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Abstract 
In this work, new composite material is manufactured from poly(methyl
methacrylate) PMMA matrix reinforced by glass fibre type E-glass. The effect of 
volume fraction of fibre and length to diameter ratio is studied, and friction and
wear characteristics were determined at different volume fractions and fibre sizes.
The hardness and wear resistance of randomly distributed PMMA matrix
composite were significantly enhanced, and the maximum conditions for
reinforcement of PMMA matrix composite to improve tribology characteristics
were evaluated. The effect of laser irradiation on the mechanical properties was
evaluated by irradiation of composite material after manufacturing, with different 
kinds of lasers. The continuous wave (CW) argon-ion laser and pulsed Nd:YAG laser 
were used to irradiate composite material. Hardness, wear rate, and coefficient of
friction were evaluated at the same test condition of the unirradiated composite. 
The significant improvement in improvement in the mechanical properties at
certain irradiation conditions was evaluated. 

 
1. Introduction 

Composite will not, split, delaminate or 
absorb moisture. Therefore, its life span will be 
many times more than traditional materials. 
Fibres are the commonly used reinforcement in 
many types of composites. If the fibre density is 
known we also have a fibre diameter, otherwise 
it is simpler to measure diameters in micro [1]. 
Microfibers in technical fibres refer to ultrafine 
fibres (glass or melt blown thermoplastics) often 
used in filtration. Newer fibre designs include 
extruding fibre that splits into multiple finer 
fibres [2-5]. Polymer-based composites with 
randomly distributed filler are used in a wide 
range of applications in aerospace, marine, 
automotive, surface transport and sports 
equipment markets. Damage to composite 
components is not always visible to the naked 
eye and the extent of damage is best determined 
for structural components [6]. 

Polymers are used in tribological applications for 
many reasons. In many instances, polymers perform 
a dual function as both a structural and a tribological 
material. An example of dual functionality is self-
lubricated polymers. Concerns such as weight, cost, 
and ability of manufacturing are some of the same 
issues with the use of polymers and polymeric 
composites for sliding applications as in structural 
applications. Polymer failure in tribological 
applications is often catastrophic and occurs in a 
very short time scale. The work was performed with 
curved short glass fibres and has found great 
applicability in the contact and subsequent friction 
of electrometric sliding. However, the glass is rough 
and the real contact is reduced from the Hertzian 
contact area [7]. In this work, the effect of laser 
irradiation on the tribology was detected as a new 
technique in composite material worlds. 
 
2. Experimental work 
 
2.1 Materials 

Matrix: The matrix is poly(methyl methacrylate) 
(PMMA). It is thermoplastic prepared from 
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monomer (methyl methacrylate) by an additional 
polymerization process; polymer was in the 
granule form [8-10].  

Filler: Glass fibre (brand milled fibres) are glass 
filaments coated with a specific sizing to enhance 
resin compatibility and hammer milled to a 
specified bulk density. Fibres are hammered and 
milled to an average fibre length. Average fibre 
length is determined by the input glass and process 
conditions. In the current work, milled fibres are 
made from E-glass (electrical) which conforms to 
MIL-R-60346C specification with an average bulk 
density of 0.55 g/cm3 in floccular and powder form 
with length to diameter ratio (L/D = 50 and, L/D = 
1) respectively [11]. 
 
2.2 Preparation of material 

Grinding: A blinder with variable speeds is used 
to change the pieces of thermoplastics into 
powder form. The blinder speed is about 15,500 
rpm, works at 200 V and 50 Hz, and the grinding 
time is about 90 s. Switch off for cooling is lasted 
about 180 s to prevent the agglomeration of the 
particles and achieve a reasonable degree of 
quality in grinding. The retained granules after 
sieving will be returned to the blinder [12]. 

Mixing: Automatic mixing for thermoplastic in 
the powder form with short fibres at different 
aspects ratio was done. The amount of material 
required was calculated by changing the volume 
fraction percent into weight percent (L/D = 50 and 
L/D = 1), respectively [13]. The material is prepared 
by grinding and mixing of thermoplastic in powder 
form. The process is done with certain volume 
fractions depending on the properties required in 
the final composite. The composite material finds 
finally in the solid form and has different 
characteristics depending on the fibre percentages 
(volume fraction of fibres from 17 to 65 %) and 
fibre size (length to diameter ratio = 50 and 1). 

Manufacturing process: Plastic powders and 
short fibres were mixed together in the solid state. 
The mixture is heated at the required temperature 
from 300 to 400 °C, according to its components. 
The heating rate depends on the type of the 
joining material; compression and cooling were 
done for the heated mixture. The new composite 
material is distinguished with its lightweight and 
the ability to endure scratch and with damping 
capacity. It is also liable for the easy formation and 
is distinctive with different colours and shapes. 
Figure 1 shows the composite material 
manufacturing machine. 

 
Figure 1. Composite material manufacturing 

machine [14] 
 
2.3 Laser irradiation 

Samples used in this investigation were in the 
shape of disks of 25 mm in diameter and 7 mm 
length (pin dimension used in current work). The 
irradiation is done on both sides of the samples in 
different positions to cover all the areas of the 
sample and achieve a homogeneous surface 
suitable for testing. The different laser irradiated 
samples under different conditions were examined 
before and after laser irradiation and the effect of 
the laser was determined. 

