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A B S T R A C T   

There is increasing demand for functional through-thickness reinforcement (TTR) in composites using elements 
whose geometry exceeds limitations of existing TTR methods like tufting, stitching, and z-pinning. Recently, 
static insertion of large diameter TTR pins into heated prepreg stacks has proven a feasible and robust rein-
forcement process capable of providing accurate TTR element placement with low insertion forces and lower tow 
damage compared with existing methods for similar element sizes (>1mm diameter) like post-cure drilling. Local 
mechanical performance and failure mechanics of these pinned laminates are reported here. Laminates with a 
single statically inserted pins (1.2, 1.5, and 2.0 mm) can mostly retain their in-plane integrity alongside a local 
improvement in mode I delamination toughness in carbon fibre-benzoxazine laminates. Tensile strength is mostly 
unaffected by the pins resulting from delamination suppression, whereas there is up to a doubling of Young’s 
modulus. Compressive strength is significantly diminished (up to 42 %) in pinned laminates. Interlaminar 
toughness is improved, and peak toughness is pushed ahead of the crack as pin diameter increases. The lack of 
significant deterioration in in-plane tensile properties in pinned laminates produced using static insertion can 
expand the range and forms of materials that can be inserted compared to existing TTR.   

1. Introduction 

Recent developments in composite industry trends and growing de-
mand are seeing functional through-thickness reinforcement (TTR) in 
composites become an expanding area of research interest [1]. Although 
TTR in composites is primarily used to improve delamination resistance 
[2,3], it is suited to the integration of functional elements, e.g., for 
thermal/electrical management [4–7], sensing [8] and joining func-
tionalities [9–11]. Previous work on the static insertion of large diam-
eter TTR pins into heated prepreg stacks [12] has proven that it is a 
feasible and robust reinforcement process. The process can provide ac-
curate TTR element placement with low insertion forces and less fibre 
damage compared with existing methods for similar element sizes (>1 
mm diameter), like post-cure drilling [13], and far exceeds the limita-
tions of existing TTR methods in terms of reinforcement geometry and 
stiffness [14,15]. Static insertion has been developed specifically for the 
embedding of singular photonic sensors [16] in composite tooling, but 
has wider immediate implications for joining applications, and the more 
efficient integration of moulded-in holes. Rather than focusing on an 
array of sub-millimetre pins, the novelty here focuses on inserting a 

single, large reinforcing pin into composite comparable components that 
would typically require drilling e.g., bolts and fluid flow channels. The 
research gap here is that the local mechanical performance and failure 
mechanics of these laminates with single embedded pins has not been 
reported and analysed. 

Few studies have investigated the mechanical response of woven 
laminates with large pins, most instead focusing on a comparison of 
filled- or open-hole moulded-in holes with drilled holes. Kumar et al. 
[17] compared 4 mm diameter open-hole and filled-hole tensile per-
formance in moulded-in and drilled jute-epoxy/-polyester composite 
laminates. The quality, and by extension, the performance of specimens 
with moulded-in holes is significantly better than those with drilled 
holes, about a 28–77 % better tensile failure strength depending on 
specimen diameter to width (d/w) ratio, with strength comparable to 
virgin laminate [17]. The findings of Zitoune et al. [18] in unidirectional 
(UD) quasi-isotropic laminates and Langella et al. [19] in woven lami-
nates support that of Kumar et al. [17], with the added observation that 
the maximum tensile stresses in filled moulded-in hole specimens 
decrease as hole diameter increases, but independently of d/w ratio. In 
UD quasi-isotropic z-pinned laminates, both tensile strength and 
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modulus decrease with increasing pin density, resulting from local fibre 
breakage and large resin rich regions. However, this is not a fair com-
parison because the lack of transverse plies does not constrain fibre 
deformation and hence resin region formation. 

In compression, most studies on pin reinforcement of large diameter 
(>1 mm) focus on bolted [13,20] or moulded-in holes [21]. In z-pinned 
laminates with 0.28 mm and 0.51 mm diameter pins, compression 
strength decreases by ~13 % with increasing pin diameter [22] which is 
attributed to increased fibre waviness that results in tow kinking and 
subsequent bucking during failure. The consensus amongst researchers 
is that the presence of the opening, either filled or unfilled, results in 
significant changes to macroscale failure mechanisms in both tension 
[17,19,23–25] and compression [26,27]. Large diameter pins are 
virtually unexplored in the realm of mode I delamination resistance. 
Similar comparisons can be made to that of the single pin response (sub- 
millimetre) in z-pinned laminates, which is known to have positive ef-
fects on mode I the delamination resistance [28,29], with very few ex-
amples of > 1 mm diameter TT rods/pins evaluated in mode II [30]. 

