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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing enables design of multi-material composite materials with tunable mechanical prop-
Additive manufacturing erties. Previous studies on epoxy-based composites containing silica, clays or fiber showed that favorable me-
NanOC?mPOSites chanical properties can be achieved by controlling the fiber orientation and architecture. In this work the effect
Ceramic of the build direction and whiskers orientation on the wear properties of 3D printed epoxy-based nanocompo-
z\:ie:trion sites is investigated. Epoxy-nanoclay-PTFE-SiC nanocomposites are fabricated using a direct-write additive

manufacturing method that enables one to orient the SiC whiskers along the printing path. Tribological results
show that variations in build direction and whiskers orientation relative to the sliding direction cause anisotropy
in wear and friction in these nanocomposites. The best wear performance was achieved with the nanocomposites
printed with whiskers oriented perpendicular to the sliding steel counter-surface and slid orthogonally to the
build direction and print path orientation. All nanocomposites had significantly better wear properties than the
unfilled epoxy sample. The results suggest that optimizing the whisker orientation and alignment in epoxy-based
nanocomposites through direct-write additive manufacturing increases the wear performance. This enables an

additional design paradigm when optimizing multifunctional, 3D-printed epoxy nanocomposites.

1. Introduction

Composite materials are widely used in many engineering applica-
tions and continue to replace traditional materials as they provide
versatility and advanced mechanical properties that are not achievable
by a single constituent material. In recent years, a lot of research effort
has focused on polymer composites due to their favorable material
properties and ability to replace some metal and ceramic materials in
numerous engineering applications such as aerospace, automotive or
electronics [1-5]. Engineers use various additives to further improve
desirable mechanical properties of polymer composites. Fiber-re-
inforced polymer composites have become a very attractive additive
due to an increasing demand for lightweight, stiff and strong multi-
functional materials [1,3,6-8]. Nano-scale ceramic particles are very
often used as fillers to further improve wear [9,10], strength [11,12],
electrical [11] or thermal [13] properties of polymer composites. Pro-
gress in additive manufacturing (AM) has enabled the 3D printing of
polymer composites with various fillers such as silicates or fibers
[14-20]. The advantage of fabricating composites via AM instead of

traditional methods such as molding or machining is that AM enables
(i) the fast and precise building of complex structures of various ma-
terials and (ii) the control of mechanical properties with respect to print
orientation [21,22]. Generally, the strength of the 3D printed materials
is the highest when the applied load acts in the printing direction and
the lowest when the material is loaded in the direction orthogonal to
the printing path [23]. In material extrusion AM, this anisotropy arises
due to weak layer-to-layer bonding, pores located between individual
printed filaments, alignment of polymer chains, and alignment of non-
spherical phases contained in the material.

The alignment and orientation of high-aspect-ratio particles sus-
pended in flowing fluid has been studied extensively and has both
theoretical and experimental support. For example, the seminal theo-
retical work of Jeffrey in 1922 showed that plate-like or rod-like el-
lipsoidal particles are expected to adopt a stable orientation with the
long dimension of the particle aligned with the direction of extension in
a purely extensional flow, while simple shear flow imposes periodic
rotations on ellipsoidal particles, where they rotate rapidly when mis-
oriented to the flow direction, and slowly when oriented with the flow
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direction [24]. More recently, Folgar and Tucker [25] and Advani and
Tucker [26] extended Jeffrey’s theory to concentrated suspensions and
to enable predictions of thermal and mechanical properties in short
fiber composites based on flow history. These and similar models are
now routinely used to predict mechanical properties in extruded and
molded short fiber composites [27-30]. In the context of material ex-
trusion AM, Shofner et al. showed that 100-nm-diameter carbon na-
notubes align in the direction of printing for printed ABS polymer
composites [31], Tekinalp et al. reported a high degree of fiber or-
ientation in printed ABS/carbon fiber composites [32], and Gladman
et al. elegantly demonstrated how alignment of nanofibrillated cellu-
lose along the print direction can be utilized with swelling hydrogels to
affect unique shape-morphing behavior in printed structures ex-
clusively though control of anisotropic behavior associated with print
path [33].

