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ABSTRACT

Existing Through-Thickness Reinforcement (TTR) methods for laminated composites using semi or fully
rigid reinforcing elements, like tufting, stitching, and z-pinning, present limitations on reinforcing ele-
ment geometry, strength, and stiffness. Where these application envelopes are exceeded, TTR element
insertion results in unacceptable levels of damage to both the composite and/or TTR elements. Here,
we demonstrate that low-speed insertion of rigid reinforcements into heated prepreg preforms is a fea-
sible and robust reinforcement process capable of providing accurate TTR element placement with min-
imal tow disturbance compared with existing methods for similar pin sizes. The insertion process is
characterised with respect to insertion forces, and mesoscale laminate deformation/damage for
carbon-benzoxazine prepreg preforms. The research investigates the influence of pin leading edge on
insertion for a range of pin diameters (1.2, 1.5, and 2.0 mm) and preform consolidation states, describing
low insertion forces and good quality laminate preforms. Insertion forces increase with pin diameter, typ-
ically resulting from increased pin-tow contact area and friction. Large diameter sizes and low insertion
forces expand the range and forms of materials that can be inserted compared to existing TTR methods
and show that this method can potentially be transferred to benefit work on composite hole creation,
joining, and repair.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

There is an increasing demand for the use of functional
through-thickness reinforcement (TTR) in composites in line with
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the uptake of composite materials in more non-traditional indus-
tries and applications [1]. A variety of through-thickness reinforce-
ment (TTR) methods in composites are regularly used, although
primarily to improve delamination resistance [2,3], for the integra-
tion of functional elements into composites that can add thermal/-
electrical management [4-7], sensing [8] and joining
functionalities [9-11] to composite materials. However, existing
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TTR methods like tufting, stitching, and z-pinning, place strict lim-
itations on the properties of the reinforcing elements [12,13].

In the case of tufting, tows/wire/filaments must be strong yet
flexible enough to sustain the small bending radii endured during
tufting [14]. In stitching, similar constraints are present with the
added constraint that tows must be knotted on the underside, in
some cases requiring access to both sides of the preform [12],
but one-sided stitching techniques can be employed. In both pro-
cesses, only dry fibre preforms are typically suitable media for
the integration of TTR, with tufting having a limited envelope of
applicability in prepregs. Z-pinning offers a system for the integra-
tion of rigid elements through prepregs where an array of rigid
pins is inserted into prepreg stacks with the assistance of ultra-
sonic impactor [13,15]. Pins are typically metallic, polymeric, or
composite to achieve the desired stiffness and are quite small
(0.2 to 1.0 mm diameters). A low vol.% (0.5-4 vol%) array of pins
is used to generate the TTR improvements [16] which has a more
positive impact on per unit mass property improvements.

A wide variety of functional TTR elements have been explored
with respect to sensing. Zhang et al. [8] investigated the feasibility
of measuring progressive delamination using through thickness
electrical resistance in z-pinned composites. Martins et al. [17]
investigated damage monitoring by the piezoresistive effect of
the tufting threads in the sandwich structures. The commonality
in these works is that they adapt the sensing technology to suit
what can already be achieved using TTR. To expand this function-
ality more complex sensing systems should be applied, the geom-
etry of which does not always satisfy the geometrical and
mechanical constraints of existing TTR methods. This can be the
case for photonic sensors but can be extended to include fluid flow
channels and joining elements, where post-cure composite drilling
is left as the only option for integrating these structures. Drilling is
composites is undesirable and can cause problems with excessive
failure under loading, splintering of fibres, delamination, burrs,
microcracks, matrix burning and fibre peel-up [18].

The influence of the geometry (normally sub millimetre) and
placement of TTR pins and their effects on the final mesoscale
structure and macroscale properties has been extensively evalu-
ated [19-21]; however, few studies have addressed the insertion
process of TTR pins from a processing perspective with particular
emphasis on the insertion forces experienced by the pin and on
the quality of insertion [22-24]. Low insertion forces on the pin
are desirable if delicate functional TTR elements are to be inte-
grated. Furthermore, no studies are available that characterise
the insertion process for pins that do not fall into the geometrical
boundary limits of z-pinning i.e. pins with diameters greater than
1 mm. The motivation for this work is to address the need for TTR
techniques that allow for the integration of much larger functional
elements like fluid flow channels, thermal/electrical management
elements, sensing assemblies, moulded-in fasteners, whose inte-
gration is currently outside the envelope of applicability of existing
TTR methods.