This work evaluates the implications of using the previously reported 
static insertion method [12] for integrating single large diameter pins on 
the mechanical performance of carbon-benzoxazine laminates. This is 
achieved through characterising the mechanical properties and associ-
ated failure damage mechanisms in laminates with a single statically 
inserted pin subjected to in-plane (tension and compression) and out-of- 
plane (interlaminar mode I) loading conditions. The work compares 
failure in unpinned and pinned laminates and goes on to investigate the 
effect of increasing pin diameter (1.2, 1.5, and 2.0 mm) on failure pro-
gression. Links between pin insertion quality and its effect on failure 
progression are also explored. An experimentally validated double 
cantilever beam (DCB) macroscale delamination finite element model is 
developed to investigate the effect of pin diameter on delamination 
toughness. 

The novelty of this work is in demonstrating that single large 
diameter (>1 mm) pins can be embedded in composites without adverse 
effects on the crucial tensile properties and a marked improvement in 
delamination resistance. The research contributes to addressing the 
demand for TTR methods capable of integrating larger functional ele-
ments, not possible with existing TTR methods, and will have significant 
impact by supporting the drive towards embedding multi-functionality 

in composites alongside positive implications for sustainability 
through repair and recycling. 

2. Methodology 

2.1. Materials and manufacturing 

The material system used in this work was 12 k (650 gsm) BX180- 
220 carbon-benzoxazine prepreg manufactured by SHD Composite 
Materials Ltd. [31]. The prepreg has a 2 × 2 twill weave architecture 
with each cured ply of this material measuring ~0.66 mm in thickness 
with a fibre volume fraction (vf) of ~60 %. The properties of the prepreg 
used in this study are highly desirable because the material is semi-rigid 
at room temperature [31,32], meaning that post-insertion cooling to 
room temperature fixes the through-thickness (TT) 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. 

Metal TT pins were manufactured from 304L stainless steel [33] rods 
with diameters of 1.2, 1.5 and 2.0 mm machined to a length of 25 mm 
for pin insertion with the embedded pins further machined to the cured 
composite thickness. A 45◦ conical point was machined into the leading 
edge of the rods to allow for parting of the prepreg tows in the preform 
during the insertion process (Fig. 1a). 

2.2. Pin insertion 

Pin insertion was carried out using a TA.HDplus Texture Analyser 
[34], which is a universal testing machine with a 1 kN load cell, a force 
resolution of 1 N and a displacement resolution of 0.001 mm. Fig. 1a and 
c show the experimental setup of the insertion apparatus comprising the 
TA.HDplus Texture 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 25 mm × 25 mm × 25 mm stainless steel cubes with a 
4 mm deep hole (corresponding to the various pin sizes) machined into 
one of its faces. Stainless-steel pin insertion fixtures for single-pin 
(Fig. 1b) and multi-pin (Fig. 1c) insertion were designed to guide the 
positioning of the pins during insertion. The multi-pin insertion fixture 
facilitated a row of 5 insertion points with 20 mm between each pin for a 
maximum prepreg stack of dimension 300 mm × 150 mm × 15 mm. 

Fig. 1. Experimental setup for pin insertion showing (a) pin leading edge geometry [12], (b) single pin insertion set-up [12], (c) multi-pin insertion jig, (d) insertion- 
length pins embedding in prepreg stack, (e) pins embedded in cured composite, and (f) specimen configuration showing pin location. 
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The method for the static insertion of large-diameter metallic pins 
into heated woven prepreg stacks is fully characterised in a previous 
work [12]. Prepreg stacks of 300 mm × 150 mm were cut and laid-up 
according to the configurations: tension - [0/90F,±45F]s, compression 
- [0/90F,±45F]s, and double cantilever beam (DCB) - [0/90F]3s, then 
consolidated on a vacuum table at 35 ◦C for 20 min. In the case of DCB 
samples a 75 mm × 170 mm sheet of Teflon film was inserted at the 
midplane of the stack during layup. Preforms were then placed in the 
multi-pin insertion fixture on a 300 mm × 150 mm × 5 mm square of 50 
Shore hardness silicone. This silicone backing layer was placed between 
the prepreg stack and the base plate to allow for pin penetration past the 
bottom prepreg layer. A layer of release film was then placed over the 
top prepreg layer except for the strip along which pins would be inser-
ted. This strip was covered with a layer of aluminium foil, which was far 
easier for the pins to penetrate without dragging the release film 
downwards through the stack, while still providing a barrier between 
the top plate of the fixture and the liquid resin upon heating for inser-
tion. K-type thermocouples were placed between the top surface of the 
backing silicone and the bottom layer of the preform and between the 
top layer of the preform and the top plate of the insertion fixture 
(Fig. 1b). 