In addition, significant effort has focused on fabrication of epoxy-
based structural composites via material extrusion AM [19,20,34-36]
as these composite systems have shown advanced combined mechan-
ical, chemical and thermal properties [34,35,37-42]. Recently Raney
and Compton demonstrated the 3D printing of carbon fiber- and silicon
carbide (SiC) whisker-filled nanoclay-epoxy nanocomposites, which
allows for control of the alignment of the fibers and whiskers [19,34].
These studies showed that the strength and stiffness of the composites
are higher than that of the unfilled epoxy material [34], and that the
strength and stiffness are considerably higher along the print direction
compared to these properties transverse to the print direction. In ad-
dition, Raney and Compton showed that the orientation and arrange-
ment of fibers within a single printed filament can be controlled
through the use of a deposition nozzle with a rotational degree of
freedom. In this approach, the ratio of rotation rate to translation rate
dictates the orientation of fibers relative to the print direction, and
rotation rate can be programmed during path planning to achieve
spatially tailored fiber orientation patterns that would not be possible
with any other fabrication method [19]. In another very recent study,
Hmeidat et al. studied rheological and mechanical properties of 3D
printed epoxy-based nanocomposites using four different filler combi-
nations: nanoclay/SiC, nanoclay, fumed silica, and SiC/fumed silica
[43]. The rheological studies showed that epoxy nanocomposites
printed with nanoclay/SiC fillers have higher storage modulus, loss
modulus, yield stress, flexural strength and modulus than other tested
fillers. The mechanical testing also revealed that print path orientation
and varying nozzle size and print speed causes anisotropy in flexural
modulus and strength. Although the relationship between the strength
properties, the fiber alignment, and print orientation of various 3D
printed polymer composites has been studied, the wear properties are
virtually unexplored. It is the particular interest of this research effort
to investigate the wear performance and friction of polymer nano-
composites fabricated via AM as a function of print orientation and
fiber alignment.

Literature provides several studies on the wear properties of
polymer composite materials relative to their fiber orientation ranging
from natural fibers [44-46] to ceramic fibers [47-49]. The studies of
Sung [47] and Chin [45] showed that the lowest wear and highest
friction was achieved with the composite samples that were tested with
fibers oriented perpendicular to the counter surface. However, none of
these studies focused on 3D printed samples of polymer

Table 1
Composition of epoxy-nanoclay-PTFE-SiC nanocomposites samples.
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nanocomposites. In this work, the effect of the whisker orientation and
overall build direction on the wear properties of 3D printed polymer
nanocomposites is investigated. The studied polymer nanocomposites
are composed of epoxy-nanoclay-PTFE-SiC and fabricated using direct
write (DW) additive manufacturing, which allows control of the SiC
whisker spacing and orientation [19,34].

In the current work, the effect of the build direction and whisker
orientation on the wear properties of these 3D printed epoxy-based
nanocomposites is investigated by testing the samples printed with
normal (perpendicular), parallel and transverse whisker orientation
relative to the counter-surface and sliding direction. The comprehensive
wear testing includes measurements of wear rates, volume loss, friction
and analysis of the worn sliding surfaces of the nanocomposites as well
as wear rates of the steel counter-surfaces. The tribological results are
analyzed and used to explain the wear mechanism that drives the dif-
ferences in the wear performance due to variations in printing and
whisker orientation relative to the sliding direction and counter-sur-
face.

2. Materials and methods
2.1. 3D printed composite specimens

Epoxy-based inks were formulated by first mixing 1 g of 1-ethyl-4-
methylimidazolium dicyanamide (BASF Basionics VS 03, obtained from
Sigma-Aldrich, Inc., St. Louise, MO) into 20 g of epoxy resin (Epon 826
Hexion Inc., Columbus, OH) using a centrifugal planetary SpeedMixer
(Flacktek Inc., Landrum, SC) at 1700 rpm for 1 min under vacuum of
0.1 atm. Next, 10.75g of SiC microfibers (SI-TUFF SF-1, Haydale
Technologies, Greer, SC) were added to the resin, followed by 1.55 g of
nanoclay (Garamite 7305, BYK Chemie GmbH, Wesel, Germany), and
2.58 g of PTFE micropowder (Microdisperse-3000, Polysciences, Inc.
Warrington, PA). The final composition contained 73vol.% epoxy,
14.3vol.% SiC, 5 vol.% PTFE, 4.1 vol.% nanoclay and 3.6 vol.% curing
agent, Table 1. This formulation is based on the formulation initially
developed by Compton and Lewis [34] for 3D-printing of lightweight,
high stiffness epoxy composites and refined by Hmeidat et al. [43]. The
SiC whiskers impart high strength and stiffness to the final composite,
while the use of nanoclay in these formulations is instrumental to
achieving sufficient shear thinning and yield stress behavior in the ink —
rheological properties that are critical for successful extrusion-based 3D
printing [20,34,35,43]. PTFE microparticles were chosen to impart
lubricity to the composite and reduce noise during wear testing. The ink
was mixed at 1800 rpm for two minutes after the addition of each
material.

