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Abstract

Thermoplastic parts fabricated by material extrusion (MEX) 3D printing usually possess weak
inter-layer bonding, leading to low mechanical performance in the Z-direction. Here, we
develop a simple but effective post-treatment method to improve the Z-strength of MEX-printed
acrylonitrile butadiene styrene (ABS) parts. In this method, commercial carbon fiber (CF) tows
and epoxy were embedded into internal channels in MEX-printed structures to form high-
strength CF/epoxy pins. Due to the mechanical interlock between the CF/epoxy pins and the
printed ABS, the Z-strength of the printed parts improved significantly. Specifically, the Z-
pinned ABS samples exhibit a strength of up to 71.74 MPa and a Young’s modulus of up to
5.93 GPa in the transverse direction, which were 335% and 266% higher than those of the

printed neat counterparts, respectively. We find that the mechanical performance of the Z-
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pinned samples follows a simple rule of mixtures which is able to capture the Z-dependent
mechanical strength and Young’s modulus. Also, curved CF/epoxy pins were successfully
formed within printed thin-walled curved structures, offering the capability to strengthen MEX
printed structures with complex shapes. This work demonstrates that the Z-pin embedding
process can be an effective approach to improve the transverse strength of the MEX printed

parts for load-bearing structural applications.

Keywords: Material extrusion, Acrylonitrile butadiene styrene, Z-strength, Z-pin, carbon

fiber/epoxy



1. Introduction

In recent years, additive manufacturing (AM) technologies, commonly referred to as 3D
printing, has drawn tremendous attention from both industry and academia [1, 2]. These
advanced technologies possess several advantages compared with conventional manufacturing
techniques, offering new capabilities to process materials [1, 3, 4]. Material extrusion (MEX)
3D printing such as fused filament fabrication (FFF) is one of the most widely used AM
methods to process thermoplastics because of its simple process, good reliability, and high cost-
effectiveness [5, 6]. In this method, a thermoplastic filament is extruded through a heated nozzle
to deposit the polymer melt layer-by-layer and build up 3D parts based on CAD models [2, 7].
This sequential layer deposition approach allows FFF to fabricate complex and tailored
thermoplastic products with high precision, reduced material waste, short lead time, and high
customization [2, 4]. Therefore, FFF has been widely employed in various industrial sectors,

including aerospace [8, 9], automotives [10, 11], electronics [12-14], and healthcare [15, 16].

Despite FFF’s widespread adoption, parts fabricated by FFF usually possess poor inter-layer
bonding, resulting in low mechanical properties in the transverse direction (Z-direction) [5, 17].
It is well documented that bonding between adjacent rasters occurs at temperatures above the
glass transition temperature (T) of the polymer feedstocks [6, 18]. However, because the newly
extruded material cools quickly and the underlying layers are already cooled, the bonding time
of adjacent rasters does not achieve sufficient polymer entanglement across the inter-raster
interface [6, 7, 18]. Moreover, incomplete coalescence of neighboring rasters results in residual
inter-raster voids, further lowering the mechanical performance of the printed structures [5-7,
17]. Therefore, FFF-printed components usually have poor Z-strength compared to those
fabricated by traditional manufacturing methods [17]. These disadvantages restrict the practical
applications of the FFF-printed parts to conceptual prototyping rather than fully functional end-

use products [2].



Over the last decade, several methods have been developed to improve the Z-strength of the
FFF-printed parts [19-36]. Polymer feedstocks have been modified with addition of reversibly
crosslinked polymers to generate new covalent bonds between inter-layer interfaces [21] or low
molecular weight surface-segregating additives (LMW-SuSAs) to improve the entanglement of
the polymer chains between the printed layers [26, 27]. The printing process has been modified
with ultraviolet (UV) irradiation for in-situ crosslink generation at the layer interfaces during
the printing of polymer feedstocks modified with LMW-SuSAs and photoinitiators [28]. The
integration of laser heating [23], dielectric barrier discharge heating [31], or modified heating
blocks [30] have been used to increase the bond time for interfacial diffusion during the printing
process. Additionally, the printing process can be modified with the use of a vibrating motor
attached to the printhead to increase bonding pressure between the deposited rasters during the
printing process [24]. Post-annealing [22, 25, 29] and microwave heating [32] have been
effectively applied to re-heat the deposited filaments and provide sufficient time for polymer

diffusion between the adjacent rasters after the printing process.

