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Influence of fibre steering on the bearing performance of bolted joints

in 3D printed pseudo-woven CFRP composites

Aonan Li, Haoqi Zhang, Dongmin Yang"

School of Engineering, Institute for Materials and Processes, University of Edinburgh,
EH9 3FB, Edinburgh, UK.

Abstract

Aiming to improve the bearing performance of bolted joints in carbon fibre reinforced
polymer (CFRP) composites, this study investigates the impact of steered fibre paths
around the hole edge within pseudo-woven (interlaced) composites that are manufactured
by 3D printing. The influence of fibre steering on the crack initiation and propagation
was examined through double-lap bearing tests performed on four distinct cases. Parallel
to the comprehensive experimental study, digital image correlation (DIC) and X-ray
computed microtomography (micro-CT) scans were performed to aid in understanding
and identifying the various damage mechanisms in each specimen type. Results revealed
that different patterns provided varying bearing abilities, with an employed pattern
improving the initial bearing strength, initial fracture energy and ultimate fracture energy
of the 3D printed pseudo-woven composite by 23.5%, 363.7% and 29.6%, respectively.
Consequently, fibre steering in composites is found to be a promising method to tailor the

bearing behaviour of bolted joints as required.
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1. Introduction

Carbon Fibre Reinforced Polymer (CFRP) is a composite material that exhibits superior
specific strength and stiffness whilst maintaining a lightweight characteristic [1-4]. It
finds extensive use in industries such as aerospace, automotive and construction to fulfil
the demand for a high strength-to-weight ratio and rigidity [5-7]. In traditional
manufacturing methods like autoclave and resin transfer moulding, continuous carbon
fibres are typically arranged in a straight manner in each layer [8, 9]. In the field of
structural engineering, bolted joints represent a highly efficient method for securing
composite structures and facilitating load transfer within these assemblies. However,
when mechanical fastening is required, through-holes are introduced by drilling processes,
which result in the cutting of continuous carbon fibres and residual damage around the
hole [10]. Consequently, the presence of holes in composites creates stress concentrations,
posing a risk of early crack initiation and reducing the mechanical performance. The
contact surface experiences micro-buckling when the fractured fibre is subjected to
bearing loading, and delamination issues arise when through-thickness stress is applied
to the surface. Therefore, composites with bolted joints tend to exhibit lower bearing
stresses compared to their equivalent metal counterparts [11, 12].

To address the defects resulting from traditional machining processes, alternative
manufacturing methods have emerged to produce composites with intricate geometries.
Automated Tape Laying (ATL) and Automated Fibre Placement (AFP) techniques, for
instance, allow for the creation of variable angle tow (VAT) composites with customised
fibre paths [13]. Furthermore, additive manufacturing (AM), also known as 3D printing,
has recently gained more attention. Compared to ATL and AFP, continuous fibre 3D

printing offers greater design flexibility [14, 15]. This can be attributed to its higher



printing system resolution and the narrower width of the printed fibre tows
(approximately 1-2 mm). In 2014, Markforged® introduced the first commercial
continuous fibre printing system, which, supported by its dedicated software Eiger,
employs a concentric approach to place fibres around geometrical singularities. Other
researchers have also developed their own printers for continuous carbon fibre
composites [16, 17], as well as optimised methods for continuous fibre placement. For
example, a novel concept involved placing curved fibres along principal stress trajectories
generated through finite element analysis (FEA) based on the loading conditions [18].
Innovative techniques have also been developed and evaluated for the fabrication of
pseudo-woven composites integrated with features like notches[19, 20]. These
advancements in fibre placement methods offer the possibility of printing composites
with holes, thereby avoiding the strength losses commonly associated with conventional
composite machining.

Numerous researchers have verified that the utilization of continuous carbon fibre in the
field of 3D printing significantly enhances the mechanical properties of the produced
parts [21-25]. This improvement undoubtedly extends to the domain of composite joints.
Considering the fibre path design concepts, strategies such as the tensile principal stress
path [26] and load path design [27] were proposed for the fibre placement within the
composite joint. Fibres were tailored into layers and replaced the 0° layer as a
reinforcement in composite laminates, thereby enhancing pin-load bearing strength. Fujii
et al., [28] developed more precise and intricate composite bolted joints using 3D printing
technologies, employing radially aligned straight fibres to resist compressive loads and
circumferentially steered curvilinear fibres to withstand tensile and shear loads.

Numerical modelling and experimental testing demonstrated that the bearing capacity of



specimens with curvilinear fibres surpassed that of conventional quasi-isotropic layup
designs. Sugiyama, Matsuzaki [29] reinforced a composite bolt joint by varying the fibre
volume fraction along the principal stress path, achieving increased stiffness and
maximum load compared to samples with straight fibres. These studies focused on plates
fabricated using fibre steering techniques to reinforce carbon fibre prepregs, although
delamination occurred due to stiffness discontinuity and weak interlayer adhesion. The
filament printing path, based on principal stresses, often contained sparse print paths,
resulting in weak adhesion and non-uniform stiffness. Dickson and Dowling [30]
produced a pseudo-woven laminate with a 6 mm diameter notch using 3D printing,
demonstrating improved bearing strength compared to the mechanically drilled
specimens. However, further investigation of more intricate fibre steering paths to form
notches, rather than simple routing, could be explored to achieve exceptional bearing
performance.