CW argon-ion laser irradiation: The model of 
the laser device used in current work is Innova-
400, which has a power of 25 W and multi-line 
wavelength from 514.5 to 465.5 nm. The power 
used in the experiment is 1 W. 

Pulsed Nd-YAG laser irradiation: The first 
harmonic lies in the IR region (wavelength = 1064 
nm) with the power of about 60 mW, duration 
time 6 ns, repetition rate 10 Hz and energy of 
360 mJ/pulse. The third harmonic generation 
(wavelength = 355 nm) in the UV range, power 10 
mW, duration time 7 ns, repetition rate 17 Hz and 
energy of 40 mJ/pulse. 
 
2.4 Mechanical tests 

Hardness: The hardness of the specimens was 
measured by using means of Barcol impressor 
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according to ASTM D2583 and indenter cone with 
26° and 0.157 mm in diameter. The sample must 
have a smooth and polished surface with specified 
thickness; the load ranges from 6.8 to 4.5 kg; each 
hardness value is an average of 29 reading for every 
specimen. Five specimens at each condition were 
examined. The measurements are good up to ± 6 %. 

Friction and wear testing: The test was carried 
out in a normal atmosphere including weighing 
the test specimen before and after the test for 
assessing the wear properties in such contacts. 
Pin-on-disc wear test machine (tribometer) is 
used in this work. The tested specimen was held 
in sliding contact with rotating hardened alloy 
steel (Mn-Cr) disc with hardness (HRC 65). The 
test specimen is mounted to the holder which 
was designed for easy change of pin (tested 
samples). The normal load of about 0.06 N/mm2 is 
applied by dead weight at the end of the level to 
cause the actual normal applied load on the test 
specimen to increase by a factor (liver ratio = 
2.75). At the end of the loading beam, there was a 
counterweight for opposing the beam weight, so 
the applied forces on the specimen come from 
the applied dead weight only causing a sliding 
speed of about 0.13 m/s applied for 10 min. The 
friction force between the vertical stationary 
specimen and rotation hardened steel disc was 
measured by strain gauges fixed on a cantilever 
attached to the tribometer. From the signal, 
strain gauges were fed through an electric circuit 
model F10MK11 which is the standard circuit for 
strain gauge. Digital strain bridge reading is 
calibrated to read frictional force value by 
applying known dead weight later on the arm. 
The effect of Barcol hardness number of different 
specimens on properties is recorded. Friction and 
wear value is an average of 3 reading for every 
condition specimen. The measurements are good 
up to ± 10 %. 

The coefficient of friction is determined by: 

 U= F
W

. (1) 

where U is the coefficient of friction, F is the 
friction force and W is the normal load. 

The wear volume is calculated from the relation: 

 =
wV
ρ

, (2) 

where V is wear volume, w is the wear weight (the 
difference in weight of specimen before and after 
the test) and ρ is the density of composite. 

Table 1 shows the density of the composite 
material at a different volume fraction of fibres 
and different length to diameter ratios. 

Table 1. The density of the composite material at a 
different volume fraction of fibres and different 
length to diameter ratio 

Specimen 
No. L/D Fibre 

volume, % 
Density, 
gm/cm3 

1 0 0 1.120 
2 1 17 1.191 
3 1 35 1.224 
4 1 50 1.246 
5 1 65 1.247 
6 50 17 1.342 
7 50 35 1.327 
8 50 50 1.584 
9 50 65 1.729 

 
The sliding distance calculated from the relation: 

 =2 π NL r , (3) 

where L is sliding distance (determined to be 78.5 
m), r is the mean radius of the rotating disc and N 
is the number of revolutions. 

The following relation is used to calculate the 
wear coefficient: 

 = k
3
LWV
P

, (4) 

where V is the wear volume, k is the wear 
coefficient, L is the sliding distance, W is the normal 
load and P is the indentation hardness of the softer 
body. 
 
3. Results and discussion 
 
3.1 Hardness 

Barcol hardness of composite is evaluated at 
different volume fractions of fibre, i.e. at 5 (extra 
point), 17, 35, 50, and 65 %, at different lengths to 
diameter ratios. The hardness value is a strong 
function of the amount of reinforcement presented, 
due to the manufacturing process. The maximum 
value was recorded for laser irradiated structures at 
50 % volume fraction fibres when the fibre size 
(length to diameter ratio) L/D = 50 and the minimum 
one was recorded for unreinforced plastics at fibre 
size L/D = 1. Standard deviation is ± 6 %. 

The correlation between the Barcol hardness of 
the composite specimen and the amount of total 
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fibre volume fraction at different laser irradiation 
conditions is shown in Figure 2. Figure 3 shows the 
same correlation at different fibre sizes (length to 
diameter ratio) L/D = 50. It is clear that hardness 
increases by increasing the amount of fibre which 
may be attributed to the accumulative strain 
hardening effect. The laser irradiation conditions, 
including the type of laser used and the amount of 
energy absorbed, have a significant effect on 
hardness. The CW laser at 510 nm in the visible 
range has the ability to improve the mechanical 
characteristics of the composite material relative 
to ultraviolet light at 355 nm. 