The insertion fixture assembly was then clamped shut and placed 
into an oven at 90 ◦C until all the thermocouples registered a suitable 
insertion temperature between 60 and 80 ◦C (about 30–45 min) [12]. 
The insertion fixture assembly was then transferred to the hot plate 
which was maintained at 60 ◦C. Pins were placed into the guide plate 
holes and the top grip with the pin holder was then lowered to contact 
the back end of the pin. Once the pin alignment and preform stack 
temperatures were verified, the insertion was carried out at a fixed 
displacement rate of 0.5 mm/s until penetration of the silicone backing 
layer. Once insertion was completed, the upper grip was raised, leaving 
the pin lodged in the prepreg stack (Fig. 1d). 

2.3. Curing and specimen preparation 

After insertion and cooling to room temperature, the preform was 
removed from the insertion fixture and the inserted pins were removed 
by hand (pull-out) and immediately replaced with flat-edged pins of the 
same diameter but machined to match the composite thickness. This is 
done while the stack is still a preform (before curing) and done very 
quickly to avoid potential hole shrinkage, but in practice the substitute 
flat-edged pins slide in easily with no visible damage. Heating during pin 
insertion does not significantly affect the resin cure state [12] but resin 
flow under consolidation pressure more deeply impregnates the fibres. 
This combined with the semi-rigid nature of benzoxazine resin (BX180- 
220) at room temperature, perfectly preserves the geometry of the hole 
and allows for virtually damage free substitution of the pins. This pin 
replacement is necessary because the full-length through-thickness rods 
have a conical leading edge (to facilitate insertion) which would affect a 
flat surface finish, are too thick to cut cleanly by hand while embedded 
in the preform, and the exposed length would need significant stabili-
sation for autoclave curing and risks penetrating the vacuum bag. 

This was cured according to the manufacturer’s instructions in an 
autoclave for 2 h at 160 ◦C followed by 2 h at 180 ◦C under 6 bar 
pressure [31]. The result is shown in Fig. 1e. After curing, mechanical 
testing specimens were cut from the composite plates with specifications 
according to Table 1 and Fig. 1f. 

2.4. Mechanical testing 

Tension tests were carried out on an Instron 5500R universal testing 
machine with a 30 kN load cell. Specimens were manufactured ac-
cording to Table 1 with a single pin located at each specimen centre 
point and with 60 mm long aluminium gripping tabs bonded to both 
faces at either end in accordance with ASTM D3039 [35] for unpinned 
and ASTM D6742 [36] for pinned specimens. Testing was carried out at 

a constant crosshead displacement rate of 2 mm/min. 
Compression tests were also carried out on an Instron 5500R uni-

versal testing machine with a 100 kN load cell and anti-buckling fixture. 
Specimens were manufactured according to Table 1 with a single pin 
located at each specimen centre point. Stainless-steel tabs with a length 
of 37.6 mm were bonded onto both faces at either end, leaving only a 
4.8 mm open gauge length in accordance with the Boeing-modified 
versions of ASTM D695 [37] and ASTM D6742 [36]. Specimens were 
tested with a constant crosshead displacement of 1 mm/min. 

Double cantilever beam testing was carried out on a Zwick Z010 
universal testing machine with a 2 kN load cell. Specimens were man-
ufactured according to Table 1 and tested according to BS:ISO 15024 
[38]. A Teflon film was placed between layers 3 and 4 (midplane) in the 
preform (before-cure) to create an initial delamination crack up to 75 
mm from the clamped edges. A single pin was inserted in each sample a 
further 15 mm away from end of the initial delamination crack. Addi-
tional crack growth between 3 and 5 mm beyond the initial crack was 
first achieved by applying opening crosshead displacement at a rate of 5 
mm/min. The crack length was observed and recorded from both sides 
of the specimen, ensuring that the difference was less than 2 mm. The 
crosshead was then brought back to 0 mm then displaced again at a rate 
of 1 mm/min. During the tests the applied load and crosshead 
displacement were recorded automatically, and the crack length was 
determined visually and recorded alongside the corresponding load and 
displacement regularly. 

2.5. Optical microscopy 

Specimens were machined to lengths around 25 mm with the pin at 
the centre and mounted in resin where specimens were placed in a pot 
and submerged in a 2-part resin-hardener mixture. An 8:1 ratio of 
EpoFix resin to hardener, manufactured by Struers, was used. The area 
of interest was then polished and observed under a Zeiss Leica Stemi 508 
stereo microscope. 

