edges of the composite
part, as demonstrated in this work. In Fig. 10, it is also interesting to note
that the slopes of the relative resistance change AR/R, against global
strain ey, g are similar for all hole diameters at low strain up to 0.8 %
where the material behaves linearly. They have a common slope or
gauge factor of about 3.1, similar in magnitude to the gauge factor of a
metal foil strain gauge (typically around 2). This means the rCF layer can
potentially also be used as a strain sensor, which will be the subject of
subsequent investigation.

As with most sensors, exposure of the rCF layer to the environmental
changes (e.g. temperature and humidity) can influence its sensing reli-
ability. In this work, the damage sensing rCF layer was embedded as the
mid-ply of the laminate such that its exposure to environmental agents
was minimised. Therefore, this work focusses mainly on the damage
monitoring performance of the rCF layer solely due to mechanical
loading. The investigation of the effects of environmental exposure on
the sensing performance of the rCF layer is beyond the scope of this

paper.
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4. Conclusions

The pure rCF non-woven composites cannot be used in isolation for
structural applications. They are not damage tolerant and their strength
is highly sensitive to notches. In this study, a single rCF non-woven layer
was hybridised with woven glass fabrics as a core material to explore its
multi-functionality in an open-hole configuration under monotonic
tensile loading. It was found to exhibit notch insensitive behaviour due
to the presence of the rCF non-woven and the occurrence of sub-critical
delamination along the interfaces between the rCF and glass fibre layers,
enabling redistribution of the stresses around the holes. The in-situ effect
provided by the neighbouring glass fibre sublaminates allows the rCF
layer to be loaded beyond the strain at failure of a stand-alone pure rCF
composite and failed in a more progressive manner. Through monitoring
the electrical resistance changes in the rCF layer during tensile loading,
it is possible to provide indication on the three key damage stages in the
hybrid composite, i.e. undamaged stage, damage initiation and propa-
gation in the rCF layer, and delamination along the rCF and glass fibre
interfaces. It paves the way for a development of a multi-functional rCF
layer in a hybrid composite by offering the mechanical function in
reducing stress concentration around an open hole or notch, and the
damage (structural health) monitoring function through measurement
of electrical resistance change. There is scope for further investigation in
the use of rCF non-woven as a strain sensor and its reliability under
cyclic loading.
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