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Abstract: The increasing demand for high-performance materials has led to research aimed at improving the 
mechanical and tribological properties of 3D-printed polymers. In-Situ reinforcement, where short fibres are placed 
between layers during printing, offers potential solutions to issues like interlayer adhesion and voids. This study explores 
the impact and tribological performance of glass fibre-reinforced polylactic acid (GF-PLA) composites. In the current 
work, glass fibre (GF) was added in situ between polylactic acid (PLA) layers during printing, whereas most previous 
studies used a pre-made GF-PLA composite filament. Impact strength peaked at 8.275 kJ/m² with 2.39 wt% GF but 
dropped with higher fibre content due to poor inter-layer adhesion. Tribological results showed a rise in the coefficient of 
friction (COF) with up to 2.39 wt% GF, but decreased at 4.98 wt% as the GF-PLA transfer film reduced friction. Wear 
tests revealed a 52% reduction in wear rate at 2.39 wt%, though wear decreased by only 24% at 4.98 wt% due to 
delamination. Frictional heat caused PLA softening, while harder GF led to abrasive wear, deepening wear scars at the 
higher fibre content. 
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1. INTRODUCTION 

Material extrusion, also known as fused filament 
fabrication (FFF), is one of the techniques used in 
additive manufacturing (AM), also referred to as fused 
deposition modelling (FDM). Generally, material 
extrusion allows the build-up of a printed part, layer by 
layer, by depositing thermoplastic material through a 
nozzle. This technique enables the manufacture of 
complex shapes with a degree of design freedom that 
is unachievable with conventional manufacturing 
methods. However, the mechanical properties of 
FFF-printed thermoplastic parts are lower than those of 
injection-moulded thermoplastic parts [1].  

The strength of FFF-printed parts mainly depends 
on the thermo-mechanical properties of materials and 
layer-to-layer adhesion between deposited filaments. 
The interlaminar bond can be divided into two types: 
inter-layer and intra-layer bonds. Voids within 
interlaminar bonds can significantly degrade the 
mechanical properties of the FFF-printed parts. The 
presence of voids is not unique to FFF-printed parts 
due to the nature of AM. Voids formed during the FFF 
printing can be classified based on their mechanism of 
formation into five categories: i) raster gap voids, ii) 
partial neck-growth voids, iii) sub-perimeter voids, iv) 
intra-bead voids and v) infill voids [1]. The strength of 
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parts produced through FFF using pure thermoplastics 
is insufficient during mechanical tests. This limitation 
restricts the range of applications where FFF 
technology can be applied. To overcome this challenge, 
researchers have explored various approaches to 
enhance the strength characteristics of pure 
thermoplastics. These approaches include fibre 
reinforcements, particles, compatibilisers, nano- 
materials, etc. Among these methods, fibre-reinforced 
polymer (FRP) has gained significant popularity in 
published literature [1, 2]. Combining different materials 
to achieve desired mechanical and functional 
properties offers a promising solution to address these 
limitations. Consequently, there has been a growing 
interest in developing composite materials compatible 
with existing printers in recent years. Progress has 
been made in developing new printable composite 
materials reinforced with fibres, particles, or 
nanomaterials [2]. 

Reinforcement materials such as nanomaterials, 
particles, and fibres are usually added to FFF 
thermoplastics to enhance the mechanical properties 
and improve the performance and functionality of the 
printed parts. However, current fibre embedding 
methods may reduce the size of voids but not 
completely remove them. The following types of voids 
contribute to lowering the structural integrity of the 
reinforced FFF-parts: (a) micro-voids, which form within 
the fibre and matrix filament before printing (in between 
the fibres in a tow), (b) meso-voids, which form 
between fibre bundles (continuous fibre) after printing 



Tribological Characteristics of In-Situ 3D-Printed Glass Fibre-Reinforced PLA Journal of Composites and Biodegradable Polymers, 2026, Vol. 14  85 

within a layer, and (c) macro-voids, which form 
between adjacent layers [3, 4]. 

Glass fibre, consisting of numerous fine glass fibres, 
is widely recognised as the most common reinforcing 
material for polymer matrix composites [5]. When 
blended with polymers, the resulting material is known 
as glass fibre-reinforced plastic (GFRP) or fibreglass. 
The combination of glass fibres, which are strong in 
tension, yields a composite material with relatively 
higher tensile and compressive strength. Parandoush 
et al. [6] employed laser-assisted bonding and 
laser-cutting techniques to fabricate objects using 
continuous glass fibre-polypropylene prepreg 
composites. The results demonstrated a significant 
increase in peel strength and lap shear strength 
compared to traditional methods such as hot 
compaction and compression moulding. In another 
study conducted by Chung et al. [7], a composite 
material was fabricated using Nylon-11 as the matrix 
material and glass beads as the reinforcement via 
selective laser sintering (SLS). The research 
encompassed theoretical modelling, numerical analysis, 
and experimental investigation of the composite 
material. They identified the optimal processing 
parameters to obtain the best SLS-fabricated Nylon-11. 

The mechanical properties of GFRP can be 
enhanced through the incorporation of either short fibre 
or continuous fibre. Short glass fibre (SGF) composites 
offer versatility and can be tailored to the required 
tribo-mechanical properties. They can be efficiently 
produced using conventional plastic processing 
techniques such as extrusion and injection moulding. 
These reinforcing fillers are available in milled or 
chopped configurations, typically featuring diameters 
ranging from 10 to 20 µm [8]. Chopped fibres possess 
lengths typically falling within the range of 3.0 to 4.5 
mm or even longer [9]. While they are recognised for 
their substantial reinforcement of tensile and flexural 
modulus [10, 11], their longer length poses challenges 
like nozzle clogging [12].  