Z-pinning is a through-thickness reinforcement approach which has been applied to address the
weak Z-strength of FFF-printed parts. This method involves the insertion of Z-aligned pins into
the printed polymer structures such that the interfaces between adjacent Z-planes are reinforced.
The first application of Z-pinning was reported by Duty et al. to mainly address the mechanical
anisotropy issue of FFF-printed parts [33]. In their study, polylactic acid (PLA) parts with holes
aligned in Z-direction were printed, followed by the in-situ extrusion of the same PLA resin
into the holes after the printing of every 6 layers to form Z-pins. The Z-pinned PLA parts
demonstrated mechanically isotropic performance with comparable strength achieved in x- and
z-directions; however, they reported the Z-strength was lower than in conventional FFF due to

the considerable void space formed during the Z-pinning process [33].

In another approach, Todoroki et al. inserted a high-strength carbon fiber (CF)/nylon bar into a

large hole of a printed CF/nylon structure; they then applied resistive heating to the bar to bond
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the bar to the printed matrix [35]. Despite the significant improvement in the Z-strength of the

printed composite structure, it was difficult to perfectly insert solid bars into the holes with no

gaps [35].

To address this issue, the authors published another study where CF/nylon filaments surrounded
by epoxy resin were embedded into a large hole in FFF-printed PLA structures; after curing,
the insert forms a high-strength CF/nylon/epoxy pin [34]. The Z-strength of the printed parts
improved significantly and was improved by increasing the CF volume fraction. Moreover, the
epoxy resin fills the gaps between the nylon and the printed PLA matrix [34]. However, because
this method requires the printed structure to have large holes for easy insertion of the composite
filaments, only structures with large size and simple shapes (such as large tensile coupons or

thick walls) were reinforced using this method [34].

In this paper, we aim to enhance the Z-strength of the FFF printed ABS parts by employing a
simple but effective post-treatment method. In this method, narrow channels with different
shapes were introduced into the internal structure of printed ABS parts, followed by the
embedding of commercial CF tows and epoxy. Due to compatibility between the sized CF tow
and the epoxy as well as strong mechanical interlock between the composite pins and the printed
matrix, high reinforcing efficiency can be achieved, leading to significant improvement in Z-
strength of the printed structures after the embedding process. The rule of mixtures can
accurately predict the mechanical performance of the Z-pinned samples, allowing the
composition of the composite pins to be designed for required loads. Additionally, the
flexibility of the CF tows and the used narrow channels allows curved CF/epoxy pins to be
formed to strengthen complex printed structures. The results suggest that the Z-pin insertion
process can be an effective post-treatment approach to improve the Z-strength of the FFF

printed parts for final end-use applications.

2. Materials and Methods



2.1. Materials

ABS filament was purchased from Raise3D Technologies, Inc. (USA). Continuous
unidirectional CF tows (T700SC-12K-50C) were obtained from Toray Composite Materials
America, Inc. (USA). As shown in Fig. S1, the tow consists of 12,000 filaments coated with
1.5 wt.% sizing agent. Epoxy resin (EPON resin 828) was provided by Hexion, Inc. (USA) and
curing agent (Jeffamine T403 polyetheramine) was obtained from Huntsman Corporation
(USA). Two-part thermosetting epoxy were prepared by mixing the resin and the curing agent

at a weight ratio of 100:49 using a planetary mixer (Thinky corporation, AR-100).
2.2. Dimension of ABS tensile samples

Fig. S2 shows the drawings and cross-sections of standard, one-channel and two-channel tensile
samples used in this study. The dimension of the standard tensile samples follows ASTM D638
type | with a dimension of 165 mm x 19 mm x 4 mm. An L-shape channel with a cross-section
of 1.6x1.6 mm? was introduced to the center of the coupons to form one-channel sample. The
outlet of the channel has a smaller size (0.5x0.5 mm?) for easy sealing. A U-shape channel with
a cross-section of 1.6x1.6 mm? and a channel edge of 3.2 mm were introduced into the tensile

coupons to form two-channel samples.

