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Improved interlayer performance of short carbon fiber reinforced
composites with bio-inspired structured interfaces
Minghui Zhang?, Junming Zhang?, Dongmin Yang®, Yan Li?, Xiaoyu Cui®*, Kunkun Fu®*
“School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai
200092, PR China
b Institute for Materials and Processes, School of Engineering, University of Edinburgh,
Edinburgh, EH9 3FB, UK

Abstract: The weak layer interfaces of 3D-printed short carbon fiber (SCF) reinforced
polymer composites have remained an issue due to planar layer printing by traditional
3D printers. Recently, multi-axis 3D printing technology which can realize non-planar
layer printing has been developed. This study’s aim was to evaluate and compare the
bonding performance of non-planar interfaces produced by multi-axis 3D printing with
that of planar interfaces. The tested non-planar interfaces were designed as bio-inspired
structured interfaces (BISIs) based on microstructural interfacial elements in biological
materials. The standard specimens with the 0°/90° and 0° infill line directions were
printed by a robotic arm multi-axis 3D printer. Double cantilever beam (DCB) and end-
notched flexure (ENF) tests were conducted to obtain Mode I and Mode II interlaminar
toughness of SCF-reinforced composites. Test results showed that the critical energy
release rates of the integrally formed BISI were significantly improved compared with
the planar interface (PLAI) for both Mode I and Mode II delamination. In particular,
the BISI with 0° infill line direction exhibited the greatest increase in critical energy
release rate, and the damaged areas were spatially swept through the curved interfaces
of the BISI with different infill line directions by scanning electron microscopy (SEM)
and computed tomography (CT), which showed that the higher critical energy release
rate was always accompanied with a larger damaged area. In addition, the tensile and

flexural properties of 0°-infilled PLAI and BISI specimens were also measured. This
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work provides an in-depth investigation of the PLAI and BISI properties of SCF-
reinforced composites, demonstrating the potential benefits of integrally formed BISI
by multi-axis 3D printing and fostering new perspectives to enhance layer interfaces of

3D printed composites.

Keywords: Multi-axis 3D printing; Bio-inspired structured interface (BISI); Interfacial

toughness; Short carbon fiber (SCF) reinforced composite.
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1.Introduction

3D printing is an emerging technology in various industries due to its advantages
of high automation, rapid prototyping, and the flexible production of complex
structures without assembly [1-5]. Fused filament fabrication (FFF) is regarded as the
most popular and efficient 3D printing method, because of its scalability as well as the
flexibility of both material and design [6-9]. The mechanical properties of FFF printed
parts mainly depend on three factors, i.e., material type, structural parameters (e.g. infill
density, raster angle, printing orientation and stacking sequence), and manufacturing
process parameters (e.g. printing speed, extrusion temperature and rate, nozzle
transverse speed, and bed temperature) [10, 11].

Correspondingly, extensive studies [12-14] have been conducted to tailor these
parameters to improve the mechanical properties of printed parts. Although widespread
printed structures often exhibit poor mechanical properties because of the thermoplastic
polymers used as feedstock materials in FFF printing, thermoplastic materials
reinforced by short carbon fibers (SCFs), aramid fibers, glass fibers (GF) and other
reinforcing particulates show improvement in mechanical properties [15-19]. However,
the insufficient diffusion and randomization of polymer molecular chains as well as
voids across the interface result in weak interlayer bonding between layers, thereby
affecting the interfacial properties of printed parts [20]. Therefore, enhancement of the
interfacial performance between layers is critical to improving the mechanical
properties of FFF printed parts [21, 22].

In most published studies, optimizing the manufacturing process parameters of
planar printing has been a common method to enhance the interlayer bonding [23, 24].
Liu et al [25] systematically examined the effects of printing pressure on the
mechanical properties of sized CF-reinforced polyamide-6 (PA-6). They showed that
the interfacial performance enhancement became more significant with a greater
printing pressure by decreasing the printing height. Tian et al. [26] and Wang et al. [27]
also found a decrease in the thickness of the printing layer could improve the
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fiber/matrix interfacial properties because it promoted the impregnation of the molten
resin matrix into the reinforcing fibers by increasing the compaction effect of the
printing nozzle on the filaments. Further, the compaction effect also improved the
interfacial bonding between the adjacent printed filaments and layers [28]. In addition,
temperature parameter was investigated as an important factor on the printing quality
in extensive studies [27, 29-35]. Wang et al. [27] studied the mechanical properties of
CF and GF-reinforced polyether ether ketone composites with different temperature
parameters. They found that increasing the temperature to 440 °C could improve the
bonding strength of interlayer interfaces, therefore, improving the mechanical
properties of printed parts. In addition, Seppala et al. [29] discovered that temperature
was a critical parameter in determining the mobility of polymer molecular chains,
especially for glassy polymers. Increasing the nozzle temperature and reducing the
printing speed could prolong the time for the filament to remain above its glass
transition temperature, thereby improving interlayer bonding [30]. Yin ef al. [31]
experimentally investigated the effects of build stage temperature on the interfacial
bonding strength of a thermoplastic polyurethane (TPU)/acrylonitrile-butadiene-
styrene bi-material structure. The results showed that increasing the build stage
temperature has a significant effect on the thermal history of deposited filaments and
enhances the interfacial bonding strength. Numerous studies have showed that higher
printing temperatures can improve the interfacial properties and reduce the porosity of
printed parts, leading to better mechanical properties [32, 33]. However, excessively
high printing temperatures can cause excessive flow or the thermal decomposition of
polymers, reducing the deposition accuracy and impairing the properties of the printed
parts [34, 35].

