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Abstract

In this study, the pin bearing behaviour of a 3D printed composite material with Kevlar reinforcement was analysed. Three
different experimental tests were designed to determine the effects of fibre orientation, layer design, and fibre distribution
along the specimen thickness. Furthermore, the pin-bearing strength and stiffness were analysed using statistical methods as
analysis of variance. The results indicate a significant increase in bearing strength and stiffness for at least two fibre orienta-
tions, i.e. 0°and 90° with respect to the pin displacement. The results also highlight a no significant variation of strength and
stiffness for parts produced adopting a mixed or single fibre orientation; finally, the findings do not indicate any significant
influence of the fibre layer position inside the specimen, i.e. this parameter does not limit the freedom when designing a

fibre-reinforced part.
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1 Introduction

Continuous reinforced fibre composite (CRFC) materials
are widely used due to their low weight, high mechanical
performance, low production and maintenance costs, and
corrosion resistance [1, 2]. The use of long fibres leads to
the generation of a highly anisotropic material that can be
used to exploit the capability of the alignment of the fibres.
Given this feature, it is possible to significantly improve the
mechanical performance mainly in the direction parallel to
the applied load [3, 4]. Hence, there is an increase in additive
manufacturing (AM) techniques because they can custom-
ise layer-by-layer printed products and can realise complex
objects in a single step, thereby avoiding the assembly stage
[5, 6]. Among all the AM techniques, the most common
is fused filament fabrication (FFF) as it is a cost-effective,
almost-zero-waste, and user-friendly approach [7, 8]. There-
fore, composite materials produced using this method are
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widely characterised and investigated via tension, flexural,
compression, impact, and shear tests.

In literature, several characterizations have been per-
formed on CRFC reinforced with carbon, glass and Kev-
lar fibres printed with FFF additive technology. The main
mechanical behaviour evaluated is the response to the tensile
test and the results founded could be resumed as follow:
higher performances with carbon reinforcement respect to
glass and Kevlar [9, 10]; fiber layer position distribution
does not affect the tensile strength [11] and elastic modulus
[12]; presence of voids occurs with the increase of consecu-
tive fibres layer [13]; best reinforcements achievable when
fibres are oriented parallel to the loading direction [14];
CRFC parts produced with additive manufacturing tech-
nology has lower properties respect to traditional methods
because of layering production process [15, 16]; it exists a
trade off in terms of quality comparing long and short fibre
[17]; highest rigidity achievable with layers of matrix and
fibres alternated of +45° respect to the load direction [18].

Despite these important results, few studies are available
on others mechanical behaviours of CRFC produced with
AM such as bearing strength, parameter fundamental in
designing reversible joints. Pin bearing test is designed to
evaluate the response of a plate, fastener, and hole to stress.
The test establishes a value for the bearing stiffness and
bearing strength for the joint. The bearing stiffness is the
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linear proportionality between bearing stress and bearing
strain, and the bearing strength is the amount of bearing
stress that the test specimen can support before fracture. In
literature, pin-bearing behaviour was investigated on CRFC
samples produced with conventional technique as vacuum
bagging [19-21], woven technology [22] and hot pressing
[23]. The findings concluded that bearing failure is affected
by geometrical parameters, including hole diameter (D),
edge distance (E), and width (W) and that, in case of carbon
fibres, best results are obtained with fibres oriented along
the load direction. Ascione et al. proposed a bearing strength
prediction model for glass fibre reinforced composite [23].
Comparing bearing resistance of CRFC produced with addi-
tive manufacturing respect to conventional technique it was
found that best results are achieved with AM if the hole
is produced subsequently by drilling process [24, 25]. The
reason can be ascribed to the technological limitations of
the AM process: to create a hole by an additive approach
the so-called wall layers circumscribing the hole itself are
mandatory. This resulted in the addition of an extra-matrix
phase around the hole before printing the fiber with a con-
sequently loss of performance.