After mixing, the ink was loaded into a 10cc syringe barrel (Nordson
EFD, Westlake, OH) using a spatula and centrifuged at 3900 rpm for
5min using a Sorvall ST-8 Centrifuge (ThermoFisher Scientific,
Waltham, MA) to remove any entrained air from the loading process.
The filled syringe barrel was then mounted on a three-axis gantry
(Shopbot Tools, Inc, Durham, NC) inside a 4x pressure multiplier
(HP10cc, Nordson EFD) and connected to a pneumatic control system
comprised of a voltage-controlled pressure regulator and solenoid
valves. Samples were printed onto PTFE-coated aluminum foil (Bytac,
Saint Gobain Performance Plastics, Worcester, MA) at 25 mm/s using
90 psi (620.5kPa) supply pressure (90 x 4 = 360 psi applied to the

Constituent Form Density (g/cm3) Mass (g) Weight fraction Volume fraction
Epon 826 Liquid 1.16 20 0.557 0.73

VS 03 Liquid 1.06 1 0.028 0.036

Nanoclay ~ 6 um agglomerates of nanoplatelets 1.60 1.55 0.043 0.041

SiC whiskers 0.65-im-diameter rods, 10 —12 um average length 3.21 10.75 0.30 0.143

PTFE 3 pm powder 2.25 2.58 0.072 0.050
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ink). A double tapered luer-lock deposition nozzle (Fisnar,
Germantown, WI) was used with outlet diameter of 0.84 mm. The layer
height was set at 0.554 mm, and the road-to-road spacing was set to
0.714 mm. Simple rectilinear raster patterns were programed in g-code
using Scilab software (Scilab Enterprises, Institut National de Recherche
en Informatique et en Automatique, Rocquencourt, France) and used to
print unidirectional blocks 42 mm x 21 mm x 9 mm.

Unfilled epoxy samples were prepared from the same epoxy/curing
agent blend without the addition of SiC, nanoclay or PTFE. Thick discs
(~10mm thick, 20 mm in diameter) were cast in sample mounting
cups. All samples were cured at 100 °C for 15 h followed by two hours at
220°C.

The samples were cut and machined into rectangles with dimen-
sions of 6.3mmx6.3mm x 12.0 mm using a low-speed diamond saw
milling machine. The testing surface of the samples was machined flat
to ensure flat-on-flat contact between the sample and the counter sur-
face. Four test specimens were machined, each with a different nominal
whisker orientation, see Section 2.3 Experiment Design. All samples
were sonicated in methanol to prevent contamination of the surface
from machining.

The counter-surfaces were 304 L stainless steel coupons with a
lapped finish (Metal Samples Company-Alabama Specialty Products
Inc, Munford, AL) and with dimensions of 38 mm x 25 mm x 3.7 mm
and average surface roughness of ~150 nm. The counter-surfaces were
rinsed in methanol and dried prior to wear testing. All wear tests were
performed in lab air at room temperature and average humidity con-
ditions.

2.2. Tribological measurements

Flat-on-flat, linear reciprocating wear experiments, Fig. la, were
conducted on a 4-station tribometer; this enables simultaneous wear
measurements on four specimens in the same environment. The test
specimen was loaded against the counter surface at a normal load of
~150N (~ 3.8MPa contact pressure - note: design considerations
using polymer-based solid lubricants enable significantly larger contact
area than those in traditional rolling element bearings) and slid in a
reciprocating fashion at the sliding speed of 50 mm/s where the length
of one sliding stroke was 25 mm. Forward and reverse sliding stroke
results in one sliding cycle. The wear experiments were conducted for a
total of 500K sliding cycles (25.4km) and the specimen mass was
measured after 1K, 4K, 5K, 10K, 10K, 20K, 50K, 100K, 100K and
200K sliding cycles. The mass of the specimens was recorded using a
laboratory scale (Mettler Toledo XS205DU) with a 1 X 10°° g

304L stainless steel
counter-surface
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resolution. Normal and frictional forces were measured using strain-
gauge-based load cells. The steel counter-surfaces were mounted on the
reciprocating linear stage while the epoxy-based samples were mounted
on the stationary load cell. Control of applied load, linear stage and
data acquisition was performed using MATLAB (Natick, MA, USA).