In addition to the optimization of process parameters of the planar printing, some
researchers have taken alternative approaches to enhance the interfacial properties
between layers, such as laser-assisted heating [22], radio frequency technique [36], and

plasma treatment [37]. To further improve the interlayer performance, the establishment
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of non-planar interfaces is a novel technique. A bio-inspired structured interface (BISI)
was assembled by adhesive joint forming a non-planar interface [38-40]. A sutural
structure in biological materials is composed of rigid suture teeth and compliant
interface layers. As a microstructural interface element, it is typically found in areas
where control of the inherent strength and flexibility of material interfaces is required
[41, 42]. Therefore, based on the biomimetic mechanism of this microstructure, some
researchers considered the bonding between the matrix and the reinforcing phase as
rigid suture teeth, and the interfacial bonding between layers as compliant interface
layers. A microstructure that resists crack propagation and interfacial failure in biology
has been applied to practical structures, thereby improving their fracture resistance [43-
45].

Through experimental and theoretical investigations, Cordisco et al. [46]
compared the fracture behaviors along sine-patterned interfaces and planar interfaces
(PLAI) in AA7075-T6 DCB specimens with adhesive joints. The results revealed that
crack initiation and propagation were delayed in the BISI DCB specimens compared to
the PLAI DCB specimens, and the peak load increased with the amplitude-to-
wavelength ratio (4/4). They also found that the intermittent crack growth promoted the
critical energy release rate of the BISI DCB specimen, resulting in a serrated load-
displacement behavior. Similarly, Garcia-Guzman et al. [38] used a FFF printing
technique to experimentally and theoretically analyze the fracture resistance of
adhesive joints in trapezoidal-patterned DCB specimens which were produced from
nylon-glass fiber reinforced composites. The test results showed that the load exhibited
a saw-tooth jump response when the crack propagated along the inclined part of the
trapezoidal pattern. It was considered that there might be a mixed-mode fracture
condition (adhesive/cohesive failure) in this region. In addition, cohesive failure of the
substrate was also observed in the tests.

Naat ef al. [39] summarized that there were four main failure mechanisms for this

type of adhesive-based BISI: cohesive failure mode in the bondline, adhesive failure
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mode within the interface, cohesive failure of the substrate, and mixed failure mode. To
prevent the possibility of cohesive failure of the substrate, Aranda et al. [40] placed
fibers around the contour of trapezoidal interface profiles and examined the effect of
printing direction on the fracture toughness of composite specimens that incorporated
BISI into their geometric design. The experimental results indicated a significant
increase in fracture toughness of BISI profiles printed in the vertical direction compared
with those printed in the horizontal direction.

From the aforementioned studies, it is clear that BISI plays a crucial role in
controlling the tortuosity of crack paths and improving the fracture resistance of the
interlaminar interface. However, these aforementioned specimens with BISI were
assembled from 3D printed components by adhesive joints, rather than integrated
molding, because traditional 3D printing techniques can only build structures through
planar layers. Recently, a multi-axis 3D printing technology has been developed to fully
exhibit the technological advantages of 3D printing for integrated molding [47-50]. Due
to its multi-axis motion characteristics, it can achieve non-planar printing and more
complex printed objects with curved interlaminar feature, eliminating the limitation of
degree of freedom present in traditional desktop 3D printers [51]. Therefore, in the
current study, we aimed to use a multi-axis 3D printing system to fabricate SCF-
reinforced composites with PLAI and BISI and evaluate its effectiveness in improving
the interlayer performance.

In this work, a robotic arm 3D printer with multi-axis printing capability was
constructed to realize the integrated deposition of the BISI, and its printing path was
controlled by a G-code algorithm to obtain the BISIs with 0/90° and 0° infill line
directions. DCB specimens and end-notched flexure (ENF) specimens with interface
types of PLAI and BISI were printed respectively with these two infill directions, and
the Mode I and Mode II delamination behaviors of two different interface types were
compared. The critical energy release rates of Mode I and Mode II were calculated and

the damaged region were characterized by scanning electron microscopy (SEM) and X-
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ray computed tomography (CT). The damage mechanisms of the SCF-reinforced
composites with curved interfaces were analyzed. Finally, the effect of curved

interfaces on the tensile and flexural properties of the specimens were discussed.

2.Materials and methods

2.1. Equipment and materials

In this paper, a robotic arm 3D printer was successfully developed based on robotic
arm equipment (ABB, Swiss) combined with a control module, as shown in Fig. 1(a).
Most parts of the printer head of this equipment, i.e., the movement module, feeding
module, heating bed, and printing materials, are the same components as those of a
traditional desktop 3D printer. The heating module was specially designed with a long
cylindrical structure to prevent mutual interference and collision between the nozzle

and the printed part during the multi-axis movement, as shown in Fig. 1(b).

Robotic g y Feed system

(2)

- Feed and heating
©  control system

Fig. 1. Robot arm 3D printing equipment: (a) 3D printing equipment and printing module
mounted on a robot arm, (b) printing nozzle and heating module.

In this study, an SCF-reinforced composite material (Onxy) supplied by
Markforged (Massachusetts, USA) was used. Previous research demonstrated that
Onyx was a mixture of chopped T300 CF and PA-6 plastic [52], and its filament
diameter was 1.75+0.05 mm [21]. Based on SEM measurements of the filament cross-
sectional area after liquid nitrogen brittle fracture, as shown in Fig. 2, the chopped fiber

diameter was approximately determined as 9 um, which was within the range of (10+2
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um) in the Markforged datasheet [53]. The SEM images indicated that the SCF

distribution in the matrix was relatively uniform, but there were still some tiny matrix

areas with insufficient SCF fillings, such as the yellow filled area in Fig. 2. In this study,

the filament was stored in a moisture-proof, sealed electronic desiccator (FCDE 1428B)

to prevent water uptake. In addition, to prevent any degradation of the filament that

could affect the mechanical properties of the materials, the filament was dried in an

eSUN filament storage box at 50 °C for one hour before printing. The printing

parameters of the Onyx materials using the aforementioned robotic arm 3D printer used

in this study are listed in Table 1.