2.3. 3D printing of ABS samples

Tensile specimens and demonstrator parts were printed by using an INTAMSYS FUNMAT HT
printer equipped with a 0.4-mm-diameter nozzle. The computer aided design (CAD) models of
the specimens were sliced by INTAMSUITE software to generate G-code files for the printing
process. The printing parameters of ABS template settings in the INTAMSUITE slicer were
used for the printing process as recommended by INTAMSYS manufacturer. Specifically,

temperature of nozzle, chamber, and build plate were set at 250 °C, 40 °C, and 90 °C,



respectively. A raft with a thickness of 1.675 mm was printed before the deposition of the main
specimens to avoid warpage. All samples were printed at a layer height of 0.25 mm with a shell
number of 2 and a printing speed of 60 mm/s. An infill angle of [45°/-45°] and an infill density
of 100% were used because it is the most widespread configuration used for FFF printed
structures. An infill overlap of 5% was employed to generate good bonding between the shell
and the infill. The prints of the standard, one-channel and two-channel tensile samples are

presented in Fig. S3.

2.4 VVolume fraction of each component of the tensile samples

To determine the volume fraction of each component of the tensile samples, the gage length
region of the samples and the CF tows with a length of 50 mm were cut and their mass was
measured, as shown in Figs. S4. Based on the mass differences between the air-pin samples and
the others, the amount of epoxy injected into the channels can be determined for volume fraction

evaluation.

2.5. Characterization

The width and thickness of all samples were measured by a Vernier caliper at several positions
along their length. The mass of the samples was measured by using an analytical balance
(XSR204DR, Mettler-Toledo LLC). The cross-sections and fracture surfaces of the tensile

samples were characterized by using an optical microscope (BX51, Olympus).

The tensile test of all samples was performed by employing an MTS Insight Electromechanical
Testing System equipped with a laser extensometer for high accuracy strain measurements.
According to ASTM D638 [17], five specimens for each sample were prepared and tested at an

elongation rate of 5 mm/min with a gauge length of 50 mm.

3. Results and discussion

3.1. Z-pin insertion process



The layer configurations of the printed samples are shown in Figs. 1 a-c. Notably, the one-
channel and two-channel samples had additional shell regions at channels and, therefore, more
overlap regions were generated between the infill and the internal shell. Fig. 1d presents the Z-
pin insertion process to produce CF/epoxy pin samples. After the samples with channels were
printed, CF tows were manually inserted and epoxy was injected into the channels. Only one
CF tow is inserted into the channel of the one-channel sample to form 1 CF/epoxy pin samples.
The two-channel samples required two CF tows for the insertion process and the pinned samples
are named as 2 CF/epoxy pin samples. To investigate reinforcing effects of different pin types
on the transverse mechanical performance of the printed parts, tensile samples without
embedment of any additional component and with only epoxy were also prepared. Since no
physical pins were formed in the internal channels, the samples without embedment of any
components are named as 1 air pin samples for one-channel sample and 2 air pin samples for
two-channel samples. Samples with the injection of only epoxy are named as 1 epoxy pin
sample and 2 epoxy pin samples for L-shape samples and U-shape samples, respectively. After
the injection of epoxy into the L-shape channels, the outlet of both 1 epoxy pin and 1 CF/epoxy
pin samples was sealed by soldering. Finally, the samples were kept standing for more than 24

h to cure the epoxy before mechanical testing.
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Fig. 1. Printed layer configuration of a) standard sample, b) L-shape channel sample, and c) U-

shape channel sample. d) Schematic diagram showing Z-pin insertion process.

3.2. Morphology of the printed ABS samples

Fig. 2 shows the cross-sections of ABS tensile samples with and without Z-pins. Both L-shape
and U-shape channels were successfully introduced into the printed ABS tensile samples by
modifying the CAD models to form the air pin samples, as shown in Fig. 2a. Also, epoxy and
CF tows were successfully embedded into the narrow channels to generate epoxy pin and
CF/epoxy pin samples. The cross-sections of the samples at the gauge length presented in Fig.
2b indicate that there were no visible gaps formed between the pins and the printed ABS matrix.
The result suggests that the Z-pin insertion process can form Z-pins with different

configurations in the internal structure of the printed ABS samples.
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Fig. 2. Cross-sections of the ABS samples in longitudinal direction (a) and in transverse

direction at the gauge length position (b).