Wear rate was measured based on change in a specimen’s volume as
a function of increasing sliding cycles. The initial volume, V (mm?), of
the sample was determined by measuring its length, width and thick-
ness. The density, p (mg/mm3), of the sample was measured as its initial
mass, m (mg), divided by the initial volume, V. The change in volume or
wear volume, Vo, (mm?), of the nanocomposites was determined as a
change in its mass, Am (mg), divided by its density:

Am

Vivorn = )

The wear rate, K (mm®/Nm), was then calculated as the worn vo-
lume, V,,om, divided by the applied normal force, F, (N), times the
sliding distance, d (m):

_ Vwom
~ Ed )

A Monte Carlo technique was used to calculate the steady-state wear
rates, Ky, (mm®/Nm), and its uncertainties as described in Schmitz et al.
[50] (not to be confused with kinetic Monte Carlo simulations for
materials modeling [51,52]). Here, the measurement uncertainties in
normal force, F,, sliding distance, d, and wear volume, V,,,,, were used
to generate 100,000 different scenarios for the measured wear volume,
normal force and sliding distance. Steady-state wear rate (mean) and its
uncertainties (standard deviation) are then determined as a slope of
Vworn VS Fnd (Eq. 2) by fitting the last three data points (last 300,000
sliding cycles of total 500,000 sliding cycles if the sample did not fail
prematurely due to high wear or friction).

The incremental wear rate, K, (mm>/Nm), was calculated as an
instantaneous change in worn volume over a single wear experiment, i:

_ Vwom (i + 1) - Vwom(i)
(Fd)iv1) — (Fd)g 3)

incr —

Friction coefficients were calculated by averaging the middle 50 %
of the forward and reverse data of each reciprocating stroke as fric-
tional force over normal force [53]. The average friction coefficient of
each tested sample is determined as the mean value of friction coeffi-
cients of all tested cycles. The wear rate of the steel counter surfaces, K
(mm®/Nm), was determined from the wear tracks after 500,000 sliding
cycles. The worn surface profile, Fig. 1b, was measured with scanning

b)

Vworn

B

5 =2

c -4 Aworncs

5 6

(]

T 8

c

5 -10

2 12 —_—
0 2 4 6 8 10 12

width (mm)

Fig. 1. a) Schematic of the wear experiment. A sample is loaded and slid against the steel counter-surface b) Worn surface topography of the counter-surface
measured with optical profilometry. c) Wear rate, K, calculated from the worn surface area, Ayor, s, Which is the cross-section of the wear track as highlighted in b).
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Fig. 2. a) Schematic of printing epoxy-nanoclay-PTFE-SiC nanocomposite samples using direct write 3D-printing. b) SEM image of the nanocomposite. c¢) Orientation
distribution of whiskers. d-g) Four samples used in wear testing, each with different whiskers orientation relative to the counter-surface and sliding direction. Color
gradient and x-y-z coordinates correspond to the reference sample in a). d) Parallel. e) Transverse. f) Normal-whisker, sliding-build. g) Normal-whisker, sliding-

counter-build.

white-light interferometry (Contour GT; Bruker, Billerica, MA). The
wear rate was calculated from the average measured cross sectional
worn area, Ayom, Fig. 1c, divided by the applied normal force, F,, times
the number of total sliding passes (two times total sliding cycles, n)
[54]:

Aorn [mm?]s [m]1000 [ ":n—m] 1000 Ay

2n[cycles]s [ﬁ]Fn [N] 2 nh 4)

3
K, = Viorn | mm® |
F,d | Nm

where s = stroke per sliding pass (half a sliding cycle).

Photograph images of the sliding surfaces of the nanocomposites,
Fig. 5, were taken using a document camera (Ipevo CDVU-03IP, Sun-
nyvale, CA).

2.3. Experiment design

The effect of the whiskers orientation on the wear properties of
epoxy-nanoclay-PTFE-SiC nanocomposites were studied using four
samples with varying whiskers orientation relative to the steel counter-
surface and the direction of sliding, Fig. 2. The sample nomenclature is
defined based on how the sample (x-y-z coordinate system; where the x-
axis is the SiC whiskers orientation and the z-axis is the build direction,
Fig. 2a) is oriented relative to the tribometer (X-Y-Z coordinate system,
where the X-axis is the friction force direction and the Z-axis is the
normal force direction). Naming conventions are as follows:

o “parallel” (Fig. 2d)
o Contact orientation: print build direction plane (normal to sample
z-axis) in contact (z aligned with Z).
o Sliding direction: slide along whiskers and print path orientation
(sample x-axis along tribometer X-axis).
e “transverse” (Fig. 2e)
o Contact orientation: print build direction plane (normal to sample
z-axis) in contact (z aligned with Z).
o Sliding direction: slide across whiskers and print path orientation
(sample y-axis along tribometer X-axis).