Shaert carbon

fibre E300

N
9

.

)

Fig. 2. Printing filament of Onyx and its SEM microscopic image.

Table 1

Robotic arm 3D printing parameters

Parameters Values Units
Nozzle temperature 280 (°C)
Heating bed temperature 40 (°C)
Infill density 100 (%)
Infill line direction [0/90], [0] °

Line width 0.4 (mm)
Layer height 0.125 (mm)
Printing speed 30 (mm/s)
Wall layers 0.4 (mm)

2.2. Specimen preparation

2.2.1. Design of BISI specimen

To investigate the interlaminar toughness and interfacial failure characteristics of

PLAI and BISI between adjacent layers of Onyx, DCB specimens and ENF specimens
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were printed using the multi-axis 3D printer according to ASTM D5528M-2021 [54]
and ASTM D7905M-19 [55], respectively. The loading block used in this study is a
piano hinge with a single edge length of 16mm. The geometries of the specimens are
shown in Fig. 3(a), where the pre-crack positions are indicated by the yellow line, and
the shape and position of the BISIs are indicated by the red line. 0° and 0°/90° infilling
patterns are two typical infilling patterns which has been widely used in 3D printing.
These infilling patterns may result in either high longitudinal tensile properties or high
interlaminar toughness. In this study, we aim to explore the mechanical performance of
the specimens with and without curved interfaces. Hence, these two simple infilling

patterns were selected to print the specimens for comparison.

( a) | 150mm |
\ 66mm L

24mm
d 19.5% T mm ’
o 1.
! 75mm L 20mm

19.5% 1 mm

(D) | s S Uppor part
}DCB of BISI

2min —— P e part
1S o | OV CT part

. Printed

filament
Resistor ro
Printing nozzle

Fig. 3. Specimen size and motion interference diagram: (a) DCB and ENF specimens, (b) DCB

specimen composition, (¢) motion interference diagram.

The thickness of all four types of the specimens was set as 5 mm in Fig. 3(a). To
realize the 3D printing of the BISI layers with a sine function form, it was necessary to
prepare a supportive base and perform top filling to create a standardized cuboid-shaped
specimen. In this study, the standard specimen was partitioned into three parts: lower,
middle, and upper, with careful consideration given to the distribution of thickness to

9
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prevent the possibility of cohesive failure of the substrate. Taking the DCB specimens
with BISI as an example, the thicknesses of the upper, middle, and lower parts were 1.5
mm, 2 mm, and 1.5 mm, respectively. The lower part acting as a base for the middle
part was printed first using the traditional planar slicing method, then the middle part
was multi-axis printed using a non-planar slicing method, and finally the upper part was
sealed using the traditional planar slicing method, as shown in Fig. 3(b). Different
slicing methods were used to generate printing paths for the three parts of a specimen
and the specimen was then printed together using the multi-axis 3D printer without
pausing.

Multi-axis 3D printing requires the nozzle system to be perpendicular to the
printing interface [56]. Therefore, when designing the multi-axis 3D printed BISI, it
was necessary to consider whether the spatial movement of the nozzle system would
clash with the previously deposited material of the printed part [57], as shown in Fig.
3(c). To avoid interference and design a periodic BISI within a 5 mm thickness space,
the trajectory of BISI was expressed by

Z =sin(2/3x X)/2 (1)
where Z and X represented the point coordinates on the X-axis and Z-axis, respectively.
2.2.2. Multi-axis toolpath planning of BISI

Traditional FFF 3D printing toolpaths are composed of XYZ coordinates, nozzle
speeds, and extrusion lengths. The FFF tool head is always limited to be perpendicular
to the XY plane, although it allows the toolpaths to be controlled to reach any desired
spatial coordinates. The printing path only needs the definition of the XY coordinates
and the accumulation value of the Z-axis layer height. Hence, the printing interface
generated by traditional 3D printing technology is a PLAI parallel to the XY plane. In
contrast, the toolpath of multi-axis 3D printing can form any angle and direction with
the XY plane, thus generating a non-PLAI [58].

In order to achieve this flexibility, the multi-axis toolpath planning must include

the orientation information of nozzle (i.e. tool head) required for each coordinate. In

10
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this field, most researchers use XYZ coordinates and quaternions to define the nozzle

position and orientation, and use reverse kinematics solvers to calculate the joint angles

and axis positions of the robotic arm [57].
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Fig. 4. Path planning for DCB of BISI: (a) schematic diagram of infill path, (a;) 0°- and 90°-infill

patterns by traditional slicing method, (a2) 0/90°-infill path by non-planar slicing method.

To examine the effects of infill line direction and interface type on interlayer

performance, a multi-axis toolpath planning algorithm is required to control the printing

toolpath. Although various algorithms described in the existing literature can control

the deposition direction of the tool, they are only applicable to surface geometries and

are difficult to print standard interlayer fracture test specimens with a BISI [59-61]. In

the algorithm adopted in this paper, the workpiece was first oriented to align its build

direction with the global Z-axis, and then slicing was performed, similar to typical 3D

printing deposition. The difference is that the Z-axis coordinates and directions were

customized according to the trajectory required by the BISI, and then the XYZ

coordinates and nozzle directions required for multi-axis 3D printing were generated.

The required parameters of the manipulator were solved through quaternion and

kinematics. Taking the DCB specimen with BISI with 0°/90° infill line directions
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(represented as 0°/90°-infill BISI) as an example, the process is explained in detail as

follows:

a)

b)

d)

For the lower part: First, the build direction was aligned in the global Z-axis. The
part was sliced in the XY plane and stacked along the Z-axis, which was consistent
with the traditional slicing method. However, the direction information of the
nozzle needed to be additionally calculated. It should be noted that to ensure the
surface quality and prevent thermal rebound of the specimen, the path generation
included the brim of the first two layers.