On the other hand, milled fibres exhibit a broader 
range of particle lengths, with average lengths 
spanning from 80 to 500 µm [13, 14]. They do not 
provide the same level of reinforcement as chopped 
fibres. However, these prolate fillers (aspect ratio, p>1) 
combine mechanical reinforcement with relatively high 
aspect ratios, typically ranging from 10 to 50. This 
differentiates them from conventional micro-sized 
reinforcement fillers like talc, calcium carbonate, and 
clays. As a result, they occupy an intermediate position 
between chopped fibres and traditional filler 
reinforcement. 

Begum et al. [15] conducted a study on the effect of 
infill densities and raster angle of GF-PLA to the impact 

strength. The impact strength of GF-PLA specimens 
manufactured using FFF was investigated by varying 
raster angles (0°, 45°, and 90°) and infill densities (40%, 
50%, and 60%) with a hexagonal infill pattern. The 
findings indicate that specimens printed with a 90° 
raster angle and 60% infill density exhibited the highest 
impact strength (27.8 J/m), while the lowest values 
were observed at a 0° raster angle. Overall, impact 
strength increased with increasing infill density, 
attributed to the greater internal structural support 
provided by higher infill levels. A higher infill density 
increases energy absorption capacity by creating a 
more compact internal structure capable of efficiently 
deforming and redistributing impact loads [16]. Karad 
et al. [17] SEM images of the fractured impact 
specimens printed with a 60% infill density and a 0° 
raster angle reveal evident rupture and interlayer 
debonding. 

Friction and wear behaviour of FFF-printed parts 
was reported by Roy et al. [18]. They investigated the 
effects of layer thickness, infill pattern, raster angle, 
and build orientation on PLA and ABS specimens. This 
work used a block-on-roller tribometer under dry 
conditions at a rotational speed of 300 rpm, with a 
normal load of 25 N and 600-sec test durations. Based 
on their study, PLA and ABS did not differ much in 
terms of tribological properties under similar printing 
conditions. However, the result showed that the wear 
rate increased at higher layer thickness, infill density, 
and 90° raster angle, when the printing direction is 
perpendicular to the motion of the force. They also 
reported that the wear rate decreased as the infill 
pattern was doubled. 

Perepelkina et al. [19] also investigated the effects 
of infill density on friction and wear behaviour. PLA 
specimens were printed with 75% and 100% infill 
density and tested using a plate-on-plate tribometer 
configuration under dry conditions at 300 rpm rotational 
speed and 500 N normal load for 90-sec test durations. 
Based on the friction versus time result, a specimen 
with 100% infill density changed smoothly from 
running-in to steady-state condition due to a more 
regular (even) surface compared to 75% infill. They 
suggested that 100% filling of printed parts is more 
suitable for tribological applications due to lower 
porosity. 

Continuous fibre reinforcement has also been 
extensively investigated because it provides 
substantially higher mechanical performance than 
short fibre composites. Nevertheless, continuous fibre 
printing presents several practical limitations, including 
high equipment cost, complex process control, 
restricted printing paths and limited capability for 
fabricating geometrically complex components. In 
addition, continuous fibres cannot always be placed 



86  Journal of Composites and Biodegradable Polymers, 2026, Vol. 14 Ismail et al. 

selectively at locations where reinforcements are most 
beneficial without significantly increasing 
manufacturing complexity. Consequently, there 
remains a need for alternative reinforcement strategies 
that retain the simplicity of conventional FFF while 
providing targeted reinforcement at critical structural 
regions. 

Although studies have shown that adding 
reinforcement can improve the mechanical properties 
of 3D-printed polymers, the mechanical properties of 
3D-printed polymer composites are still weaker than 
those of polymers produced by traditional moulding 
methods [20]. There are three primary methods for 
embedding fibres in the manufacture of FFF-printed 
fibre-reinforced polymer composites [1]: embedding 
before the printing process (M1), embedding within the 
nozzle (M2), and embedding directly into the 
component during printing (M3). Traditional 
FFF-printed short-fibre composites were reinforced 
before printing. This approach does not strengthen the 
weakest region. The area between the layers where 
voids occur. Therefore, FFF-printed composites made 
from polymer filament reinforced with either particles, 
fibres, nanocomposites (M1-pre-reinforced filament) 
and embedding within the nozzle (M2) may not be the 
most effective solution to address this problem. 

Despite the extensive research on fibre-reinforced 
FFF composites, most existing studies have focused 
on improving the properties of the filament itself by 
incorporating fibres before extrusion. Comparatively 
few studies have investigated reinforcement strategies 
that directly target the interlayer interface, where 
insufficient polymer diffusion, weak neck growth and 
void formation predominantly govern the mechanical 
performance of FFF components. Therefore, an 
effective reinforcement technique that specifically 
strengthens the interlayer region while maintaining 
process simplicity remains an important research 
challenge. The recently developed in-situ fibre dosing 
approach offers a promising alternative by introducing 
short glass fibres directly between successive 
deposited layers, thereby reinforcing the weakest 
region of the printed structure rather than uniformly 
reinforcing the entire filament. 

Previous research has shown the potential of an 
in-situ fibre polymer composite (M3), but the 
composites were fabricated manually [21-23]. In-situ 
reinforcement during printing is a possible method to 
improve the mechanical properties of 3D-printed parts 
further. An in-situ short-fibre reinforcement method was 
proposed recently [24]. The in-situ 3D-printed PLA 
composites improved tensile behaviour [25]. The short 
fibre is placed between the layers and also fills the 
voids. Therefore, the in-situ short fibre reinforcement 

method can potentially address the interlayer adhesion 
and voids problem mentioned earlier. In the current 
study, the impact properties of FFF-printed 
GF-reinforced PLA (GF-PLA) composites were 
evaluated. The tribological behaviour of FFF-printed 
GF- PLA against steel was also investigated. 

