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Abstract

The aims of this thesis is to evaluate the effects of moisture conditioning on the
mechanical and tribological properties of the fused deposition modeling (FDM) printed

carbon fiber reinforced composites.

It was found that printed materials show faster and higher absorption rates, compared
to the polymeric materials prepared using traditional processing methods reported in
literature. With the presence of fiber reinforcements e.g., ~ 10vol.% short carbon fibers,
the absorption rate can be further increased, due to the formation voids. However, with
a relative high volume fracture of continuous carbon fiber (~35vol.%), the water

absorption may decrease.

Tensile tests were conducted on both short fibers and continuous fiber reinforced
polymers, to investigate the effects of the defects in FDM printed polymer composites
on their moisture absorption behavior and mechanical properties. The moisture
absorption resulted in more noticeable damage on the tensile strength of polymer
composites filled with short fiber than those with continuous fibers. This can be
explained by the fact that the tensile properties of the short fiber reinforced composites
are greatly dependent on the bonding strength between fiber-polymer, which can be
significantly deteriorated due to the moisture absorption. On the other hand, with
continuous fiber reinforcements, the mechanical properties of polymer composites were
more dependent on fibers, which is less sensitive to the moisture absorbed in polymer

matrix.

The friction and wear behavior under moisturized conditions of short and continuous
fiber reinforced polymer was investigated. The tribological performance of the short
carbon fiber reinforced polymer tends to decrease when the moisture level increased in
material. However, for continuous carbon fiber reinforced polymer, the friction and

wear may decrease with the water absorption, especially an under low relatively load.
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Based on scanning electron microscope observations, the underlying wear mechanisms

were further discussed.

Scratch tests were conducted to study the surface damage mechanism of additively
manufactured short carbon fiber (SCFC) and continuous carbon fiber composites
(CCFC). The fiber-nylon debonding was particularly investigated. Different scratch
modes were identified under different normal loads; namely abrasion, nylon debris
formation, nylon ripple like formation, fiber breakage, fiber removal and surface
collapsing. In particular, the main damage mechanism in short fiber reinforced
composites was the plastic deformation of nylon matrix; whilst in the continuous fiber
reinforced composites, the main damage mechanism is the crack formation in fiber-
nylon interfacial region. With the increase of normal load, fiber could be damaged and
removed from the surface of SCFC. In CCFC, crack formed on nylon matrix surface

with more fiber breakage.

Finally, to further explore the failure behavior of fiber under a moisturized condition, a
finite element model was also established to analyze the stress distribution in the contact
region. The results showed that the stress distribution in composite specimens is
dependent on a number of factors such as volume fraction of fiber, scratch indenter size
and softening effect of nylon under the moisturized condition. The stress distribution
contour revealed a strong correlation between the tribology and scratch experiment
carried out in this thesis. It contributed to a deeper understanding of scratch and
tribology performance of 3D printed fiber reinforced polymers. The work provided a
theoretic foundation for the design and development of high wear resistant fiber-
reinforced polymer composites using 3D printing technology for various tribology

applications.
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Chapter 1. Introduction

1.1 An introduction of application and characteristics of polymers

Nowadays, polymers are widely used in multiple sectors, including aerospace, medical,
automotive industries. Polymers have a great demand because of their excellent
performance to weight ratio. Compared with metals, polymers have many advantages.
They are more resistant to chemicals. With a similar mechanical performance, polymers
and composite materials can be ten times lighter than metals. In addition, polymer
structure is easy to be cleaned and sterilized. All these advantages make polymers ideal
candidates for many applications. However, polymers also have drawbacks. For
example, polymers are weakened and melted at high temperature. The disposal issue
remains unsolved and recycling progress is still under investigation. Also, mechanical
properties of polymer can be changed significantly under a water or humidify condition,

giving challenges for many applications.

Research has shown that [1, 2] the increase of moisture level decreased polymer-
composites’ the tensile strength, tensile modulus and flexural modulus significantly.
Meanwhile, under the same moisture gain, polymers exposed to humidify environment

or immerse in water at a higher temperature decreased the mechanical property further.

1.2 The history of additive manufacturing

Additive manufacturing (AM), namely 3D printing, is a manufacturing process that
fabricates objects from three dimensional models. In last few decades, numerous AM
processes have been developed in many industries [3]. Unlike the conventional
manufacturing process, additive manufacturing builds the objects layer by layer. This

offers flexibility, freedom of design, and low cost production.

The mainstream AM production methods include stereolithography (SL), laminated

object manufacturing (LOM), fused deposition modeling (FDM) and selective laser
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sintering (SLS) [4]. FDM technology accounts for the largest market share because of
the matured technology. The parts of FDM involve filament, liquefier, print head,
gantry and build surface [5]. It follows the printing progress that extruding a material
from filament type and then depositing on a platform. It creates a 2D layer on top of

another. At last, all layers stack altogether to form a three dimensional object [6].

FDM technique is based on material-melting in which a spool of thermoplastic filament
is melted and extruded through a heated nozzle. The melted filament instantly solidifies
when it is laid on the platform. Once the whole layer has completed the laydown process,
the printing bed moves down controlled by the 3D printer motor and the next layer is

prepared to lay down.

Despite the easy manufacturing process, FDM printed parts have disadvantages. FDM
printed technique creates voids, micro porosities and imperfect gaps in the printed parts.
These defects significantly decrease the mechanical performance of the printed samples.
To tackle them, many techniques have been implemented to strengthen the FDM
printing. One way is to add reinforced fiber. Wang et al [7] stated that adding short-
fiber reinforcements into FDM parts could significantly increase the mechanical
performance. Another approach of strengthening is to print continuous fiber reinforced
polymers. Continuous fiber reinforcements include continuous carbon fiber, fiberglass
and Keuvlar fibers [8]. These aligned fibers can effectively improve the mechanical
performance of polymer matrices, giving their great potentials for many engineering

applications [9, 10].

Polymers are hygroscopic, i.e., they are moisture sensitive. This behavior must be
considered during material design, mechanical performance prediction and
optimization. The moisture content in polymer is a key variable affecting processing
and end-use performance. It affects material properties including strength, stiffness, and

ductility [1, 26].
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1.3 Research aims

To date, publications have concluded that the moisture gives a negative effect on the

mechanical performance of polymer manufactured by conventional manufacturing

method. However, few literatures have focused on investigating the moisture effect on

3D printed composites’ deformation behavior. In particular, the differences of micro

structure between conventional manufacturing progress and FDM printed composites

have not been well investigated. Thus, the thesis aims to investigate the moisture effect

of mechanical properties on FDM printed objects.

In the thesis, the work organizations are shown as follow:

14

FDM printed neat polymer, short fiber and continuous fiber composites were

selected and fabricated.

Tensile tests in neat and fiber polymer composites in moisturized condition
were carried out and compared with the results of those of injection molded

polymer.

Tribology and scratch tests of short fiber and continuous fiber were carried out
to observe and analyze the damage mechanism under a dry and water absorbed
conditions. Extra attention was paid to observe the damage pattern on fiber and

fiber-polymer interfacial bonding.

A finite element model (FEM) of scratching over a fiber-polymer composite
surface was developed to analyze the stress distribution in the contact region.
Emphasis was made on what other scratch factors could affect the scratch stress
distribution. The model was also applied to interpret the tribological

performance of the printed composite materials.



The thesis includes the following main chapters;

Scratch damage mechanism on fiber-polymer composites surface is reviewed. Chapter
3 illustrates the experiment preparation of 3D printed fiber composites and procedure
of moisturized conditioning. The numerical modeling is discussed. Chapter 4 compares
the effects of moisture conditioning methods of tensile properties of 3D printed fiber-
polymer composites. Chapter 5 shows the tribology experimental results of fiber-
polymer composite under a moisturized condition. Chapter 6 presents the experimental
and numerical investigation of scratch performance of fiber composites under different

scratching conditions.
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Chapter 2. Literature Review

2.1 Mechanical characteristics of additive manufacturing by Fused Deposition

Modeling (FDM)

2.1.1 Mechanical properties of composites with short carbon fiber reinforced

Composites (SCFC)

Short fiber introduced in polypropylene (PP) results in a massive improvement for
modulus and strength [11, 12]. Yield strength, ultimate strength and ductility of short
carbon fiber reinforced composites have been investigated [13, 14]. The printed objects
had the following characteristics: Tensile properties were maximized when filament
and fiber were longitudinally aligned to the loading direction, while mechanical
performance was poorest when fiber was perpendicular to the loading direction [15].
Pre-fabricated fiber-polymer filament contained voids, which results in stress
concentration and failure unexpectedly [24]. The void generally deteriorated the

mechanical properties of FDM.

2.1.2 Mechanical properties of printed composites with continuous carbon fiber

reinforced Composites (CCFC)

Continuous carbon fiber reinforced composites show that they offer a significant
improvement of mechanical properties [4]. Matsuzaki et al [16] studied in-nozzle
impregnation of continuous fiber and thermoplastic resin. They compared the results of
mechanical properties with short carbon fiber polylactic acid. The ultimate tensile
strength and young’s modulus of CCFC were 300% higher than SCFC [16]. Namiki et
al [17] printed polylactic acid with continuous fiber, showing a similar result. This was
confirmed by Yu. T et al [18]. Air gaps and weak bonding between PLA matrix and
continuous carbon fiber might impact on the mechanical properties. Compared with

SCFC, there were more gaps and porosities in CCFC.
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By using Mark Forged Company’s printing platform, Miguel et al [19] studied the
compressive and flexural properties of continuous fiber fabrication in order to
investigate the effect of fabrication parameters. A 1:1 of nylon 6 (PAG6): carbon fiber
layer ratio for 24.44% of carbon fiber volume achieved a maximum compressive
modulus of 2.1GPa which was 126%-140% higher than traditional FDM 3D printed
Acrylonitrile butadiene styrene plastic [20, 21]. Maximum flexural Modulus was
achieved in a carbon fiber volume fraction of 48.93% with a value of 14.17GPa. This
was 29 times higher than that of the 3D printed Acrylonitrile butadiene styrene plastic
objects reported by Z. Weng et al [22]. Fiber delamination and debonding were
observed in figure 1. This indicated a poor adherence between fiber and polymer. The
formation of porosities was reported by J Justo et al [23]. The study showed that the

formation of many porosities was due to the absence of pressure of manufacturing the

thermoplastic-based composites.