For the middle part: Based on the trajectory of the designed BISI, the relationship
between the Z-axis coordinate and X was calculated using Eq. (1). By taking the
derivative of the function, the tangent angle and normal direction of the trajectory
point were obtained, which represented the direction of the nozzle corresponding
to the trajectory point of the BISI, expressed in Eq. (2). Since the printed part had
an infill line direction of 90°, the trajectory of Eq. (1) was divided into several arc
lengths so that each arc length matched the line width, as shown in Fig. 4(a) and
Fig. 4(a2).

D,.. = arctan(— cos(lT)/Z) ()

where D, , represents the direction of the nozzle.

For the upper part: Because the Z-axis direction of this part had the characteristics
of peaks and valleys, when printing this part, the valley should be filled until the
height of the fillings was consistent with the height of the peak, so as to return to
the XY plane interface form. Then, traditional slicing was performed on the part
above the peak part. It should be noted that when filling the valley, the direction of
the nozzle still needed to be considered since this was filling on the trajectory of
the BISIL.

For the printing overall: Based on the XYZ coordinates and tool direction
information obtained from the above algorithms, the XYZ coordinates and tool

direction information required for the robotic arm 3D printer could be obtained by
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quaternion and inverse motion solving algorithms, thereby achieving specimen
printing. In addition, the infill pattern of the specimen is illustrated in Fig. 4(a1),
and the X-axis, Y-axis, and Z-axis represent the length, width, and height directions
of the specimen, respectively. The interior of each layer is infilled at a single angle.
The 0°-infilled specimen is printed with an angle of 0°, and the 0°/90°-infilled
specimen is printed alternately in 0° and 90°. Prior to the infilling of each layer, the
printer prints along the outermost outline of that layer (called the wall) as shown in
Fig. 4(a1). In addition, it is worth noting that when printing the upper part, a non-
planar slicing method is required to generate the printing path of the wall.
2.2.3. Specimen printing
After obtaining the required data for the robotic arm 3D printer, the specimens
with pre-crack were printed with the printing parameters listed in Table 1. The layer
thickness of the specimens was set as 0.125 mm, with a total of 40 layers. To ensure
that the pre-crack was located in the middle of the specimen, a thin film was placed on
top of the 20" layer of the specimen. Since the pre-crack tip has a great influence on
the test results [21], its thickness should be less than 0.013 mm according to the standard
[54, 55]. In this study, a heat-resistant polyimide film with a thickness of 0.0125 mm
was selected as the insert, as shown in Fig. 5.The flat film should be inserted at an
accurate position and fixed to the edge of the specimen by solid adhesive to prevent the
influence of thermal rebound of the deposited material on the print quality. The multi-

axis 3D printing of the specimen with BISI was recorded in the video file in Appendix.

ertical to the
i 'n_terfa

Fig. 5. The printing process for a specimen with a BISI.
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2.3. Experimental tests

2.3.1. DCB and ENF tests

According to ASTM D5528M [54, 62], the DCB test was conducted at room
temperature (~18°C) to obtain Mode I interlaminar toughness of specimens with PLAI
and BISI. The test was performed using a Wance universal testing machine with a 5 kN
load cell, and the crosshead speed was set as 2 mm/s. Because the low stiffness of the
Onyx composite material may lead to a large displacement of the specimen during the
crack growth process [35, 63-65], an aluminum plate with a thickness of 1.5 mm was
used to reinforce the specimen, as shown in Fig. 6(a). The surfaces of the aluminum
plates and the specimens were polished to ensure bonding strength, and special
precautions were taken during the reinforcement process to prevent any adhesive from
entering the pre-crack and the sides of the specimen, which could potentially affect the
test loading. Similar measures were taken to ensure the bonding strength between the

loading block and the aluminum plate.

Upper
reinforcement

Bottom
reinforcement

T
| S%ecime - En T

Fig. 6. DCB and ENF experimental setup: (a) DCB experimental setup, (b) ENF experimental
setup.

According to ASTM D7905M [55, 66], the ENF test was performed using a three-
point bending fixture on the same testing machine at room temperature, where the span
L was 100 mm and the loading speed was 0.5 mm/s. Before the test, the tip of the pre-
crack was marked on the specimen and three compliance calibration points (CC marks)

were marked in the pre-crack area at 20 mm (right), 30 mm (middle), and 40 mm (left)

14
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from the crack tip. First, during the test, the right and left CC marks were successively
aligned with the centerline of the left support end in the three-point bending fixture, the
loading indenter was loaded to a subcritical level, unloaded at a constant speed, and the
load and displacement were recorded throughout the test, respectively. Then, the middle
CC marker was aligned with the centerline of the left support end in the three-point
bending fixture and again loaded for the test until cracks initiated. Due to the difficulty
of observing crack initiation, in this experiment, a microscope was used to monitor and
record the crack tip area in real time, as shown in Fig. 6(b). To avoid local crushing or
delamination under pressure of the contact area between the loading head and the
specimen before crack initiation during the test, 2 mm thickness CF/PP fabric laminates
were pasted on both sides of the specimen for reinforcement with the same bonding
precautions as for the DCB specimen [21, 64, 67].
2.3.2. Tensile test and flexural test setup