However, it must be highlight that most of the results
founded are referred to carbon fiber reinforcement but other
synthetic fibers are available with interesting mechani-
cal properties. Among these Kevlar fibres exhibits high
strength-to-weight ratio, low density, better impact resist-
ance, and higher flexibility [26-28]; moreover, other inves-
tigations concluded that Kevlar is more resistant to fatigue
and it exhibits stronger abrasion resistance than carbon and
glass fibres [29]. These properties lead Kevlar suitable for
application in aeronautical environment.

To enrich the existing knowledge, in this study, a CRFC,
with Kevlar as reinforcement and Nylon as matrix, was
fabricated via FFF. The composite was characterised via
a double-lap pin-bearing test. Three types of experimental
tests were designed considering different parameters, i.e.
the fibre orientation, layer package sequence, and fibre layer
distribution along the specimen thickness. The results were
consistent with those of other material characterisation tests
and provided useful information with respect to fibre layer
distribution for designing composite parts.

2 Materials and methods

2.1 Materials and specimen design

The specimens were printed with a Mark Two (Mark-
forged, Watertown, MA, USA), which uses fused filament
fabrication technology to fabricate parts and is equipped

with two nozzles to deposit a layer of matrix and a layer
of fibre. For the matrix, we used Onyx, which is a nylon
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matrix reinforced with micro carbon fibres [30]. Further-
more, Kevlar was used as the reinforcement. Table 1 lists
the main properties of the matrix and fibre.

The specimen geometry was set based on ASTM
D5961/D5961M-10 [31]. The geometry was first designed
in SolidWorks and then converted into an STL file. Fig-
ure 1 shows the main dimensions in mm of the specimens.

During the samples printing the matrix extrusion tem-
perature was set equal to 275 °C while the fibre tempera-
ture at 255 °C; no heating procedure have been set for the
bed plate. These parameters are indicated by the printing
machine as optimal parameters for the printability of the
selected material. Based on the performance of the 3D
printer, the specimens were fabricated as a combination
of 36 layers with a thickness of 0.1 mm each. For each
layer, it was possible to set the type of material (matrix or
fibre) and wire orientation. Furthermore, it was possible
to set a layer package (LP) with the same material and
fibre orientation.

To analyse the mechanical behaviour, three different
experimental tests were designed as a function of fibre ori-
entation, position, and LP design. In all the experiments,
each test was replicated thrice. For the first and second
experimental test, the specimen matrix/layer distribution
was set as follows:

e An LP equal to four layers was set such that the specimen
was considered as comprising nine LPs.

e All the specimens included five LPs of the matrix and
four LPs of Kevlar, i.e. 20 layers of matrix and 16 layers
of Kevlar. Therefore, the proportion of the fibre layer was
equal to 45%.

e In all the matrix LPs, a full solid infill was set and the
wire orientation was equal to a sequence of 45°and 135°.

Table 1 Mechanical properties of the matrix and reinforcement

Properties Onyx Kevlar
Tensile modulus (GPa) 2.4 27
Tensile strength (MPa) 40 610
Tensile stress at failure (MPa) 37 /
Tensile strain at failure (%) 25 /
Flexural modulus (GPa) 3 26
Flexural strength (MPa) 71 240
Flexural strain at failure (%) / 2.1
Compressive modulus (GPa) / 28
Compressive strength (MPa) / 97
Compressive strain at break (%) / 15
Heat—deflection temp (°C) 145 105
Iozd-impact-notched (J/m) 330 2000
Density (g/cm’) 1.2 1.2
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Fig. 1 Main dimensions (mm)
of specimens based on ASTM
D5961/D5961M-10 135.00 3.60
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designed to analyse whether PL with single (S) or mixed (M)
LP_2 Keviar fibre orientation affects pin bearing behaviour. The strategy
for printing fibre layers with different orientations was also
tested. Table 3 presents the test configuration.
For the third experimental test, it was investigated the
P8 dimension of LP inside the specimen. Five different con-
figurations were designed with different LP dimensions as