This work investigates a new method for the direct insertion of
large diameter TTR elements in prepreg based composite lami-
nates. The focus here is on characterising the insertion process
and identifying the key process parameters that influence the
forces experienced by the pin during insertion and the quality of
the insertion with respect to prepreg damage. A study into the
thermal stability of the prepreg used in this work at elevated work-
ing temperatures is carried out to assess time limits of the applica-
tion of moderate heating during insertion and identify a riskless
processing window. This analysis sets the stage for a future inves-
tigation into the thermomechanical behaviour of the cured system
(e.g. shrinkage and thermal stability). The effect of the pin leading
edge and pin diameter is explained with reference to the pin-
prepreg contact and insertion mechanics. The significance of pre-
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form consolidation state is evaluated for fully unconsolidated pre-
preg stacks and stacks under 1 bar of consolidation pressure
simulating a debulked state.

2. Methodology
2.1. Materials and manufacturing

The prepreg system used in this work was 12 k (650 gsm)
BX180-220 carbon-benzoxazine prepreg manufactured by SHD
Composite Materials Ltd. [25]. The prepreg has a 2 x 2 twill weave
with each cured ply of this material measuring 0.66 mm and a fibre
volume fraction (vg) of ~60%. This prepreg is specially designed for
manufacturing composite tooling and was selected because of its
low tack, low shrinkage, good thermal stability, extended out-
life, and ease of handling. The properties of prepreg used in this
study is highly desirable because the material is semi-rigid at room
temperature [25,26], meaning that post-insertion cooling to room
temperature fixes the TTR pins in place. The recommended cure
cycle for this material is 2 h at 160 °C followed by 2 h at 180 °C
under 6 bar autoclave pressure. Prepreg preform specimens were
manufactured using 16-layers of BX180-220 with a layup consist-
ing of equal amounts of plies oriented in the 0/90 and *45°
orientations.

Through-thickness reinforcing pins were manufactured from
304 stainless steel [27] rods with diameters of 1.2, 1.5 and
2.0 mm machined to a length of 25 mm. Either a 45° chamfer or
a 45° conical point was machined into the leading edge of the rods
to allow for parting of the prepreg tows in the preform (Fig. 1c).

Different leading edge (LE) geometries are in use for z-pins, tuft-
ing heads, and stitching needles, which all must facilitate the part-
ing of the tows during insertion [28]. These LE geometries include
but are not limited to chamfers/bevels, cones, tapers, ball points,
with chamfers being the most common. The use of different LEs
for these applications, and in more general puncture/penetration
applications like tissue penetration for hypodermic needles, is
heavily influenced by the trade-off between the loads involved in
the specific application, the needle/pin size, pin life (single use or
reusable) and machining costs. For example, in z-pins chamfered
LEs are simple and cheap to machine on small (sub 1 mm diame-
ter) rods, whereas ball points or cones are significantly more diffi-
cult and costly to achieve.

2.2. Characterisation of thermal ageing

Thermal ageing tests were carried out to investigate the ther-
mal robustness of the prepreg material and to determine time lim-
its of elevated temperature exposure during processing that do
affect the advancement of curing in the material. Small sample
plies (30 mm x 30 mm) of BX180-220 were placed in an oven at
either 60 °C or 90 °C for between 2 and 16 h. Samples of 5-10 pg
were then cut from aged prepreg specimens and analysed via
Modulated Differential Scanning Calorimetry (MDSC) process
using a TA Q200 DSC machine [29]. The thermal profile of the
experiment consisted of a ramp from —30 °C to 60 °C at a rate of
2 °C/min with a modulation of +1 °C/min to determine the glass
transition temperature (Tg) of the prepreg.