Unlike commercially available GF-PLA filaments, 
where short glass fibres are compounded into the 
filament prior to printing, the proposed in-situ 
reinforcement strategy introduces the glass fibres 
directly between successive deposited PLA layers 
during the FFF process. This approach specifically 
targets the weakest region of FFF components, the 
interlayer interface, where poor bonding and void 
formation commonly initiate failure. By positioning the 
reinforcement at the interlayer region instead of 
distributing it uniformly throughout the filament, the 
proposed technique offers a different reinforcement 
mechanism that has the potential to improve interlayer 
bonding while avoiding several limitations associated 
with pre-compounded composite filaments, such as 
fibre breakage during extrusion, nozzle clogging and 
restricted control over fibre placement. 

2. MATERIALS AND METHODS 

2.1. Fabrication of the in-situ GF-PLA Composites 

The PLA filaments utilised in this study were 
sourced from Forcemaker3D (Nazca Scientific Sdn. 
Bhd., Cheras, Malaysia), while the milled E-glass fibre 
variant was provided by Shenzhen Feige Composite 
Fibre Co., Ltd., located in Shenzhen, China. The milled 
E-glass fibre was generated from E-glass strands 

Table 1: Specification of Glass Fibre (manufacturer 
data) 

Specifications  Average Value  

Model  MEF-13-100  

Colour  White  

Glass type  E-glass  

Mesh  100  

Fibre diameter  13 microns  

Fibre length  160 microns  

Aspect ratio  12:1  

Bulk density  0.67 g/cc  

Moisture content  <1.5%  

Loss of ignition  <1%  

Alkali content/R2O (%)  <0.80  

Sizing  Silane  

Contamination  Free from dirt, lumps, and unmilled fibre  

 



Tribological Characteristics of In-Situ 3D-Printed Glass Fibre-Reinforced PLA Journal of Composites and Biodegradable Polymers, 2026, Vol. 14  87 

subjected to chopping through a ball mill, followed by 
wet grinding, drying, and screening. These procedures 
are commonly employed to reinforce unsaturated, 
epoxy, and phenolic resins. Table 1 outlines the 
specifications of the GF used in this study. Based on 
the datasheet provided by the supplier, milled GF was 
treated with organic silane as a coupling agent to 
improve the interaction between GF and PLA. The 
scanning electron microscopy (SEM) images of the 
milled GF with an average fibre diameter of 13 µm and 
fibre length of 160 µm (Table 2) used in this research 
work are shown in Figure 1. 

2.2. In-Situ GF-PLA Samples Fabrication 

FFF 3D printing was conducted using a 
Forcemaker3D S220 printer, with a nozzle diameter of 
0.4 mm, printing speed of 60 mm/s, layer thickness of 
0.2 mm, infill density of 100%, and alternating 
deposition directions for the fill pattern between 45° 
and 135° for different layers. The standard printing 
parameters utilised in this research are outlined in 
Table 2. The procedure involved depositing molten 
PLA onto the print bed or parts through the original 
nozzle, followed by dosing GF onto the molten PLA 
using the supplementary dosing unit. The details of the 
composite fabrication process were reported in a 
previous study, and a schematic diagram of the 
process is shown in Figure 2. Short GF-reinforced PLA 

(GFPLA) samples featuring varied fibre contents were 
fabricated employing distinct fibre deposition rates of 
200, 235 and 250 rpm (Table 3). The GF content for all 
samples was determined using thermogravimetric 
analysis (TGA), as explained in previous work [24]. 

Table 2: Printing Parameters used in this Study 

Parameter  Standard Value  

Nozzle temperature (°C)  210  

Heating bed temperature (°C)  70  

Number of shells  3  

Infill pattern  
Infill percentage, (%)  

Rectilinear  
100  

Raster angle (°)  (+45/−45)  

Layer thickness (mm)  0.2  

Printing speed (mm/s)  60  

Build orientation  Flat  

 
It should be noted that the mechanical and 

tribological performance reported in this study is also 
influenced by the selected FFF processing parameters. 
The printing temperature of 210℃ was selected to 
provide sufficient melting of the PLA matrix while 
promoting polymer diffusion between adjacent 
deposited layers. A layer thickness of 0.2 mm was 
adopted to achieve a balance between printing quality 

 

Figure 1: SEM image of the GF: (a) fibre diameter, and (b) fibre length [25]. 

 

Figure 2: Fabrication of FFF-printed in-situ fibre-reinforced polymer (blue – polymer; red particles – short fibre) [24]. 
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and interlayer bonding, whereas the ±45⁰raster 
orientation provided a more uniform distribution of 
mechanical loading during impact testing. In addition, 
the printing speed of 60 mm/s ensured stable fibre 
deposition while minimizing printing defects. Although 
these parameters were maintained constant to isolate 
the influence of glass fibre content, previous studies 
have shown that variations in processing conditions 
can significantly affect crystallinity, interlayer adhesion, 
void formation and wear behaviour. 

The selected fibre contents (1.02, 2.39 and 4.98 
wt%) were determined based on the stable operating 
range of the fibre dosing system developed in the 
previous work [25]. These reinforcement levels also 
represents low, intermediate and high fibre loading 
conditions while maintaining continuous printing 
without excessive fibre accumulation of nozzle 
interference. Higher fibre contents were not considered 
because preliminary observations indicates unstable 
fibre deposition and deterioration of interlayer bonding. 