Figure 1. CCFC specimens and the present of voids between printed fiber filament

[20].

To further investigate the effect of microscopic voids on mechanical performance of
3D printed CCFC composites, Qinghao et al [24] used the micro-CT to determine the

fiber and void volume fraction. It was found that the carbon fiber volume was 34 +
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0.8%, and the void volume was from 10.3% to 14.3%, respectively. The void volume
fraction was much higher than composite laminates manufactured by traditional
techniques, presenting in figure 2. Qinghao et al calculated the theoretical tensile
strength by using the rule of mixture equation, concluding that the experimental results
showed a much lower value than theoretical calculation. This indicated the negative
effect of voids. The authors further used the compression moulding (CM) process to
eliminate voids in the specimens. Compared with the untreated specimens, there was a
huge improvement of composites’ tensile and flexural strength after CM treatment.
Longitudinal tensile strength and modulus increased 22.5% and 36.4%, while
transverse tensile strength and modulus increased 78% and 100%, respectively.
Longitudinal flexural strength and modulus increased 93% and 60%, respectively.
Therefore, it was concluded that the existence of voids posted a great effect on
longitudinal flexural and transverse tensile specimens. Continuous carbon fiber with
poor support of surrounding nylon matrix caused the premature failure. The use of CM
highlighted the negative effectiveness of voids on 3D printed objects mechanical

performance.

Figure 2. A cross-section micro-CT view of the CCFC sample [24]

The bonding performance of the interface between continuous fibers and polymer

matrix was investigated by M.A Caminero et al [25]. Inter-laminar failure initially

18



occurred between the fiber and polymer. Increasing fiber content led to more air
inclusions in the composites, especially in the areas where were close to fiber bundles
and polymer matrix. Figure 3 shows the porosities and fiber pullout, indicating a poor
interface bonding. This eventually weakened the mechanical performance of printed

objects.

/

i
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Figure 3. SEM of interface of fiber-nylon polymer on fracture surfaces [25].

2.2 Polymer in moisturized conditions.
2.2.1 The changes of molecular structure of polymer in moisturized condition

Song and Ehrenstein et al [26] found that the uptake was caused by the polar amide
groups having an affinity for water. Water molecules loosen the existing hydrogen
bonds and formed its own hydrogen bonds with the amide group, presenting in figure
4. The change of molecular structure of nylon gives PA6 to close to a viscoelastic

behavior [27].
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Figure 4. The change of molecule structure of polymer (PA6) when moisturized.

2.2.2 Effects of moisture conditioning on mechanical properties of nylon polymer

PAG.

Nan et al [1] investigated the moisture condition methods on mechanical performance
of nylon 6. They immersed neat nylon 6 in water from 0 to 2000hours with different
temperatures, and evaluated the mechanical properties of nylon under moisturized
conditions. Tensile stress, tensile modulus, flexural stress and flexural modulus
associated with moisture levels were examined. They reported nylon 6 was able to
absorb up to 10wt% of moisture in a time length of 2000hours. The equilibrium
moisture was greatly dependent on temperature. Meanwhile, the mechanical properties
of nylon 6 were greatly influenced by moisture levels. Tensile and flexural stress
reduced 70% if moisture level reached 10wt%, while tensile and flexural modulus

decreased 5 times.

2.2.3 Effects of moisture conditioning of carbon fiber reinforced composites

manufactured by traditional techniques.
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A.G. Airale et al studied the moisture effect on mechanical properties of polymeric
composite materials [29]. They selected Epoxy Resin (EP) with E-glass or carbon fiber
(T300), PolyPhenylene Sulfide (PPS) with E-glass or (T300) for advanced composites,
all manufactured out of prepare plies and cured in an autoclave. Samples were
moisturized according to standard ASTM D5229 [30]. The results indicated that up to
0.8% moisture was absorbed by traditional curing method. There was a 5% decrease of
young’s modulus for E-glass/EP. Tensile strength slightly dropped for around 8-10%,
while the strain decreased 12%. The experiment concluded that comparing with neat

nylon, moisture effect on polymeric composite materials was less obvious.

2.3 Tribology performance of carbon fiber reinforced composites

Tribology performance is one of the most important indicators for examining the
mechanical properties of materials. Polymer composites are widely used as sliding
elements in a range of industrial applications. It is well known that adding short fiber
into the neat polymers could dramatically improve the load carrying capacity, due to a
reduction of plowing, tearing and other non-adhesive wear behavior [31]. While most
of the tribological tests of polymer composites were conducted by adding short fiber
and nanoparticles [32, 33], only a few reported in tribology regarding continuous fiber
reinforcement. This was probably due to an immature manufacturing process. The
introduction of the printed FDM technique in manufacturing enabled to lay down

continuous fiber uniformly, providing stabilized structure objects.

Jian Li et al carried out the tribology experiment of fiber-polymer composites [34].
They reported that an addition of short carbon fiber content at a volume fraction of 20%
in continuous carbon fiber composites could reduce the friction and wear rate [35].
Other researches related to sliding wear of short fiber-reinforced polymer composites

were presented by Li et al [33], who reported the tribology performance of short fiber-
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reinforced polymers (SFRP) with the addition of rigid nanoparticles. The load-carrying
capacity of SFRP was mainly determined by the properties of fibers. With the addition
of nanoparticles, adhesion between worn surface and counterpart, as well as stress
concentration were reduced because of the production of ‘roller effects’ [32]. Li. C et
al [32] proposed the wear sequence of fiber reinforced composites. The wear process

of fiber-reinforced composites had 4 stages, shown in figure 5;

1. Polymer wear and fiber thinning.

N

Fiber fracture.

.

Fiber and polymer debonding.
4. Fiber removal.

Fiber debonding and fiber removal occurred simultaneously. A severed breakage of the
polymer matrix resulted in a large fiber exposure. Eventually, the fiber was debonded

and removed.

fibre exposure
matrix wear

fibre cracking and

Interfacial debonding fract
racture

fibre removal

PAG6 matrix

Figure 5. (a) Schematic demonstration of the wear process of carbon fiber reinforced
composites. 1; Matrix wear - fiber thinning, 2; Fiber fracture, 3; Fiber and matrix

debonding, 4, Fiber removal
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Ming Luo et al investigated the tribology behavior of FDM printed short carbon fiber
reinforced nylon composites (SCFRN) with surface textures under dry and water
lubricated conditions [36]. He immersed the short carbon fiber nylon composites in
water for tribology experiment. His results showed that SCFRN presented a low stable
friction coefficient and a high specific wear rate under water lubricated condition. He
then involved surface texture for further tribology experiment. Under a dry condition,
surface texture did improve the wear resistance. However, surface texture provided
little positive impact on improving the wear performance, probably due to the surface
softening effect. By observing the SEM images, SCFRN showed a clean and smooth

worn surface, less micro-sized grooves and fiber debris were observed.

2.4 Scratch experiment on polymer composites

Although wear surface can be analyzed to determine its damage mechanism through
the tribology experiment, it cannot deduce how the fiber-polymer debris may affect the
worn surface during the sliding progress. For example, Dasari A et al stated polymer
debris formed a transfer film on the counterpart. Detached debris particles gave a three-
body abrasive wear mechanism [37]. All these scenarios changed the composite worn
surface due to wear. To further understand the composite wear characteristics and wear

debris particles, scratching experiment is helpful

In the past few years researches were carrying out on the scratch performance of
polymers due to the extended usage in many industries. Unlike metals, polymers are
very sensitive to surface deformation and damage, even at low load condition. To
evaluate the scratch performance, ISO [38] has standardized the testing procedure for
scratch testing of polymers, where by controlling the force or displacement of a hard
spherical tip to indent onto a polymer surface. After that, it moves across on it with a

certain speed.
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Two types of damage could be usually found in polymers in scratch-induced test:
ductile damage and brittle damage. Researches showed that, mar, fish-scale, parabolic
crack and polymer removal dominate the scratch damage mechanism on a polymer
composites [40, 41, 42]. The scratch damage sequences can be categorized in four

groups: strong-brittle, week-brittle, weak-ductile, strong-brittle, shown in figure 6.

I/ I
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© 3 E| Mar \\_mixed with \\ Material
E =@ ”cracklvoidfcraz) Remaval
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I/ /) :
20 Mar Parabolic Material
= }) Crack 1)Removal
Zo
1l L

Scratch Normal Load
Figure 6. Material damage mechanism under different load [43].
The surface deformation of fiber reinforced composites is much complex than those of
unreinforced polymer. Many researches focused on the scratch behaviors of fiber
reinforced composites [44, 45, 46]. Mzali et al. presented the increase of normal load
changed the wear mode from abrasive wear to fiber fracture, fiber pull-out and fiber
extruded [45]. Qian C, et al investigated the effect of scratch behavior by adding short
glass fiber. He found that the bulk mechanical properties of polybutylene terephthalate
(PBT) were greatly improved, with the exception of the scratch resistance [45]. An
addition of fiber caused a poor scratch resistance. The critical normal loads of material
removal declined comparing with the neat PBT. In a large normal load, a severe surface
damage was observed. The onset of material removal declined with the increasing fiber

content [45].

2.5 Numerical analysis of scratch test.
With an improved computing capability, numerical analysis on scratch performance

becomes feasible. Many researches focused on three dimensional FEM analysis [48,
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49]. Despite FEM simulations still have a long way to model realistic polymer scratch
behavior and accurate damage prediction, they are effective to visualize the stress

distribution and initialized failure.

To investigate the scratch behavior of fiber reinforced polymer, there were attempts on
simulating multiphase polymeric systems. This was much complex than single phase
polymeric systems because the interaction between reinforce phase and matrix phase
may trigger stress concentration and localized deformation [50]. By simply adding
reinforced material as a second phase to increase strength and modulus of the composite
did not improve scratch resistance [45, 52]. The scratch resistance was affected by
reinforced material types, size, loading and shape. Further research on tribology
performance of epoxy and styrene-acrylonitrile copolymer-based composites indicated
that hard reinforcement filler increased scratch hardness while soft fillers decreased
compressive yield stress [53]. Vijay Kisan et al showed that a larger volume fraction of
reinforce particles posted an even distribution of stress across polymer’s scratch region.
A smaller reinforced particle size under the same volume fraction decreased the stress

magnitude of debonding behind the scratch tip [50].