2.3. Pin insertion trials

Through-thickness reinforcement insertion was carried out
using a TA.HDplus Texture Analyser [30], which is a universal test-
ing machine with a 1 kN load cell, a force resolution of 1 N and a
displacement resolution of 0.001 mm. Fig. 1 shows the experimen-
tal setup of the insertion apparatus comprising the TA.HDplus Tex-
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Fig. 1. Experimental setup for insertion characterization in (a) unconsolidated preforms, (b) consolidated preform and (c) showing leading edge geometry.

ture Analyser with a hot plate placed on the lower platen and a
stainless-steel pin holder tightened between the upper grips. These
pin holders were machined 25 mm x 25 mm x 25 mm stainless
steel cubes with a 4 mm deep hole, in which the pins were placed,
corresponding to the various pin sizes machined into one of the
faces. A60 mm x 60 mm x 3 mm square of 50 Shore hardness sil-
icon, manufactured by JFlex [31] was placed between the hot plate
and the preform to allow for penetration past the bottom prepreg
layer. K-type thermocouples were placed at 3 locations in the pre-
form: between the top surface of the backing silicone and the bot-
tom layer of the preform, at the mid-layer of the preform, and
between the top layer of the preform and the pin guide (Fig. 1a
and b).

Prepreg stacks were cut and laid-up according to the specifica-
tion in Section 2.2. Specimens were then wrapped in a single layer
of release film and placed into an oven at 70 °C for at least 1 h or
until all the thermocouples read a temperature between 60 and
80 °C. For insertion into unconsolidated stacks (Fig. 1a), specimens
were then transferred to the silicone backing layer on the hot plate,
which was maintained at 60 °C. A preheated guide plate (60 °C)
was then place on top of the stack and the pin was placed into
the guide plate hole. The top grip with the pin holder was then
lowered to contact the back end of the pin. Once the pin alignment
and stack temperatures were verified, the insertion was started
with the pin insertion carried out at a fixed displacement rate of
0.5 mm/s for a fixed insertion depth of 13 mm, which was suffi-
cient to penetrate the full prepreg stack and partially penetrate
the silicone backing layer. Once insertion was completed, the
upper grip was raised, leaving the pin lodged in the prepreg stack.
For insertion into consolidated specimens (Fig. 1b), there was an
additional consolidation step. Upon removal from the oven, speci-
mens were transferred to a clamping fixture which applied a com-
pression force equivalent to 1 bar consolidation pressure. To
achieve this, a force of 90 N was applied by the upper platen of
the TA.HDplus device followed by fastening of the wing nuts of
the fixture at the displacement level attained on loading. Once
the alignment and temperatures were verified, the insertion

started with the pin being inserted in a similar way as in unconsol-
idated specimens, but instead with a fixed insertion depth of
10 mm in this case as the consolidated sample is thinner. Between
3 and 5 insertion tests were carried out for each condition/case
considered. Peak insertion force is defined as the maximum force
registered by the load cell between the start of insertion and the
full insertion depth, ignoring any artificial load recovery resulting
from the transition between the prepreg and the silicone backing
layer.

2.4. Specimen post-processing and analysis

For optical microscopy, specimens were first cured either free-
standing (unconsolidated samples) or in the consolidation jig (con-
solidated samples) for 2 h at 160 °C followed by 2 h at 180 °C in an
oven. These samples were then set in a small resin filled pot to pre-
serve the geometry and allow for the polishing of the cross-section
for optical microscopy. Micro-CT scans were carried out on
uncured specimens and images were obtained using a Nikon
Metrology XT H225 micro-CT scanner.

3. Results and discussion
3.1. Thermal ageing

The BX180-220 prepreg is marketed as having excellent han-
dleability in warm conditions being semi-rigid at room tempera-
ture (20-23 °C), with very low tack [25,32]. As a result, insertion
through the prepreg is not possible at room temperature. The ther-
mosetting matrix in prepregs is characterized by a state in which
the material is partially but very sparingly crosslinked (cured),
and viscosity and tackiness are elevated [33]. The viscosity of the
prepreg matrix resin is a function of the temperature following
an Arrhenius dependence. In the case of the benzoxazine matrix
used here, heating of the material is required to sufficiently reduce
its viscosity and allow relaxation and free movement of the tows in
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order to insert pins through prepreg stack. Heating prepregs during
pre-processing is an established forming procedure but data is cur-
rently unavailable on suitable pre-processing temperatures for
BX180-220, necessitating investigation of its thermal stability.
The benzoxazine prepreg used here is a relatively new material
of a relatively new material class for the composites industry and
data for of this kind for the material is not widely available. Work-
ing at a temperature where the material starts curing would render
the process infeasible in an industrial context, so the role of this
part of the work is to establish that the temperature required for
insertion is acceptable.