All specimens for impact strength and tribological 
tests were fabricated according to ASTM D6110-04 
and ASTM G99-17, respectively. These specimens 
were designed using computer-aided design (CAD) 
CATIA V5 software. Then, the designs were sliced into 
an open-source slicer's software called Cura and then 
transformed into STL files for printing.  

2.3. Impact Test 

The Charpy impact tests were performed to 
investigate the energy absorption of the PLA composite 
with respect to the different GF content. Energy loss by 
the pendulum during the breakage of the specimen is 
the sum of the energy required to initiate and 
propagate the fracture of the specimen. Notched 
specimens 80 mm long, 10 mm wide and 8 mm thick 
with a notch size of 2.54 mm were fabricated according 
to ASTM D6110 and tested using a pendulum impact 
tester (ZwickRoell, Ulm, Germany). Five tests were 
performed for each GF-PLA composite, and average 
values with standard deviation are reported. Impact 
strength for each specimen was calculated using the 
equation: 

 
Where, 

σi = impact strength in kJ/m2,  
Ei = energy absorbed by the composite in kJ,  
w = width of the specimen in m and  
t = thickness of the specimen in m. 

2.4. Tribological Test 

A pin-on-disc apparatus was used to evaluate the 
GF-PLA composites' friction and wear properties per 
the ASTM G99-17 standard. The pins, measuring 8 x 8 
x 48 mm and with a 90° print orientation, were 
FFF-printed. The counter face was an ASSAB 760 
steel disc with a hardness of 34 HRC. The radius of the 
wear track is 34 mm. The test duration was 45 minutes 
with a 300 rpm disc's rotational speed, a normal load of 
12.5 N, and a 2,884 m sliding distance. Figure 3 below 
shows the pin-on-disc setup for the tribological test. 
Before the tribological test initiate, the initial weight of 
each pin was measured and recorded using an 
electronic balance with an accuracy of 0.001 g (A&D 
FZ -500i, A&D company, Tokyo, Japan). The disc 
surface was cleaned sequentially with abrasive papers 
of ascending grit sizes. Subsequently, it was cleaned 
using a cloth soaked in acetone for three minutes. The 
surface of the disc was then dried in room temperature. 

 

Figure 3: Tribotester rig. 

Table 3: GF Content of the Test Specimen [25] 

Name  Motor Speed of the Fibre Doser (rpm)  Contents of Glass Fibre (mass fraction, %)  

PLA  0  0  

GFPLA-1  200  1.02  

GFPLA-2.4  235  2.39  

GFPLA-5  250  4.98  
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Figure 4 depicts the position of the pin (specimen) 
during the tribological test. A load of 12.5 N was 
applied to the guiding rod to serve as the normal force 
for the test. The pin was secured in the pin holder, and 
the tribotester's disc was then allowed to rotate by 
adjusting the speed knob. The disc's rotational speed 
was recorded using a tachometer (CT6/LSR 
Optical-Contact Handheld tachometer, Compact 
Instruments Ltd, Lancashire, BL3 2AB, United 
Kingdom). The frictional force experienced by the pin 
was measured by a load cell and shown as an output 
voltage on the connected multimeter. The pin was 
removed at the end of the test, and its weight was 
again measured using the electronic balance to 
calculate the mass loss during the wear test. This 
process was repeated three times using identical pins 
at the same load and disc rotation speed, and 
averaged values are reported. The steady-state friction 
force value was used to calculate the coefficient of 
friction (COF). Friction and wear data were analyses to 
establish a relationship with GF content. 

3. RESULTS AND DISCUSSION 

3.1. Impact Strength  

Figure 5 shows the impact strength of neat PLA and 
GF-PLA composites. The FFF-printed neat PLA has an 
impact strength of 1.775 kJ/m2, which is lower than the 
previously published results. Hasan et al. [26] 
compared the impact strength of FFF-printed recycled 
PLA with the impact strength of new PLA, printed at 
three different layer heights (0.1, 0.2, 0.3 mm), three 
different infill percentages (60%, 80%, 100%) and 
different printing temperatures (195°C, 205°C, 215°C). 
Their results showed that the impact strengths of the 
new PLA ranged from 3.8 kJ/m2 to 5.4 kJ/m2, 
depending on the infill percentage, layer height, and 
printing temperature. In another work, Slapnik et al. 
[27] showed that the impact strength of 3D-printed PLA 

printed at 230°C, with a layer height of 0.3 mm and 
20% infill density, was 10.44 kJ/m2, whereas the 
injection-moulded PLA was 12.9 kJ/m2. The difference 
in these values was caused by the different printing 
parameters used in the tests. 

 

Figure 5: Impact strength of neat PLA and GFPLA 
composites. 

When the 1.02 wt% GF is added to the PLA matrix 
using the in-situ method, the impact strength of the 
GF-PLA laminate composite increases to 5.125 kJ/m2. 
The GF-PLA composites showed an increment of 
impact strength up to 2.39 wt% GF, followed by a 
decrease as the GF concentration in the PLA matrix 
increased to 4.98 wt%. The current study showed that 
initially, the neat PLA had an impact strength of 1.775 
kJ/m2, but after adding GF, the impact strength of 
GFPLA-1 and GFPLA-2.4 increased to 5.125 kJ/m2 
and 8.275 kJ/m2, respectively, translated to increases 
of 188.7% and 366.2% impact strength. However, after 
2.39 wt% GF, a decline in impact strength was 
observed for the GFPLA-5 composite. This was due to 
flaws in the GFPLA-5 composite, resulting in a brittle 
fracture behaviour during impact. Milled E-glass fibre 
has a significantly lower thermal conductivity (0.03 
Wm⁻¹K⁻¹) compared to PLA (0.185 Wm⁻¹K⁻¹)[31]. 
Thus, materials with lower thermal conductivity transfer 

 

Figure 4: Friction and wear experiment. 
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heat at a slower rate, including a relatively large 
amount of GF on the surface of hot extruded PLA, 
reduces the surface temperature of the PLA by drawing 
heat away from it. 