The FEM modeling in this thesis is to systematically investigate how the scratch
parameters could affect the stress distribution of a fiber-composites specimen. This
could effectively provide visualized information and linkage to the tribology and

scratch experiment carried out in this thesis work, to explain the damage mechanism.
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Chapter 3. Experimental Methodology

3.1 Materials properties and 3D printing progress

Two types of specimens are printed and tested.

e A nylon composites commercially named Onyx, a nylon filament that

incorporates short carbon fibers. This is the short carbon fiber composites

(SCFC).

e Continuous fiber reinforced composites (CCFC), nylon filament is the matrix,

reinforced continuous carbon fibers

Properties Nylon 6 Short carbon fiber (SCF/Onyx) | Continuous Carbon fiber
Tensile  Strength | 51 36 800

(MPa)

Tensile  Modulus | 1700 1400 60000

(MPa)

Flexural  Strength | 50 81 540

(MPa)

Flexural Modulus | 1400 3600 51000

(MPa)

Table 1. Tensile and Flexural properties of nylon 6 filament, short carbon fiber

filament and continuous fiber filament [55].

SCFC filament was in a diameter of 1.75mm and CCFC filament had a diameter of

0.35mm. They were both prefabricated in bundles (around 1000 fibers in each bundle),

infused with a sizing agent, along with a certain volume fraction of nylon. The average

length of short carbon fiber was approximately 100um. The density of short fiber

bundle and continuous carbon bundle were 1.2g/cm3 and 1.5g/cm3, respectively. All

filaments were stored in a Pelican 1430 dry box in order to minimize moisture
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absorption prior testing [54]. The mechanical properties of nylon 6 and fibers are

represented in Table 1 [55].

All neat nylon, SCFC and CCFC using in the thesis were printed by MarkForged Mark
Two desktop 3D printer. This machine consisted of two print heads and extruders,
enabling to print nylon and carbon fiber separately, shown in figure 7. One extruder
used for printing nylon-SCF while another one was for carbon fiber. The sequence of

the printer operates with fiber reinforced filament is described as follow:

e The nylon filament injector and fiber filament injector are heated up to 273°C
and 232°C, respectively.

e The filaments are pulled into their corresponding injector.

e Filaments are fused and printed on a printing bed with a temperature of 120°C,
following the preset pattern.

e The filament is cooled down after laying up, obtaining the layer’s final shape.

e Once the whole layer has finished the lay-up, the printing bed moves down,

allowing the next layer to be printed.

The geometry of the specimen was designed by using SolidWorks software, followed
by exporting as an STL file and importing to Mark Two desktop printer. Two types of
fiber pattern could be selected in the printer: concentric and isotropic. This fiber pattern
consisted of parallel lines, with or without fiber bundles. The 3D printer was driven by
Eiger software. In default, fiber orientation was in 45-degree rotation for each layer but
this setting could be manually modified to 0-degree. In this thesis, all carbon fiber
reinforced bundles had a 0-degree fiber angle (in longitudinal direction) in both tensile
and tribology experiments. The layer height was set to 0.125mm. The fiber bundles
were prefabricated by Markforged company so the volume fraction of carbon fiber

reinforced composites could not be changed.
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Figure 7. Front view of Mark Two printer

3.2 The procedures of moisturized and drying conditions
Two standards were usually implemented for moisture conditioning methods [56, 57].

e Immersed in water (at either room temperature or boiling water temperature)
e Exposure in air (temperatures from 23 to 70, relative humidity from 50 to 100%)

[30]

The procedure followed the standard of ISO-1110. Compared with exposure in air, 1SO-
1110 dramatically speeds up the water absorption in nylon composites. However, over
conditioning occurred [56] (more moisture could be absorbed under exposure in air).
In this circumstance, the conditioning terminated after the moisture in nylon composites

reached the saturation levels.

It should be noticed that the original condition (the condition in which the specimens
were printed out from the Mark Two printer) was not investigated. The reason was that
nylon and nylon composite easily absorbed moisture when they exposed in air. That

means in original condition, there was a certain level of moisture within the specimens
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already. In addition, the humidity in each testing condition greatly depended on the
weather condition, which was not possible and pointless to control. Therefore, the
procedure of testing the mechanical properties of the specimens of original condition

were not considered.

3.3 Tensile test experiment setup

To investigate the influence of water absorption on the tensile properties of 3D printed
composites, we selected two types of composites for the experiment, the neat nylon,
SCFC and CCFC. Tensile experiments followed the standard — AS 1145.1-2001
(Australian Standard — Determination of tensile properties of plastics materials). The
specimens were prepared with a dimension of 250mm in length 15mm in width 1mm
in thickness. The centerline of the pattern had a minor section with a printing angle of
45-degree which was inevitable due to the default setting of the 3D printer. Each layer

printing height was set to be 0.125mm therefore total 8 layers were printed.

The tensile test was divided into six categories. They were the SCFC under dry
condition and immerse in water for 24 hours. the SCFC under dry condition and
immerse in water for 24 hours, the CCFC under dry condition and immerse in water for
24 hours. At least three specimens for each category were tested for each test. Mass

gains of the samples were recorded by Sartorius Ultra-Micro lab balances.

Based on ASTM D3039, tensile tests were carried out on a universal testing machine —
Instron 5567 at a constant speed of 5Smm/min. The gauge length with 50mm on each
side was clamped by two pieces of aluminum adhered to both ends of all specimens by
using ultra high strength epoxy adhesive. Each test was conducted until the specimen

failed.
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3.4 Tribology experiment

Pin-on-disk wear test was selected. Due to the Mark Two 3D desktop printer restriction,
SCFC samples were printed in cylinder shape with a diameter of 5mm and height of
12mm, while the CCFC were manufactured in cube shape with a cross section area of
4mm X 5mm. Pin-on-disk tests were carried out by using NANOVEA(MT/60/NI)
tribometer, shown in figure 8, with a period of 20 hours under 1MPa load and 0.5m/s
sliding speed. The counterpart was a carbon steel disk (100Cr6) with a hardness of
13GPa [37]. The outer diameter of the carbon steel disk is 42mm while the inner
diameter was 25mm. The disk was polished by grand paper P400 prior the tribology
testing in order to get the surface roughness (Ra) of about 230nm. Before the wear test,

the stainless steel counterpart was cleaned with ethanol and dried.

The samples with moisture absorption were prepared by immersing into water at 23°C.
To understand the effect of the moisture level on tribological properties of printed
composites, two groups of samples were prepared by immersing the samples into water

with different time duration, namely 24 and 240 hours.

Specimens used for tribology were initially dried in the oven with 60°C for 3 days after
printing. After this stage was completed, the mass was recorded as M1. This was
followed by fully immersing them in water with varied time, recording the mass as M2,
and the moisture level of the sample was calculated as M2-M1. Tribology tests were
carried out next. At last, specimens which completed the tests were placed in the oven
again for 5 days. When this procedure was completed, the final mass was recorded as

M3, the mass change, Am, during the sliding wear was calculated as M3-M1.

30



Figure 8. NANOVEA Tribometer

Friction coefficients were recorded by NANOVEA tribometer software implemented
in computer. Specific wear rate of both short fiber composites and continuous fiber

composites was calculated by the following equation [58]:

W = Am [mm3]

T pXFNXL ‘Nxm

where Am was the mass loss of specimens during the test, p was density, Fn was the

applied normal force and L was sliding distance.

3.5 FEM modeling

FEM study focused on the stress field development of a polymer-fiber composites.
FEM modeling was created by using the finite element software ABAQUS to study the
scratch deformation and stress development around the fiber. The numerical modeling
was carried out by using a High Performance Computer. To reduce the simulation time,
half-symmetric model of rigid tip scratching a polymer-fiber composite was selected.
The scratch tip was a sphere, and it was assumed to be rigid, scratching along the

direction as shown in figure 9. The scratch simulation follows the ASTM D7027
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standard [59]. The finite element model in this work was created with a rectangular
parallelepiped of 750 x 100 x 100 um3. A representative volume element (RVE)
was the smallest volume to that can be done to evaluate the structure, orientation and
parameters of macroscopic model. The RVE was selected from a representative cross-
sectional area shown in Fig.10, and the average diameter of carbon fiber was 10 pm.
To investigate the scratch behavior on a composite material, several models were
established with different fiber volume fraction, different scratch indenter radius. The
first type was based on the experimental morphology, where carbon fibers are randomly
distributed as per observation. The fiber volume fraction in the RVE was set to 3.1%,
6.2%, 19% and 38%. The type of model was established with carbon fibers evenly
distributed. The fiber distribution with different fiber volume fraction was shown in

figure 11.

Figure 9. The dimension of FEM model.

The model is in half symmetric in order to reduce the time of simulation. The loading
and boundary conditions were applied similarly to those in the experimental test.
Specifically, the bottom surface of the model was constrained. The models were loaded
using the rigid indenter by a downward force, increasing from 0 to 50 mN with different
settings. Then the scratching starts with the indenter sliding along 400 wm under the
peak force value. All material properties used in the FEM model are listed in Table 2.
The material parameters were set based on the value obtained from the literature

regarding the typical properties of nylon 6 and carbon fiber [28, 77].
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fiber

polymer

Figure 10. A RVE of fiber reinforced composites with volume fraction of fiber 6.3%

Young’s | Yield Poisson’s | Fracture | Density | Strain
modulus | stress ratio strain (g/em3) hardening
(GPa) (MPa) Slope (MPa)
Polymer | 0.53 86 0.4 0.045 1.1 25
Fiber 150 2500 0.2 0.02 14 -

Table 2. FEM Simulation preset parameters.

The FE analysis was performed in Abaqus/Explicit code. In accordance with the work
by Mzali et al, the matrix was meshed by using the solid continuum brick element (type:
C3D8). The elemental size was set to be 5 um. In total, the model consists of 46,000

solid continuum elements.