To determine the tensile and flexural properties of the 0°-infilled PLAI and 0°-
infilled BISI specimens, the specimens were prepared using the multi-axis 3D printer
by the same printing parameters and slicing methods as DCB and ENF specimens. The
dimensions of the specimens were 120 mmx13.6 mmx5 mm and the length of the
curved interfaces locating in the middle of the BISI specimens was approximately 108
mm. The tensile and flexural tests were performed using a Wance universal testing
machine with a 5 kN load cell. The tensile tests were performed on the specimens with
a crosshead speed of 2 mm/s at room temperature (~18°C) as shown in Fig. 7.(a), and
the displacement was monitored with an extensometer. The flexural tests were carried
out at room temperature using a three-point bending apparatus with a span of 80 mm as

shown in Fig. 7.(b), and the crosshead speed was set as 2 mm/s.
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Specimen

y

Fig. 7. Tensile and three-point bending experimental setup: (a) tensile experimental setup, (b)
three-point bending experimental setup.
2.3.3. Microscopic characterization

The focus of this study was to investigate the interfacial behavior of 0°/90°-infill
and 0°-infill BISIs, which was analyzed and characterized using SEM and CT scanning.
First, small rectangular blocks were cut from printed specimens in different infill line
directions. The cross-sections of blocks perpendicular to the longitudinal direction were
obtained after brittle fraction in liquid nitrogen. This ensured that the cross-section
remained clean and free of oil stains, and produced flat opposite surfaces. To improve
its conductivity and scanning quality, each specimen was fixed on the specimen stage
using conductive adhesive and subjected to sputtering gold plating treatment.

The microstructure and SCF distribution of the BISI were observed using an S-
3400N scanning electron microscope, and the SCF direction trends were extracted by
X-ray micro-CT (micro-CT, NanoVoxel 3000). The X-ray micro-CT scanning was
performed with a resolution of 12 microns at a voltage of 10 kV and a current of 100
mA. The exposure time was 0.2 s. Then, the characteristics of the fractured interface
were captured. The failure locations of the specimens with BISI were cut without
altering the original failure morphology, and the microscopic fracture characteristics of
the different infill line directions of the fracture specimens were observed and analyzed.
Then, CT scans were performed and Avizo software was used to slice rectangular blocks
of the same size (23 mmx8.5 mm) from the scan results, with the gold-plated area

extracted by taking advantage of the different densities between Onyx and the sputtered
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gold-plated materials, to observe the damaged areas.

3.Results and discussion

3.1. Microscale evaluation of specimens with BISI

Fig. 8(a) shows a schematic diagram of a suture structure in biomaterials, which
is a symbolic structure with strong fracture resistance in the microscopic interface
structure and is also the motivation of this paper [41, 43]. Fig. 8(b) shows the internal
print quality of Onyx specimens with the 0°/90°-infill BISI, clearly demonstrating the
sine function bond-lines of BISI and the arranged elliptical filaments. There are some
gaps between the printed filaments with the 90°-infill layer. As shown in the image with
a scale of 100 um, the SCFs are exposed and pull-out occurs due to brittle fractures.
The distribution of SCFs in the printed filament is relatively uniform, and a more
obvious boundary line can be seen in the interface area between the upper and lower

layers.

Rigid suture Compliant
interface

Fig. 8. Characterization of specimens with BISI: (a) diagram of sutured interfaces displaying the
rigid sutures and a compliant interface, (b) SEM of 0°/90°-infill specimens, (c) SEM of 0°-infill
specimens, (d) CT scanning of 0°-infill specimens.

Fig. 8(c) shows the internal printing quality of the 0°-infill BISI Onyx specimen,
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clearly indicating the sine function trend of the BISI and a large number of exposed
SCFs. The distribution uniformity of SCFs is poor compared with that of the raw
material before printing (c.f. Fig. 2). However, the orientation of the SCFs is almost
consistent with the infill line direction [68]. This is confirmed by the CT scan analysis

and SCFs trend distribution, as shown in Fig. 8.(d).
3.2. Results of fracture tests

3.2.1. Mode I fracture toughness

This section presents and compares the results of the DCB tests of PLAI and BISI
specimens with different infill line directions. To compare the force histories of
different interface patterns, Fig. 9(a) and Fig. 9(b) display the force-displacement
curves for the 0°/90°-infill and 0°-infill PLAI and BISI specimens, respectively. It was
found that the maximum forces of the 0°/90°-infill and 0°-infill BISI specimens are 35%
and 85% higher than those of the PLAI specimens, respectively. In addition, it is found
that the delamination initiation of the BISI DCB specimens is delayed compared to the
PLAI specimens, which leads to high inter-laminar toughness. As the crack propagates
along the curved interface highlighted in red as seen in the insert in Fig. 9(b)), the crack
growth rate decreases and thus the released energy increases when the crack path
approaching to the loading direction. In contrast, the crack growth rate is accelerated
and thus the released energy decreases when the crack path (highlighted in black in the
insert in Fig. 9(b)) deviates to the loading direction. Correspondingly, the crack
jumping is seen in the BISI specimen. This phenomenon is also consistent with the
observations as reported in the literature [40, 46]. Moreover, in Fig. 9(a) and Fig. 9(b),
it is worth noting that the integrally formed BISI specimens exhibit significant load
fluctuation due to the unstable delamination propagation. Large force and energy are
required for the delamination propagation compared to the PLAI specimen. Therefore,
it can be concluded that the BISI specimens demonstrate superior inter-laminar crack

resistance.
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Fig. 9. DCB test results: (a) force-displacement curves of 0°/90°-infill PLAI and BISI specimens,
(b) force-displacement curves of 0°-infill PLAI and BISI specimens, (¢) R curves of 0°/90°-infill
PLAI and BISI specimens, (d) R curves of 0°-infill PLAI and BISI specimens.

The critical energy release rate was calculated using the modified beam theory as:

3P F
G . =——° = 3
“ 7 2b(a+|A) N ®)

where P is the applied load. ¢ is the linear deflection. b is the width of the specimen. a
is the delamination length. 4 is a crack length correction for crack tip rotation and
deflection. F'is the large displacement correction factor, and N is the large displacement
and loading block correction factor. According to the ASTM D5528M [54], F'and N are

expressed as:

SEOEC
R G0l xR

where ¢ is the vertical distance from the center of the pin hole to the mid-plane of the
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specimen arm, and L is the horizontal distance from the center of loading-block pin hole
to the edge of the loading block. For piano hinge, L=0.