Fig.2 Specimen cross-section configuration as a function of the layer
package (LP)

Table 2 First experimental tes—fibre PL configuration as a function
of fibre orientation

Layer Package Test_0 Test_45 Test_90
LP_2 0° 45° 90°
LP_4 0° 45° 90°
LP_6 0° 45° 90°
LP_8 0° 45° 90°

Based on the aforementioned distribution, the specimen
cross-section configuration is shown in Fig. 2.

In the first experiment test, we analysed the effect of
fibre orientation. Three different specimen configurations
were tested as a function of the fibre orientation as follows:
0°, 45°, and 90° with respect to the specimen length. The
results were compared with those of specimen without fibres
(Test_NO). Table 2 summarises each test design as a func-
tion of the LP.

In the second experimental test, we tested the effect of
LP design. Four different specimen configurations were

follows: one LP with 16 layers (Test_16 L), two LPs with
eight layers (Test 8 L), three LPs with four layers (Test_4
L), eight LPs with two layers (Test_2 L), and 16 LPs with 1
layer (Test_1 L). To avoid any effect of orientation, Kevlar
was deposited at 0°, 45°, 90°, and 135°. Table 4 lists the LP
positions of the specimen, in particular Table 4 described
layer by layer the presence of matrix (white) or fibre (yellow)
and reports also the filament orientation.

2.2 Methods

Pin-hole tensile tests were performed using a Galdabini
QUASAR 50 (Galdabini SPA, Italy, load cell of 50 kN).
The cross-head speed was set to 3 mm/min, and a software
was used to record pin displacement and stress values. The
experimental setup is shown in Fig. 3a, and b illustrate the
bearing test apparatus based on ASTM D 5961 [31].

After the bearing tests, bearing strength and stiffness
were evaluated. Based on the data recorded via the dedi-
cated software of the equipment, the deformation, maxi-
mum load, stiffness of the samples at the bearing, and hole
resistance were determined. The bearing strength, o,,, is
conventionally used to indicate the stress at the maximum
load (Eq. 1):

Table 3 Second experimental

N Layer Package Test 0_90_M Test 45_135_M Test 0_90_S Test 45_135_S
test—fibre PL configuration
LP_ 2 0/90/0/90 45/135/45/135 0/0/0/0 45/45/45/45
LP 4 0/90/0/90 45/135/45/135 90/90/90/90 135/135/135/135
LP_6 0/90/0/90 45/135/45/135 0/0/0/0 45/45/45/45
LP_8 0/90/0/90 45/135/45/135 90/90/90/90 135/135/135/135
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Table 4 Third experimental campaign test configuration

Layer | Test 16L | Test 8L | Test 4L | Test_2L | Test_ 1L
1 45 45 45 45 45
2 135 135 135 135 135
3 45 0 45 45 0
4 135 45 135 0 45
5 45 135 0 45 45
6 135 90 45 45 135
7 45 0 135 135 135
8 135 45 90 135 45
9 45 135 45 90 90
10 135 90 135 45 135
11 0 45 45 135 0
12 45 135 135 0 45
13 135 45 0 45 45
14 90 135 45 45 135
15 0 45 135 135 135
16 45 135 90 135 45
17 135 45 45 90 90
18 90 135 135 45 45
19 0 45 45 135 135
20 45 135 135 0 0
21 135 45 0 45 45
22 90 135 45 45 45
23 0 45 135 135 135
24 45 135 90 135 135
25 135 45 45 90 45
26 90 135 135 45 90
27 45 0 45 135 135
28 135 45 135 0 0
29 45 135 0 45 45
30 135 90 45 45 45
31 45 0 135 135 135
32 135 45 90 135 135
33 45 135 45 90 45
34 135 90 135 45 90
35 45 45 45 135 135
36 135 135 135 45 45
Table 4: third experimental campaign test configuration