Although the incorporation of glass fibre significantly 
improved the impact strength up to 2.39 wt%, a 
noticeable reduction was observed when the fibre 
content increased to 4.98 wt%. This behaviour can be 
attributed to the deterioration of the interlayer bonding 
mechanism caused by excessive fibre deposition. 
Unlike neat PLA, where intimate contact between 
adjacent layers promotes polymer diffusion and neck 
growth, the accumulation of a relatively large amount of 
glass fiber possesses a substantially lower thermal 
conductivity than PLA. Consequently, heat transfer 
from the newly deposited molten PLA layer to the 
previously deposited layer is restricted, reducing the 
temperature available for molecular diffusion across 
the interface. Insufficient polymer diffusion limits neck 
growth between adjacent layers, resulting in weaker 
interlayer adhesion and increasing the susceptibility of 
the printed composites to interlayer delamination 
during impact loading [25]. 

On the other hand, since milled E-glass fibres are 
not present between adjacent layers within the same 
layer, heat transfer between these layers can occur 
more effectively, enhancing the intralayer bonds, as 
shown in Figure 6. Previous studies have shown that 
GFPLA-5 has fewer voids compared to the neat PLA, 
GFPLA-1, and GFPLA-2.4, as shown in Figure 7. 
Reduced voids within the GFPLA-5 composite 

deteriorate the capability of the composite to absorb 
impact energy. When a composite material is subjected 
to impact, the presence of voids can contribute to 
energy absorption. These processes help dissipate the 
impact energy, preventing it from being transferred 
directly to the composite structure, which can reduce 
the likelihood of catastrophic failure [28-30]. In the case 
of the GFPLA-5 composite, the decrease in voids 
means there are fewer sites within the material to 
facilitate these energy-dissipating mechanisms. 
Without these voids, the composite becomes more 
rigid and less capable of deforming plastically to absorb 
energy. Instead, the impact energy is more likely to be 
concentrated and transferred through the material, 
leading to brittle fracture. Therefore, while minimising 
voids can enhance mechanical properties like tensile 
strength, it can negatively affect the FFF-printed PLA's 
ability to absorb and dissipate impact energy, reducing 
impact strength. 

The deterioration of the interlayer bonding directly 
influences the impact failure mechanism. During impact 
loading, the absorbed energy is primarily dissipated 
through plastic deformation and crack propagation 
across adjacent deposited layers. In the optimally 
reinforced composite (2.39 wt% GF), adequate 
interlayer bonding enables efficient load transfer 
between layer while allowing the composite to absorb 
impact energy before fracture. However, at higher fibre 
contents, the weakened interlayer interface becomes 
the preferred crack propagation path. Instead of being 
dissipated through progressive deformation, the impact 
energy is rapidly released through interlayer 

 

Figure 6: The effect of in-situ GF on the interlayer and intralayer bonds. 
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delamination, resulting in brittle fracture and a 
reduction in impact strength. This proposed failure 
mechanism is consistent with the tensile behaviour 
reported in our previous study [25], where excessive 
in-situ glass fiber reinforcement reduced interlayer 
adhesion because of insufficient heat transfer between 
deposited layers. 

 

Figure 7: The percentage of porosity with respect to GF 
content [25]. 

In summary, adding GF to the PLA matrix enhances 
the impact strength. Similar trends have been observed 
in other polymer composites, such as core-shell 
rubber/PLA [27], aliphatic polyester/PLA [27], 
GF-reinforced ABS [32], and Basalt fibre-reinforced 
PLA [33]. However, excessive reinforcement created a 
negative impact, similar to a recent work. 

The proposed mechanism is further supported by 
Figures 6 and 7. Figure 6 schematically illustrates how 
excessive glass fibre located at the interlayer interface 
interrupts heat transfer between adjacent deposited 
layers, thereby restricting neck growth and reducing 
interlayer bonding strength. Previous tensile 
investigations demonstrated that this reduction in 
interlayer heat transfer resulted in lower interlayer 
adhesion in specimens containing excessive glass fibre. 
In addition, Figure 7 shows that increasing fibre content 
reduces the overall porosity of the printed composites. 
Although lower porosity generallly improves stiffness 
and tensile properties, it also decreases the number of 
local deformation sites available for dissipating impact 
energy.Consequntly, the GFPLA-5 composite become 
more rigid and less capable of absorbing impact energy, 
causing fracture to occur through brittle interlayer 
delamination rather than stable crack propagation. 

Therefore, the reduction in impact strength at higher 
glass fibre contents is not caused by the presence of 
glass fibre itself but by the excessive accumulation of 
reinforcement at the interlayer interface, which alters 
the thermal history during deposition and weakens the 
interlayer bonding mechanism. These findings indicate 

that the mechanical performance of in-situ reinforced 
FFF composites is governed by an optimum balance 
between fibre reinforcement and interlayer polymer 
diffusion, whereas excessive fibre loading promotes 
premature interlayer delamination and brittle failure 
under impact loading. 