This paper presents a comprehensive experimental investigation of the influence of
steered fibre paths on the bearing performance of 3D printed pseudo-woven composites
with bolted joints subjected to double-lap shear loading. The composite specimens were
manufactured using 3D printing techniques to locally tailor the fibre paths, followed by
vacuum bagging-only curing and consolidation. Experimental tests were conducted while
digital image correlation (DIC) analysis and X-ray computed micro-tomography (micro-
CT) scanning were employed to analyse microscale properties such as fibre volume
fraction, void content and crack propagation paths. The research aims to propose a novel
design approach to enhance the bearing capacity of composite materials through fibre
steering, while exploring the specific effects of this fibre steering method on the bearing

performance of 3D-printed pseudo-woven composites.



2. Design and manufacturing

2.1 Fibre steering patterns in pseudo-woven composite

In previous work, 3D printing technique was applied to produce pseudo-woven laminates
and the continuous fibres were diverted to leave the hole for bolted joints[30]. In this
paper, the method of fibre interlacing was further developed and pseudo-woven patterns
were customised to investigate the effect of fibre orientation change for bearing load

transfer mechanism within the bolted composite joint.

The design concept aimed to maintain filament continuity, thereby enabling load transfer
over an expanded area beyond the hole's edge. Fig. 1 illustrates the difference in how
specific fibre tows (highlighted in black) were interlaced in each of the presented cases.
Four cases were evaluated, including a mechanically drilled sample (case D) shown in
Fig. 1 (a) for comparison, where all fibre paths remained linear and a through-hole was
drilled. The other three cases, referred to as cases C, L, and U respectively, employed
unique fibre steering patterns: squeeze-apart, diverted-away, and loop-back, as depicted
in Fig. 1(b-d). In case C the filament path followed a similar approach to previous work
[19] which was steered along the hole edge without altering the fibre orientation.
Conversely, fibres were steered circularly around the edge in cases L and U, with
orientation changes of 90 and 180 degrees respectively. Additional details about path

planning can be found in Fig. A. 1.



(a) (b) (c) (d)
Fig. 1. Pseudo-woven pattern and fibre steering in (a) mechanically-drilled; (b)

squeezed-apart; (c) diverted-away and (d) loop-back (Specific fibre unique to each case

are marked in black, while interlaced part is depicted in grey).
2.2 3D printing and post-processing

In this study, a hybrid manufacturing process was employed, which involved 3D printing
of composite preform layers followed by post-processing in the oven. The printing
material stock was created using an in-house developed electrostatic powder deposition
tapeline, similar to the method described in [30, 31]. Through this tapeline, 1k T300
carbon fibre tow sourced from Toray® was impregnated with powder-epoxy, resulting in

the production of continuous filaments.

The composite filaments were 3D printed using a modified Prusa 13 MK3S printer, as
illustrated in Fig. 2(a). The printer was interactively controlled via Pronterface, a
comprehensive GUI host, connected through a USB interface. A passive continuous
CF/epoxy filament feeding mechanism was employed, meaning that the feeding rate
depended on the printing speed. The extruder and printing bed temperatures were set at
80 °C and room temperature, respectively. These temperature settings were chosen to
ensure proper softening of the filaments within the nozzle and immediate cooling upon
being printed on the bed, considering the weak adhesion between the printed tows and
the bed. To prevent filament breakage caused by epoxy accumulation in the feeding

channel, a polytetrafluoroethylene (PTFE) tube (Fig. 2 (b)) was inserted into the nozzle,



creating a smooth filament delivery process. The nozzle-to-bed distance was set at 0.1
mm, resulting in a printed tow width of approximately 1 mm. Since the filament consisted
of continuous carbon fibres, a continuous printing path was generated using a Python
script to achieve the desired pseudo-woven pattern. Selvedge regions (Fig. 2 (b)) were
included in the print path for the purpose of path connection but were subsequently cut

and removed, having no impact on the final specimen.

The connection design for the warp/weft filaments, as depicted in Fig. 2 (b), involved
combining the steered filament pattern shown in Fig. 1 with the pseudo-woven units to
form the bolt hole in each preform layer. Three types of connection patterns were
designed and could be automatically selected and inserted into the G-code based on the
filaments being connected. The first pattern, referred to as connection type I was a simple
semi-circle used to connect adjacent same-direction filaments. The second pattern,
identified as connection type II, was a three-quarter circle that enabled a smooth
connection between warp and weft filaments. The connection methods for the third
pattern varied based on the start and end points, as well as the layer dimensions. For the
printing path in case L, for instance, the connection patterns were depicted as connection
type III. The feed rate (also known as nozzle speed) was automatically determined by the
Python program to achieve an efficient and stable printing process. Straight paths were
assigned a rate of 400 mm/min, while curved paths were designated a slower rate of 200
mm/min to avoid filament detachment from the print bed. Following the 3D printing,
curing and consolidation of the CF/epoxy preform was conducted through vacuum
bagging in a stainless steel mould, a technique that has also been applied in other studies
[32, 33]. To achieve a final specimen thickness of 3mm, the number of layers was