o “normal-whisker, sliding-build” (Fig. 2f)
o Contact orientation: whiskers and print path orientation plane
(sample x-axis) in contact (sample x aligned with tribometer Z).
o Sliding direction: slide in the build direction (sample z-axis);
along tribometer X-axis.
o “normal-whisker, sliding-counter-build” (Fig. 2g)
o Contact orientation: whiskers and print path orientation plane
(sample x-axis) in contact (sample x aligned with tribometer Z).
o Sliding direction: slide across the build direction (sample y-axis);
along tribometer X-axis.

SEM imaging (Phenom, Nanoscience Instruments INC, Phoenix, AZ)
was performed on the filament surface of epoxy-nanoclay-PTFE-SiC
nanocomposite sample, showing that whiskers are aligned along the
print path direction, Fig. 2b. The orientation distribution of the whisker
was obtained using an image-based fiber orientation calculator based
on Fourier transform methods as outlined in Sander and Barocas [55].
Results show that the whiskers are aligned along 0° and 180°, the print
path direction, Fig. 2c.

3. Results

The wear properties of epoxy-nanoclay-PTFE-SiC nanocomposites
showed dependence on the orientation of SiC whiskers and build di-
rection relative to the sliding direction and the steel counter-surface.
The anisotropic wear behavior was observed in the wear volume,
steady-state wear rate, friction coefficient and wear of the steel counter-
surface, Figs. 3,4 Table 2. The normal-whisker, sliding-counter-build
nanocomposite had better wear properties than the normal-whisker,
sliding-build, parallel and transverse nanocomposites. The normal-
whisker, sliding-counter-build sample had the lowest steady-state wear
rate, ~3.27 X 10~ mm?>/Nm, of all tested composite samples, Fig. 3b.
The normal-whisker, build sliding, parallel and transverse samples had
very similar steady-state wear rates, which are 25-34 % higher than the
normal-whisker, sliding-counter-build sample with the lowest wear.
The unfilled epoxy sample broke after 200 K sliding cycles most likely
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Fig. 3. Wear experiments results. a) Wear volume vs sliding distance for all four tested nanocomposites and unfilled epoxy sample. The normal-whisker, sliding-
counter-build nanocomposite had the lowest wear volume. The unfilled epoxy sample had the highest wear volume of all, however, the sample failed after 200 K

sliding cycles. b) Steady-state wear rate determined using Monte Carlo technique.

due to high friction, Fig. 4a. The steady-state wear rate of the unfilled
epoxy sample at the last measured experiment (200K sliding cycles)
was the highest among all tested samples ~6.11 x 10°° mm®/Nm. The
trends in the wear volume, Fig. 3a, correspond with the trends in the
steady state wear rates.

Tribological measurements showed interesting correlation between
the wear rates and friction coefficients of nanocomposite samples,
Fig. 4a. Although the differences in friction coefficients are small, the
trends are inversely proportional to the measured wear rates. The
normal-whisker, sliding-counter-build sample had the lowest wear rate;
however, the average friction coefficient, Uayerage, Was the highest of all,
~0.57. The parallel and transverse samples had the lowest friction of
all composite samples, ~0.50, even though their steady-state wear
rates were the highest, Fig. 4a, Table 2. The unfilled epoxy sample had
an excessively high friction coefficient, ~0.75, which probably caused
a failure of the sample after 200K sliding cycles.

The measured wear rates of the steel counter-surfaces showed si-
milar trends as the wear rates of the nanocomposite samples, Fig. 4b.
The counter-surface that was used for the lowest wear specimen,
normal-whisker, sliding-counter-build, had the lowest wear of all
counter-surfaces, ~1.71 X 10~ mm®3/Nm. Parallel specimen, which
was among the highest wear nanocomposites, wore the steel counter-
surface significantly more than the other nanocomposite specimens.
The wear rate of this steel counter-surface was ~2.75 x 1077 mm>/
Nm which is ~47 % higher than the counter-surface used for normal-
whisker, sliding-counter-build sample. The unfilled epoxy sample did
not cause wear of the counter-surface.