3.2. Tribological Properties 

Tribological performance is governed by the 
interaction between friction, wear and surface damage 
occurring at the contact interface during sliding. For 
fibre-reinforced polymer composites fabricated by FFF, 
the wear behaviour is influenced not only by the 
intrinsic properties of the reinforcing fibres but also by 
the quality of interlayer bonding, fibre–matrix adhesion 
and the formation of wear debris during sliding. 
Therefore, a comprehensive tribological assessment 
should consider the coefficient of friction (COF), wear 
rate and worn surface morphology collectively rather 
than as independent observations. 

In the present study, the incorporation of an 
appropriate amount of in-situ glass fibre significantly 
enhanced the tribological performance of the printed 
PLA composites. At the optimum fibre content (2.39 
wt%), the deposited glass fibres effectively reinforced 
the interlayer region while maintaining adequate 
polymer diffusion between adjacent deposited layers 
during printing. This improved the interlayer integrity, 
promoted more efficient load transfer during sliding and 
reduced local plastic deformation, resulting in lower 
wear rates and stable friction behaviour. 

In contrast, increasing the glass fibre content to 
4.98 wt% resulted in deterioration of the tribological 
performance. Excessive fibre deposition restricted heat 
transfer during deposition, thereby reducing polymer 
diffusion and weakening the interlayer bonding. Under 
sliding conditions, these weak interfaces promoted 
interlayer delamination and fibre debonding. Detached 
glass fibres subsequently acted as hard third-body 
abrasive particles trapped between the PLA specimen 
and the steel counter face, accelerating surface 
damage and material removal. 

The proposed wear mechanism is strongly 
supported by the SEM observations of the worn 
surfaces. Specimens containing moderate glass fibre 
reinforcement exhibited relatively smooth wear tracks 
with shallow grooves and limited fibre pull-out, 
indicating mild abrasive wear. Conversely, the 
specimen containing 4.98 wt% glass fibre exhibited 
severe surface damage characterised by deep grooves, 
interlayer delamination and extensive fibre pull-out. 
These morphological observations are consistent with 
the measured friction and wear results, confirming that 
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optimum tribological performance is governed by the 
balance between effective fibre reinforcement and 
adequate interlayer bonding. 

3.2.1. Coefficient of Friction (COF) 

The impact of GF reinforcement on the COF of 
FFF-printed PLA is depicted in Figure 8. Adding 1.02 
wt% GF to the PLA increased the FFF-printed GF-PLA 
composite COF to 0.34, compared to 0.32 of neat PLA. 
When GF content increased to 2.39 wt% (GFPLA-2.4), 
the average COF increased to 0.35. The increase of 
COF with the increase in fibre content was due to the 
higher friction force required to shear the adhesion 
junctions formed on the surface as more fibre is 
embedded in the matrix materials, as reported [34]. 
However, at the highest GF content, which is 4.98 wt% 
(GFPLA-5), there was a noticeable drop in COF, even 
lower than that of neat PLA. A similar trend in COF was 
observed when GF was used to reinforce 
polypropylene [35], where the COF increased with the 
inclusion of GF, reached a maximum and then 
decreased. This phenomenon can be ascribed to the 
formation of a PLA film blended with GF particles on 
the contact surface of the steel disc, as illustrated in 
Figure 9. The material underwent a softening effect 
with the rise in temperature between the specimen and 
the counter surface due to friction. As observed 
previously in the tensile properties, an excessive 
amount of GF led to weak inter-layer bonds, causing 
delamination and detachment of the GF from the PLA 
specimen [25]. During the wear tests, continuous 
sliding leads to high temperatures, which cause 
delamination and fibre detachment, resulting in 
decreased COF. 

 

Figure 8: COF versus GF content. 

Additionally, for the 4.98 wt% (GFPLA-5), the COF 
decreases due to the smooth transfer of a thin PLA film 
during sliding and with the presence of GF (wear 
debris), which reduces the frictional force, i.e. the 
sliding pair was changed from PLA-steel to 
PLA-PLA/GF. The sliding mechanism was changed 
from pure sliding to sliding-rolling due to the presence 

of GF as a third body. The wear debris detached from 
the PLA pin consists of PLA and GF debris. Some of 
the wear debris was trapped between the PLA pin and 
the steel disc and formed a third body. The soft PLA 
debris is deformed and reattached to the PLA pin 
or/and the steel disc, whereas the hard GF is either 
rolled freely between the PLA pin/steel interface (rolling 
friction) or embedded into the PLA pin, causing 
abrasive friction. 

 

Figure 9: Formation of thin PLA film on the contact surface. 

3.2.2. Wear Rate 

The wear rate, measured in kilograms per meter 
(kg/m), indicates mass loss over a specific distance 
and remains unaffected by the applied load. On the 
other hand, the specific wear rate, measured in 
kilograms per Newton meter (kg/Nm), varies with the 
load applied to induce wear, representing the mass 
loss per meter per unit load. Wear rate is critical for 
evaluating and comparing material wear performance, 
influenced by factors such as sliding distance, applied 
normal load, and material hardness. Since the 
parameters of wear testing remain constant during 
sliding, the wear performance of the GFPLA composite 
is primarily influenced by the contents of the GF. Figure 
10 illustrates that GFPLA composite specimens exhibit 
lower wear than neat PLA specimens. The wear of the 
material decreases with an increase in GF content. 
Specifically, the wear rate of GFPLA composites 
decreased by approximately 52% when GF content 
was increased to 1.02 wt% (4.16 x 10-9 kg/m) and 2.39 
wt% (4.16 x 10-9 kg/m), whereas it decreased by only 
24% when the GF content rises to 4.98 wt% (6.59 x 
10-9 kg/m). This indicates that GF reinforcement 
reduces the wear rate of printed PLA significantly. The 
compressive stress based on the apparent contact 
area from the pin dimensions was 0.195 MPa. The 
actual stress will be higher as the real contact area will 
be lower due to surface texture and porosity in the print. 
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For an average friction coefficient of 0.3 under a normal 
load of 12.5 N, the friction force at the contact will be 
3.75 N. The combined effect of compressive stress 
(0.195 MPa) and shear force due to friction will yield a 
shear stress of 0.112 MPa within the contact region as 
a lower bound estimate. This stress can increase by 
orders of magnitude as the real contact area 
decreases. 