The surface-to-surface contact algorithm was considered to simulate the non-bonded
part [23], where a frictional coefficient of 0.3 between the surface of indenter and
matrix, and a friction coefficient of 0.1 between indenter and fiber were used in this
work. The carbon fiber and nylon were both assumed as linear elastic isotropic material.
The polymer matrix needs to be considered to be elastic-plastic. The Johnson-Cook
model is involved to specify the hardening behavior and the strain-rate dependence of

the yield stress. The plastic strain and stress relationship is shown as below:

o=[a+B(5,)"] [1 + Cln %l)l
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&y Is the equivalent plastic strain, &, and &, are the strain rate and plastic strain rate.
A, B, C, n are material constants. The temperature effect is not taken into account in
this work. The relevant material properties of carbon fiber and nylon matrix were

summarized in the table 2.

The interface between fiber-polymer was using a cohesive interaction. The damage
profile is defined as traction-separation. It includes a linear elastic behavior and then,
and plastic damage behavior [78]. The cohesive stiffness set in ABAQUS is 5 x 107
MPa. The plastic damage followed the quadratic nominal stress criterion for the
initiation of delamination. Delamination growth once the crack is initiated. The fracture
energy is set to be 0.01MJ/mm?, according to other literature reporting the fiber

reinforced composites [78].”

3.1 wt% 6.3 wt%

19 wt% 38 wt%

Figure 11. Fiber distribution of RVE with different volume fraction.

The FEM simulation can be divided into four categories for analysis. 1. The stress

distribution of fiber-reinforced composites with different fiber volume fraction. 2.
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Under the same volume fraction of fiber, the stress distribution with different load on
the scratch indenter. 3. Under the same volume fraction, the stress distribution with a
variation of indenter radius. 4. To simulate the moisturized condition of a fiber-
reinforced composites, changing the material properties of polymer was carried out to
obtain the stress distribution. With the help of simulation, a better understanding of the
relationship between the fiber-reinforced composites scratch damage process and its

stress distribution is obtained, summarized as a scratch damage evolution map.

3.6 Scratch experiment

The samples used in scratching study were pre-impregnated short carbon fiber
reinforced polymer composites (SCFC) and continuous carbon fiber reinforced
polymer composites (CCFC). The specimens had a cross section area of 5mm X 10mm
for scratching. Before commencing the scratch test, specimens were all polished using
silicon carbide grinding papers from 320 to 4000 grit. They would be further polished

by a 0.3um alumina paste.

The scratch tests were carried out by using an ultra-micro indentation system (UMIS),
provided by CSIRO Australia. A diamond conical indenter with 60°C with a tip radius
5um had been used. The scratch length was set to be 300um and the normal load was
constant. The scratch speed was set to be 30um/s at constant. The penetration depth and
tangential force were recorded by depth sensors and piezoelectric dynamometer,
respectively [60]. The experiment varied the normal load from 5mN to 20Mn. To
observe the effectiveness and damage mechanism of fiber during the scratch test,
indenter was selected to scratch over the composites surface at a location that closed to
the fiber, along the fiber longitudinal direction. After finishing the scratching test, the
composites surface was coating by cooper, then it was examined by using a scanning

electron microscope (Zeiss Sigma HD) with a 5KV accelerating voltage.
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Chapter 4. Effects of moisture conditioning on tensile

properties of 3D printed fiber-polymer composites

4.1 Characteristics of neat nylon, SCFC and CCFC of absorbing water

Figure 12 is the mass change curve of SCFC and CCFC specimens immersed in water.
The procedure of immersing water of specimens followed standard ‘ISO-1110’. CCFC
saturated at 6.5wt% moisture gain and SCFC saturated at 8wt% with different time
periods. Neat nylon was able to absorb more than 10wt% of moisture to reach saturation.
It is clear that neat nylon presented the fastest water absorption rate for 100hours water

immersion. SCFC and CCFC had a similar water absorption rate.
12.00%
10.00%

8.00%

6.00% SCFC
CCFC

Neat nylon

Moisture gain

4.00%
2.00%

0.00%
0 100 200 300 400 500

Time in water (hours)

Figure 12. Mass change curve of specimens of neat nylon, SCFC and CCFC

immersed in 23°C water.

Compared with the results from literature [1, 29], the water absorption rates of all
printed specimens were much faster than traditional fabricated methods. The literature
showed up to 0.3 % mass gain for the conventionally manufactured neat nylon 6 under
a water condition for 24 hours, or up to 0.25% for glass fiber epoxy resin composites
(E-glass/PPS). The acceleration of water absorption rate could be attributed to the

formation of voids and porosities in polymer specimens. Qinghao et al [24] used the
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micro-CT technique to examine the voids and porosities content of FDM 3D printed
samples were ranging from 10.3% to 14.3%, with an average value of 12.2 + 0.9%.
which showed that the void contents were much higher than the composites
manufactured by traditional techniques. The latter were typically ranging from 0.02%
to 5% for vacuum-assisted molding method [61]. The volume fraction of fiber in CCFC
had an average volume fraction of 3440.8%, and the fiber volume fraction of SCFC
was around 12%, according to the previous work carried out by Qinghao et al [24]. The
work by Qinghao et al also indicated that the voids volume fraction of CCFC was
ranging from 10.3% to 14.3%, with the average being 12.2%, according to micro-CT
presented in figure 13 [24]. In the region near the crack tip, large amount of voids
provided a low resistance of crack growth. A large volume fraction of voids led to a

poor stress transferring to fiber. Therefore, more debonding and fiber protruded.
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Figure 13. Morphology of an additive manufacturing printed continuous fiber-nylon

composites by micro-CT a) along Y axis. b) cross-section area [24].

Previous study reported that the existence of voids negatively affected the mechanical
performance of printed carbon fiber reinforce composites (CFRC). The typical

mechanical properties of carbon fiber and nylon 6 used were listed in table 3. The
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theoretical tensile strength & modulus can be estimated using the rule of mixtures

(RoM), which is shown in Equation 1:

Vr is the fiber volume fraction. Ef is the tensile modulus of fiber. E,, is the tensile
modulus of polyamide 6. X is the tensile strength of fiber. X, is the tensile strength
of polyamide 6. The equation above is only valid for continuous fiber composites
because the fiber length of CCFC was much larger than the critical length. To determine
the yield strength and tensile modulus of short fiber composites. Equation 2 should be

applied:

L
Opc = Tpi (5) Ve + opm(1 = V)

where tp; is the shear stress between fiber and polyamide 6. L is the length of short

fiber. D is the diameter of fiber.og,, is the strength of polyamide 6.

Tensile strength (MPa) Tensile modulus (GPa)

CF-T300-1K [28] 2500 150

Nylon 86 0.533

Table 3. Tensile properties of Neat nylon and carbon fiber [28, 77].

By using equation 1 and data from table 3, CCFC theoretical tensile strength and
modulus should be 907MPa and 51.35GPa, respectively, which was still much higher
than actual measured value. This could be explained by the existence of voids and

porosities, which significantly affected the mechanical properties of CCFC.
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Mechanical properties Neat nylon SCFC CCFC

Tensile strength (MPa) in dry | 20 28.4 531
condition

Tensile modulus (MPa) in dry | 441.8 946 27156
condition

Tensile strength (MPa) in 24 | 13.1 23.23 474

hours water

Tensile modulus (MPa) in 24 | 300.6 681 24427

hours water

Table 4. Tensile properties of Neat nylon, SCFC and CCFC measured during tensile

tests.

4.2 Tensile test results of 3D printed fiber reinforced composites under different

moisture level

The stress strain curve of neat nylon 6, SCFC and CCFC under moisturized condition
were illustrated in figure 14. Tensile strength and tensile modulus of neat nylon, SCFC
and CCFC decreased with different percentage. In table 4, tensile strength and modulus
of neat nylon decreased by all 33%, while SCFC decreased 19% and 28%, respectively.
CCFC witnessed the least drop of tensile strength and modulus, at around 15%. In

addition, the failure strain of SCFC under 24 hours’ water condition decreased 50%.
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Neat nylon stress strain curve
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Figure 14. Stress strain curve of neat polyamide 6, SCFC and CCFC under dry and

24hours moisturized conditions.



4.3 Tensile stress between traditional molding method composites and FDM 3D

printed composites under moisturized condition

The polymeric composites materials manufactured by traditional injected method in
literature showed a drop of 10% of tensile strength for E-glass/PPS and carbon fiber 3k
2x2 Twill (indicated as T300) [29]. The decrease of tensile strength and modulus of

SCFC were more significant in this work, at 20%.

3D printed Traditional molding
SCFC -20% -10 ~ 15%
CCFC -11%

Table 5. The drop of tensile properties under moisture condition between 3D printed

composites and traditional molding manufacturing fiber composites [29].

There were more defects and voids produced during the SCFC printing process. Water
was easy to be absorbed, especially in fiber-nylon interfacial region. This would
particularly deteriorate the mechanical performance of SCFC specimens. Equation 2 is
useable to explain the SCFC composite situation. As the bonding strength between fiber
and nylon was getting weaker, the shear strength 75; reduced. While the mechanical
performance of nylon dropped because of the absorption of water, the whole sample
failed and separated in boundary area, prior transferring more load to short fiber. This

indicated short fiber did not maximize their role for reinforcement.

The water absorption posted a smaller effect on the tensile properties of CCFC, which
was dropped by around 10%. There were two possible reasons. Firstly, it was because
of the high volume fraction fiber in CCFC. When the volume fraction was high enough,
and the fiber length was much greater than the critical length, the tensile strength of the
composites was more dominated by fiber fibers, i.e. o = Va5. Thus, continuous fiber
tensile strength dominated the tensile strength of CCFC specimens, which is little

affected by water absorption in polymer matrix. Secondly, the tensile tests were carried
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out aligned in fiber direction. In this case, continuous fiber tightened the specimens all
together in longitudinal direction. Even though the nylon became weak and failed

during the tensile test, continuous fiber took most of the load.

4.4 An analysis of the strain behavior under water condition

According to figure 14, the stress-strain diagram of SCFC and CCFC shows different
patterns. SCFC stress strain diagram was in a curve shape, while the CCFC presented
a linear relationship. This indicated the changes in fracture mechanism of SCFC due to
the low bonding strength. Initially, fiber took the loading until it reached the critical
shear strength between fiber and nylon. Once the shear stress exceeded the critical value,
short fibers were pulled-out from the nylon matrix. The stress-strain curve became flat.
SCFC samples were no longer capable to take any more load, instead, it kept elongating
until it broke. Under a moisturized condition, because of the weaker bonding strength
between fiber-nylon region, fibers were easier to pull out. That was why the strain of a

moisturized SCFC was much lower than SCFC in dry condition.