intentionally set at 13. These layers were subsequently integrated using a compression



mould. The components of the mould and vacuum bagging setup are shown in Fig. 2 (c).
As illustrated, to facilitate subsequent demoulding, this mould was designed comprising
upper and lower plates, as well as lateral plates as its principal components. To directly
form holes of specified dimensions during the vacuum bagging process, thereby avoiding
the damage to composite components that mechanical drilling can induce, a forming pin
with a diameter of 6mm was employed. It was fixed to the lower plate and, during the
extrusion moulding process, aligned with a through-hole track reserved in the upper plate.
The entire mould will be aligned and secured through the use of positioning pins and
fixing bolts, ensuring the compression movement is limited and the lateral plates are fixed
during vacuum bagging process. Before assembly, all components were coated with CR1
easy-lease chemical release agent. The mould was then covered in breather fabric to
absorb the epoxy that had leaked out and was entirely packed in vacuum bagging films.
A vacuum pump was used to create a vacuum environment, providing the necessary
vacuum pressure for shaping. For details on the changes within the mould during the
melting and curing process, view Fig. 2 (d).

The temperature cycle curve for this process is illustrated in Fig. 2 (d). A temperature gap
between the melting phase (around 40-60 °C) and the curing phase (above 150 °C) was
present for the powder epoxy. As a result, excess epoxy and voids were squeezed out,
leading to a high fibre volume fraction. To ensure easy removal of the cured sample from
the mould, a non-stick PTFE sheet was applied around the mould, and the entire mould
was coated with a release agent. The mould was then covered with a breathable fabric to
absorb any excess melted epoxy, vacuum-packed, and placed in an oven. The heating
process consisted of three stages: the oven temperature initially reached 40 °C and

remained for 6 hours to eliminate moisture; it was then raised to 120 °C to melt the epoxy;



Finally, the temperature was further increased to 180 °C and held for 2 hours to ensure
proper consolidation and subsequent curing of the lay-up preform. The quality and
dimensions of the specimen bolt holes, formed either by mechanical drilling or co-cure,

are summerized in Fig. A. 2.
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3. Mechanical testing and Micro-CT characterisation

In this study, the ASTM D5961 standard was followed to conduct experimental tests
focusing on the bearing response of fastened joints in multi-directional polymer matrix
composite laminates reinforced by high-modulus fibres. The chosen testing method was
the double lap joint configuration (Procedure A in the standard). The experimental work
was performed using an MTS Criterion C45.305 electromechanical load frame equipped
with a sturdy 300 kN load cell (as shown in Fig. 3). For the MTS machine, its load cell
capacity was calibrated to just 3% of full scale through its accompanying software, TW
elite, to ensure more accurate measurement results. To ensure appropriate failure timing
within the recommended range of 1 to 10 minutes, a loading rate of 0.5 mm/min was
employed in all tests, in accordance with the ASTM standard. The specimens were
securely positioned within a robust steel fixture fastened with a steel bolt and washers (as
depicted in Fig. 3). The bolt type is a nut type, made from A2 304 stainless steel. Both
the bolt and nut were selected to prevent yielding at the maximum applied force, as the
type of fastener is not a variable under test in this study. The bolt features a hex head, and
to ensure that thread damage does not introduce additional variables, the unthreaded
shank length is specified to be 13 mm. Moreover, as there will be no deformation or
damage to the bolt throughout the experimental process, it is reused to maintain
consistency in the variables. Four A2 304 stainless steel plain M6 washers, with an outer
diameter of 13mm and a thickness of 2mm, are used. These washers are located between
the fixture loading plate and the specimen, between the bolt head and the fixture loading
plate, and between the nut and the fixture loading plate. The bolts used have a specific
diameter of 5.97mm. According to the specimen data in Fig. A. 2, even though there is

some clearance between the bolt and certain composite specimens, it is within the
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tolerance range allowed by the ASTM standard (+0.075/-O0mm). The nut was carefully
tightened to a torque of 3 N-m using a torque wrench. A 0.5 kN preload was applied to

each sample prior to testing, and two specimens were tested for each fibre path pattern.

Allied Vision Manta G-146 camera with Canon EF-S 18-55mm £/3.5-5.6 IS II lens was
adopted, functioning as a visual extensometer, recording the displacement in the tests at
a specific location as depicted in Fig. 3. The maximum resolution of the camera was 1,360
x 1,024 pixels and lens was 18-55 mm {/3.5-5.6. The rate of data acquisition remained

stable at 10.02 measurements per second, with a margin of error of + 0.02.