2.6. Mode I interlaminar finite element model 

To further investigate the pre-pin load rise phenomena observed in 

Table 1 
Mechanical testing sample configurations.  

Sample No. of 
specimens 

Pin 
diameter 
(mm) 

Specimen 
dimensions [l ×
w × h] (mm) 

Test Standard 

Tension 5 unpinned 250 × 25 × 2.64 ASTM D3039  
[35] 

ø1.2 200 × 7.2 ×
2.64 

ASTM D6742  
[36] 
w

dpin
= 6* ø1.5 200 × 9 × 2.64 

ø2.0 200 × 12 × 2.64  

Compression 5 unpinned 80 × 12.4 ×
2.64 

Boeing- 
modified 
ASTM D695  
[37] 

ø1.2 80 × 7.2 × 2.64 Boeing- 
modified 
ASTM D6742  
[36] 
w

dpin
= 6* 

ø1.5 80 × 9 × 2.64 
ø2.0 80 × 12 × 2.64  

Double 
Cantilever 
Beam (DCB) 

5 unpinned 125 × 20 × 3.96 BS:ISO 
15,024 [38] ø1.2 125 × 20 × 3.96 

ø1.5 125 × 20 × 3.96 
ø2.0 125 × 20 × 3.96  

* w/dpin = width to pin diameter ratio with each specimen having a single in 
at its centre. 

G. Neale et al.                                                                                                                                                                                                                                   



Composite Structures 337 (2024) 118066

4

ø2.0 mm specimens in Section 3.3, the delamination response of a ø2.0 
mm DCB specimen was modelled using the MSC.Marc [39] finite 
element solver. Geometry and dimensions are shown in Fig. 2. The DCB 
specimen was modelled as a 125 mm × 20 mm square made of two 
beams, one for the upper arm and one for the lower arm. Each arm 
comprised 3 layers of BX180-220- [0/90F]3 - with a nominal thickness of 
2 mm. Full integration hex continuum elements (MSC.Marc element 
type [40]) were used to model the upper and lower beams. The average 
size and distribution of the elements is given in Fig. 2. Composite ma-
terial parameters are summarised in Table 2 and all layers were oriented 
in line with the orientation vectors – x = (100), y = (010), z = (001). 
The stainless-steel pin was modelled as a ø2.0 mm × 4 mm cylinder 
using full integration hex continuum elements (MSC.Marc element type 
[40]) for which material parameters are given in Table 2. An initial 
crack of 55 mm length and thickness 20 µm was placed between layers 3 
and 4. The delamination region was modelled with full integration hex 
cohesive zone elements (MSC.Marc element type [40]) with thickness 
20 µm which extended the end of the pre-crack to the end of the sample. 
Cohesive element parameters used for the analysis followed a linear 
model and are as follows: cohesive energy (GIC) = 550 J/m2 (taken from 
the average baseline GIC in unpinned experimental results presented in 
Fig. 8), critical crack opening displacement = 2.5 × 10−5 m, maximum 
opening displacement = 1 × 10−4 m. 

Touching contact in MSC.Marc notation (nonpenetration constraint 
that still allows relative sliding) was defined between the upper and 
lower laminate arms. A glued contact in MSC.Marc notation (supresses 
all relative motions between bodies through tying applying to at all 
degrees of freedom of nodes in contact, uall relative = 0) was defined 
between the pin and the composite arms with an interference fit. A glue 
breaking transition to a touching contact condition between the pin and 
the laminate was defined with a normal stress threshold (σ) = 46 MPa 
which is the resin strength [31], and a tangential stress threshold (τ) =
23.2 MPa [42]. Upon breaking of the glued contact, the pin-laminate 
contact transitions to a touching type contact with a frictionless pen-
alty. A boundary condition is applied to the bottom left edge nodes on 
the lower arm (u1 = u2 = u3 = ur1 = ur3 = 0) and the nodes on the right 
face of the cantilever (u2 = ur1 = ur3 = 0) and a displacement rate of 1 
mm/min to a maximum displacement of 30 mm in the z-direction is 
applied to the nodes at the top right edge of the upper arm. 

