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ABSTRACT

The main objective of this study is to investigate the effect of four key parameters, fiber type (glass and
polypropylene), fiber length (12 and 50 mm), mineral filler type (Portland cement and fly ash), and filler
weight percentage (0, 20, and 40%), on the flexural strength and fracture toughness of epoxy composites.
Unlike most previous studies, for this purpose, 45 different mix designs were developed, and flexural and
fracture toughness tests were performed on the samples. In addition, to identify the failure mechanisms, the
fracture surfaces of selected samples were examined using scanning electron microscopy. The results showed
that the addition of fibers alone (without filler) significantly improved the mechanical performance, such that
the sample containing 1.5 wt.% of glass fibers with a length of 50 mm recorded the highest flexural strength
(84 MPa) and fracture toughness (2.2 MPa-m”~0.5), which represented increases of 68% and 76%,
respectively, compared to the pure resin sample. In contrast, the addition of mineral fillers alone caused a
significant decrease in both parameters, such that at 40 wt.% of cement, the strength decreased by 58%. In
the simultaneous presence of fibers and filler, samples with 20 wt.% of filler showed acceptable performance
(for example, a combination of 20% cement with 1.5% 50-mm glass fibers provided a strength of 70.9 MPa),
but at a high filler percentage (40%), the loss of properties could not be fully compensated. Glass fibers
performed better than polypropylene fibers at all levels, and increasing the fiber length from 12 to 50 mm
was particularly effective in improving fracture toughness (contributing to 42% of the changes), although
this effect was reduced to.less than 15% in the presence of 40% filler.

Keywords: Polymer composite, fibers, filler, mechanical behavior, fracture.

1. INTRODUCTION

Polymer composites are widely used as engineering materials because of their high strength-to-weight ratio,
corrosion resistance, and ease of processing. Nevertheless, the relatively low strength and stiffness of
polymer matrices and their tendency toward brittle fracture can limit their application in structural and
mechanically demanding components. Fiber reinforcement is an effective approach to improving load-
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bearing capacity and fracture resistance. Glass fibers provide high strength and stiffness, whereas
polypropylene (PP) fibers offer low density, flexibility, and favorable toughness. Fiber length is also an
important parameter because longer fibers can enhance load transfer, crack bridging, and fiber pull-out
mechanisms. Mineral fillers are another common approach to modifying the mechanical properties and
reducing the cost of polymer composites. Portland cement and fly ash are attractive fillers because of their
availability and different particle characteristics. However, excessive filler contents can lead to particle
agglomeration, stress concentration, reduced matrix continuity, and premature crack initiation. Previous
studies have largely focused on relatively low filler contents, while systematic investigations of high filler
concentrations and their interaction with fiber reinforcement remain limited.

Therefore, this study systematically investigates the effects of fiber type, fiber length, filler type, and filler
content on the flexural strength and fracture toughness of epoxy-based polymer composites. A total of 45
mix designs were prepared using glass or polypropylene fibers with lengths of 12 and 50 mm, Portland
cement or fly ash as mineral fillers, and filler contents of 0, 20, and 40 wt.%. Fiber contents.of 0, 1, and 1.5
wt.% were considered. No hybrid combination of different fiber types or different fillers was used, allowing
the independent effects of the investigated parameters to be evaluated.

2. MATERIALS AND METHODS

A bisphenol-A epoxy resin with a polyamine hardener was used as the polymer matrix. Discontinuous glass
and polypropylene fibers with lengths of 12 and 50 mm were incorporated-as reinforcement. Portland cement
Type Il and fly ash were used as mineral fillers. The reference formulation consisted only of epoxy resin and
hardener at a weight ratio of 2:1. The experimental formulations incorporated fibers at 0, 1, and 1.5 wt.%
and mineral fillers at 0, 20, and 40 wt.% relative to the polymer matrix. Flexural strength was evaluated
according to ASTM C78, with three specimens prepared for each formulation. Fracture toughness was
determined according to ASTM C1421 using notched specimens. Mechanical tests were performed at a
loading rate of 5 mm/min using a testing system with/a force resolution of 1 N and a displacement resolution
of 10 um. Each test was repeated three times. In addition, selected fracture surfaces were examined using
scanning electron microscopy at an accelerating voltage of 20 kV and a magnification of 1000x to
characterize fiber—matrix adhesion, filler distribution, particle agglomeration, fiber pull-out, and crack
propagation.