 
Figure 2. The effect of fibre volume fraction on 
hardness at L/D = 1; adapted from Ahmed [15], 

licensed under CC BY 3.0 

 
Figure 3. The effect of fibre volume fraction on 

hardness at L/D = 50; adapted from Ahmed [15], 
licensed under CC BY 3.0 

 
3.2 Friction 

The friction behaviour of different conditions 
was a function of hardness. Figures 4 and 5 show 
the effect of fibre volume percentage on the 
coefficient of friction under different conditions, 
for unirradiated and irradiated composite 
materials at fibre sizes L/D = 1 and L/d = 50, 
respectively. Dry friction arises from a combination 

of inter-surface adhesion, surface roughness, 
surface deformation and surface contamination. 
The friction force is always exerted in a direction 
that opposes movement (for kinetic friction). The 
origin of kinetic friction at the nanoscale can be 
explained by thermodynamics [16]. Upon sliding, 
new surface forms at the back of sliding true 
contact, and the existing surface disappears at the 
front of it. Since all surfaces involve the 
thermodynamic surface energy. 
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Figure 4. The effect of fibre volume fraction on the 

coefficient of friction at L/D = 1 
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Figure 5. The effect of fibre volume fraction on the 

coefficient of friction at L/D = 50 
 
3.3 Wear 

Increasing the length to diameter ratio L/D from 
1 to 50 leads to an increase in the resistance of 
surfaces to penetration, so the hardness value 
increased at the same volume fraction of fibres. 
The increase in fibre volume fraction from 17 to 
50 % increase also surface resistance which leads 
to a decrease in wear rate. The wear-tested 
specimens at constant load and constant sliding 
speed are dependent on the hardness and 
microstructures of tested specimens. During the 
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wear test sliding deformation of the surface may 
occur. Figures 6 and 7 show the wear rate as a 
function of the fibre volume fraction for 
unirradiated and irradiated composite materials at 
fibre sizes L/D = 1 and L/D = 50, respectively. 

0
1
2
3
4
5
6
7
8
9

10

0 17 35 50 65
Fiber volume fraction, %

W
ea

r r
at

e,
 m

3 /m

Non treated
Nd-Yag
Argon

 
Figure 6. The effect of fibre volume fraction on wear 

rate at L/D = 1 
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Figure 7. The effect of fibre volume fraction on wear 

rate at L/D = 50 

The wear resistance is also influenced by the 
particles from the cylindrical shape (length to 
diameter ratio, L/D = 50) that has superior wear 
resistance. During the initial sliding of composite 
reinforced by fibres, the basal planes of composite 
shear appear and provide a continuous source of a 
solid lubricant due to the crystallographic 
structure. Particles are detached from the 
composite and the result will be the generation of 
series of micro-voids and there is act as self-
lubrication. Various types of damage have been 
observed on the sliding surface, such as removal of 
particles from the matrix of test specimens, 
reduced deformation, micro-cutting and tearing in-
depth, so the loose of particles is the source of 
self-lubrication. 

Work must be spent on creating the new 
surface, and energy is released as heat in 
removing the surface. Thus, a force is required to 
move the back of the contact, and frictional heat 
is released at the front. However, it does affect 
kinetic friction for micro- and nano-scale objects 
where surface area forces dominate inertial 
forces, to be primarily caused by chemical 
bonding between the surfaces, rather than 
interlocking [17]. 

The improvement in the resistance to surface 
penetration leads to improve in hardness and wear 
resistance increases with fibre volume fraction to a 
certain limit, it reaches the maximum value at 50 % 
fibre percentages, when increasing fibre volume 
fraction up to 65 %, both hardness and wear rate 
decreased to the lower level. The matrix will not be 
able to bind the additives at higher concentrations. 
Each fibre concentration depends on the type of 
laser used which leads to a change in the amount 
of energy absorbed. The amount of laser energy 
absorbed is the function of fibre size. The spherical 
particles (length to diameter ratio, L/D = 1) have a 
smaller surface area for the same volume 
compared with cylindrical ones (length to diameter 
ratio, L/D = 50). 

During laser irradiation, when the amount of 
laser energy goes through the semi-transparent 
material, the laser will not be coherent inside the 
composite specimen, the laser is scattered when 
striking the particles inside the structure, and the 
scattering rate depends on the amount of fibre 
particles inside the structure, especially its shape 
and distribution. 
 
4. Conclusions 

Laser irradiation can improve properties such as 
hardness and wear. 

Hardness increases linearly with an increase in 
the percentage of fibre. The fibre percentages 
have a significant effect on hardness and wear. 

Friction coefficient decrease with increasing of 
fibre percent which may be attributed to stress 
concentration in the vicinity of nodules that work 
as the self-lubricant element. 

Superior wear properties were related to size 
and amount of reinforcement because fibre work 
as a self lubricant, minimizing wear. 
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