CCFC stress-strain curve showed different characteristics. As all the loads were
transferred from nylon to continuous fiber, failure of the composites occurred with fiber
fracture. The debonding of fiber-polymer posted less effects on the overall CCFC

tensile performance.

Although it has been well known that the moisture in polymer or polyamides acts like
a plasticizer, increasing its ductility [56], SCFC samples showed a great drop of its
ductility. This was consistent with the results shown in literature [29]. The reduction of
ductility in additive manufacturing could be attributed to the voids in the fiber —
polymer bonding region. When SCFC was under water absorbed condition, the polymer
part was easier to be elongated, acting like a plasticizer. It was easier to deformed

towards two ends. While the deformation occurred between fiber and polymer was
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greater due to the absorption of water, stress mismatch and concentration occurred in
the region between fiber and polymer. Cracks and debonding were likely to form in
fiber-nylon interfacial area. At the same time, the prefabricated carbon fiber bundle in
the short carbon fiber — nylon filament compacted in radial direction during the
fabrication process. Re-melting of fiber - polymer filament when it went through the
nozzle allowed the carbon fiber bundle to relax in the radial direction, which expanding
the entrapped tiny voids in the filament [24, 63]. These formation of voids deteriorated
the strength of bonding and accelerated the crack formed in the bonding region.
Therefore, SCFC specimen was brittle comparing to the neat polymer. CCFC’s ductility

did not show a noticeable difference.

4.5. Fractography analysis of tensile test samples.

To further investigate the damage mechanism of water absorbed composites, SEM
analysis on the fracture surface of tensile test sample was carried out. Figure 15
presented the SEM on the fracture surface of CCFC under dry and moisturized
conditions. It can be seen that there was a difference of damage mechanism. In the dry
condition, the fracture cross section area microstructure showed fiber broken directly,
while nylon was still attached with continuous fiber. Fibers were broken in clusters and
bundles. A few fibers were extruded and failed individually. According to Ramesh et

al [20], fiber failed in larger clusters can experience a high tensile stress.

On the other hand, bridging and hollow sections of nylon were observed for the samples
immersed in water, shown in figure 15c. This indicated a poor bonding between fiber
and nylon after they absorbed water. When absorbing water, nylon became soft and
resulted in a weak mechanical performance. When tension was applied to the specimen,
nylon was difficult to adhere with fibers, and debonding can easily occurred. This
resulted in the separation of fiber bundles and clusters as nylon no longer tightened the

fibers together, circled in figure 15d. From the work mentioned by Ramesh et al [20],

43



a separation of fiber bundles led to fiber broken singly, which can only experience a

low tension. Therefore, the tensile strength of water absorbed specimens reduced.

—————— 200 m+|
x100

(a) (b)

(c) (d)

Figure 15. SEM of the breakage cross sectional area of CCFC. (a) and (b), under dry

condition. (¢) and (d),24 hours’ water immersion condition.
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Chapter 5. The wear performance and surface damage
mechanism of tribology experiment under a

moisturized condition

5.1 Wear behavior and damage mechanism under dry condition of SCFC and

CCFC

Figure 16 represents the friction coefficients of SCFC and CCFC in dry conditions. The
mean friction coefficient at steady stage for SCFC was about 0.3, and it was 0.45 for
CCFC. The low friction coefficient of SCFC can be explained by the lower strength of
polymer matrix due to water absorption. Polymer showed a poor mechanical strength
performance [64]. Polymer debris can be easily peeled off to the sliding counterpart to
form a transfer layer [65, 66]. The nylon matrix peeling off from the worn surface could
also lead to short fiber extrusion, which accelerates the fiber removal and the formation
of fiber debris. After that, the fiber debris which was trapped between transfer film and
worn surface induced a three-body abrasive wear, changing the contact mode from wear
surface — stainless steel counterpart to wear surface — fiber debris — transfer film [67,
68]. In this case, friction force is dependent of adhesion force between transfer film and
the specimen, which is greatly dependent on the yield strength of polymer matrix.

Therefore, the friction coefficient of SCFC was decreased with water absorption.

Figure 17 represents the specific wear rates of SCFC and CCFC in dry conditions. The
wear rate of CCFC was about 30% lower than SCFC. CCFC should achieve a lower
specific wear rate than SCFC because of a higher fiber volume fraction. Under the same
load condition, each unit length of fiber of CCFC could take a lower load [69], taking

most of the load during the wear process, protecting the matrix [33, 71].
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Figure 16. Coefficient of friction of SCFC and CCFC in dry conditions.
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Figure 17. Specific wear rate of SCFC and CCFC in dry conditions.

Fiber volume affected the average unit length of fiber to take load. A large fiber volume
fraction reduced the load taken by the unit length of fiber. This resulted in less affecting
the fiber-nylon interface, giving less matrix damage. Also, there was less fiber pull out

due to the well protection of matrix. This led to a low wear rate. In addition, carbon
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fiber provided solid lubricating function [68, 72]. Carbon fiber is a graphitized carbon
with hexagonal planes. During the tribology test, carbon fiber debris could decomposed
into graphite crystals. The debris of carbon fiber formed a thin transfer film on the

counterpart. This provided lubrication effect and it reduced the abrasive process [72].

The standard deviation specific wear rate of SCFC was higher than CCFC. There were
two reasons. Firstly, it was because of the random distribution of short carbon
distribution in filament, depending on the prefabricated process by 3D printer
manufacturer. If the content of short fiber was higher in a particular section of filament,
the printed part by using this section of filament would have a greater mechanical
property, including the wear performance. Secondly, the existence of voids in SCFC
samples posted a great effect on wear resistance. VVoids were formed during the filament
prefabrication and nozzle printing layout. The progress of generating voids was random.
These two random factors may explain why there was a higher standard deviation for

the SCFC wear samples.

et 400 P
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(c) (d)
Figure 18. SEM worn surface of SCFC in dry conditions.

The SEM images of short and continuous fiber composites wear surface were shown in
figure 18 and 19. The results showed that the worn surface of SCFC was relatively
smooth. In general, the wear grooves were shallow and the quality of worn surface

remained intact.

The damage mechanisms for the dry specimen could be classified into four steps/types.
They were polymer debris forming, fiber shifting, fiber breaking and fiber removing.
Before the initialization of fiber damage, polymer broke into debris, then fiber shifting
occurred due to less fiber — polymer bonding strength. Some fiber was pushed
downward or away from its original position, while a very small portion of fiber was
completely removed from worn surface. The fiber shifting process should occur
simultaneously when the polymer was crushed into small debris as fiber was extruded
out from the worn surface. Fiber remained and on the worn surface were compressed

and broken into small pieces by the stainless steel sliding counterpart.

Figure 19 presents the SEM images of the worn surfaces of dry condition of CCFC.
There was no polymer debris on the wear surface. Instead, fiber breakage and fiber
removal were observed. This was because fiber took most of the load [64], confirming
that there were more cracks and exfoliations in the fiber sections. When the counterpart

scratched over the composites, fiber was compressed downward instead of pushing
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sideway or pulling outward. In this case, the primary failure mode of fiber was fiber

breakage and compressing.

50 um £%

(a) (b)

Figure 19. SEM worn surface of CCFC in dry conditions.

5.2 Wear behavior of moisturized SCFC.

Figure 20 compares the friction coefficient of SCFC composites from dry condition to
immersing in water for 240hours. The applied load and sliding speed were 1MPa and
2MPa, 0.5 m/s, respectively. Figure 22 gives the specific wear rates of SCFC reinforced

composites in different levels at different loadings. Under 1MPa load, the friction
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coefficient raised as the SCFC composites contain an increasing amount of moisture.
When the specimens immersed in water for 240hours, SCFC exhibited a high friction
coefficient, which was around 0.7. When sliding with a soft worn surface condition, the
friction layer on the surface would be subjected to plastic or viscoelastic deformation
[74]. Although moisture trapped inside the SCFC acted as the coolant and lubricant
during sliding [36], it couldn’t fully offset the negative effect of reduction of polymer
yield strength. The friction coefficient was determined by the real contact area of wear
surface-counterpart and the shear strength of the sliding samples [75]. When polymer
absorbed water, the yield strength decreased. Because the stress at the real contact area
could be extremely high, a low yielding strength of polymer increased the real contact
area due to the plastic deformation. The raise of true contact area could contribute to
the increased friction coefficient. When the load increased to 2MPa, friction coefficient
of SCFC dropped under a 240hours water condition, probably due to the change of wear

mechanism because of the lubricating effect of moisture.
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Figure 20. Coefficient of friction for different levels of moisture of SCFC under

different loads

SCFC composites greatly deteriorated the wear resistance under moisturized conditions.