Fig. 3 presents morphologies of all Z-pins formed by the pin insertion process. Although the
channels with rectangular cross-section were included in the CAD models, the corners of the

printed channels were rounded because of the fast movement of the printing nozzle (Fig. 3a).
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Due to the nature of MEX 3D printing process, the surface of the printed parts possesses unique
texture formed by deposited rasters (Figs. 3b and c¢). As shown in Figs. 3d and g, there were
no visible gaps between the epoxy pin or the CF/epoxy pin and the printed ABS matrix.
Moreover, both pins possess surface texture similar to that of the printed channels (Figs. 3e, f,
k and h), suggesting that the low viscosity of the epoxy allows it to easily flow and fill up the

narrow channels.

Generally, the texture formed by deposited rasters is undesirable because it lowers the surface
quality of the printed parts and, therefore, additional post-processing steps such as polishing are
usually required to reduce the surface roughness [37]. However, the rough surface texture of
the printed internal channels is highly advantageous for Z-pin insertion process because it can
generate better mechanical interlock between the pins and the printed matrix [38]. Since there
are no chemical bond between epoxy and ABS matrix, their strong mechanical interlock plays

a crucial role on improving reinforcing efficiency of the Z-pins.

Fig. 3. Optical microscopy images showing morphologies of Z-pins: air pin (a, b, c), epoxy pin

(d, e, ), and CF/epoxy pin (g, h, k)
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3.3. Mechanical properties of the ABS samples

Fig. 4 presents the stress-strain curves, fractured samples, and the mechanical properties of
different tensile samples in Z-direction. All tensile samples broke within the gauge length,
indicating that all tensile tests were valid (Fig. 4b). The molded epoxy samples possessed a
strength of 44.01 MPa and Young’s modulus of 2.86 GPa, which is much better than the
mechanical properties of the ABS parts printed in longitudinal (Fig. S5) and transverse
directions. With the addition of L-shape and U-shape channels, the mechanical performance of
the air-pin samples was slightly lower than that of the printed ABS counterparts because these

channels reduced the amount of load-bearing material.
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Fig. 4. a) Stress-strain curves of epoxy and ABS tensile samples, b) Fractured tensile samples
of epoxy and ABS tensile samples, and c) Mechanical properties of epoxy and ABS tensile

samples.
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With the strong reinforcement of the epoxy pins, the tensile strength and Young’s modulus of
the epoxy-pin samples were 21.39% and 24.69% higher than those of the printed ABS samples,
respectively. Since the strain at break of the printed ABS (~0.015) was lower than that of the
epoxy (~0.02), the printed ABS matrix would break first before the failure of the epoxy pin
during the tensile test. However, the epoxy pin could not withstand the high load after the failure
of the ABS matrix. Therefore, they broke immediately, resulting in the formation of only one
peak in their stress-strain curve of the 1 epoxy pin and 2 epoxy pin samples, as shown in Fig.
4a. Notably, the curing process of the epoxy is exothermic with a heat of polymerization is
approximately 298 J/g [39]. However, due to the small amount of the epoxy loading and its
slow curing speed at room temperature, the released energy at each composite pin during the
curing process was very low (~0.004 J/s). Therefore, the heat of polymerization has
insignificant effects on the temperature increase of the Z-pinned sample during the curing

process and on the final mechanical performance of the samples.

Due to the superior mechanical properties of the CF tows, the integration of the CF/epoxy pins
could significantly improve the mechanical performance of the printed ABS samples.
Specifically, the 1 CF/epoxy pin samples possessed a tensile strength and Young’s modulus of
41.33 MPa and 4.00 GPa, which were 150% and 147% higher than those of the printed ABS
counterparts. The addition of another CF/epoxy pin could improve the tensile strength and
Young’s modulus of the tensile samples by 74% and 48%, reaching 71.74 MPa and 5.93 GPa,
respectively. The strain at break of the CF/epoxy samples was also slightly higher than that of
the printed ABS, probably due to the higher strain at break of the CF tows. These results are
significantly higher than mechanical performance of the Z-pinned PLA samples reported by
Kajimoto et al. after the samples were reinforced with CF/Nylon/Epoxy pins at similar CF

volume fraction [34].