The Gic of the 0°/90°-infill and 0°-infill PLAI and BISI specimens are calculated
and plotted in Fig. 9(c) and Fig. 9(d). The results show that the fracture toughness of
the specimens is improved by BISI compared with the traditional PLAI. Specifically,
the Gycq for delamination initiation of the 0°/90°-infill and 0°-infill BISI increased by
80.87% and 205.31%, respectively, with an averaged improvement of 65.66% and
204.52% in Gyc. These obtained data clearly demonstrate that BISI by multi-axis 3D
printing can significantly improve the delamination resistance of specimens.

Previous studies claimed that although the adhesive-based BISI can improve the
crack resistance of the specimens [38, 40, 46]. In Fig. 9(a) and Fig. 9(b), it is worth
noting that the integrally formed BISI specimens exhibit significant load fluctuation
due to the unstable delamination propagation. Large force and energy are required for
the delamination propagation compared to the PLAI specimen. Therefore, it can be
concluded that the BISI specimens demonstrate superior inter-laminar crack resistance.
3.2.2. Mode II fracture toughness

The results of the ENF test are depicted in Fig. 10. Fig. 10(a) and Fig. 10(b)
illustrate the force-displacement curves for the 0°/90°-infill PLAI and BISI specimens
with a =30 mm, respectively. The time for pre-crack propagation is marked by a five-
pointed star, which is determined by carefully observing the test video recorded by the
microscope.

The loading of the PLAI specimens demonstrates almost linear growth until the
initiation of pre-crack propagation, followed by a nonlinear force-displacement
relationship, indicating steady crack growth. In contrast, the loading of the BISI
specimens demonstrates primarily linear progression, even after the pre-crack
propagation occurs.

The force-displacement curves for the 0°-infill PLAI and BISI specimens are

depicted in Fig. 10(c) and Fig. 10(d), respectively. The trends observed in these curves
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are generally consistent with those of the 0°/90°-infill specimens. The main difference
is that only a short nonlinear stage appears in the pre-crack propagation of the 0°-infill
PLAI specimens, followed by another linear increase in load. Furthermore, it is
important to emphasize that the infill line direction has a significant impact on the
fracture performance of the Mode II interface because the pre-crack propagation
direction is perpendicular to the orientation of the SCFs in the 90° layers, and the
debonding between adjacent printed 90° filaments is more likely to occur than the

fracture of the 0° printed filament itself.
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Fig. 10. ENF test results: (a) force-displacement curves for 0°/90°-infill PLAI specimens, (b)

force-displacement curves for 0°/90°-infill BISI specimens, (c) force-displacement curves for 0°-

infill PLAI specimens, (d) force-displacement curves for 0°-infill BISI specimens.

The Mode II interlaminar toughness ( G,.) of composites can be calculated by

GIIC =

max aO

2b

3mP

(6)

where P is the maximum load identified in the experiment. ao (i.e., 30 mm) is the

crack length used in the test, and m is the compliance calibration coefficient, which is
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determined by a linear least squares linear regression analysis on the compliance, C,
versus crack length cubed (a*) data

C=A+ma’ (7)
where the three compliances are those from the two compliance calibration tests (at a
=20 and 40 mm) and from the fracture test (ao = 30 mm).

Based on Eq. (7), the slope m can be obtained by fitting the compliance obtained
from the ENF test and the cube of the crack length. By combining the experimental data
of the initial crack position and substituting it into Eq. (6), the Mode II fracture
toughness, Giic, is calculated. A comparison of Gyc values between the 0°/90°-infill
and 0°-infill PLAI and BISI specimens is presented in Fig. 11. The results show that
compared with the PLAI specimens, the Gyc values of the BISI specimens increased
by 217% and 274%, respectively. It can be seen that BISI plays a crucial role in

controlling the tortuosity of corresponding crack paths for fracture response.
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Fig. 11. Comparison of PLAI and BISI specimens Gyc with different infill line directions.
3.3. Fracture characterization and failure analysis

3.3.1. Failure analysis of DCB specimens
After the DCB test, microscopy scanning and analysis were performed on the
failure surfaces of several test specimens. Fig. 12 shows the macroscopic failure

phenomena and SEM microscopic morphologies of PLAI specimens with different
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infill line directions. Specifically, Fig. 12(a) and Fig. 12(b) show two different

interfacial crack growth phenomena of the 0°/90°-infill PLAI specimens: interlaminar

debonding and cross-layer debonding at the interface. Interlaminar debonding is a

typical interfacial crack growth phenomenon (as shown by PLAI-2 curve in Fig. 9(a))

[21]. From the SEM image of the damaged area (Fig. 12(a1)), two clear traces of
debonding of the 0° printed filament and the 90° layer (pick dash-dot line) can be seen.

In the zoomed-in images (Fig. 12(az2) and Fig. 12(a3)), numerous exposed SCFs (yellow

arrows) and SCF pull-out (blue arrows) can be observed. These observations indicate

that interlaminar debonding is caused by the disruption of the matrix and the short fiber-

matrix [62]. Because the peeling and shearing stress acts on each layer, when there are

some printing defects on the interface or the local resin-rich region at the interface

caused by the uneven distribution of SCFs, this can lead to the phenomenon of cross-

layer debonding, which alters the crack propagation trajectory and improves the crack

resistance performance of the specimen [21, 69]. In addition, Fig. 12(b2) and Fig. 12(bs3)
show that when the detached layer is fractured, this also involves the damage of the

matrix and the fiber-matrix interface.