Additionally, to investigate the influence of fibre steering on strain propagation prior to
initial failure, extra tests were conducted for each case using Procedure C, a test method
demonstrated in the ASTM D5961 standard. Procedure C tests provide a more detailed
understanding of deformation and strain distributions near the bolt hole through DIC
analysis, which cannot be obtained in procedure A due to the obstructed view caused by
the steel fixture. The focus was on the strain distribution before the initial failure as the
loading conditions in both 'Procedure A' and 'Procedure C' were identical during the
elastic stage. One specimen from each fibre steering case was subjected to procedure C
tests, and the detailed experimental setup of procedure C can be seen in Fig. A. 3. The
strain distribution was recorded precisely half a minute into the experiment, a stage where
all four cases remained within the elastic phase and subjected to a longitudinal tensile

deformation of 0.25 mm.

The DIC analysis was conducted utilising Ncorr v1.2, a comprehensive open-source 2D
DIC MATLAB programme [34]. Initially, videos recorded by the high-speed camera

were converted into images using a video-to-JPG converter, extracting images at a rate
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of one image per second from the video. Subsequently, all images were uploaded into
Ncorr. Within this set, the image captured before loading on the test machine serves as
the reference image. After uploading the images, the region of interest (ROI) was drawn
along the contours of the bolt and the contour of the sample. This delimitation facilitated
the extraction and calculation of the strain distribution exclusively around the hole in the
composite. The magnitude of displacement in the images was determined by pre-setting
the value of units per pixel. In this study, the unit was set to millimetres, with the ratio
derived from the actual width of the specimen, which was 36mm. Consequently, Ncorr
can estimate the displacement in other areas, thereby calculating the strain distribution
throughout the loading process. Furthermore, the Y-direction was defined as the loading
direction, and the X-direction was the in-plane width direction of the specimen. Therefore,
the software plots Exy, representing the shear strain distribution in the plane direction of

the specimen.

MTS Criterion C45.305,
647 Hydraulic Wedge Grip

Visualized Displacement Results
from Ncorr in Double Shear Test

Allied Vision Manta G-146 camera |
with Canon EF-S 18-55mm f/3.5-
5.6 IS I Lens

Fig. 3. The experimental set-up for double-lap shear bearing test.
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To gain a clearer view of the cracks within the composite, micro-CT scans were
conducted at the in-house developed micro-CT facility in the Grant Institute, School of
Geosciences, the University of Edinburgh (shown in Fig. 4). To achieve better resolution
(around 10 um pixel size), the tested specimens were cut into small pieces of
approximately the same size with around 10 mm in width. The X-ray scans were
performed with an accelerating voltage of 70 kV and a power of 24 W. The exposure time
was set to 2 seconds to obtain high-quality images in terms of contrast and intensity. The
raw scan data were reconstructed using Octopus 8.9 in LabView®, and the threshold value
for image analysis was determined based on expertise. Through micro-CT imaging, the
crack propagation within the specimens caused by bearing load was successfully captured.
The commercial software Avizo was utilized for 3D visualisation and analysis,
particularly its volume rendering capabilities, which enabled the identification of crack

propagation and material deformation at any location within the scanned specimen.
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4. Results and discussion
In this section, the bearing performance of 3D printed pseudo-woven composites under
double lap shear loading was analysed, integrating the findings from both experimental
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and visual studies. Initially, the analytical results for each case are individually detailed
in Fig. 5-8, including the elastic and plastic deformation, failure pattern and crack
propagation identification. Subsequently, Fig. 9 summarises the experimental results to

evaluate the capability of each pattern.

4.1 Analysis of elastic response, failure mode and crack propagation

Figs. 5-8 depict (a) the load-displacement curves for the four cases, which are annotated
with numerical markers to represent different stages: from point (1) to (2) denoting the
elastic stage, from point (2) to (3) indicating plastic deformation, and point (3)
representing the ultimate failure point. These curves are accompanied by DIC imagery
and a post-failure macroscopic photograph, with damage types highlighted; (b) 3D
reconstructed micro-CT image with labelled crack propagation; sliced micro-CT images
viewed in the (c) transverse direction and (d) thickness direction. Here only the necessary
slices are shown and cracks are highlighted with colour associated with the labelled cracks
in the 3D model. Together, these images offer further insights into the different failure

modes observed during various loading periods.

Max 7.60E-03
Min -7.90E-03

Displacement (mm)

(a) (c) (d)
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Fig. 5. Load-displacement curve and visual analysis results for case D.