Notably, the fracture behavior of the CF/epoxy pin samples was quite different from the other

tensile samples with 2 main peaks observed in their stress-strain curves (Fig. 4a). The first peak
12



was correlated with the early failure of the ABS matrix due to its lowest strain at break
compared to epoxy and CF tows. Unlike the epoxy pins, the CF/epoxy composite pins had
significantly high strength, and therefore, they could withstand the high load after the failure of
the ABS matrix. As the strain increases, the tensile stress continued to increase to form the
second peak of the stress-strain curve until the failure of the CF/epoxy pins. Therefore, the
ultimate tensile strength of the CF/epoxy pin samples were mainly determined by the
mechanical properties of the CF tows used in the insertion process. The results suggest that
CF/epoxy pins formed by the Z-pin insertion process can effectively improve the Z-strength of

the printed ABS parts.

Fig. 5 shows the fracture surfaces of different tensile samples. A typical fracture surface of the
epoxy tensile samples can be observed in Figs. 5a-c with three different zones: a flat featureless
mirror zone around the crack initiation point, a transition zone with gradual increase of surface
roughness, and a final propagation zone with conical marks [40]. Figs. 5d-f present a typical
fracture surface of the printed ABS samples in transverse direction. Under tensile load
application, crack mainly propagated within one inter-layer interface due to the weak inter-layer
bonding of the printed structure [17]. Several inter-raster voids were observed within the infill
region (Fig. 5e), whereas denser regions were found at overlap regions between the infill and
the shell due to the 5% infill overlap setting [6, 7]. Similar to the fracture surface of the printed
ABS samples, the fracture surface of the 1-air-pin samples also possessed several inter-raster
voids because of the large infill region in the printed structure (Fig. 5h) The cross-section of
the air pin could also be observed in Fig. 5i. Compared to the 1-air-pin samples, the 2-air-pin
samples possessed more dense regions and less inter-raster voids due to more overlap regions
around the two air pins (Fig. 5k). This explains the comparable mechanical performance of the

1-air-pin and 2-air-pin samples although the 2-air-pin samples possessed higher pin number.
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Fig. 5. Fracture surfaces of different tensile samples at different magnifications: (a, b, ¢) molded
epoxy samples; (d, e, ) printed ABS samples; (g, h, i) 1 air pin samples; (j, k, 1) 2 air pin
samples; (m, n, 0) 1 epoxy pin samples ; (p, g, r) 2 epoxy pin samples ; (s, t, u) 1 CF/epoxy

samples ; (v, w, X) 2 CF/epoxy pin samples

Figs. 5m-r present the fracture surfaces of the epoxy-pin samples. Epoxy was observed in the
voids and gaps between the deposited ABS rasters, suggesting that the epoxy flowed into the
printed ABS structures and partly filled up the inter-raster voids during the Z-pin insertion

process (Figs. 5n and q). Interestingly, typical features of fractured epoxy can be observed in
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the pin fracture surface of the 1-epoxy-pin samples (Fig. 50) and several air bubbles were found

at the pin fracture surface and inside the pin structure of the 2-epoxy-pin samples (Fig. 5r).

Figs. 5s-x show the fracture surfaces of the CF/epoxy-pin samples. More epoxy was found at
their fracture surface compared to that of the epoxy-pin samples (Figs. 5t and w). Because the
channels were mainly occupied by the CF tows during the Z-pin insertion process, high pressure
was required to inject epoxy into the channels, resulting in better infiltration of the epoxy into
the internal structure of the printed ABS matrix. More importantly, the pull-out length of the
fractured CF tows and the epoxy at the fracture surface shown in Fig. 5x was very short (~300
pm). This pull-out length is much shorter than the that of the composite filaments used to
reinforce the Z-strength of printed PLA structure reported by Kajimoto et al. [34]. The results
suggest that the Z-pin insertion method can provide strong interfacial bonding and high stress

transfer efficiency between the CF/epoxy pins and the printed ABS matrix.
3.4. Comparison against rule of mixtures

Based on the mass of the gauge length region of the samples shown in Fig. S6, volume fraction
of different components of the tensile sample was determined and presented in Table 1. As
aforementioned, the printed ABS structures possessed many inter-raster voids. After the Z-pin
insertion process, the volume fraction of the printed ABS component in the samples slightly
reduced because the injected epoxy partly filled up the internal voids of the printed ABS

structures, as observed in Fig. 6.