The insertion process, although quick in practice, may require a
lengthy heating process and dwell to equilibrate temperature
through the stack thickness if a larger component with multiple
insertion points is to be manufactured. The prepreg resin glass
transition temperature (Tg) is closely correlated to the degree of
cure, with T, increasing with crosslinking density [34]. The change
in T, due to thermal ageing is used here as a metric of how pro-
longed exposure to working temperatures affects pre-curing to
minimize the possibility of decreasing the viscosity of the system
during insertion with adverse effects in subsequent steps of pro-
cessing such as consolidation. The T, of the BX180-220 prepreg
before any ageing determined using MDSC is 11.6 °C which is in
line with the findings of Bornosuz et al. [32]. A working tempera-
ture starting around 50 °C above this value was selected as a suit-
able insertion temperature (60 °C) with an upper limit of 90 °C,
where the prepreg stack and insertion apparatus are still easily
handled without the need for extensive thermal protection by an
operator. The range is also typical of current industrial hot forming
processes for prepregs like in diaphragm forming [35] and corre-
sponds to a suitable processing region (80-130 °C [32]) for benzox-
azines in which the viscosity begins to reduce significantly [36].

Fig. 2 and Fig. 3 show the reversing heat versus temperature for
samples aged at 60 °C and 90 °C for 2, 4, 8 and 16 h, on which the T,
is manifested as a step due to the increase in heat capacity of the
material upon the glass transition. The Ty values are also sum-
marised in Fig. 4. Fig. 2 and Fig. 4 show no significant change in
the T, for the 2- and 4-hour ageing regimes at 60 °C. When samples
are subjected to extended aging times of 8 and 16 h, the T,
increases by just over 1 °C to a maximum of 12.6 °C. For the
90 °C ageing regime, Fig. 3 and Fig. 4 show a gradual increase in
Tg up to a maximum of 16.8 °C after ageing for 16 h. This increase
in Ty suggests that ageing at 90 °C does slightly advance the pre-
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cure state in the material. Typically, this small change in Tg, and
by extension degree of cure, does not interfere with further mate-
rial processing. In this small-scale experiment, 60 °C is sufficient to
facilitate insertion and does not require extended times at elevated
temperatures, but a greater temperature up to 90 °C can be consid-
ered in full scale manufacturing processes if necessary. The time
the material in the following sections spends in an elevated tem-
perature environment is typically between 1 and 2 h and is deter-
mined by the time at which internal thermocouples register a
temperature above 70 °C (10 °C allowance for cooling during trans-
ference from the oven to a heated work surface).

3.2. Pin insertion

Fig. 5 compares typical force versus displacement curves for
insertions with chamfered and conical LEs in unconsolidated
stacks. Insertion curves generally follow a two-phase insertion pro-
file in which curves are characterised by two distinct phases: the
prepreg compression stage, and the steady-state crack propagation
stage [23,24,37]. Fig. 6 shows mechanics of the insertion process. In
the prepreg compression stage, the tip of the pin presses against
the material surface and, instead of instantaneously parting the
fibres, the prepreg layers compress locally under the force of the
pin (Fig. 6a). This stage is defined by either a linear or non-linear
increase in load up to a peak. At the peak, the stresses in the pre-
preg reach some critical value which then initiates through-
thickness crack propagation in the form of tow parting (Fig. 6b),
sometimes referred to as cutting. For the purposes of this paper,
parting refers to the parting of tows without fracturing of the indi-
vidual fibres, whereas cutting refers to individual fibre fracture
resulting from being sliced or torn by the pin. The stage after the
peak is defined as the steady-state crack propagation stage and is
characterised by a small reduction in the load and is typically fol-
lowed by load sustainment. Serrations in the curves are typically
caused by friction between the pin and the material or by a
build-up of force as the pin punctures a new layer of the prepreg
stack.