P
o = > ()

where P denotes the bearing load, D denotes the hole diam-
eter, and ¢ denotes the specimen thickness. The stress—dis-
placement curve generated from the data can be used to eval-
uate the bearing stiffness of the samples (K ). The stiffness
is determined from the stress—strain curve with a gradient
in the range of 5-5.5% bearing strain, where the stress—dis-
placement curve is relatively linear for all the specimens
[32]. As example, in Fig. 4 a graphic diagram of the stiffness
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measurement on a classic Stress-pin displacement curve is
shown.

The second experimental test involved macrographic sec-
tion analysis. The tests were performed using a Hirox digital
microscope KH 8700 (24 fps and 1200 x 1600 pixel resolu-
tion). Furthermore, Analysis of Variance (AnoVa) was used
to analyse the results obtained from each experimental test.
Moreover, where possible, Tukey range test was executed
too to find, for each level tested, means that are significantly
different from each other.

3 Results
3.1 First experimental tests

Figure 4 shows the main results of the pin bearing tests. All
the experiments exhibited good replica repetition (maximum
dispersion with respect to o, was less than 15%), thereby
highlighting the production process and experimental
robustness. As shown in Fig. 5, it is possible to observe two
different material behaviours. The first material behaviour
was characterized by a higher slope. This corresponded to
the material with fibre orientations of 0° and 45° (Fig. 5b
and c). Furthermore, the specimen with only matrix or speci-
men with fibres deposited orthogonal to the pin displace-
ment showed higher pin deformations. However, they failed
at lower bearing stress.

Figure 6 shows the magnified images of the hole defor-
mation for each test configuration. The hole deformation
images confirmed that pin bearing corresponds to the first
phenomena of material failure.

Table 5 shows that the fibre orientation is significant for
oy, and K, (p value lower than 0.05). Furthermore, Tukey’s
range test was used to identify two different groups based
on bearing strength (Fig. 7a). Specifically, the mechanical
behaviour of specimens with fibre orientation orthogonal to
the pin displacement (Test_90) was similar to that of speci-
mens without fibre. With respect to stiffness (Fig. 7b), the
results of Test_0 significantly differed from those of other
fibre orientations.

3.2 Second experimental test

In the second experimental test, all experiments show good
replica repetition, as shown in Fig. §, with a maximum dis-
persion of oy, corresponding to 16%. Additionally, all the
specimens failed, as shown in Fig. 9. However, as shown
in Fig. 8, specimens with 0°-90° fibre orientation failed
at lower pin displacements (approximately 5 mm) when
compared to specimens with fibre orientation of 45°-135°
(approximately 10 mm). Furthermore, specimens with
0°-90° fibre orientation exhibited higher bearing strength
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Fig.3 Pin bearing experimental
setup (a) and test apparatus b ﬁ !—Q@d
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Fig.4 Mode of bearing stiffness, K,,, evaluation from Stress—Pin displacement curve

when compared to specimens with fibre orientation of
45°-135°. Furthermore, there was no significant differ-
ence in the shapes of the curves of mixed and separated
distributions.

The analysis of variance is shown in Table 6a and b, and
it confirms that only fibre orientation significantly affects o,
and Kp This is also shown in Fig. 10a and b, where the aver-
age maximum values of ¢, is K, for the 0°~90° specimens
with single and mixed layer configurations are observed to
be 8% and 47% higher than those for the 45°-135° speci-
mens, respectively. In the same graph, it is possible to

observe that the distribution of reinforced layers in a single
or mixed configuration for the same fibre orientations does
not improve o, and K,. Their average maximum values in
these two layouts are comparable.