As shown in the curve in Fig. 5, the joints exhibit structural nonlinearity with minor initial
displacements until the bolt attains complete intimate contact with the hole at
approximately 0.5 kN (point (1)), subsequently followed by a linear correlation up to
around 5.4 kN. From the DIC image, the distribution of shear strain in case D reveals the
location of the highest concentration at the edge of the hole. This indicates a probable
initiation point for shear deformation at this location. After a linear load increase during
the elastic phase a sharp load drop (point (2)) occurs. Beyond this drop, a combination of
shear and bearing-induced progressive damage mechanisms was observed, extending
from point (2) to point (3), characterised by alternating phases of load increase and sharp
decrease, a pattern that repeated until ultimate tension failure (point (3)). This nonlinear
behaviour is evidenced in the macroscopic photograph, which shows the shear cracks
from the edge of the hole and subsequent bearing-induced crushing. Moreover, the CT
image highlights cracks indicative of bearing load sustained solely by the direct contact
area, leading to further kinking and crush failure as seen in the micro-CT slices (Fig. 5(b),
(d)). in the context of case D, the initial load drop represents a significant disadvantage
for the joint’s overall load-bearing capacity. Despite the specimens’ capability to continue
carrying load, their stiffness gradually decreases. This is due to the propagation of the
shear crack reducing the effective area bearing the load, leading to a weakened load

transfer ability and worsened stress concentration. Overall, the above failure mechanism
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is considered to be particularly prevalent in mechanically drilled composite joints,

because only the direct contact region bears the load without any load transfer.

8 Net-tension
Failure

0F
TR TR - — a— -
Displacement (mm)
(a) (c) (d)

Fig. 6. Load-displacement curve and visual analysis results for case C.

From the photograph shown in Fig. 6 (a), a similar post-failure macroscopic photograph
with case D could be seen in case C, but with differences in the specifics of the failure.
Starting from the elastic phase (point (1)), the strain distribution in case C indicates a
reduced strain concentration, as evidenced by a lower value. This suggests that the steered
continuous fibres were successful in transferring load from the hole edge to a larger area.
The consequential enhancement in shear resistance can be substantiated by the load-
displacement curve, as C1 exhibits a less steep drop in load (from point (2) to point (3))
compared to case D, and C2 even demonstrates no initial sharp load drop at the inception
of plastic deformation. By observing the fracture surface around the hole edge and cracks
shown in the slices in Fig. 6 (b) and (c), although shear cracks were initiated, they did not
trigger significant shear damage propagation in the first place until continuous fibres

around the edge failed (highlighted with green and cyan).
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In addition, the bearing resistance was also enhanced as the bolt movement induced a
gradual increase in load without an obvious sharp drop. This signifies that not only was
the region directly in contact with the bolt bearing the load, but the continuous fibres were
also under tension to provide support. This observation is further validated by the
macroscopic photography outlined, where the crack is seen at the neck of the hole instead
of the corners, as observed in case D. Also from the micro-CT slices, instead of severe

kinking, only minor crushing around the bearing region was identified.

Despite its contributions to bearing resistance, the steered fibre path C is not perceived as
an efficient load transfer mechanism, because of the early initial deformation (point (2)).
A difference was observed between the response curves of specimens Cl1 and C2.
Specifically, specimen C1 exhibited sharp load drops, whereas the curve for C2
demonstrated a smooth load-deflection behaviour. This observation suggests that shear
and bearing-induced progressive damage continue to be the principal drivers of nonlinear
behaviour in case C. The specific nature of the nonlinearity is determined by whether
bearing or shear damage is the predominant initial mechanism. This uncertainty
complicates its applicability. Also, the crack, attributed to this initial failure, reduced the
bearing region capable of supporting the load from the bolt, as further confirmed by the
crack marked with purple in the micro-CT scan image (Fig. 6 (c)), resulting in a

significant stiffness loss.

Based on the results, while the steered fibre path in case C seems to enhance both shear
and bearing resistance, it still fails to serve as an efficient load transfer mechanism. This
inefficiency primarily stems from the early initial deformation and stiffness loss due to

the subsequent cracking.
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Fig. 7. Load-displacement curve and visual analysis results for case L.

In case L, the load transfer effect facilitated by the steered fibres becomes apparent from
the shear strain distribution. The distribution of shear strain moved to a larger area beyond
the hole edge, although some concentration remains. The load-displacement curves for
case L (Fig. 7) display a linear behaviour until the stiffness degradation occurs at point
(2). Subsequent damage emerged at the edge of the hole, with the specimen's stiffness
progressively and smoothly decreasing alongside bolt movement. No severe shear
damage could be identified, either from photography or from the CT images. In this case,
the specifically steered fibres were to be part of the warp and then transition into the weft.
This fibre path design improved the shear resistance of the composite by altering the fibre
orientation and providing a less direct path for the shear crack to initiate along the length
of the fibres, potentially enhancing damage tolerance. However, a prolonged damage
accumulation stage was absent before final tension failure, suggesting that while fibres
steered in the L path ensured stable stiffness, they might also make the area around the

hole more brittle. Upon reaching maximum load, the specimens failed abruptly in tension
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(point (3)), accompanied by a series of sharp drops, and the load quickly decreased to
zero. This implies that the orientation change potentially creates a weak point in the
composite structure and the efficiency of tensile load transfer might be compromised at
this junction, possibly leading to a decrease in the composite's tensile strength. The micro-
CT result supports this assertion as it shows rarely bearing damage and from the
photograph, the cracks initiated precisely at the fibre inflection point. In conclusion, the
L pattern could enhance shear resistance and bearing resistance by transferring the load.
However, the turning point of the path caused stress concentration and resulted in a weak

point in terms of tension. This makes the joint to be more prone to brittle tensile failure.
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Fig. 8. Load-displacement curve and visual analysis results for case U.