The contact behaviour during insertion is governed by three
force contributions which are important for understanding what
contributes to changes in the overall insertion forces. In the pre-
preg compression stage, there is an initial point contact between
the prepreg and the pin, meaning that the contributing force is a
result of the through-thickness compression stiffness of the pre-
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Fig. 2. Reversing heat flow versus temperature for thermal ageing tests conducted at 60 °C.
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Fig. 3. Reversing heat flow versus temperature for thermal ageing tests conducted at 90 °C.
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Fig. 4. Graph showing relationship between T, and ageing time at 60 °C and 90 °C.

preg only. This is referred to as the compression force (F.). In the
steady state crack propagation phase, there are three constituent
forces that contribute to the total insertion force: the friction force
(Fp), the parting force (F,) and the extrusion force (F.). Fig. 6c,
shows the location and orientation of these forces.

Insertion in unconsolidated chamfered LE pins (Fig. 5) follows
the two-phase load profile. This is characterised by an initial
non-liner increase to a peak after which steady-state crack propa-
gation ensues with a minor but noticeable upward trend in both
¢1.2 mm and ¢1.5 mm pin insertions. The value and location of
the actual peak insertion force varies with pin diameter. The aver-
age peak insertion force in 1.2 mm diameter pins is 6.1 N and
peak insertion forces are located near the end of the insertion event
at around 12-13 mm pin displacement. This increases by 143% to
14.9 N in ¢1.5 mm pins, where peak insertion forces are similarly
located near the end of the insertion event. This then increases
by a further 141% to 35.9 N in 2.0 mm pins, where the peak inser-
tion forces are located at the initial peak ahead of steady-state
crack propagation, between 5 mm and 10 mm pin displacement.

Insertion in unconsolidated conical LE specimens (Fig. 5) fol-
lows a different typical load profile. Instead of two distinct phases,
there is just one which is characterised by a steady linear increase
in load through the entire insertion event to a peak near the end of
the insertion, typically around 12 mm to13 mm pin displacement,
where the load increases as the pin crosses the threshold into the
backing silicone layer. As pin diameter increases, the average slope
of these curves increases from 0.1 N/mm in 1.2 mm, to 0.13 N/
mm in 1.5 mm, and to 0.39 N/mm in 2.0 mm diameter pins. Peak
forces increase by 57% from ¢1.2 mm to 1.5 mm pins, and by a
further 124% from ¢1.5 mm to 2.0 mm pins. Comparing micro-
CT images of chamfer LE (Fig. 7a) to conical LE (Fig. 7c) 2.0 mm
pins, conical LE pins show better insertion with little out of plane
tow deviation, suggesting that the conical LE is more efficient at
parting tows early in the insertion process with minimal prepreg
compression and associated local distortion. This phenomenon
has been observed in ¢1.2 mm pins, with increasing frequency in
21.5 mm pins, but happens every time in 2.0 mm pins. Distortions
become worse with increasing pin diameter but in 1.2 mm and
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Fig. 5. Insertion force vs. pin displacement for unconsolidated preform.
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Fig. 6. Diagrammatic representation of (a) prepreg compression, (b) steady-state crack propagation, and (c) constituent insertion forces during the pin insertion process.

@1.5 mm pins, the layers can recover after being cut by the cham-
fered LE (Fig. 7e and f). In 2.0 mm pins, the distortion is so severe
that the tows cannot rearrange themselves around the pin and
extensive distortion occurs Fig. 7a.

Fig. 8 illustrates typical force versus displacement curves for
insertion in consolidated stacks. Chamfered and conical LEs behave
more similarly in consolidated stacks, abiding by the two-phase
behaviour expected in which there is a distinct prepreg compres-
sion and a steady state propagation stage. Prepreg consolidation
has the effect of removing the non-linearity in the initial load rise
in the chamfered LE insertion, which is associated with prepreg
compression, and both LEs exhibit similar initial slopes. The aver-
age initial slopes are 4.1 N/mm and 5.3 N/mm for 1.2 mm pins,
4.0 N/mm, and 5.0 N/mm for ¢1.5 mm pins, and 14.1 N/mm and
13.8 N/mm for 2.0 mm pins for the chamfered and conical pins
respectively. In the consolidated state for chamfered LE pins, peak
forces increased by 115% from ¢1.2 mm to 1.5 mm pins, and by a
further 166% from ¢1.5 mm to 2.0 mm pins. In conical LE pins
peak forces increased by 95% from ¢1.2 mm to ¢1.5 mm pins,
and by a further 141% from ¢1.5 mm to 2.0 mm pins. In this case,
the force required for local compression of the stack far exceeds the
force required to either part or cut the tows, resulting in good qual-

ity insertions with small distortion zones in both cases (Fig. 7c and
d). In both chamfered and conical LE pins, there is no clear trend
with respect to the location of the peak insertion force, likely due
to the greater influence of the silicone backing layer in the later
stages of insertion, which could cause and artificial load rise. Addi-
tionally, it is difficult to judge the transition between the prepreg
stack and the silicone backing layer in these consolidated tests.