Fig. 12(c) shows the bridging phenomenon of printed filaments that occurs when
the interface of the 0°-infill PLAI specimens fails. This phenomenon involves the
peeling of the matrix at the junction between the printed filaments, increasing the
energy absorption during crack propagation. However, compared to the cross-layer
debonding, bridging of the printed filament has less impact on delamination resistance
(as indicated in Fig. 9(c) and Fig. 9(d)). Another important observation illustrated in
Fig. 12(c1), Fig. 12(c2), and Fig. 12(c¢3) is the presence of a significant number of SCFs
distributed on the upper layer of the printed bridging filaments, while only a few
instances of SCF pull-outs are visible on the lower layer. This can be explained by the
fact that when the SCFs are densely distributed, the interlayer bonding strength is
stronger. Consequently, when SCFs are distributed unevenly in the adjacent interlayers,

the matrix and fiber-matrix interface are damaged at the interlaminar regions with
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sparsely distributed SCFs, leading to differences in the degree of crack propagation
between adjacent layers. Additionally, weak interface performance between 3D printed

filaments results in the occurrence of filament bridging.

Fig. 12. Macroscopic failure modes and SEM image of different PLAI specimens: (a) 0°/90°-infill
PLAI-2 specimen, (b) 0°/90°-infill PLAI-3 specimen, (c) 0°-infill PLAI specimen.

Fig. 13 shows the macroscopic fracture surfaces and microscopic morphologies of
the 0°/90°-infill and 0°-infill BISI specimens after tests. It can be observed that since
the printing interfaces adopt a spatially structured design, the crack propagation path in
the specimen with BISIs roughly follows the trend of the set sine function and different
levels of through-layer damage occur. The occurrence of through-layer damage releases
a large amount of energies during the tests, which can be reflected from the
corresponding force-displacement curves. For instance, the first peak force of the
0°/90°-infill BISI specimens was significantly lower than that of the 0°-infill BISI
specimens due to the occurrence of severe through-layer damage as seen on the initial
fractured surface of the 0°/90°-infill BISI specimen (Fig. 9(a) and Fig. 9(b)). Then,
more severe through-layer damages hinder the crack propagation in the interfaces of
the 0°/90°-infill BISI specimen compared with the 0°-infill BISI specimen.
Correspondingly, high-value fluctuated forces are seen on the 0°/90°-infill BISI
specimen compared to those of the 0°-infill BISI specimen (Fig. 9(a) and Fig. 9(b)).
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Fig. 13.(a1) and Fig. 13.(b1) show the SEM microscopic morphologies of the interface
debonding failure of the 0°/90°-infill and 0°-infill BISI specimens, respectively. It can
be observed from Fig. 13.(a1) that the interface debonding failure of the 0°/90°-infill
BISI specimens is accompanied by the destruction of the 0°-infill and 90°-infill printed
filaments. This destruction causes the crack path to move toward the pre-crack direction,

resulting in obvious through-layer damage.
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Fig. 13. Macroscopic failure modes and SEM image of different BISI specimens: (a) 0°/90°-infill
BISI specimens, (b) 0°-infill BISI specimens.

Observed under SEM (Fig. 13(a2) and Fig. 13(a3)), the matrix damage of the 90°-

infill layers is more significant. The crack propagation direction is perpendicular to the

printed filament and thus the longitudinal direction of SCFs in the 90°-infill layers [4].

Therefore, the SCFs in the layers provide little reinforcement against longitudinal crack
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propagation. Fig. 13(b2) and Fig. 13(b3) show the interfacial debonding in the 0°-infill
BISI specimens, accompanied by the occurrence of through-layer damages. Most
through-layer damages are caused by the short fiber/matrix debonding failure within
the printed filament, accompanied by a small amount of inter-printed filament matrix
failure. The debonding failure of short fiber/matrix is caused by the following factors.
Firstly, the imperfect extrusion of the printer leads to uneven thickness of the printed
filament, thereby forming irregular gaps around the printed filaments (Fig. 8(b) and
Fig. 8(d)). Furthermore, as depicted in Fig. 2, Fig. 8(d), and Fig. 12(c), the distribution
of short fibers in both raw filament and printed filament exhibits a certain degree of
non-uniformity, resulting in differences of local interfacial performance between
adjacent layers. Therefore, crack may propagate through the gaps to the layers with
weaker interface properties. When cracks propagate between adjacent layers, the shear
stress may cause debonding failure of the short fibers/matrix within the printing
filaments. There is a correlation between interface performance and SCFs orientation

and distribution.

Through- .

0/90°-BISI e layer failure

Through-
0°-BISI g layer failure

Fig. 14. Extraction of swept area of the interlayer crack.
Based on the analysis of the testing data and fracture morphology, the integrally
formed BISI can significantly improve delamination resistance by controlling the
direction and paths of delamination propagation [46, 69]. For Mode I fracture toughness,

when the crack deviates from the pre-crack direction, the crack propagation slows down,
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and the critical energy release rate increases significantly, which is consistent with the
results of the adhesive-based BISI. When the crack propagates along the pre-crack
direction, the increase in the Gic is relatively smaller, but compared to adhesive-based
BISI, the amplitude of force attenuation is significantly reduced. Furthermore, during
delamination propagation, although both interfaces exhibit through-layer failure, the
through-layer damage level is smaller in the integrally formed BISI [38, 40].

Moreover, it should be emphasized that although the crack paths of the 0°/90°-
infill and 0°-infill BISI specimens are almost the same, there are significant differences
in the Gic. In addition to the influence of the infill line direction, the variation of Gjc is
also caused by the difference of the degrees of the through-layer. In other words,
different levels of the through-layers damage lead to different failure damage areas
swept through the crack path, as shown in Fig. 14.