For case U, the DIC image reveals that the fibre layout effectively minimised strain
concentration around the hole edge and, therefore, helps resist the initiation and
propagation of cracks. The load-displacement curves presented in Fig. 8 corroborate this
improvement. Contrary to the sharp drops observed in other cases, case U displays a
smoother, more gradual decline (from point (2) to point (3)), suggesting a more evenly
distributed non-linear process within the composite rather than being localised in a few
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high-strain regions. The ability to alleviate shear strain concentration in a composite joint
reflects the joint's resistance to localised deformation, which contributes to its overall
mechanical performance with higher IPB strength and IF energy. This could be obviously
seen from the load-displacement curve without a sharp load drop during the plastic
deformation phase. Moreover, even though the bearing resistance in case U does not quite
align with that in case L, as reflected by the reduction in stiffness, a prolonged damage
accumulation stage appeared before the final tension failure. This can indicate an
enhanced fracture toughness which is critical for the performance and longevity of

composite structures across various applications.

The load transfer mechanism in this pattern is considered the reason for the toughness
improvement. Unlike the L path, there was no inherent weakness prompting early brittle
failure along the fibres. Also, the steered fibres in case U distribute the bolt’s bearing
force along their length, in conjunction with the direct contact region, providing a level
of bearing resistance. Thus, a better balance was achieved between brittleness and energy
absorption by this pattern, resulting in smooth progressive damage mechanisms. The
post-failure photography and micro-CT results reveal that bearing damage mainly occurs
at the direct contact surface. And the final catastrophic tension failure due to the breakage
of the steered fibres happened at the neck of the hole which is reasonably the structurally

weakest point.

In conclusion, the steered U fibre path provides the bolted joint with an improved better
load transfer mechanism ensuring no significant shear strain concentration occurs and an
ability to resist crack initiation and propagation. All these improvements lead to a uniform

failure process, enhancing the composite’s overall performance.

20



4.2 Comprehensive evaluation of mechanical performance

This section begins with a comparative analysis of the performance of all four composite
bolted joints, taking into account five mechanical properties. By comparing and
contrasting these characteristics, the relative advantages and limitations of each fibre
steering type are revealed. This analysis serves as a crucial step towards the selection and
design of optimal composite joints, aligning with the specific demands and constraints of

the intended application.

In the following discussion, a brief explanation of key parameters will be presented. In
this study, the bearing chord (BC) stiffness was calculated between 50 MPa and 150 MPa.
This property reflects the bearing resistance capacity during the elastic phase. Initial peak
bearing (IPB) strength was selected to characterise the joint's resistance against initial
cracking and was identified by a sharp drop in the bearing stress. At this point, IPB
strength and initial fracture (IF) energy were obtained for comparison. Upon reaching
maximum force, ultimate bearing (UB) strength and ultimate fracture (UF) energy were
recorded to demonstrate the maximum capability of a bearing specimen. The selection
and computation of data were carried out using Origin 2021b, a software for data analysis
and graphing. A summary of these parameters is presented in Fig. 9 and their respective
definitions and calculation equations are detailed in Fig. A. 4 and Eq. (A.1)- Eq. (A.3) of

the appendix.
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Fig. 9. Comparative analysis of four cases based on mechanical properties.

For the elastic phase, in terms of 50-150 MPa BC stiffness, all the fibre-steered cases
exhibited values that were lower compared to case D. This was primarily attributed to the
higher porosity within the fibre steering patterns cases caused by the manufacturing
method mentioned in section 2. For these cases, a pin was used to form a hole during the
vacuum bagging process, thereby providing an exit for air during compression.
Consequently, the extruded voids were more likely to remain around the bolt hole in fibre-
steered cases. In case D, the formation of holes differs as no pin is required and holes are
drilled at specified locations after vacuum bagging process. Voids and porosity are
recognised as significantly detrimental defects within composite materials, extensively
investigated due to their adverse effects on mechanical integrity [35-38]. These
imperfections notably compromise various mechanical properties including longitudinal
compressive modulus and strength, transverse tensile modulus and strength, alongside
bending and shear characteristics [39-42]. This assertion was substantiated by porosity
calculations carried out using Avizo with results presented in Table A.1 indicating that

the porosity in fibre-steered cases is nearly double that of drilled ones. This illuminates
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the observed discrepancy in BC stiffness. Additionally, matrix crushing is more prone to
occur as voids converge into microcracks during testing. However, a comparison of the
IPB strength values from Fig. 9 reveals that only case C exhibits a lower value, suggesting
that while defects introduced during the manufacturing process may compromise the
matrix's mechanical properties. The steered fibre patterns in cases L and U still benefited
the entire joints bearing performance, as joints were not significantly affected in terms of
initial peak bearing damage. Therefore, future improvements in the manufacturing

process could potentially further enhance the performance of the fibre steered cases.