The increase of moisture absorption resulted in a linear increase of the wear rate for
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both 1MPa and 2MPa loads (Fig. 21). Compared with SCFC under dry condition,
immersing in water for 240hours raised the wear rate 6 times. It was deemed that the
high abrasive wear was an important factor for the high wear rate of the moisturized
composites. This is because the softening effect of moisturized polymer enabled a large
section of polymer was removed from the wear surface. Another possible explanation
of high wear rate of water absorbed SCFC was the water effect. Moisture trapped inside
the sample was released during sliding and it cleaned the debris away from the contact
region [36]. In this case, it was difficult to reduce the adhesive wear. Therefore, these

two factors dramatically led to a high wear rate of moisturized SCFC.
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Figure 21. Specific wear rate for different levels of moisture of SCFC at different

loads

Figure 22 shows the SEM of SCFC specimens with different times in water at 1MPa
loading. Under dry sliding condition, some plowing marks were observed from the
worn surfaces and the surface is relatively smooth. Not many fiber detachments or
breakage on the worn surface were observed. In figure 22b, instead of completely
removing from the surface, a few fibers were pushed sideway according to the sliding

direction.
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As the moisture level increased to 2wt%, immersing in water for 20 hours, the worn
surface and wear mechanism had changed. Instead of smooth grooves on the wear
surface, large section of polymer debris was formed during sliding, see in figure 22e &
f. At the same time, cracking of fiber - polymer, fiber breakage, and fiber crushing were
observed on the worn surface. This could attribute to the weakened surface mechanical
strength of nylon [76]. The weakened nylon deteriorated the wear performance in
several ways. Polymer debris was easily detached and fiber was likely to extruded from
the surface. All these increased the probability of fiber removal. The probability of fiber
removal also increased when cracks were formed between fiber and polymer, which is
a typical failure mode under the weak bonding condition. Fiber breakage and fracture
resulted in each unit length of fiber took a larger load, and it induced stress
concentration. For those moisture level of SCFC for more than 7wt%. SCFC specimens
were in saturation condition, and the worn surface damage was extremely severe. Large
pieces of polymer surface were pulled off from the wear surface. At the same time, fiber
extrusion was also observed. The protuberance-like deformation was an indication of
severe stress concentration occurring on individual carbon fiber ends due to the
distinctly different modulus of the fibers and the polymer [70]. However, there was
slight cracking formation of the boundary between fiber and polymer. Fiber breakages
on top the worn surface were not commonly observed. This could be attributed by the
extremely poor mechanical strength of polymer. When the polymer acted like a
plasticizer in a moisturized condition, large polymer sections containing fiber were
pulled off before individual fibers were removed from the worn surface [1]. This was

why the wear rate of SCFC with high moisture level was extremely high.
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Figure 22. SEM of the worn surfaces of SCFC at different moisture. (a & b) under dry
conditions (c & d) Under 20hours water condition; (e & f) Under 240hours water

condition
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5.3 Moisturized CCFC worn behavior analysis.

Figure 23 represents the coefficient of CCFC with different moisture levels at 1 and
2MPa. The friction coefficient dropped while the moisture level increased in both
loading conditions. Compared with dry sliding conditions, coefficient of friction
reduced from 0.5 to 0.35 at 240hours water conditions at 1MPa loading conditions,
while it dropped from 0.6 to 0.45 at 2MPa loading conditions. The friction coefficient
showed a different result from that of SCFC. This can be attributed to the effect of
moisture lubrication, which can reduce the friction. Looking at the wear rate in figure
24, it showed that the specific wear rate of CCFC under moisturized condition
decreased as well, especially for the case of 1MPa loading conditions. This indicated
that moisture did not provide a negative impact on the wear performance of CCFC.
Water in CCFC provided a great degree of lubricating effect and friction-induced
thermal could be inhibited in aqueous environment [62]. Water cleaning the debris did
not affect the wear behavior as continuous fiber in CCFC dominated the wear
mechanism. Each unit length of fiber took a small amount of load, making the fiber not
easy to fail. However, the trend of wear rate of CCFC under 2MPa showed different
results. The lowest wear rate was observed when the specimens immersed in water for
20hours, while the wear rate in dry and 240hours conditions was similar. The change
of the trend of the specific wear rate under different loading situation indicated that the
wear mechanism has changed under a high load condition. This was probably due to
the fact that the high loading caused more debris formation, which results in severed

abrasion.
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Figure 24. Specific wear rate of CCFC with different moisture levels.

Figure 25 compares SEM worn surface of CCFC composites subjected to different
moisture levels at 0.5m/s and 1MPa condition. Under the dry condition, most common
phenomenon was fiber breakage in worn surface, shown in figure 25a & b. Most of the
carbon fiber was stick on top of the worn surface but broke into small pieces. This
indicated that the bonding between fiber and polymer was strong enough to against
counterpart sliding. Meanwhile, we can observe the polymer debris was stick with the
continuous fiber, in figure 25a. This was due to the high contact temperature in this

area. Polymer matrix was melted during sliding and stick with the nylon and counterpart.
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It induced the adhesive wear mechanism during the sliding progress. This could explain
why the coefficient friction of CCFC in dry condition was higher. Also, the adhesive-
abrasive wear resulted in a high wear rate because of the high contact temperature and
concentration of adhesive force. When CCFC absorbed water for 20 hours, tremendous
fibers extrusion was observed. This implied that before the fiber extruded occurred,
polymer was detached from the worn surface. The wear progress of CCFC under 20
hours condition would be polymer detachment, fiber extrusion and fiber shifting [8].
Looking at figure 25¢ & d, fiber thinning was not observed. Instead, fibers were pushed
sideway along with the sliding direction. This can be explained by the decreased
bonding strength between fiber and polymer after immersed in water. Fibers were
slipped sideway or downward before they were thinning by asperity on counterpart.
Fibers slipped sideway or removed were trapped between the worn surface and steel
sliding counterpart, acting like the rollers. The ‘rollers’ played as a three-body wear
mechanism, introducing the three-body abrasive wear during sliding. Therefore, this
could explain why the friction coefficient and wear rate were lower comparing with the
dry condition sliding. Figure 25e & f showed the CCFC worn surface under 240 hours’
water situation. The worn surface was relatively smooth. The main worn characteristics
were polymer deformation and fiber removal. Some cracks were found between the
fiber and polymer. Only minor abrasive grooves were observed. This indicated the wear
progress was polymer deformation, followed by boundary cracking, and eventually,
fiber removal. The moisture lubricating and cleaning effect of water absorbed resulted

in this wear progress [36].
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Figure 25. SEM of the worn surfaces of CCFC composites at different moisture. (a &

b) Under dry condition; (¢ & d) Under 20 hours’ water condition; (e & f) Under 240

hours’ water condition
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Chapter 6. Experimental and numerical investigation
regarding scratch performance of 3D printed carbon

fiber reinforced composites in moisture condition.

The wear performance of polymer composites was largely affected by the characteristic
of sliding counterpart, as well as the fiber-polymer wear debris particles. To further
understand how the wear debris affects wear behavior, an investigation on the
microscopic origin of such debris was necessary. The effects of individual hard asperity
on the wear of a polymer composite surface can be researched in micro-scratching
experiment [51] A correlation could provide estimation of the similarity of macroscopic
wear performance of a fiber-polymer composite material. The conical tip of a scratching
experiment apparatus can be viewed as a hard asperity in the sliding counterpart of a
tribosystem. Therefore, results from scratching experiment can be helpful for a deeper

understanding the wear behavior of fiber-polymer composites [47].

Only a few studies reported on the fiber-polymer particle and damage mechanisms on
a 3D printed fiber-polymer composite surfaces. This part focuses on applying the
scratching test over a FDM 3D printed composite surface. Damage mechanism through
the scratch tip was investigated. Particular attention was paid to the failure mode of the

region around fiber-nylon boundary area.

6.1.1 Friction and wear properties

The lateral force and scratch depth were recorded for investigating the friction of 3D
printed samples under a different load condition. Figure 26 presented the representative
curves of lateral and normal force of SCFC and CCFC as a function of scratch distance
with a load of 5 mN and 10 mN, respectively. It was noticed that scratch on SCFC

surface presented a periodic variation in lateral force because of the presence of short
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fibers. Scratching over the CCFC the friction was relatively stable as most of the contact

area was between continuous fiber.

The frictional coefficient is calculated as the ratio of lateral force to normal load, p =

F—t. F; is lateral force while F, is normal load. The friction coefficient was calculated

n

through the steady state of scratch process for each specimen, shown in figure 27. Three
identical experiments were averaged for each testing condition. The average frictional
coefficient of SCFC was higher than CCFC under both 5mN and 10mN load condition.
It inferred that scratching over SCFC surface the contact force was adhesion between
indenters and nylon-fiber interface. The nylon of composite surface accumulated in
front of the scratch tip, providing a rubbing effect, accompanying with nylon
deformation mechanism during scratching. This increased the amount of adhesion force,
and thus, rising the friction coefficient. By contrast, CCFC presented a small frictional
coefficient. This could be attributed to the stiff continuous carbon fibers, enabling a
small real contact area and low scratch depth. When indenter scratched over the stiff

carbon fiber, a low lateral force was recorded.

It should be noticed that the friction coefficient scratched over the SCFC and CCFC
both showed higher values under the load of 5mN. This was abnormal according to
previous experiment [60]. One possible reason of this phenomenon could be the
difference of deformation mechanism under different loads. In a light load condition as
5mN, composite surface experienced an elastic deformation, a rubber effect occurred,
showing a relatively large amount of frictional coefficient. Under the 10mN load,
indenter penetrated the surface deeply and then pushed forward. In this process, due to
the filament voids because of the manufacturing process, and the porosities formation
during printing, micro-cracks were easy to form in front of the indenter moving
direction. This was followed by polymer prowling and detaching. This process would

reduce the lateral force, and thus the frictional coefficient. To understand the involved
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deformation and cracking mechanisms, the surface damage profiles were further

examined by SEM.
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Figure 26. Representative evolution of normal & lateral force of CCFC and SCFC
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Figure 27. The average coefficient friction of SCFC and CCFC during scratching

6.1.2 Scratch damage analysis

To explore the scratch damage mechanism, SEM observation was necessary, as shown
in figure 28 and 29. From figure 28, nylon presented a ploughed furrow when the
scratch tip scratched across all different loadings. No severed carbon fiber debonding
was noticed. This indicated that the formation of debris during scratching and tribology
was mainly made of nylon. Under the load of 20 mN, instead of ploughing out the short
carbon fiber, the scratch tip passed above the short fiber. This was equivalent to the
asperity on the counterpart pushed downward the short fiber, making the short fiber
sunk into the nylon before they were finally ploughed and removed from the composite
surface. Nevertheless, as the normal load increased from 5mN to 10mN, the drop of
friction coefficient could attribute to the separation and crack formation of polymer. As

the nylon matrix was weak, friction coefficient decreased.
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Figure 28. SEM micrographs of scratch grooves of SCFC under (a), (b) 5mN; (c), (d)
10mN, (e), (f) 20mN
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Figure 29. SEM micrographs of scratch grooves of CCFC under (a), (b) 5mN; (c), (d)
10mN, (e), (f) 20mN
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The scratch deformation on CCFC surface was slightly different. When the normal load
was relatively low, mild fiber-nylon cracking occurred when scratching in the fiber axis
(figure 29a), suggesting a weak interfacial bonding. At the same time, some rippled
formation waves were formed in the scratch direction, indicating that nylon debris

stacked in front of the scratch tip, which was an adhesive wear phenomenon.