3. Results and discussion 

3.1. Tension 

Fig. 3 shows typical stress versus strain curves for unpinned and 
pinned specimens. Curves generally show good repeatability and a 
typical composite stress–strain response with a linear elastic region 
followed by brittle failure with no yielding. Fig. 4 compares the average 
tensile strength, modulus, and strain to failure of all specimen configu-
rations. Tensile strength is generally unaffected by the presence of the 
pin up to ø2.0. The curves exhibit some pseudo-bilinear behaviour 
(likely resulting from the presence of ±45◦ plies) which becomes more 
pronounced as the pin diameter increases, tending to the unpinned 
behaviour. These have averaged transition points at 0.0023, 0.0027, 
0.0029 and 0.0037 strain for the unpinned, ø1.2, ø1.5, and ø 2.0 spec-
imens, respectively. Moduli are determined from the initial small strain 
(between 0 and 0.002) for consistency. Modulus doubles to its highest 
value, in going from unpinned to ø1.2 specimens. As the pin diameter 
increases, modulus decreases by 12 % from ø1.2 pins to ø1.5 pins, and by 
a further 14 % from ø1.5 pins to ø2.0 pins. The modulus in all pinned 
cases is still higher than in the unpinned case. Failure strain is signifi-
cantly reduced by a maximum of 59 % from around 0.017 (±0.00082) in 
unpinned to 0.007 (±0.00093) strain in ø1.2 pinned materials. 

Although the tensile failure strength of the material is unaffected, the 
way in which specimens fail is greatly influenced by the presence of the 
pin as shown in Fig. 5. Tensile failure transitions from large scale 
delamination dominated failure in unpinned specimens (Fig. 5a) to a 
combination of inter- and intra-laminar cracking in pinned specimens 
(Fig. 5b-d). This is accompanied by significant amounts of tow rupture 
and leads, in some cases (e.g., most ø1.2 mm specimens), to complete 
specimen fracturing. This extensive delamination type failure in 
unpinned specimens is typical of woven twill architectures where off- 
axis plies are included [43] and is the reason for the serrated region in 
the later stages of the unpinned load displacement graph (Fig. 3). Woven 
off-axis plies undergo scissoring during loading (Fig. 5a) in which yarns 
permanently rotate to align with the loading direction causing large 
shear strain in those plies [44]. It is the mismatch in the ability of the 
surface plies (0/90◦) to strain alongside the interior plies (±45◦) that 
causes the delamination and failure in unpinned specimens. The 
embedding of the pin therefore acts to partially suppress this delami-
nation phenomenon, which is supported by an improvement in GIC re-
ported later in Section 3.3. This has the effect of significantly and 
expectedly reducing failure strain (Fig. 3) by constricting the amount of 
scissoring that can occur, but simultaneously encourages interfacial 

Fig. 2. Three-dimensional model of ø2.0 pinned DCB specimens showing geometry and mesh used for analysis.  
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failure (fibre–matrix) and higher energy fibre-dominated failure in the 
form of tow rupture. 

Failure in pinned specimens initiates at the pin-composite interface 
and propagates transverse to the loading direction along the cross- 
section. This failure progression is like what was observed in 3 to 9 
mm diameter moulded-in holes in twill weave composites reported in 
[24], but is initially more progressive than catastrophic. In the case of 
the pinned specimens, it is the stiffness mismatch between the pin and 
laminate which leads to initial interfacial (pin-laminate) failure under 
deformation and subsequent laminate crack propagation from that 
initiation point. This is opposed to crack initiation at and propagation 
from the notched stress concentration in moulded-in open holes. In this 
case the advantages provided by change in the failure mode observed in 
pinned specimens seem to largely balance out expected reduction in 
tensile strength. Furthermore, the pin diameter does not influence the 
tensile strength in agreement with observations in moulded in holes 
where the size of the hole, between 6 and 10 mm in diameter, was re-
ported not to affect tensile strength [19]. This can be explained based on 
the constant width to diameter across the different pin sizes and the 
expectation of similar stress concentration factors around a filled 

circular opening with the fibre orientation distributions also scaling 
around the pin. 

Modulus is improved by the presence of the pin, doubling in 1.2 mm 
pinned samples. This is due to the restraining of the scissoring effect in 
±45◦ plies in which bias extension is a shear dominated event. Modulus 
is very sensitive to the presence of the ±45◦ plies because of this bias 
extension effect [47]. The pin is locked within in a unit cell, and because 
of the woven nature of the layers, local restraining of bias extension is 
limited within a unit cell. Increasing pin diameter increases the spec-
imen width in accordance with the testing standard (w/dpin = 6) and so 
increases the number of unaffected tows along the cross section which 
results in the modulus tending towards the unpinned value. 