Additionally, among the fibre-steered cases, different steering patterns contributed
variably to deformation resistance. With the lowest BC stiffness in case C, the squeezed-
apart pattern is relatively weaker than diverted-away and loop-back, of which the stiffness
increased by 39.25% and 28.60% separately. As discussed earlier, the deformation
resistance ability depends on how well it reduces strain concentration caused by the bolt
and this relies on the effectiveness of the load transfer mechanism. Compared with case
D, in terms of the IPB strengths, an improvement (23.5% and 20.0% increase respectively
in cases L and U) was observed in the fibre-steered cases, with the notable exception of
case C. As previously discussed, the shear damage will cause a sharp load drop, and this
type of initial failure was exclusively observed in case D and case C, leading to a low IPB
strength. This difference is mainly attributed to the fact that, in case L and case U, altering
the fibre direction around the bolt-hole edge prevents shear crack from initiating and
propagating along the length of the fibres. This enhancement in shear damage tolerance
is corroborated by the load-displacement curves, macroscopic photographs, and micro-
CT slices. In these characterisations, no occurrence of shear damage was observed, as

discussed in Section 4.2. This reduces the risk of shear failure at the very beginning.

23



However, in situations like case C where the fibre direction remains unchanged, the
steered continuous fibre only mitigates the plastic deformation caused by shear stresses

without completely preventing it.

In addition, the early onset of shear damage in both cases C and D compromises their
ability to absorb IF energy. In comparison with case D, case L exhibits an increase in
energy absorption by 135.8%, attributed to its high IPB strength. However, an abrupt
failure was observed in case L, leading to an energy absorption lower than that of case U.
The joint in case U is considered superior among other cases, absorbing about 363.7%
higher energy, achieved through a more progressive, less catastrophic deformation

process.

Up to this point in the discussion, it can be asserted that the U pattern achieved a better
initial failure tolerance in the composite bolted joint by possessing a higher IPB strength
and IF energy. The steered fibre not only provides high resistance to shear cracking but
also ensures there are no induced weaknesses that could compromise tension resistance.
As conventional CFRP composites are not widely utilised as energy absorption
components due to their complex energy absorption mechanisms [43-45], the
improvement of IPB strength and IF energy could significantly broaden the potential

applications for CFRP composites.

In order to gain a deeper insight, the UB strength and UF energy of each case were also
compared. This comparison primarily aims to provide valuable insights for future studies
that focus on reinforcing areas beyond the hole edge using fibre steering. From Fig. 9,
none of the fibre-steering cases outperformed the UB strength achieved by the drilled

case. For case D, after the initial load drop, the initial shear damage did not lead to final
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brittle shear out failure and the bearing damage occurred due to the high edge distance
ratio of the sample, which helped case D to reach a better ultimate ability. However,
compared to case D, case C exhibited a 29.6% increase in UF energy. With substantial
stiffness loss following the initial damage, the joint in case C experienced gradual bearing
damage, allowing it to absorb more damage before ultimate failure. For the other two
steered fibre cases, they mitigated the strain and stress concentrations at the edge of the
bolt hole, but the region beyond the hole was unchanged leading to low UB strength and
UF energy. Although the improvements presented here are specific to the initial failure
stage, the ultimate goal is to optimise all stages of joint behaviour to ensure structural
integrity during the entire bearing period. These findings contribute to guiding future

research towards achieving this goal.

After evaluating all the properties, it is found that reinforcing the edge of the hole with
steered fibre significantly enhanced the initial stages of failure for the bolted composite
joint. Even though the steered fibre pattern implemented in this study did not significantly
increase the ultimate capacity, a comprehensive analysis of the radar chart in Fig. 9,
indicates that case U exhibited the most balanced bearing performance throughout the

entire bolt bearing process.

5. Conclusions

The effect of fibre steering on the crack initiation and propagation was examined through
double-lap bearing tests performed on four distinct cases and various damage
mechanisms were studied in all the cases. The possibility of enhancing the joint’s bearing
performance by fibre steering was explored. Based on the results, the following

conclusions can be drawn.
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Fibre steering can address the issue of shear strain concentration at the edge of
the bolt hole by maintaining the continuity of the carbon fibre. It transfers the
bearing load into a larger volume of material. Furthermore, altering the fibre
orientation enhances the load transfer mechanism’s effectiveness. For pseudo-
woven composites, an orientation change of 180 degrees has been proven to
distribute strain evenly and reduce the maximum absolute strain value by
approximately half.

Regarding the enhancement of initial damage toughness, merely maintaining
carbon fibre continuity is insufficient. This is because both shear and bearing
damage will still commence. By adjusting the orientation of the steered fibre
around the hole edge, the initiation and propagation of shear cracks along the
fibre direction become less likely. This finding is clearly demonstrated in case U,
where notable enhancements of IBP strength and IF energy were observed, with
improvements approximating 23.5% and 363.7% respectively.