After processing with Avizo software, the surface area of the sprayed material was
extracted, and the areas swept through the cracks in the 0°/90°-infill and 0°-infill BISI
specimens were measured as 340 mm? and 424 mm?, respectively. It was observed that
the crack in the 0°/90°-infill specimen has a larger degree of through-layers compared
to the 0°-infill specimen, resulting in a smaller area swept through the crack path
compared to the theoretical area swept through the sine function. This difference in the
crack path area leads to a disparity in the Gic.

3.3.2. Failure analysis of ENF specimens

Fig. 15 displays the SEM images of the ENF specimens with 0°/90°-infill and 0°-
infill BISI. It is seen that, due to the presence of the BISI, the crack propagation
direction deviates from the pre-crack direction at a certain angle, while the crack path
still follows the designed sine function trajectory. In Fig. 15(a), traces of matrix damage
(green arrow) can be observed in the 0°/90°-infill BISI specimen, while Fig. 15(b)
shows an occurrence of printed filament bridging similar to the DCB test when the 0°-
infill BISI specimen experiences shear forces, which also impedes crack propagation.

Fig. 15(c) illustrates the SEM images of fracture surfaces in the 0°/90°-infill and 0°-
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infill PLAI and BISI specimens. The yellow dashed lines with arrows indicate the
direction of the matrix shearing, with the matrix being elongated along the direction of
the arrow. It is evident that no traces of exposed SCFs or SCF pull-outs are observed in
any of the four types of specimens, indicating weak shear resistance at the interface
[21]. However, the BISI specimens exhibit a more damaged matrix on the fracture
surface compared to the PLAI specimens, suggesting a significant correlation between

matrix damage and interfacial performance during Mode II fracture.

Fig. 15. SEM images of the fractured ENF specimens.

3.4. Tensile and flexural results

3.4.1. Tensile properties

Fig. 16(a) displays displays the tensile force-displacement curves of the 0°-infilled
PLAI and BISI specimens. It is found that the maximum force and the elongation at
break of the 0°-infilled BISI tensile specimens are significantly lower than those of the
0°-infilled PLAI specimens. Correspondingly, Fig. 16.(b) and Fig. 16.(c) show that the
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0°-infilled BISI tensile specimens had an averaged 13.23% decrease in tensile modulus
and an averaged 31.44% decrease in tensile strength compared to the 0°-infilled PLAI
specimens. In terms of 3D-printed SCF reinforced composites, more than 95% of fiber
orientations is consistent with the printing path as reported in the literature [68].
Therefore, aligned SCFs have a high reinforcing effect on the 0°-infilled PLAI
specimens. In contrast, the orientations of the SCFs in the 0°-infilled BISI specimens
are not always consistent with the longitudinal direction due to the curved interfaces,
resulting in the reduction in the tensile strength and modulus as seen in Fig. 16(d). In
other words, the curved interfaces of the specimens sacrificed the longitudinal tensile

properties of the composites.
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Fig. 16. Tensile properties and fracture morphology of tensile specimens: (a) tensile force-
displacement curves of 0°-infill PLAI and BISI specimens, (b) tensile modulus of 0°-infilled PLAI
and BISI specimens, (c) tensile strength of 0°-infilled PLAI and BISI specimens, (d) fracture
morphology of 0°-infilled BISI specimen after test.

3.4.2. Flexural properties
Fig. 17(a) displays the force-displacement curves of the 0°-infill PLAI and BISI
specimens. The results indicate that the maximum forces of the 0°-PLAI specimens are

comparable to those of the 0°-BISI specimens. Correspondingly, the 0°-infilled BISI
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flexural specimens had an averaged 2.33% decrease in flexural modulus and an
averaged 4.01% decrease in flexural strength compared to the 0°-infilled PLAI
specimens as shown in Fig. 17(b). The testing results show that the curved interfaces

have little effect on the flexural properties of the composites.
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Fig. 17. Three-point bending test results: (a) force-displacement curves of 0°-infill PLAI and BISI

specimens, (b) flexural modulus and strength of the specimens.

4.Conclusions

In this study, the interlayer structure of the 3D printed SCF composites was
designed with inspiration from bionics, and a multi-axis 3D printing algorithm was
developed to realize the BISI specimen preparation. Mode I and Mode II fracture
toughness tests were performed on the 0°/90°-infill and 0°-infill PLAI and BISI
specimens, and the microscopic morphology and damage area of the specimens after
the test were characterized by SEM and CT scanning. By investigating the effects of
infill line directions and the interfacial types on the interface properties of PLAI and
BISI printed specimens, the following conclusions were drawn:

1) Cross-layer debonding and printed filament bridging are observed when the PLAI
specimens failed after DCB tests. These phenomena are closely related to the
distribution of SCFs and can effectively resist further crack propagation. Therefore,
the Mode I interfacial failure is significantly related to the SCFs’ direction.

2) When the integrally formed BISI specimens are observed after DCB tests, the crack
path is consistent with the designed sine function trajectory. This demonstrates that
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3)

4)

5)

by controlling the tortuosity of the BISI, it is possible to provide a preferred path
for the crack propagation and thus enhance the delamination resistance.

The failure process of the BISI specimens is accompanied by through-layer failure.
This phenomenon causes the crack to deviate from the pre-designed sine function
track and slows down the tortuosity of the crack path, which is not conducive to
the improvement of the fracture resistance of the structured interface.

The Mode II fracture toughness between two adjacent layers, as obtained by the
ENF test, is relatively low, indicating poor shear resistance between the Onyx
layers. However, the BISI can achieve a two-fold improvement in Mode II fracture
toughness by optimizing the crack propagation path.

Tensile and flexural tests indicated that the curved interface sacrificed the
longitudinal tensile properties of the composites but had little effect on the flexural

performance.
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