The literature surrounding this type of experimental fracture me-
chanics evaluation for similar processes is extremely limited. Very 
similar findings were reported for both strength and modulus when 
evaluating 4 mm diameter brass filled moulded-in (filled and open-hole) 
holes in woven jute-epoxy/-polyester composites [17]. A slight 
improvement was observed in tensile strength and a significant 
improvement in modulus at the expense of failure strain, supporting the 
findings of this study. This result was attributed to an increase in load 

Table 2 
Laminate properties [41] and stainless-steel pins [33] used for pinned DCB analysis.  

Material E1 (GPa) E2 (GPa) E3 (GPa) ν12 ν23 ν31 G12 (GPa) G23 (GPa) G31 (GPa) 

Laminate 49.6 49.6 7.5  0.22 0.14 0.14 11.3 2.0 2.0 
Pin 193* – –  0.275* – – – – –  

* Pin can be considered isotropic and therefore E1 = E and ν12 = ν for used for pin material in FE simulation. 

Fig. 3. Typical tensile stress versus strain curves for unpinned and pinned samples.  

Fig. 4. Variation of tensile and compression properties of pinned and unpinned specimens with respect to pin diameter.  
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bearing capacity around the hole because of a localised increase in 
volume fraction (vf) from the unbroken deviated tows. These findings 
are supported by a series of works which also report no deterioration in 
tensile strength in similarly sized (and even much larger) moulded in 
holes (open-hole) in woven composites due to preservation of tow 
integrity and increased vf around the hole [19,24]. 

3.2. Compression 

Fig. 4 compares average compressive strength across all configura-
tions. Unlike tensile strength, compressive strength is greatly reduced by 
the presence of the pin in the laminate. Strength reduces by 22 % from 
unpinned to ø1.2 samples, a further 34 % from ø1.2 to ø1.5 and a further 
29 % from ø1.5 to ø2.0 samples. 

Like tensile specimens, significant differences are noted in the 
compressive failure mechanisms present in unpinned and pinned spec-
imens. Fig. 6 shows micrographs that compare the failure mechanisms in 

unpinned and pinned samples. The perceived taper of the pin is due to 
the slightly angled cutting plane of the micrographs. Failure in unpinned 
samples is transverse through-thickness shear failure (Fig. 6a) which is a 
high-energy, fibre-dominated failure mode in composites and supports 
the high compression strength value. Compression failure in woven 
composites is usually a combination of local microstructural, kink band, 
interlaminar and intralaminar failures that coalesce to a macrostructural 
failure event [21,45–47]. In the case of the transverse shear failure 
evident in Fig. 6, this is typically the result of local kink band formation 
in loading aligned tows and interfacial failures in non-aligned tows that 
merge following shear planes arising from the crimp and waviness re-
gions in the woven architecture. Pinned specimens instead show signs of 
local inter- and intra-ply delamination both in the region near (Fig. 6b 
and c) and away from the pin (Fig. 6d). Crushing either side of the pin is 
also observed in the micrographs of the larger ø2.0 mm pin samples 
(Fig. 6c). Intralaminar cracking is visible in the region directly around 
the pin and extends outwards, becoming more pronounced where the 

Fig. 5. Fractured tensile specimens showing (a) unpinned, (b) ø1.2, (c) ø1.5, and (d) ø2.0.  

Fig. 6. Micrographs showing compressive failure mechanics in (a) unpinned, (b) pin location in ø1.2, (c) pin location in ø2.0, and (d) away from the pin in 
ø2.0 specimens. 

G. Neale et al.                                                                                                                                                                                                                                   



Composite Structures 337 (2024) 118066

7

effects of local pin delamination resistance are not apparent. This rep-
resents a transition from higher-energy, fibre-dominated failure in 
unpinned samples to lower-energy matrix dominated failure in pinned 
samples and is responsible for the significant deterioration in compres-
sive strength. 

Compressive strength in composites is extremely sensitive to crimp 
and waviness. As pin diameter increases, local fibre crimp and waviness 
in the region immediately surrounding the pin increase. Although the 
static insertion method seems to do a good job of minimising this effect 
[12], both local tow disturbance and local vf variations inevitably in-
crease non-linearly with pin diameter. This added waviness promotes 
interlaminar failures that shows signs of delamination buckling failure 
and subsequent splaying. This is typical of woven architectures and is a 
consequence of the bending forces on yarns [45] which, in this case, is 
exacerbated by heavily deviated yarn paths at the pin. 