Comparison of the sliding surface of all nanocomposites before and
after the wear testing is shown in Fig. 5. Initially (O cycles), the sliding
surface of the nanocomposite samples is machined flat to ensure an
even unworn surface. The initial surfaces of normal-whisker, sliding-
build and normal-whisker, sliding-counter-build samples have several

b)

r ECK epoxy

parallel

e

+

transverse
© normal-whisker, slid.-build
1 normal-whisker, slid.-count.-build

, 107

0.5 0.6 0.7 0.8
friction coefficient

. . 1
2.2 2.4 26 2.8
Kes (mm?3/Nm)

Fig. 4. a) Steady-state wear rate vs friction coefficient of the nanocomposite samples and the unfilled epoxy sample. b) Steady-state wear rate vs wear rate of the
counter surfaces excluding the unfilled epoxy sample because it did not wear the steel counter-surface.
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H \
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Y
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Fig. 5. Images of the sliding surface of the nanocomposite samples before (0 cycles; a-d) and after (500 K cycles; e-h) wear testing taken with a lab camera. Images of
the unworn normal-whisker, sliding-build (a) and normal-whisker, sliding-counter-build (b) surfaces show several micro voids as a result of 3D printing. The parallel
(c) and transverse (d) composite samples started with smooth surfaces without any apparent voids. The sliding surfaces of normal-whisker, sliding-build (e) and
normal-whisker, sliding-counter-build (f) samples after 500K sliding cycles show apparent wear debris and third-body tribofilms. The images of the samples with
whiskers oriented in the parallel (g) and transverse (h) direction after 500K sliding cycles show damage and emergence of trenches on the surface.

microvoids due to the 3D printing technique, Fig. 5a,b. The initial
surfaces of the parallel and transverse nanocomposites are smooth and
flat. Fig. 5c,d. The worn sliding surfaces (after 500 K sliding cycles) of
normal-whisker, sliding-build and normal-whisker, sliding-counter-
build samples are covered with wear debris, with streaks of third bodies
aligned with the sliding direction, Fig. 5e,f. The sliding surfaces of the
parallel and transverse composites after 500K sliding cycles show
trenches, which follow the print path direction, likely corresponding to
voids between the print filaments (Fig. 5g,h). The trenches appears to
be more pronounced in the transverse nanocomposite, with some evi-
dence of onset of delamination, Fig. Sh.

4. Discussion

The results demonstrate that whisker orientation relative to the
sliding direction causes anisotropic wear behavior of the AM fabricated
nanocomposites and that the differences in the wear properties are
related to the whiskers topography at the sliding interface. The surface
interaction between the sliding contact of the nanocomposite and the
steel counter-surface has a direct influence on the wear properties be-
cause in the wear of fiber polymer composites the matrix wears first,
followed by fiber wear, fiber fracture and detachment of fibers from the
matrix [46,56]. This order of the wear process can be observed in the
incremental wear plot, Fig. 6. Initially, all nanocomposites have higher
wear rates due to a combined wear of the whiskers and polymer matrix.

Table 2

1X1 0'4_ parallel
= transverse
£ matrix wear| ) normal-whisker, slid.-build
E 1 normal-whisker, slid.-count.-build
2 T whisker-matrix
X1 0-5 | whiskers wear debonding

incremental wear K
Ko
-

1x10°L

500 1000 1500
sliding distance (m)

Fig. 6. Incremental wear rate vs sliding distance of all tested nanocomposites
indicating a possible transition from matrix dominated wear to more whiskers
dominated wear and debonding of whiskers from the polymer matrix.

After the initial thin layer of the matrix is worn, the incremental wear
rate drops because the wear is dominated by the stiff and wear resistant
SiC whiskers which can cause increased wear of the steel counter-sur-
face. At this stage, the load is carried by the whiskers which could lead

Summary of steady-state wear rate and friction coefficient of the nanocomposites and epoxy and wear rate of the steel counter-surfaces.