The results reported in Fig. 9 show the variation of peak inser-
tion force with pin diameter and suggest an exponential relation-
ship between pin diameter and peak insertion forces. The points
represent mean values for peak insertion force and the trendlines
represent an exponential model using a least squares method for
data fitting. The model is:

F(d) = C¢ (1

where F is the peak insertion force in Newtons, d is the pin diameter
in millimetres and C and o are coefficients of the exponential fitting.

The slope of the log curves for chamfered LE pins (a) is
2.2 mm~! for both consolidation states; and the slope of the log
curves for conical LE pins is 1.6 mm~' and 1.9 mm~! for the uncon-
solidated and consolidated states respectively. This suggests a
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Fig. 7. Micro-CT images of inserted samples with 2.0 mm pins (a-d) showing (a) chamfered LE in unconsolidated sample, (b) conical LE in unconsolidated sample, (c)
chamfered LE in consolidated sample, (d) conical LE in consolidated sample, and (e) 1.5 mm and (f) 1.2 mm pins showing chamfered LE in unconsolidated samples.
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Fig. 8. Insertion force vs. pin displacement for consolidated preform.

dependence of the slope on the LE type. The exponential trendlines
also show that the average peak forces in chamfered LE insertions
exceed that of conical LE insertions. This is attributed to the fact
that chamfered LEs are generally less efficient at parting tows,
instead resulting in significant prepreg compression, tow snagging,

and cutting during both the insertion phases (Fig. 7a). Although
similar studies on LE effects are not available for prepreg insertion,
comparisons can be made with similar work on needle insertion in
biological materials. Okamura et al. [38] and Mavash and Dupont
[37] investigated the effect of needle LE on insertion forces for a
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Fig. 9. Variation of peak insertion forces with respect to pin diameter on (a) linear scale and (b) logarithmic scale.

series of bevelled (chamfered), conical, triangular, and trocar
tipped needles inserted into biological tissue and observed similar
increases in both the initial slope and peak forces.

There is a much larger variation in peak force results in cham-
fered LE insertions (Fig. 9a), with a variation range of 16-70% com-
pared with 7-13% in conical LE pins. This is due to the non-
symmetric nature of the chamfered leading edge, meaning that
insertion forces are dependent on the orientation of the LE with
respect to the tow it is interacting with. This dictates whether
the LE will part (lower force) or compress then potentially cut
(higher force) the tow. On a mesoscopic and microscopic scale,
the material is highly anisotropic, and the fracture stress of a tow
or fibre is highly dependent on the principal stress direction. In
the event where the tip of the chamfer aligns with the tow direc-
tion, tow splitting occurs along the tow axis and is defined by
the transverse failure stress in the tow, which is negligible for a
tow which can be considered loose in the case were the matrix is
uncured and in the liquid state. However, if the chamfer tip aligns

transversely to the tow direction, there is no sonication like in z-
pinning [15] to perturb the individual fibres out of the path of
the pin tip. In this case, the compression of the prepreg stack under
the force of the pin results in local tensile stresses in the tow along
the principal direction. This results in fracture of a portion of the
fibres in the tow, which is reflected by increased insertion forces.
This is like observations by Verma et al. [28], where laminate dam-
age during tufting was found to be highly dependent on the needle
tip geometry and was less pronounced where needle tips were
symmetrical. Furthermore, in the work by Verma et al. [28], more
through-thickness damage, like tow dragging, in unsymmetrical
needles and a similar relationship between the needle tip orienta-
tion and the primary tow direction were observed. This interaction
depends on the combination of pin diameter, tow size, orientation
of the tow, and consolidation state.