3.3. Mode I interlaminar 

In DCB testing, during loading all specimens showed a symmetric 
response with no twisting whilst the crack front position appeared 
uniform across the two faces of the specimen. The load–displacement 
curves are shown in Fig. 7 and are shown as a means of validating the FE 
model. In unpinned specimens, crack initiation occurs at around 40 N 
(±4N) followed by a gradual decrease to steady state crack propagation. 
In pinned samples, this load is delayed and increased as the crack is 
arrested by the pin, after which a load decrease is observed. The 
load–displacement data is applied using the corrected beam theory 
(CBT) method for deriving GIC, which is detailed in the ISO 15024 
standard [38], and used to derive the interlaminar toughness curves 
using Eq. (1). Experimentally calculated GIC values are shown in Fig. 8. 

GIC =
3Pδ

2b(a + |Δ|)
×

F
N

(1)  

Where P is the load, δ is the load displacement, a is delamination length, 
b is the specimen width, C is the load line compliance (δ/P), Δ is the x- 
intercept of a graph of delamination length (a) versus (C/N)1/3, F is the 
large-displacement correction (described below in Eq. (2)), N is the load 
block correction (described below in Eq. (3)), 

F = 1 −
3
10

(δ
a

)2
−

2
3

(
δl1

a2

)

(2)  

N = 1 −

(
l2

a

)3

−
9
8

[

1 −

(
l2

a

)2
]

δl1

a2 −
9
35

(δ
a

)2
(3)  

Where a is δ is the load displacement, a is delamination length, l1 is the 
distance from the centre of the loading pin to the midplane of the 

specimen beam and l2 is the distance from the loading-pin centre to its 
edge. 

Fig. 8 compares averaged crack resistance curves for unpinned and 
pinned specimens. Crack growth is stable and follows a stick–slip 
propagation; however, a large ~10 mm jump is observed as the crack 
front approaches the pin, hence the high variation in fracture toughness 
results. Unpinned specimens show an average crack energy release rate 
of 550 J/m2 (±21 J/m2) for the duration of the delamination event. In 
pinned samples, there is a linear increase to a peak around the location 
of the pin. The average peak crack energy release rates observed during 
bridging are 854 J/m2 (±191 J/m2) in ø1.2 specimens, 1018 J/m2 

(±287 J/m2) in ø1.5 specimens and 931 J/m2 (±251 J/m2) in ø2.0 
specimens. After the end of bridging, GIC reduces back to levels similar to 
the baseline of the unpinned specimens. There is clearly an improvement 
in GIC due to the presence of the pin but given the large standard devi-
ation in the results likely resulting from unstable crack propagation at 
the pin. There is no significant relationship between delamination 
resistance and pin diameter. 

The failure progression in pinned samples is shown in Fig. 9. In all 
pinned cases the delamination crack progresses towards the pin and on 
reaching the vicinity of the pin there is a sharp rise in load (Fig. 7). 
Typically, this increase would come at or after the reinforcement point 
as bridging traction kicks in. However, unlike in tufting or stitching, 
there is no need for straightening of the through-thickness reinforcement 
before this effect is apparent as interfacial failure between the pin and 
the laminate is likely before the pin deforms significantly under bridging 
tension. This is not the case for ø2.0 specimens where the peak load is 
achieved well ahead of the crack reaching the pin. The general trend 
observed is that the peak load moves forward as the pin diameter in-
creases. There is an audible general debonding at the interface between 
the pin and the composite followed by pin pull-out. Because the strength 
of the pin is an order of magnitude higher than that of the matrix-pin 
bond [33,42] the pin does not break, instead only pulls out and resists 
crack opening via friction between the pin and the hole left behind 
(Fig. 9b). 

The finite element model of DCB testing was used to investigate the 
reasons behind the early onset delamination performance improvement 
in ø2.0 specimens. Fig. 7 compares the load versus opening displacement 
results of the simulation with the experiment and shows a generally 
good agreement between the two. Fig. 10 shows the stress distribution at 
the delamination interface when the crack is 5 mm before the pin. 
Although the crack is in front of the pin, there is already a significant 
bending stress developed in the pin which is transferred from the 
bending of the cantilever arms as the crack is opened which corresponds 
with the increase in load. This earlier onset in GIC is only effective in this 
way when pin diameters are large. In tufted and z-pinned laminates 
where reinforcement allows sufficient yielding (metallic 

Fig. 7. Averaged load displacement curves for unpinned and pinned laminates.  
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reinforcements), this similarly results in bending stresses being main-
tained by the reinforcements during DCB tests [48]. 

The pull out of the large diameter metallic pin that occurs during 
mode I delamination is like what occurs locally at the pin in metallic z- 

pinned laminates with some notable differences. Because of the much 
greater pin stiffness due to the large cross-sectional areas, plastic 
deformation of the pin is not likely. Snubbing, which is the lateral 
deflection of the pin large due to crack sliding displacements, is still 

Fig. 8. Averaged delamination fracture toughness versus crack length for unpinned and pinned laminates; pin located at a = 65 mm.  