Orientation Of Whiskers K (mm®N~"'m™") Kss (uncertainty) (mm°N~'m™") Haverage K (mm®N~"'m™") Kes uncertainty) (mm°N~'m™1)
Normal-whisker sliding-build 4.24 x 107° 4.47 x 1077 0.55 1.86 x 1077 1.93 x 107°
Normal-whisker Sliding-counter-build 3.27 x 107° 327 x 1077 0.57 1.71 x 1077 1.59 x 10~°

Parallel 4.61 x107° 4.41 x 1077 0.51 2.75 x 1077 2.35 x 107°

Transverse 4.57 x 10° 4,54 x 1077 0.50 1.91 x 1077 3.62 x 107°

Epoxy 6.11 x 107° 478 x 1077 0.75 - -
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to possible whisker failure and debonding from the polymer matrix
with increasing sliding cycles. The whiskers do not debond from the
matrix if the adhesion between the whiskers and the matrix is stronger
than the shear force acting on the interface; in this case, the whiskers
could break or fracture if the friction-induced load on the fiber exceeds
a critical load. If the interfacial adhesion cannot resist the shear force,
the whiskers detach from the polymer matrix. Whisker failure or de-
tachment decreases the strength of the sliding surface and the epoxy
polymer begins to dominate the sliding interface which leads to a de-
crease in the wear resistance of the nanocomposite.

Crack propagation due to the microstructure and cyclic load also
plays a role in the wear properties of these 3D printed nanocomposites.
Generally, cracks initiate under the sliding surface and increase with
increasing sliding cycles [57,58]; these cracks then run along the
whisker-matrix boundary and weak interfaces, they can cause de-
bonding of the whiskers from the polymer matrix and delamination of
the sliding surface which further enhances the wear of the epoxy na-
nocomposites.

The tribological testing showed that the wear rates of the epoxy-
nanoclay-PTFE-SiC nanocomposites are improved when the whiskers
are oriented normal to the steel counter-surface and sliding direction,
Fig. 3. This relationship between wear and the whiskers orientation in
the epoxy matrix is consistent with the previous studies on kenaf fiber-
epoxy in the work of Chin [45], sisal fiber-epoxy in Chand [46] and
graphite fiber-epoxy and Kevlar fiber-epoxy in Sung [47]. The differ-
ence between parallel and transverse samples was minimal, ~0.9 %.
The studies showed that the trends in the wear resistance between
parallel and transverse sliding are inconsistent and depend on the type
of fiber/whisker [45-47]. In parallel and transverse samples whisker
debonding increases because the larger contact area of the whiskers is
in the sliding contact with the steel counter-surface. Long areas of the
fiber are exposed as the matrix around it wears. Detachment of whiskers
is more difficult in normal-whisker, sliding-build and normal-whisker,
sliding-counter-build nanocomposites because their whiskers are em-
bedded in the matrix and only the tips are in contact with the sliding
surface. Cracks that nucleate under the sliding surface due to high
contact stresses and run along the print filaments and whisker-matrix
interface, have a bigger impact on the wear in the parallel and trans-
verse samples because their print filaments and whiskers are oriented
along the counter-surface and are slid either along the print path
(parallel sample) or across the print path (transverse sample) direction.
We hypothesize that this crack propagation has a lower effect on the
wear and emergence of trenches in the normal-whisker, sliding-build
and normal-whisker, sliding-counter-build nanocomposites because the
cracks run perpendicularly (out of plane) with respect to the counter-
surface and sliding. Interestingly, the normal-whisker, sliding-counter-
build sample has shown a higher wear resistance than the normal-
whisker, sliding-build sample. The boundaries between the printed
layers of the epoxy nanocomposites form weak interfaces. In the
normal-whisker, sliding-build sample, the sliding is across these weak
interfaces. The stresses due to the reciprocating cycles cause opening
and closing of these weak interfaces which could lead to a lower wear
resistance.

In the parallel and transverse samples, the interfacial adhesion be-
tween the whiskers and the polymer matrix could not withstand the
large, friction-induced shear stresses, aligned with the whiskers. We
hypothesize this resulted in debonding of the whiskers from the matrix
and led to an emergence of trenches and higher wear rates. The trench
patterns in the transverse sample, Fig. 5h, are in the print path direction
which suggests that the boundaries between these print paths could also
serve as weak interfaces and the cracks caused by reciprocating stresses
ran along that direction, eventually resulting in large-scale trenches/
wear of a print filament. Kemp et al. [59] in their work on 3D printed
boron nitride polysilazane ceramic composites suggested that the
printing-related voids could cause anisotropy. These voids, Fig. 5a,b,
are aligned with the direction of the print path, therefore could weaken
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the sliding surfaces in parallel and transverse nanocomposites. The re-
ciprocating stresses do not seem to cause whisker debonding in the
normal-whisker, sliding-build and normal-whisker, sliding-counter-
build samples which suggests that the normal orientation of the whis-
kers relative to the counter-surface and sliding provides the greatest
wear resistance. All tested nanocomposites show higher wear resistance
and lower friction than the unfilled epoxy.