 

Figure 10: Wear rate of the FFF printed PLA and PLA 
composites. 

Previous investigations reported that the interlayer 
shear strength of the FFF parts varies from 6.1 MPa to 
15 MPa [36, 37]. The interlayer shear strength of FFF 
prints depends on several factors, such as the infill 
pattern, printing sequence, layer height, printing line 
width, etc. [36-38]. Furthermore, various testing 
methods have been used to determine the interlayer 
shear strength, as currently, there is no standardised 
procedure for determining the interlayer shear strength 
for FFF-printed parts [36].  

Wear loss decreased for GFPLA-1 and GFPLA-2.4 
due to stronger layer adhesion between GF and PLA, 
resulting in better wear resistance. However, when the 
GF content increased to 4.98 wt% (GFPLA-5), layer 
adhesion deteriorated due to the excess amount of GF. 
This has been reported in previous work [25], in which 
an excess amount of GF decreases the surface 
temperature of PLA, thereby reducing the heat transfer 
between layers, which is necessary to form a strong 
bond between the newly deposited layer and the 
previously deposited or bottom PLA layer. As a result, 
delamination occurred within the composite layer [25]. 
A similar observation was reported by Chand et al. for 
short glass fibre polyester composites produced by the 
hand lay-up method [39]. They reported that the wear 
volume of their composite decreased as the GF content 
increased from 40% to 45% due to the higher energy 
required to facilitate failure in GF. It is important to note 
that their composite was not fabricated using the FFF 
method. An excessive amount of glass fibre powder 
acts as a barrier, hindering the necessary heat transfer 
for neck growth between the deposited filaments, 
thereby weakening the interlayer bonds [25]. 

Figure 11 presents the specific wear rate findings 
for both neat PLA and GF-PLA composites. It shows 
the same trend in terms of wear rate versus GF content. 
Compared to neat PLA specimens, GF-PLA 
composites demonstrate lower specific wear rates, 
indicating an improvement in wear resistance through 
GF reinforcement. This enhancement is attributed to 
the transfer of the applied load from the polymer matrix 
to the reinforced GF during the sliding process, a 
phenomenon contingent upon the robust interfacial 
adhesion between the fibre and the matrix. Adequate 
adhesion at the interface between the GF and PLA 
matrix facilitates the uniform distribution of the applied 
load across the fibre-matrix system, thereby enhancing 
the wear resistance properties of the composites. The 
wear resistance of GF-PLA composites escalates with 
GF reinforcement. 

 

Figure 11: Specific wear rate versus GF contents. 

Although the coefficient of friction decreased for the 
GFPLA-5 specimen, its wear rate increased 
considerably. This apparent contradiction indicates that 
friction coefficient alone is insufficient to describe 
tribological performance. The lower friction coefficient 
resulted from the formation of a transfer film together 
with the rolling action of detached glass fibre particles, 
whereas the increased wear rate originated from 
severe interlayer delamination, fibre pull-out and 
accelerated material removal. Therefore, the wear 
behaviour was governed primarily by the integrity of the 
interlayer interface rather than by the measured friction 
coefficient alone. 

At the highest GF content, a transfer film of PLA 
blended with GF particles was observed on the contact 
surface of the steel disc, as illustrated in Figure 9. 
Frictional heat is generated when two surfaces slide 
against each other. Milled E-glass fibre has a lower 
thermal conductivity than PLA, which is 0.03 Wm−1K−1, 
while PLA is 0.185 Wm−1K−1 [28]. PLA composite with 
more GF retains more heat, leading to a rise in its 
surface temperature. PLA is sensitive to temperature 
and begins to soften at elevated temperatures, leading 
to plastic deformation of the material. In GF-PLA 
composite with excessive GF content, weak interfacial 
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adhesion between the fibres and the PLA matrix 
causes delamination of the bottom layer of the 
specimen, allowing GF to disperse onto the contact 
surface. The milled GF, being abrasive, becomes wear 
particles (three-body abrasion), which escalates the 
wear rate on the contact surface. Based on the result, it 
is suggested that an optimal content of in-situ fibre 
reinforcement improves the wear resistance of GF-PLA 
composites. In summary, the optimal GF content in 
reinforced composites has better interfacial adhesion, 
effectively transferring loads while minimising 
delamination and enhancing the material's tribological 
performance under sliding conditions. 

3.2.3. Worn Surface Morphology 

SEM micrographs of the worn surfaces provide 
direct evidence supporting the proposed tribological 
wear mechanism. The wear morphology changes 
progressively with increasing glass fibre content and 
closely correlates with the measured coefficient of 
friction and wear rate. At lower fibre contents, the worn 
surfaces exhibited relatively smooth wear tracks with 
shallow grooves, indicating limited material removal 
and mild abrasive wear. These observations are 
consistent with the lower wear rates measured for 
GFPLA-1 and GFPLA-2.4, suggesting that adequate 
interlayer bonding effectively restricted crack 
propagation and fibre pull-out during sliding.  