A macrograph of the hole of the loaded specimen
is shown in Fig. 11. The pin-bearing test visibly led to
buckling of the surface, and significant differences were
not observed among the different types of samples. The
nature of the strains in the plies is dependent on whether
buckling occurs symmetrically (Fig. 11a—c) or antisym-
metrically (Fig. 11d), as indicated by the dashed red line.
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Fig.5 Main results of the first pin bearing test
Fig.6 First experimental test—

magnified images of deformed
specimens

(a) Test_NO
Table 5 ANOVA test results
Source Parameter p value
Fibre orientation Oy 0.017
Kp <0.005

In the symmetrical condition, tensile transverse and shear
deformations are produced in the plies. In the antisymmet-
rical condition, only shear deformation occurs [33]. It is
implicit that delamination is occasionally visible (Fig. 11,
red circle) as an effect of the loading on the hole and not
merely as the effect of buckling. This was confirmed in
[34], where it was observed that the bearing action of the
pin generates tensile interlaminar normal stresses at the
hole.
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3.3 Third experimental test

Figure 12 shows all the experimental curves for each con-
figuration of the third experimental test. All the specimens
exhibited good replica repetition, and the maximum disper-
sion measured for o,, was less than 13%. All the test con-
figurations involved the same fibre orientation. Hence, it was
possible to obtain the same shape for all the curves. Further-
more, there was no significant difference in the maxima val-
ues of o, for all the configurations. Figure 13 shows bearing
failures in the third campaign.

Table 7 and Fig. 14 show the analysis of variance for the
third experimental campaign. The results indicated that the
distribution of the reinforced layers is not significant for o,
and K, with respect to the same number of fibres and same
fibre orientation. This is evidently shown in Table 7 with a
p value >0.05. Furthermore, the results in Figs. 14a and b
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Fig. 8 Main results of the second experimental pin bearing test

Fig.9 Second experimental
test—magnified images of
deformed specimens
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Table 6 Statistical analysis of the second experimental test

Source p value Source p value
Fibre orientation 0.01 Fibre orientation 0.005
LP design 0.716  LP design 0.517
Interaction 0.056 Interaction 0.398

(a) 0, ANOVA test results

(b) Kp ANOVA test results

indicate that there is no evidence of a relationship between
the distribution along the thickness of the fibre layers and
changes in ¢, and K.

4

Discussion

The analysis of the results of the study are summarized
below:

The first experimental results were for mono-directional
reinforced specimens and unreinforced specimens. Spe-
cifically, similar results were obtained in terms of o),
for fibre orientations of 0° and 45°. Furthermore, the
fibre orientation of 90° can be considered as the bound-
ary between the two groups, as determined through the
Tukey test (Fig. 7). The results were in contrast to those
obtained in [11]. The specimen with fibres oriented at 0°
exhibited optimal performances during the tensile test.
This difference in performance is related to premature
failure due to buckling of 0° fibres during the pin bearing
test and complex stress that the pin transfers to the plate.
This can occur not only in the load direction. Hence, this
is contrary to [11], which states that 90° fibres cannot
improve mechanical properties during the tensile test.
Furthermore, high stiffness was observed for fibres ori-
ented parallel to the load direction. However, the stiff-

ness decreased for the fibre orientation of 45° during the
tensile test [11]. Specifically, it was only 8.3% higher
than that of the unreinforced configuration. In the current
study, for fibre deposition at 45°, the bearing stiffness
was +54% and — 56% with respect to only polymeric and
0° configurations, respectively.