As pin diameter increases, there is a non-linear increase in peak
insertion force (Fig. 9b) with a higher rate of increase in chamfered
LE pins, where the slope of the log curves is steeper, than in conical
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LE pins. Peak forces are typically near the end of the insertion in
conical LE pins and earlier onset in chamfer LE pins as the pin
diameter increases in unconsolidated insertions because of the
large F. needed to initiate steady-state crack propagation in this
case. However, there is no clear trend observed in the consolidated
material because of the greater influence of the silicone backing
layer. This non-linear increase in insertion force is despite a linear
increase in pin diameter and pin circumference, increasing by 25%
from ¢1.2 mm to ¢1.5 mm pins, and by a further 33 % from
91.5 mm to 2.0 mm pins. There are two mechanisms by which
this increase is achieved between the two insertion phases. In
the prepreg compression phase, F. increases significantly as the
insertion force is spread out over a larger cross-sectional area,
resulting in greater initial compression than parting. This affects
chamfered LE pins more severely as this is exacerbated by their
inability to part fibres efficiently. In the steady state crack propaga-
tion phase, both the pin diameter and pin circumference are signif-
icant in evaluating the increase in insertion forces.

Optical microscopy images in Fig. 10 show the in-plane tow for
specimens with varying pin diameters. Larger pins diameters dis-
place a greater number of fibres to allow insertion and the
increased pin circumference increases the contact area between
the pin and the prepreg. No large lenticular shaped resin rich areas
are noted even for the largest diameter pin insertion (Fig. 10c),
which is typical of pins in UD architectures, which enhance pin-
tow contact. These changes significantly increase F. (pin diameter
dependent) and F; (Fe and circumference dependent). There is a
general assumption that F;, is predominantly a function of pin LE
geometry and preform consolidation state and is constant and
independent of insertion depth [24].

The results reported here partially compare well with the find-
ings of Cheng et al. [24], Ji et al. [23] and Wang et al. [22] where
similar increases were noted and attributed mainly to increases
in extrusion (F.) and friction (Fy) forces. These works did not report
large increases in F. probably because of the use of much smaller
pins (~0.75 mm). Additionally, the effect was investigated for UD
and cross ply laminates in these works. In a UD and cross ply lam-
inates, the contact mechanism is such that only two sides of the
lenticular shaped tow deformation path in any given layer are in
contact with the pin (Fig. 11a). As the pin diameter increases, this
contact interface increases, but not as significantly as in woven
preforms, where the constraining of in-plane tow deformation
caused by the woven weave architecture results in much greater
pin-tow contact area (Fig. 11b). This drastically increases F. and
Fs more significantly than in UD laminates.

The magnitude of the increase in peak forces is also highly
dependent on the consolidation state of the material. Consolidation
packs tows together more tightly and because of more constrained
tow movement along with increased inter-tow friction, greater

(b)

Fig. 10. Optical microscopy images showing the in-plane tow deviation around (a) 1.2 mm, (b) 1.5 mm, and (c) 82.0 mm pins inserted in unconsolidated specimens.
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force is required to part the tows (Fp), tows apply more extrusion
force on the pin face (F.) and higher contact forces from F, increase
friction forces (F¢). The consolidation state of the prepreg preform
was varied in these experiments between no consolidation and
1 bar of consolidation pressure, which is typical of the debulking
phase of prepreg processing. These two states represent the
boundaries of the envelope in which insertion is likely to take
place.

The curves in Fig. 5 and Fig. 8 which compare typical force-dis-
placement curves for unconsolidated and consolidated tests
respectively, display clear trends that differentiate the two consol-
idation state scenarios. Consolidated insertions typically have
greater insertion forces and a more stable crack propagation stage
due to greater homogeneity, whereas forces in unconsolidated
specimens tend upwards in the crack propagation phase. This is
likely because local prepreg compression in the layers below the
advancing crack tip as the pin approaches the silicone backing
layer below. In this case, the F. of the silicone (~35 N for
22.0 mm pin with conical LE) is higher than the F. of the prepreg
which leads to a load increase approaching the transition point
between the prepreg and the backing silicone in unconsolidated
preforms. This is not true of 2.0 mm chamfer LE pins, where the
LE geometry causes significant local prepreg compression. Addi-
tionally, the onset of crack propagation is expedited in consoli-
dated samples because the material is pre-compressed, meaning
that the critical stress required to transition to the steady state
crack propagation stage is achieved sooner.