The steered fibre provides different bearing ductility for the composite joint,
depending on the degree of fibre orientation change. According to this study, a
change of 90 degrees induces brittleness, while 180 degrees enhances ductility.
Therefore, fibre steering emerges as a potential solution for meeting specific
bearing requirements by manipulating the fibre path.

Steering fibres only around the hole edge may not improve ultimate toughness
and might even weaken it. Future studies should focus on optimising load transfer
with steered fibres considering the entire structure.

Based on the discussions in Section 4.2, the fibre steering technique enables the

tailoring of composite structures with varying performances dependent on the
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steered pattern. For instance, this method can orient composite materials towards
enhanced strength (the optimal initial peak strength observed in case L),
increased energy absorption (the best ultimate fracture energy seen in case C), or
a more balanced capability (illustrated by case U in Fig. 9) to meet specific
application requirements. This level of customisation surpasses what is
achievable with conventional composites, presenting new potential for composite
materials in industries like aerospace, where the ability to customise material
properties for specific performance requirements can lead to significant

improvements in aircraft design and functionality.

The absence of comprehensive data on the progressive failure process limits the research
into the exact mechanisms by which the specific steered fibres transfer the load. Further
simulation studies will be conducted to investigate these aspects. Additionally, to enhance
the understanding of the fibre-steered composite joint's performance comprehensively,
future work will necessitate extensive testing and evaluation. This includes areas such as
fatigue, bolt-hole clearance, torque, bolt type, single lap configurations, and composite-

to-composite interactions.
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Appendix A. Supplementary data and explanation

R

- 1

(a) (b) (c)

Fig. A. 1. (a) lllustration of warp filaments in a pseudo-woven pattern, showing their
alteration due to a through hole, with various infill patterns highlighted (black is the
specific fibre tows shown in Fig. 1); (b)-(c) demonstrate how warp filaments are
navigated around, apart from those adhering to specific steering patterns. The same

principles can be equivalently applied to weft filaments.

For the measurement of the bolt hole dimensions in the specimens, this study employed
a vernier calliper with a precision of 0.01 mm. The specific values for each specimen are
summarised in Fig. A. 2. It was observed that the bolt hole diameters of the fibre-steered
specimens are generally smaller than those of the drilled specimens, which can be
attributed to the differences in the fabrication methods. For the fibre-steered specimens,

the case involved directly moulding the composite specimens to the desired dimensions
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using a mould, with the bolt holes being shaped by a forming pin. Thus, theoretically,
during the vacuum bagging process, the melted epoxy would flow and, upon the curing
process, solidify to form holes that are approximately the same size as the forming pin.
In the fibre-steered process, the epoxy's fluid dynamics and subsequent curing around the
forming pin are carefully controlled, leading to a precise replication of the pin's
dimensions. This method ensures tight control over the hole's dimensions, often resulting
in a slightly smaller bolt hole due to the material compaction around the pin and the
minimisation of epoxy shrinkage. Conversely, the mechanical drilling process involves
the physical removal of material, which can introduce variations such as drill bit wander

or material tearing, potentially resulting in slightly larger holes.

Case D C L U
Specimen 1 6.01 5.97 5.98 5.99
Specimen 2 6.01 5.99 5.97 5.97
Specimen 3 6.02 6.00 5.96 6.00

Average 6.01 5.99 5.97 5.98

Fig. A. 2. Diagram of representative bolt hole and summary of diameter measurements

(mm).
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Fig. A. 3 The set-up for procedure C bearing test.

Table A.1 Void content calculated in Avizo

Average void

Case Specimen 1 Specimen 2
content (%)
Mechanically drilled (D) 1.04 1.76 1.40
Squeezed apart (C) 2.47 1.91 2.19
Diverted away (L) 2.79 2.00 2.40
Loop back (U) 2.94 2.48 2.71
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Fig. A. 4 Example (mechanically-drilled hole) of bearing stress/bearing strain curve

The bearing strain, stress and stiffness were calculated according to ASTM-D5961 which

is expressed as:

P

br _
F =GDh Eq.(A.1)
51+ 68,)/2
b = % Eq.(A.2)
EPT = A oPT /A €bT Eq.(A.3)

where br refers to bearing, FP7 is the bearing strength (MPa), P is the load (kN); D is the
hole diameter. h is the thickness of the specimen. k is the load per hole factor: 1 for a

single fastener test. €’”

is bearing strain, and &; and 0, are displacements of
extensometers 1 and 2. In this study, they refer to the displacement of the load cell and

the one deduced from DIC by the method mentioned above. K is the factor and 1.0 for

double shear. EPT is bearing stiffness (GPa), calculated between two specific points in the
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essentially linear portion of the load-displacement curve. 4 6" is the change in bearing

stress and 4 €7 is the change in bearing strain.

The initial and ultimate fracture energies were determined by the amount of energy
absorbed until the respective points of initial and ultimate failure and were calculated
through the integration of the stress-strain curve, as shown in Fig. A. 4 with grey and
yellow infill, by using the integrate function in Origin software.

Data availability

Data will be made available on request.
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