As the load increased to 10mN, fiber breakage was observed. Fiber fragments were
located aside of the contact between tip and scratch groove. This indicated fiber
fragments were pushed sideway when the tip scratched across, providing a better
scratch resistance. Meanwhile, part of the fiber fragments remained in the composite
surface, which also contributes to a better scratch performance. Therefore, friction
coefficient of under 10mN load condition decreased. With a higher load up to 20mN,
nylon matrix was damage severely. Nylon debris separated and spread across the
scratch groove. Nylon debris was mostly removed from the surface. Fiber debris was
also pushed heavily downward below the composite surface. This progress absorbed
energy which could improve wear resistance. At the same time, due to the weak
interfacial bonding strength of 3D printed filament, composites surface with voids and
porosities below experienced nylon separation (figure 29e). The composites surface

collapsed, leaving a hole or hollow section.

From the SEM images above, several scratch mechanisms could be concluded for 3D
printed composites, such as slight abrasion, nylon ripple-like stacking, nylon debris
formation, fiber-breakage, fiber removal, and scratch surface collapsing. As the load
was low, slight abrasion and nylon ripple stacking were observed. With the increase in
loads, we could observe fiber removal and the formation of nylon debris. Nylon matrix
collapsing was also found. This means that the weak bonding strength of 3D printed

continuous fiber filament deteriorated the scratch resistance.
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6.2 Numerical investigation regarding scratch performance of 3D printed fiber-

reinforced composites.

As it is discussed above, the damage mechanism of tribology experiment on the SCFC
and CCFC surface under moisturized condition were mixed with polymer sliding
grooves, polymer rupture, polymer debris fiber protruded, fiber removal and fiber
breakage. These phenomena would be difficult to be observed and investigated directly
through sliding wear tests. Instead, the numerical FEM modeling of a scratching test

could provide hints to explain how these damage mechanisms were form.

The purpose of conducting the scratch numerical simulation was to acquire a deeper
understanding into the mechanisms of tribology experiment of a fiber reinforced
composites. The effects of additional fiber into the composites and interfacial bonding

were investigated by analyzing the stress distribution during the scratch simulation.

6.2.1. Influence of different load on indenter for additive manufactured FRC

(b)
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Figure 30. von Mises stress contour plot of fiber-polymer composites of 6.3% for a
indenter load (a) 10mN, (b) 25mN, (c) 50mN, Right column of figure 31 was the

contour plot of simulation results eliminating the fiber component.

It is known that the loading conditions on indenter affected the stress distribution and
wear mechanism on FRC surface. Figure 30 presents von Mises stress of a 6.2% volume
fraction fiber-polymer composites of an indenter force range from 5mN to 50mN. All
other parameters were set to be constant. When the load is relatively small, fibers near
to the scratch indenter took most of the load, no obvious stress concentration could be
found in figure 31a. Compared with a low load condition, indenter under a high load
condition led to the stress extended through the fiber longitudinal direction toward both
ends. The peak stress was observed right beneath the indenter tip. This agreed with the
experiment results that the wear behavior of heavy load usually led to fiber breakage

because stress on fiber below the scratch tip exceeded its critical strength.

The high level stresses in the polymer component could be observed in the fiber-
polymer interfacial regions in the bottom part of fiber, circled in figure 30c. Such
phenomenon was also observed by Goda et al [39]. This indicated that cracks were form
easily in this area due to stress concentration. Debonding was likely to occur. Both
polymer and fiber did not yield to its maximum tensile strength in FE simulation. But
in reality, cracks and debonding had already observed. In this work, FE simulation only

considered the elastic situation for stress analysis. Also, the formation of voids and
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porosities in additively manufactured specimens led to a weaker material strength.
Stress transferred longitudinally along the fiber to both ends, and stress concentration
was not observed on polymer. The stress difference of fiber-polymer could lead to fiber

debonding.

The stress distribution presented in figure 30 supported the proposed damage
mechanism for the scratch experiment. This indicated the FEM modeling in this thesis
was valid. The model can be used for further numerical analysis. In the rest of this
chapter, different scratch parameters on affecting the scratch performance. Scratching
parameters can be classified in two categories. One was composite parameters,
including the volume fraction of fiber and polymer strength under a moisturized

condition. Another one was scratch tip parameters which were load on tip and radius of
tip.

The stress distribution can be well explained and correlated to the damage mechanisms
in the SEM presenting previously. In this case, the FEM modeling in this thesis was
verified and valid. Other scratching parameters can be adjusted for further stress
distribution analysis. By this way, it could comprehensively study the factors that

affecting the scratch performance.

6.2.2. Influence of different fiber volume fraction for additive manufactured fiber

reinforce composites (FRC)

As reported in tribology experiment chapter, different fiber volume fraction posted a
significant change in wear mechanism. Therefore, the effect of fiber volume fraction as
a parameter was particularly studied. Figure 31 presented the von Mises stress
distribution under the same applied load with different fiber content in FRC. The 10mN
load was constant at all the time. As the fiber volume fraction increased, the von Mises
stress of fiber increased, while the stress on polymer decreased. This could attribute to

the stress transformation, from polymer to the fiber. Each unit length of fiber took a
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larger amount of load than polymer. Looking at the stress distribution, stress was
transferred in the fiber longitudinal direction. A low fiber volume fraction, i.e, 3%, von
Mises stress on polymer concentrated around the indenter. Accordingly, polymer broke
into small pieces due to high stress concentration, leaving fiber to be extruded from the
surface. By contrast, when the fiber content was high, stress on polymer spread along
the scratch direction relatively uniform. Polymer was less likely to be breakage. Instead,
fiber breakage occurred due to the high stress on it. Also, a great difference of stress
between polymer and fiber caused the stress mismatch, which could lead to fiber

debonding.
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Figure 31. von Mises stress contour plot of fiber-polymer composites at 10mN for (a)
neat polymer (b) 3.1% volume fraction (c) 6% volume fraction (d) 18% volume
fraction (e) 38% volume fraction; left hand side images show contour plot for

composites, right side images show contour plot for polymer matrix.
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6.2.3. Influence of different indenter radius for FRC

In tribology experiment, each asperity in the steel counterpart had different sharpness.
It means the radius of asperities was different, which produces a different wear
mechanism for each asperity sliding across the composite surface. To further
understand how the difference in asperity radius affects the wear and scratch
mechanism over a fiber-polymer composite surface, a simulation working on

investigating the effect of indenter radius would be helpful.

Indenter radius scratching over the FRC surface in FEM posted differences in stress
distribution. Figures 32-34 show the von Mises stress distribution with an indenter
radius of 30um, 50um and 75um, respectively under the load condition 10mN and
50mN. It is clear that the von Mises stress on fiber increased from 2GPa to 2.7GPa, as
the radius of scratch indenter increased from 30um to 75um under a load condition of
10mN. At the same time, stress on the polymer remained stable. It can attribute by the
increase contact area between indenter and fiber. Each unit length of fiber took more
load, providing support for the composites surface of downward bending. In a small
load condition (10mN), a large contact area could provide protection from the polymer
breakage. In reality, the damage mechanisms in tribology were more likely to be fiber
breakage and fiber bending. This was because the stress was mainly concentrated in
fiber. The stress mismatch between fiber and polymer caused debonding. On the other
hand, fiber underwent plastic deformation under a high load condition (for example:
50mN). This could be related to fiber bending in tribology damage mechanism, if fiber
has passed its yielding strength but polymer beside the fiber was still in elastic

deformation.
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Figure 32. von Mises stress distribution under an indenter radius of 30um under a load

condition of 10mN (a, b) and 50mN (c, d).
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Figure 33. von Mises stress distribution under an indenter radius of 50um under a load

condition of 10mN and 50mN.
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Figure 34. von Mises stress distribution under an indenter radius of 75um under a load

condition of 10mN and 50mN.

In a high load condition, there was no significant change of the von Mises stress
distribution for a large indenter scratching over the composite surface, as the fiber was
giving enough protection against a blunt indenter. Load was uniformly transferred from
polymer to the corresponding fiber. Therefore, before the polymer underwent plastic
deformation, fiber could withstand a higher load. However, a small radius indenter
(30um) posted severed damage to the polymer part, shown in figure 32c. It was beyond
elastic and plastic deformation. Instead, polymer was completely ripped off from the
surface. Corresponding to the wear surface tribology experiment, this could be
represented by the formation of small grooves and polymer rupture in a tribology wear
surface. Polymer was scooped out from the composite surface, while leaving the fiber
on the surface. For the fiber damage mechanism, fiber protruded could be observed at

first because of the critical damage of polymer. Eventually, fiber removal could occur.

It should be also noticed that the failure modes between blunt indenter and sharp
indenter were different. Under the scratch of a sharp indenter (30um radius), polymer
was breakage initially because the indenter was digging up the polymer. Without the
support of polymer, fiber protruded and removed easily, showing a weak scratching
and wearing performance. Fiber embedded in FRC did not maximize their duty to

increase the scratch or tribology performance.
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Under the scratch of a moderate sharp indenter (50um radius), it provided a clear view
on how the polymer failed. The polymer cracking was initiated from the bottom part of
the fiber, shown in figure 33c. Once polymer cracking exceeded the critical strength,
polymer failed and fiber on top was pushed downward, probably without fiber breakage.
The fiber breakage occurred if the loads kept increasing, or sliding repeatedly and
eventually, polymer and fiber were removed simultaneously from the surface. In this
progress, cracking between fiber and polymer could be observed. Fiber breakage and

removal could be found at the same time.

When scratching by a blunt indenter, (75um radius), fiber breakage could be observed
the most as load was most likely to be transferred from polymer to fiber, to protect the
matrix phase. It was followed by the debonding due to the stress mismatch between

fiber and polymer, while polymer cracking would be less likely to observe.

To further investigate the stress evolution, the maximum principal stress contours were
given to illustrate the tensile or compressive stress for every component. The results are
presented in figure 35 and 36. We eyed on stress states in the contact region when the
indenter was scratching over. The maximum principal stress contours under a scratch
radius of 30um were not presented as fiber and polymer were completely destroyed.
Looking at figure 35, the polymer contour plots indicated that if no plastic deformation
occurred, polymer under the indenter went through compressive stress while polymer
behind the indenter experienced tensile stress. This could imply that polymer cracks
were in the tensile region and polymer debris was form in the underneath the indenter
due to the compressive stress. At figure 35a, when plastic deformation and failure were
initialized, polymer in front of the scratch direction experienced a tensile stress. It was
because polymer behind the might fail already and thus the composite surface was
lower. Polymer in front of the scratch direction was bended downward and showed

tensile stress.