Table 1. Volume fraction of different components in the gauge length region of the tensile

samples.
Components 1 air 2 air 1 epoxy 2 epoxy 1 CF/_epoxy 2 CF{epoxy
pin pins pin pins pin pins
Printed
ABS 95.1 90.2 89.7 85.9 86.0 80.5
Epoxy 0.0 0.0 10.3 14.1 13.1 17.7
CF 0.0 0.0 0.0 0.0 0.9 1.8
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The general rule of mixtures provides a weighted average for mechanical properties such as
Young’s modulus and even non-linear properties such as tensile strength [34, 41]. For Young’s

modulus, the equation is written as
Etotar = Vf_ABSEABS + Vf_EpoxyEEpoxy + Vf_CFECF 1)

where E;¢q; represents the estimated value of Young’s modulus. Vr 4gs, V gpoxy, and Vr cr
are volume fraction of printed ABS, epoxy, and carbon fiber, respectively. E4ps, Egpoxy, and

E.r are Young’s modulus of printed ABS, epoxy, and carbon fiber, respectively. The volume

fractions of the components in our system are summarized in Table 1.

The rule of mixtures for tensile strength is more complex. In some cases (case 1), only the
strongest component is considered because that component breaks the last. In the other cases
(case II), two components break together and the observed strength is an average of the tow.
Experimental data is needed to know which case is more relevant [41]. Based on the fracture
behavior of the composites shown in Section 3.3, the rule of mixtures can be applied to

determine the estimated value of their tensile strength by using equation (2-4).

For the air-pin samples (case 1): 04y pin = V¢ apsOass (2)
For the epoxy-pin samples (case I): 0gpoxy pin = V5 4Bs0aBs + V¢ EpoxyT Epoxy (3)
For CF/epoxy-pin samples (case 1): o¢cr /epoxy pin = Vi crOcr 4)

WNEre 04ir pins Oepoxy pin» ANA Ocr jepoxy pin @re estimated values of tensile strength of air-pin,
epoxy-pin, and CF/epoxy-pin samples. 0,55 and o. are tensile strength of printed ABS and
carbon fiber, respectively. o'g,,xy, is the tensile strength of epoxy at the strain to failure of

printed ABS matrix (0.015) [34].

Table 2. Strength and Young’s modulus of printed ABS, epoxy, and CF filament.

Printed ABS Epoxy CF filament
Strength (MPa) 16.51 40.68 4900
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\ Young’s modulus (GPa) \ 1.62 \ 2.86 \ 230 \

Table 2 shows the strength and Young’s modulus of ABS, epoxy, and CF filament used to
determine estimated strength and Young’s modulus of the tensile samples. The strength and
Young’s modulus of the printed ABS and epoxy were obtained from experimental
measurements shown in Section 3.3, whereas the values for CF filaments were obtained from
their manufacturer. The tensile strength of epoxy used for the evaluation was the stress of the

epoxy at the strain to failure of the ABS matrix (0.015).

Fig. 6 compares the experimental strength and Young’s modulus and the estimated values
obtained from the rule of mixtures. The experimental strength and Young’s modulus of the air-
pin samples were slightly lower than the rule of mixtures estimates probably due to effects of
different layer configurations used for the printing of ABS structures. The experimental data of
the epoxy-pin samples were slightly higher than the rule of mixtures because not only the epoxy
pins but also the epoxy that filled up the inter-raster voids of the printed ABS structures helped

to strengthen the tensile samples further.
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Fig. 6. Comparison between the experimental strength and Young’s modulus of the ABS

samples and the estimated strength and Young’s modulus obtained by the rule of mixtures.

For the 1-CF/epoxy-pin samples, their estimated and experimental values are comparable,
suggesting that misalignment of CF filaments within the CF tows had insignificant effects on
the mechanical performance of the tensile samples. Although comparable values were obtained
for the experimental and estimated Young’s modulus of the 2-CF/epoxy-pin samples, the
experimental strength of the samples is slightly lower than the estimated value. This can be
explained by the possible misalignment between the CF/epoxy tows of different composite pins
under tensile load [41], especially when the distance between the two pins was 3.2 mm.
Therefore, all CF filaments within the 2-CF/epoxy-pin samples might not withstand the tensile
load at the same time, leading to their non-uniform fractures and, therefore, lowering their
tensile strength. The results suggest that the rule of mixtures can be applied to estimate the
mechanical performance of the Z-pinned samples as well as to determine the number and
configurations of Z-pinned structures to meet required mechanical properties for load-bearing
applications. Moreover, the uniformity of the channels’ cross-section would not affect much on
the mechanical properties of the Z-pinned structures because their mechanical performance

mainly depends on the volume fraction of the high-strength CF tows.