As shown in micro-CT images in Fig. 7a, tow snagging is
observed with significant out of plane deviation of tows that are
effectively dragged downward through the preform starting in
the prepreg compression stage resulting in a large tow deformation
zone. This dragging and bunching of tows, caused by the inefficient
tow parting in chamfered LE specimens, is responsible for a build-
up of preform resistance (F.) and hence insertion forces. This phe-
nomenon is not present in Fig. 7b, where conical LE specimens are
shown to penetrate unconsolidated specimens without this tow
snagging and bunching issue. More efficient parting of the conical
LE results in a smaller tow deformation zone and lower insertion
forces. Consolidated samples seem to show similar cross-sections
regardless of LE type in Fig. 7c and d, with similarly small tow
deformation zones. The added consolidation in the prepreg stack
provides some resistance to movement of the fibres in the z-
direction meaning that even if fibres are snagged, there is signifi-
cant backing pressure on the tow to encourage a tow to be cut,
rather than be dragged downwards.

In the case of conical pins, consolidation state does not seem to
significantly affect the quality of the insertion and a low or no con-
solidation approach can be taken if lower insertion forces are pri-
oritized. The same cannot be said for chamfered LE specimens
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(b

Fig. 11. Schematic of tow-pin contact in (a) unidirectional; and (b) woven architectures.

where consolidation state plays a major role in determining the
quality of the insertion in terms of the size of the tow affected zone
and damage to the tows.

4. Conclusion

This work identified conditions and a setup that allows inser-
tion of large diameter pins into prepreg stacks. Pins of diameter
between 1.2 mm and 2.0 mm are held in a bespoke pin holder
and inserted at a constant speed using into prepreg stacks, which
are heated to 60 °C to allow more free movement of the tows.
For the material investigated here, thermal ageing experiments
show no significant change in Tg, and by extension the degree of
cure, after being held at 60 °C for up to 16 h. There is a small
increase in T, in the prepreg after being held at 90 °C for longer
than 4 h. However, insertion could be carried out at the higher
temperature point for up to 4 h without much change in the degree
of cure. Pin insertion in this study takes place at 60 °C for about 2 h
and has no real effect on advancing the degree of cure in the
material.

The pin leading edge geometry has shown a marked effect on
the insertion process. As expected, conical pins induce lower peak
forces than chamfered pins during insertion and show more
repeatable results with more steady force-displacement curves.
Chamfered leading edge pins are less efficient tow parting and
their behaviour is highly dependent on the relationship between
the orientation of the pin and the tow it is interacting with.
Increasing the pin diameter has the effect of increasing the inser-
tion forces required, primarily because of increased compression
in the prepreg compression stage and increased extrusion and fric-
tion forces in the steady state crack propagation stage. This
increase is most pronounced in chamfered leading-edge pins
where the poor efficiency of tow parting combined higher extru-
sion forces results in much higher forces. Preform consolidation
increases the insertion forces but is also highly dependent on the
leading-edge geometry. However, consolidation has the effect of
significantly improving the quality in terms of reducing damage
and tow distortions. This has a more marked effect in chamfered
leading edge pins experiments.

This work demonstrated that the insertion of large diameter
pins, far exceeding the capabilities of current TTR methods, is pos-
sible in prepreg stacks with low insertion forces acting on the pins
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and minimal disruption to tow architecture. Further investigations
are needed to expand the envelope of applicability to even larger
diameter pins and to better understand the parameters that affect
insertion forces and quality, namely tow size, weave architecture,
and leading-edge geometry. Simultaneously, the intricacies of the
insertion contact mechanics can be explored through the develop-
ment of predictive methods. The effect of the embedded pin on
cured composite properties, namely mechanical performance (in-
plane and out-of-plane), thermomechanical properties, shrinkage
and part quality will be explored in future. Innovations are needed
to develop bespoke equipment capable of reliably performing pin
insertions with the potential for scaling up to multi-pin insertion.
This technology can be applied for the integration of large diameter
multifunctional elements, joining applications, and the more effi-
cient integration of moulded-in holes.
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