3. RESULTS

The reference epoxy resin.exhibited a flexural strength of 50 MPa and a fracture toughness of 1.25
MPa-m”0.5. The addition of mineral fillers without fibers reduced both properties. With 20 wt.% Portland
cement, flexural strength and fracture toughness decreased to 35 MPa and 0.924 MPa-m”0.5, respectively.
At 40 wt% cement, these values decreased further to 20 MPa and 0.612 MPa-m”0.5. Fly ash produced
similar results, with flexural strength and fracture toughness of 34 MPa and 0.852 MPa-m”0.5 at 20 wt.%
and”19 MPa and 0.60 MPa-m"0.5 at 40 wt.%. In contrast, fiber reinforcement without mineral fillers
increased both mechanical properties. The highest values were obtained for the composite containing 1.5
wt.% of 50-mm glass fibers, with a flexural strength of 84 MPa and a fracture toughness of 2.2 MPa-m”0.5.
These values represented increases of 68% and 76%, respectively, compared with the unreinforced epoxy.
Glass fibers exhibited higher performance than polypropylene fibers under comparable conditions.
Increasing the fiber length from 12 to 50 mm resulted in average increases of approximately 30—40% in
flexural strength and 20-30% in fracture toughness. At 20 wt.% filler, fiber addition partially increased the
measured properties. For example, the incorporation of 1 wt.% 12-mm glass fibers into the 20 wt.% cement
formulation increased flexural strength from 35 to 48 MPa and fracture toughness from 0.924 to 1.392
MPa-m”0.5. Using 1 wt.% 50-mm glass fibers increased the flexural strength to 57 MPa in the cement-
containing formulation. At 40 wt.% filler, the mechanical properties remained lower. The formulation
containing 40 wt.% cement and 1.5 wt.% 50-mm glass fibers exhibited a flexural strength of 49.7 MPa and
a fracture toughness of 1.236 MPa-m”"0.5. Statistical analysis showed that fiber type accounted for
approximately 38% of the variation in flexural strength, while fiber length accounted for approximately 42%
of the variation in fracture toughness. Increasing the filler content from 20 to 40 wt.% resulted in average
reductions of approximately 45% in flexural strength and 35% in fracture toughness.
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4. DISCUSSION AND CONCLUSION

The results demonstrate that fiber reinforcement and mineral filling produce substantially different effects
on epoxy-composite performance. Long glass fibers provided the most effective improvement in both
flexural strength and fracture toughness, with the optimum tested formulation containing 1.5 wt.% of 50-mm
glass fibers. The higher performance of glass fibers relative to polypropylene fibers is associated with their
higher stiffness and stronger interaction with the epoxy matrix.

Mineral fillers, in contrast, reduced mechanical performance when used alone, particularly at 40 wt.%.
Although fly ash has finer particles and can provide improved particle packing, its advantage was limited at
high concentrations by particle agglomeration. At 20 wt.% filler, the differences between cement and fly ash
were relatively small.

Fiber reinforcement was able to partially compensate for the reduction caused by 20 wt.% filler. However,
this compensation was insufficient at 40 wt.%, indicating a substantial change in the governing fracture
behavior. SEM observations showed fiber pull-out and crack-bridging features in fiber-reinforced specimens,
whereas high filler contents were associated with particle clustering, interfacial separation, and crack
propagation through filler-rich regions.

Based on the mechanical and microstructural observations, a critical filler concentration of .approximately
30-35 wt.% was identified. Below this range, long fibers play a dominant role incrack bridging and energy
absorption. Above this range, filler agglomeration and particle—-matrix separation increasingly control
fracture behavior and reduce the effectiveness of fiber reinforcement:
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Table 1. Chemical composition of the cement used, expressed as weight percentage and determined
via the XRD method (values exceeding 1 wt%).
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Table 2. Chemical'.composition of the fly ash used, expressed as weight percentage, determined using
the XRD method.
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K20 Na20 MgO CaoO
0.37 0.11 0.72 1.12
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Fig. 2- Examples of tested specimen
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o sgione JSwblSe VYO cunsls (Sajie 5 JBwllSe 0 L odd diblo oy joels’ (Sl 3)Slas (b)) jolate 4
iy 41l (ol Ly 2 Vo 393l 248 (KIC) s (S 5 (0f) (s Sl 538 sl 9
s ygdone JKwbKe «/ATY g (1o oV ials) JKwLKe Y0 Ll LY Jods 53 g B0 (6503l bW sla g4k (6l
Sras il o Ao yd Fr 3 iy (1o 2V0 ials) O0938) 48" amd co L (Wl 09,5) LI 1Bl sladiges )y
A ials) JWuble Ve a4y plSotil o (gygbay 45 osnlio st (6ohpsSB g ailiy plos) Fame LS g5 9> o
DY 8lS) o ppionn JSllSe <IN & (s 5 (a0 e Bl |y S Sy 5 e S g 1B
2dly J55 (sop ol s (Sl o S ) iy oAl g i e
dﬁ?u}":r}'.{f

HpgR (oole g b Juad



Journal of Marine Science and Technology

In Press / DOI: 10.22113/jmst.2026.596593.2717

Ll ialejl 51 onel Cawds gl 9 (55l Gaiod 45 ouwd g3l (sld bglseo wluS 5 -V Joua

Table 3. Compositions of the mixtures tested in the current study and the results obtained from their
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