Measured friction coefficients of the epoxy-nanoclay-PTFE-SiC na-
nocomposites showed counter-intuitive trends as the lowest friction was
achieved with the higher wear composites and highest friction with the
most wear resistant composite, Fig. 4a. Similar counter-intuitive fric-
tion results were found in previous studies [45,47]. These results sug-
gest the importance of micromechanics at the sliding interface of the
nanocomposites and the steel counter-surface. In normal-whisker,
sliding-build and normal-whisker, sliding-counter-build nanocompo-
sites, whiskers do not detach from the polymer matrix and dominate the
wear performance. The contact area between the whiskers and the steel
counter-surface is very small because only the tips of the whiskers are in
the sliding contact. This hard asperity contact results in high contact
stresses and abrasive ploughing wear in which friction increases. The
contact stresses between the SiC whiskers and the steel counter-surface
in the parallel and transverse nanocomposites are smaller due to a
larger sliding contact area of the SiC whiskers. The whiskers debonding
from the polymer matrix is easier and enhances wear. A formation of
third bodies from the wear debris between the sliding interface of the
nanocomposite and steel counter-surface reduces the hard, abrasive
contact and lowers the friction. The friction coefficient of the unfilled
epoxy sample was the highest of all tested samples which most likely
resulted in the premature failure of the sample — catastrophic fracture of
the sample in two consecutive experiments.

Although the difference in the wear rates and friction coefficients
between the parallel and transverse nanocomposites were minimal, the
differences in the wear of the counter-surfaces are more obvious. In the
parallel nanocomposite, the whiskers are oriented along the sliding
direction which allows them to slide along the projected cross-section
area and form consistent wear patterns on the steel counter-surface that
increase in depth with increasing sliding cycles. The wear rate of the
steel counter-surface used for transverse nanocomposites is lower be-
cause the whiskers are oriented in the counter-sliding direction which
does not allow the formation of constant wear patterns. The wear of the
counter-surface is lowered by the polymer matrix between the whiskers
that provides a softer lubricating contact. The lowest wear rate of the
steel counter-surface was achieved with the normal-whisker, sliding-
counter-build nanocomposite. This whisker arrangement offers the
lowest sliding contact area of whiskers on average and the lowest for-
mation of polymer wear debris, which lowers the abrasive wear of the
steel counter-surface. Future work, including detailed microscopy stu-
dies of the sliding surfaces as well as systematic studies on composition
and fiber surface functionalization to assess effects of the fiber-matrix
interface could provide valuable insight into the wear mechanism of the
3D printed nanocomposites with controlled filler orientations.

5. Conclusions

Tribological experiments were performed on 3D printed epoxy-na-
noclay-PTFE-SiC nanocomposites to explore the influence of the SiC
whiskers orientation and build direction on their wear properties. The
wear rate, friction coefficient as well as the wear rate of the steel
counter-surface of these epoxy nanocomposites were measured in four
different whisker arrangements with respect to the steel counter-surface
and sliding: normal-whisker, sliding-build and normal-whisker, sliding-
counter-build, parallel and transverse. The unfilled epoxy-based sample
was also tested. The tribological testing showed anisotropic wear
properties of these nanocomposites as a function of the whisker or-
ientation and build direction. The normal-whisker, sliding-counter-
build nanocomposite had the highest wear resistance and the lowest
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wear of the steel counter-surface among all tested nanocomposites.
Although this nanocomposite had the highest friction, its wear rate is
~25-34 % lower than the normal-whisker, build sliding, parallel and
transverse nanocomposites. The debonding of the whiskers from the
polymer matrix is easier in the transverse and parallel samples which
results in weakening of the sliding surfaces and higher wear. The
whisker detachment is more difficult in the normal-whisker, sliding-
build and normal-whisker, sliding-counter-build nanocomposites be-
cause the whiskers are bonded into the polymer matrix and only the tips
are exposed to the sliding surface. The lowest wear rate was achieved in
the normal-whisker, sliding-counter-build nanocomposite due to the
sliding occurring along the weak interfaces formed by the print layers.
The parallel nanocomposite wore the steel counter-surface ~47 %
more than the normal-whisker, sliding-counter-build nanocomposite.
The parallel whisker alignment allows sliding of these hard asperities
with larger contact area along the projected area and with constant
wear patterns. The normal-whisker, sliding-counter-build nanocompo-
site wears the steel counter-surface the least because the hard SiC
whiskers have the smallest interfacial contact area.
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