3.5. Performance comparison

Fig. 7 and Table S1 compares the tensile strength, Young’s modulus, and the improvement
percentages of FFF-printed polymer parts produced by our Z-pin insertion process and different
other methods [19-32, 34]. Most of the research work focused on improving the interlayer
adhesion of the printed structures to enhance their Z-strength. However, the Z-pin insertion
methods reported by this work and Kajimoto et al. could achieve much better mechanical
performance and improvement percentage due to the outstanding reinforcement effect of the

continuous fiber reinforced composite pins [34]. More importantly, the volume fraction of the
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reinforcing fibers of the Z-pins in these methods can be increased to improve the mechanical
performance for desired load-bearing applications. For example, a tensile strength of more than
100 MPa and a Young’s modulus of more than 7 GPa were achieved when the volume fraction
of carbon fiber of the Z-pin reached 6.4% [34]. Notably, compared to the Z-pin insertion method
reported by Kajimoto et al., our method has much better improvement percentage for both
tensile strength and Young’s modulus at similar volume fraction. This result might be due to
the fact that our technique can generate stronger mechanical interlock between the inserted Z-
pins and the printed ABS matrix, whereas good compatibility between the epoxy and the sized
CF tows can provide better reinforcing effects. Additionally, the different type of CF tows used

in our study might also contribute to the better performance of the Z-pinned samples.
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Fig. 7. (a) Tensile strength and strength improvement and b) Young’s modulus and Young’s

modulus improvement of FFF printed polymer parts produced by different methods based on

feedstock modification (crosses), process modification (unfilled circles), and post-treatment

(filled and unfilled diamonds), and Z-pinning work (filled diamonds).

Compared to conventional methods using rigid rods as Z-pins, our method can produce not only

the straight but also the curved composite pins with controlled compositions and sizes to

strengthen FFF-printed structures due to the use of CF tows. This offers unique capability to

reinforce complex printed structures which are the crucial advantages of AM technologies. To
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demonstrate this advantage, 4 curved CF/epoxy pins were embedded into internal structure of
a printed hanging vase (Figs. 8a and b) and a printed duct adaptor using the L-channel concept
(Figs. 8c and d). For actual printed components, the Z-pin insertion process can only be applied
to regions that are large enough to integrate Z-channels into their internal structures. Because
the 12K CF tows were used to fabricate Z-pins in this study, the printed parts needed to have a
thickness of at least 4 mm to allow the Z-channel generation. However, the minimum required
size of the printed structures for the insertion process can be reduced significantly by using
smaller CF tows such as 1K tows to fabricate smaller Z-pins. This approach can broaden the

applications of the Z-pin insertion process to parts with more complex shapes and various sizes.

a ) CF/epo pin b)

Fig. 8. Complex printed structures reinforced with molded Z-pins: CAD model (a) and printed
part (b) of a duct adapter reinforced with molded Z-pins; CAD model (c) and printed part (d)

of a hanging pot reinforced with molded Z-pin.
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4. Conclusion

In summary, an effective post-treatment method was successfully developed to improve the
mechanical performance of FFF printed ABS parts in the Z-direction. In this method, high-
strength CF/epoxy pins were formed in internal channels of FFF printed ABS structure by
embedding commercial carbon fiber tows and epoxy. Because of the good compatibility
between the CF tows and the epoxy as well as the strong mechanical interlock formed between
the composite pins and the printed ABS matrix, good mechanical reinforcement can be achieved
in the Z-direction, leading to an improvement of up to 335% in tensile strength and 266% in
Young’s modulus. Moreover, composition of the Z-pinned samples can be tailored based on
rule of mixture to achieve desired mechanical performance. More importantly, the flexibility of
the CF tows allows the Z-pin insertion method to fabricate curved CF/epoxy pins for
strengthening complex FFF printed structures. The results indicate that the Z-pin insertion
process has the potential to mechanically reinforce the FFF printed parts in the Z-direction for
end-use applications. In the future, the automation and integration of the process into printer
hardware will be investigated. Additionally, localized heating methods based on radio
frequency, infrared radiation, and dielectric barrier discharge will be combined with the Z-pin
insertion method to improve the Z-strength of the Z-pinned structures further while reducing

the curing time and the energy consumption of the epoxy curing process.
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