74



(c) (d)

Figure 35. Load under 50mn for each component with different indenter radius. (a) &

(b) 50um radius. (¢) & (d) 75um radius.

The fiber part of both indenter radiuses presented a similar maximum principal stress
distribution, with the exception that a higher tensile stress in front and behind the
scratch indenter was observed for a high load condition. High tensile stress was found
along the scratch direction behind or in front of the indenter, with the exception of fiber
that was located right underneath the scratch tip. Therefore, cracking was likely to occur
in the former position. On the other hand, debonding was easy to occur for the fiber
underneath the scratch tip because there was a great stress difference between fiber and
polymer. In reality of both scratch and tribology experiment, as the weak bonding
between fiber and polymer was evitable for a FDM 3D printed composites, debonding

was more obvious, fiber was easy to detach.
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Figure 36. Load under 10mN for each component with different indenter radius. (a) &

(b) 30um radius. (¢) & (d) 50um radius. (e) & (f) 75um radius.

Figure 36 indicates the scratch simulation under a light load situation. Under a 10mN

load, fiber-polymer composites surface went through plastic deformation, especially
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for a sharp indenter, shown in figure 36a. This provided a convenient way to carry out
stress distribution analysis. Looking at the polymer component in figure 36a, ¢ & e. A
sharp indenter resulted in great tensile stress on the polymer, while only compressive
stress was observed under a 50 and 75um radius indenter. If we related this with the
scratch and tribology test, a conclusion can be drawn as that a sharp indenter posted
significant damage to the polymer part of the composite surface. It could observe deep
grooves and a large amount of polymer debris during sliding. On the other hand, a blunt
indenter would be difficult to destroy the polymer component alone. Polymer cracking
and debris were hard to observe. Comparing with the maximum principal stress on fiber
component, stress area around the tip scratched by a sharp indenter was much smaller
than a blunt tip, shown in figure 36d & f. However, the peak value of maximum
principal stress among three indenter radius was similar. This can only draw up a
conclusion that fiber sliding & scratching against a sharp tip provided little help on
protecting polymer. It would be difficult to deduce the wear and scratch damage

mechanism based on fiber stress distribution.
6.2.4. An attempt to simulate the moisturized condition of FRC using FEM.

There were a lot of factors contributing to the deterioration of FRC under a water absorb
condition. In previous research [1], some parameters were quantitatively measured. In
the FEM modeling, the dominated quantitative parameters were young’s modulus and
tensile strength. The young’s modulus and tensile strength of polymer would reduce by
50% at a moisture level of 4wt%. Therefore, to make it consistent in my model, |
reduced the young’s modulus and tensile strength of polymer by 50% to in the FEM
modeling. The young’s modulus and yield stress were set to be 200MPa and 50MPa,
respectively. The mechanical property of fiber remained the same as moisture posted

little effects on fiber’s property.

To make it simple and easy to visualize, | selected the FEM model of an indenter radius
50um and the fiber volume fraction of 6.2% of simulation. The load was selected 5mN,

10mN and 25mN. Figure 37 presented the von Mises stress of the composite surface of
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the load from 5mn to 25mN under a moisturized condition. Figure 38 presented the von
Mises stress of the polymer component only under a moisturized condition. Under a
light load condition, von Mises stress on fiber in water condition was greater than that
in dry condition. Stress was extended toward both side the fiber. It can be attributed

that polymer took less amount of load and thus fiber must take more load.

Compared with dry condition, polymer reached the yield stress sooner, at 50MPa.
Figure 38b, d & f showed more severed plastic deformation occurred in water condition
composites. The von Mises stress on polymer under a high (50mN) load condition
spread deep beneath the sample. In reality of a 3D printed samples, this might result in
polymer failure because 3D printed composites involved a lot of defects, voids and
porosities. At the same time, the stress distribution from FEM simulation could be
correlated to tribology experiment damage mechanism. In a tribology experiment, large
pieces of polymer with fiber were removed. Grooves, polymer debris and other plastic
deformation on the surface could be found. Debonding was initialized inside the

polymer due to the weaker mechanical property of polymer after absorbing water.

78



(€) (f)

Figure 37. Von Mises stress on composite surface with different loads. Left column is
the stress in a dry condition and the right column is the stress of a moisturized composite

surface. (a) & (b) 5mN load. (c) & (d) 10mN load. (e) & (f) 25mN load.
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Figure 38. Von Mises stress on polymer component with different loads. Left column
is the stress in a dry condition and the right column is the stress of a moisturized

composite surface. (a) & (b) 5mN load. (¢) & (d) 10mN load. (e) & (f) 25mN load.

The maximum tensile stress in front and behind the scratch tip could be used to analyze
the crack formation during the scratch process. Figure 39 showed the magnitude and
direction of maximum principal stress contour plot of fiber component at 6.3% volume
fraction with different load under both dry and water absorbed condition. Tensile stress
on fiber did not show a noticeable difference if composites were in water condition
under a low and moderate load condition. Both tensile and compressive stress did not
show a significant change. It was because although polymer was soften after immersing
in water, it could still resist a low scratch and tribology environment. Therefore, it
showed no difference in stress distribution. A high load condition eventually indicated

that a greater region of tensile stress occurred in front and behind the scratch tip, causing
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a fiber cracking. A slightly high compressive stress was also found on fiber underneath

the scratch indenter.

0.093

(€) (f)

Figure 39. Maximum principal stress on fiber with different loads. Left column is the
stress in a dry condition and the right column is the stress of a moisturized composite

surface. (a) & (b) 5mN load. (c) & (d) 10mN load. (e) & (f) 25mN load.
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Figure 40. Maximum principal stress on polymer component with different loads. Left
column is the stress in a dry condition and the right column is the stress of a moisturized

composite surface. (a) & (b) 5mN load. (c) & (d) 10mN load. (e) & (f) 25mN load.
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Figure 40 illustrated the maximum principal stress distribution on polymer simulating
a moisturized condition. Polymer scratched under dry condition showed a higher
maximum principal tensile and compressive stress than that in moisturized situation. A
softened polymer was not able to take high amount of loads. A large principal
compressive stress was found under high load. In reality as polymer was compressed
extremely hard, the formation of debris occurred due to high shear stress components.
It should also notice that stress was concentrated on polymer under dry condition while
it dispersed if it absorbed water under a 25mN load condition. This stress distribution
characteristic provided useful hints and visualization for analyzing the wear and scratch

behavior in tribology and scratch test.

In figure 40c & e, the dry polymer showed a small deformation but presenting high
stress concentration. It was tested that polymer property was brittle under dry condition.
These can conclude polymer cracking dominant the damage mechanism under dry
condition. On the other hand, the polymer property became ductile and soft, with low
yield strength when immersed in water. A dispersed stress distribution around the
indenter with a low principal stress value was found. Polymer experienced the severe
deformation which could be found in figure 40f. However, fiber property remained
unchanged after the water immersion. It still presented the brittle and strong mechanical
properties. The huge difference of mechanical properties between fiber and moisturized
polymer caused the ‘slipping” between fiber and polymer during tribology test, and then

debonding occur.
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Chapter 7. Conclusion

In this thesis, the mechanical and tribological properties of short and continuous carbon
fiber composites (SCFC and CCFC) fabricated by Mark Two 3D printer were
investigated under different moisture levels. The scratch tests were conducted to study
the composite surface damage mechanism. A FE model was also established to reveal
the stress distribution in composites during the scratching test, in order to further

understand underlying mechanics in CFCs under different loading conditions.

The results showed that the tensile strength of all the fabricated specimens, namely neat
nylon, SCFC and CCFC was decreased under a moisturized condition. In particular,
different damage mechanisms between SCFC and CCFC were observed. For a
moisturized SCFC, the tensile strength, damage mechanisms and sample failure
characteristics were greatly affected by the interfacial properties between fiber and
matrix. As a result, it showed a more severe damage and a greater drop of tensile
strength with water absorption. During the tensile tests, short carbon fibers were easily
to be pulled out. On the other hand, the tensile properties of CCFC were mostly

dependent on fibers, showing a less sensitivity to moisture absorption.

The tribology experiments indicated that SCFC specimens presented an increased
friction coefficient and specific wear rate under a moisturized situation, while the wear
rate and friction coefficient for CCFC’s were both decreased. For SCFC, the increased
friction coefficient of the moisturized SCFC can be explained by more severe plastic
and viscoelastic deformation in matrix, which also contributes to a severed worn surface.
Large sections of polymer debris were peeling off from the worn surface. Fiber removal
was observed. On the other hand, wear performance of CCFC improved under a
moisturized condition. This was mainly because a high volume fraction of continuous
fiber governs the mechanical performance of the composite material, which is little

affected by water absorption in matrix. Each unit fiber length enabled to take a large
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amount of the load, despite the strength reduction of nylon matrix. Moisture trapped

inside the hollow sections, voids and porosities of nylon-fiber interfacial regions

provided a lubricating effect during sliding.

The effects of fiber composite and scratch parameters, i.e. fiber volume fraction, scratch

indenter radius and polymer strength under moisture condition, were also investigated

using numerical method. The following conclusions can be drawn:
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A high volume fraction of fiber can transfer more load from polymer to fiber. Stress
on polymer decreased while on fiber increased. Polymer debris was less likely to

form but fiber breakage may occur.

A small indenter radius scratched over the composites surface caused a severed
damage to the polymer part due to the stress concentration. Fiber protruded initially
due to the critical damage of polymer, and eventually, fiber removal occurred easily.
On the other hand, scratch by a large indenter radius was likely to cause fiber

breakage and fiber-polymer debonding due to the stress mismatch.

Polymer turned to be ductile and have low yield strength under a moisture
condition. This resulted in the stress spread beneath the moisturized composites
sample. In a real 3D printed fiber reinforced composites, with the addition of voids
and porosities, polymer was more likely to fail. Scratching posted more plastic

deformation and cracking to the polymer component.
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