Fig. 9. Typical delamination crack progression (a) at the pin (Δa = 11 mm), (b) just after the pin (Δa = 31 mm), (c) long after the pin (Δa = 49 mm).  

Fig. 10. Stress contour plots for crack extension at 5 mm ahead of the pin (Δa = 5 mm) showing (a) maximum principal stress at crack, (b) maximum principal stress 
at the delamination plane, and (c) 33 component of stress at the pin. 
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possible after debonding and is likely dependent on the length to 
diameter ratio of the pin. This has the effect of increasing friction be-
tween the pin and the laminate and increases resistance against shear 
induced pull-out. Numerical modelling of the snubbing mechanism has 
concluded that in conjunction with increasing the bridging force, it also 
increases the energy dissipation [49]. The pull-out response of a single 
pin can be characterised by a tri-linear curve and can be divided into two 
subcategories: (a) instant debonding and (b) gradual debonding [50]. 
Fig. 7 suggests that the debonding in ø2.0 mm samples is gradual over a 
small time period, with a linear drop in force over an increase in 
displacement. This occurs when the pin does not de-bond instantly but 
over a period of time, during which energy is consumed both by 
debonding and frictional sliding. After complete interfacial debonding, 
the only mechanism that works is frictional sliding until the pin is 
completely pulled-out of the laminate. 

4. Conclusion 

This work characterised the effect of single pin insertion using the 
static insertion method on the mechanical behaviour and associated 
fracture mechanics of woven carbon-benzoxazine composites with large 
a single diameter metallic pin inserted using the static pin insertion 
method. Pin diameters ranged from 1.2 to 2.0 mm in diameter and 
pinned laminates were investigated under tension, compression, and 
mode I delamination loading conditions. 

Tensile strength was found to be unaffected by the presence of the 
pin in laminates. The addition of the pin altered the macroscale fracture 
mechanics of the laminate from matrix-dominated delamination in 
unpinned laminates to fibre-dominated tow rupture in pinned samples. 
This effective suppression of delamination had the effect of maintaining 
the tensile strength in the material by altering the failure mechanisms. 
Tensile modulus was significantly improved in pinned laminates by up 
to 100 % in 1.2 mm diameter pin specimens. 

Compression response was markedly affected by the insertion of the 
pin. Compressive strength decreased by a maximum of 42 % in 2.0 mm 
diameter pinned laminates. The decrease in compressive strength was 
attributed to a severe increase in local crimp and waviness at the pin, 
which serves as an initiation point for premature failure in the material. 
Compression strength decreases with increasing pin diameter which is 
responsible for increasing local tow waviness. This results in a transition 
from high-energy transverse shear failure in unpinned laminates to 
interlaminar failure via delamination buckling in pinned laminates. 

There is an increase in peak average GIC values at the pin in pinned 
laminates by a maximum of 86 %. There is no statistically significant 
trend in the relationship peak GIC and pin diameter. A new observation 
here is that the initial increase in the slope of the GIC curve and the 
location of the peak value shift forwards with increasing pin diameter. In 
2.0 mm diameter pinned laminates, the initial rise in GIC is observed in 
front of the crack reaching the pin and the peak is at pin itself, which is 
unlike the conventional crack bridging understanding where the GIC rise 
is observed at or after the pin. This was found to be the result of pin 
bending which initiates before the delamination crack reaches the pin. 

This work has demonstrated that the insertion of a large diameter 
pin, far exceeding the capabilities of current TTR methods, is also 
compatible with structural composites as far as tensile and through- 
thickness performance are required. This result is significant insofar as 
proving that through-thickness reinforcing elements of this magnitude 
can be inserted in this way, without significant diminishment in struc-
tural performance (excluding in compression) local to the pin with po-
tential for integrating fluid flow channels, joining, or functional 
reinforcements like heating elements. The interpretation of these results 
is limited to the use of a fairly rigid and ductile pin material and in-
vestigations into non-symmetric loading configurations or the collective 
effect of pins in arrays are still needed. The improvements in mode I 
delamination resistance can positively affect laminates but are not suf-
ficient to provide large scale local performance improvements. This 

reinforces the notion that the static insertion technology can be applied 
to the integration of large diameter multifunctional elements, joining 
applications, and the more efficient integration of moulded-in holes 
without having adverse effects on part quality or performance. The re-
sults here can be expanded to inform a future study where similar large 
diameter pins arranged as an array to investigate the collective effective 
multiple pins in the structure on both structural and functional 
performance. 
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