PLA is a softer material compared to steel. When 
PLA slides against hard steel, frictional heat is 
generated. When the sliding duration increases, more 
frictional heat is generated, and in consequence, the 
hardness of the PLA pin is reduced, and the melt flow 
rate of PLA increases. Milled GF is harder and has 
higher melting temperatures compared to PLA. As 
friction heat between contact surfaces rises during the 
tribo-test, it causes material softening and material 
transfer from the PLA pin to the steel disc, as shown in 
Figure 9. The thin film layer is a blend of PLA with 
milled GF detached from the specimen, and the milled 
GF acts as a three-body sliding-rolling mechanism. The 
milled GF being abrasive caused deep wear scars on 
the specimen's surface. This can be seen in Figure 12. 
The higher the GF content, the more severe the wear 
damage. 

In contrast, the worn surface of the GFPLA-5 
specimen exhibited severe surface damage 
characterised by deep grooves, extensive fibre pull-out 
and interlayer delamination. These morphological 
features indicate that excessive glass fibre deposition 
weakened the interlayer interface, allowing fibres to 
detach from the matrix during sliding. The detached 
fibres subsequently acted as abrasive third-body 
particles between the specimen and the steel disc, 
producing severe abrasive wear and accelerating 

 

Figure 12: SEM images of worn surfaces of. 
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material removal. This observation explains why the 
GFPLA-5 specimen exhibited the highest wear rate 
despite having the lowest coefficient of friction. 

 Overall, the tribological behaviour of the in-situ 
glass fibre reinforced PLA composites was controlled 
by the interaction between fibre reinforcement, 
interlayer bonding and third-body abrasion. Moderate 
glass fibre contents improved wear resistance by 
strengthening the interlayer interface and promoting 
efficient load transfer during sliding. However, 
excessive fibre loading weakened interlayer bonding 
because of reduced polymer diffusion during deposition, 
resulting in fibre pull-out, interlayer delamination and 
the formation of abrasive wear debris. Although the 
transfer film and rolling glass fibre particles reduced the 
coefficient of friction, the accompanying increase in 
third-body abrasion accelerated material removal, 
leading to inferior tribological performance. The 
excellent agreement between the friction 
measurements, wear rate and SEM observations 
confirms the proposed wear mechanism. 

4. CONCLUSIONS 

This study demonstrates the significant impact of 
in-situ GF reinforcement on the mechanical and 
tribological properties of FFF-printed polylactic acid 
(PLA) composites. The following are the conclusions 
obtained from the current investigation. 

1. Optimal GF content for impact strength: The 
incorporation of GF into PLA through in-situ 
reinforcement improved impact resistance, with 
impact strength peaking at 8.275 kJ/m² with 2.39 
wt% GF.  

2. Tribological performance of GF-PLA composites 
of different fibre content: Tribological testing 
showed that the COF initially increased with up 
to 2.39 wt% GF but decreased at 4.98 wt% due 
to the formation of a PLA-GF film that altered the 
friction surfaces. Wear tests showed a 
substantial reduction in wear rate with GF 
content up to 2.39 wt%, with a 52% decrease in 
wear rate. However, at 4.98 wt%, wear reduction 
was limited to 24% due to poor layer adhesion 
and increased wear scars.  

3. Wear Mechanism: SEM analysis of worn 
surfaces indicated that frictional heat caused 
PLA softening and material transfer, with GF 
contributing to abrasive wear and forming a thin 
film on the steel disc. The presence of GF shifted 
the wear mechanism from sliding abrasion to 
sliding-rolling, highlighting their role as a third 
body in the tribological process. Overall, optimal 

fibre content is crucial, while in-situ GF 
reinforcement enhances the mechanical 
performance of FFF-printed GF-PLA composites. 
Excessive GF can impair interlayer adhesion 
and alter the wear mechanisms, leading to 
diminished performance. 

These findings provide valuable insights for 
optimising the properties of GF-reinforced FFF-printed 
PLA composites for various applications. 

The proposed in-situ glass fibre reinforcement 
technique demonstrates considerable potential for 
engineering applications requiring lightweight 
structures with enhances impact and wear 
performance. Compared with commercially available of 
GF-PLA filaments, where the reinforcement is 
uniformly dispersed throughout the filament during 
extrusion, the proposed approach introduces short 
glass fibres directly between successive deposited 
layers. This targeted reinforcement strategy 
strengthens the interlayer interface, which is generally 
recognized as the weakest region in FFF-printed 
components. Consequently, the proposed method 
offers greater flexibility in controlling fibre content and 
reinforcement location without requiring specially 
manufactured composite filaments. 

Potential engineering applications include 
lightweight UAV airframe components, drone housings, 
robotic fixtures, cusomised manufacturing tooling, 
protectives covers, wear pads, aerospace interior 
components and non-critical structural parts where a 
balance between impact resistance, wear resistance 
and low weight is desirable. The proposed technique 
may also benefit defense-related applications, where 
rapid fabrication of customized replacements parts and 
mission-specific components is required. 

This study has several limitations. The 
investigations were limited to a single PLA material, 
one glass fibre length, one printer configuration and 
fixed FFF processing parameters. Furthermore, 
tribological evaluation was performed only under dry 
sliding conditions at room temperature, while the 
influence of environmental conditions, lubrication and 
long-term service performance was not investigated. 

Future studies should investigate the influence of 
diiferernt glass fibre lengths, fibre diameters, coupling 
agents and alternative polymer matrices on the 
mechanical and tribological behaviour of in-situ 
reinforced composites. Further optimization of raster 
orientation, layer thickness, printing temperature and 
fibre content using Design of Experiment (DOE) is also 
recommended. In addition, fatigue performance, 
environmental durability and long-term tribological 
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behaviour should be evaluated to further establish the 
suitability of the proposed reinforcement technique for 
engineering applications. 
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