The second experimental test indicated that the bear-
ing strength and stiffness are significant when the fibre
is oriented in more than one direction. Specifically,
with respect to the bearing strength, the Tukey test
in the first experimental campaign highlighted that
all the samples with fibres belong to the same group
(Fig. 6). Conversely, the ANOVA results of the second
campaign (Fig. 10c) demonstrate a significant differ-
ence between the two tested sets. In particular, it was
observed that samples with fiber along 0 and 90° has
higher stiffness and resistance to bearing strength, this
phenomenon is coherent with the results obtained by
[11] in case of tensile test. However, respect to [11]
better results have been achieved with Test 0-90 mixed
or simple comparing with results of Test 0°; the reason
is caused by the stress distribution that in pin bear-
ing is not constant but varies from zero at the sides of
the hole to a maximum behind the pin. In accordance
with [11] no significative results have been observed
for mixed or single configuration. Furthermore, Fig. 11
reveals a high amount of debonding among the lay-
ers. Additionally, pin-bearing failure was prompted by
shear buckling, which indicates distortion of all the
layers in phase with each other. The features suggested
that the debonding area of a specified dimension starts
to advance in correspondence with the maximum load.
The layers buckled when the debonded span became
dangerous, which, in turn, led to bearing failure. In
general, no significant differences were detected among
any of the tested samples.
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Fig. 10 Main effects plot with 95% confidence interval for bearing strength (a) and stiffness b
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(a) Test0_90_M

(b) Test45_135_M

(c) Test0_90_S

(d) Test 45_135_S

Fig. 11 Cross-sectional analysis with a 0° cut in the region above the hole in (a) and ¢ and 45° cut in (b) and d

e The third experimental test indicated that the dimension
of layer package inside the specimen did not affect bear-
ing strength and stiffness. This result is in accordance
with [12], wherein the analysis was conducted for tensile
testing. On the contrary, because the bearing stress is not
unidirectional the higher bearing strength was achieved
in these test highlight an advantage when design parts
with fiber oriented along more directions. This result can
be useful because it provides high freedom in the design
of reinforced parts and in fiber layer package size and
distribution.

Finally, the results did not reveal a significant effect of
the layer package design and position. Thus, it is possible to
plot the bearing strength with respect to the stiffness of all
experimental campaigns as a function of fibre orientation
(Fig. 15).

The graph shows that it is possible to divide the results
into four different quadrants as a function of the low or high
values of g, or K,,. As expected, given its mechanical proper-
ties, the configuration without fibre exhibits lower sigma and
lower stiffness (fibre orientation NO). However, it is interest-
ing to observe that the main effect on the layer deposited in
a direction parallel to the applied load results in a significant
increase in stiffness (from 2000 to 10,000 MPa). The main
effect of depositing fibre in two or more directions corresponds
to increases in the bearing strength although significant stiff-
ness variation is not measured (fibre orientation of 45° vs.
45-135°). In conclusion, the configuration 0-90° guarantees
high values for both mechanical properties. The presence of
layers with fibre orientations of 45° and 135° does not alter
the mechanical behaviour and instead increases the dispersion
of the results.
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Fig. 12 Main results for the third campaign pin bearing test

(a) Test_16L

(b) Test_8L

Fig. 13 Third experimental test—magnified images of deformed specimens
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Table7 ANOVA test results

Source Parameter p value
Layer package dimension oy, 0.118
Kp 0.411

5 Conclusion

In the study, it was analysed the mechanical behaviour of a
composite material, which was reinforced with Kevlar and fab-
ricated via fused filament fabrication, in a pin-bearing test. The
results demonstrated that fibre orientation significantly affects
mechanical behaviour as opposed to their position inside the

specimen. Furthermore, with respect to pin-bearing behav-
iour, fibre layers in more than two directions do not improve
bearing strength but increases part stiffness. On the contrary
respect to the state of art, it was demonstrated that a multi-
direction strategy is preferred respect to a single one because
in pin bearing the stress undergone along different direction.
The results enhance knowledge on the use of CRFC materials
fabricated via AM in construction of joints. In particular, the
research establishes a technological window where, as a func-
tion of the desired bearing strength and stiffness it is possible
to select the optimal sample configuration.

In the future it could be interesting evaluate the influence of
samples geometry different values of the ratio hole diameter
and edge distance (E/D) or hole diameter and width (W/D) on
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the bearing strength and failure to assess the bearing failure
window.
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