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Abstract: In this study, the influence of glass nano-fibers (GNF) on toughness and other mechanical properties
of unsaturated polyester resin (UPR) curing with dicumyl peroxit was investigated. Glass nano-fibers were
dispersed in the matrix using high speed stirring for 15 hours along with the addition of styrene in the stirring
process. The mechanical properties of GNF/UPR composites such as flexural strength, IZOD impact strength
were improved slightly by the adding of glass nano-fibers. The toughness (KIC) increased significantly by
adding 0.2 wt% GNF, KIC value, flexural strength and IZOD impact strength of 0.2 wt % GNF/UPR composites
were 1.5806 MPa.m1/2; 95.2 MPa and 2.25 KJ/m2 . These values represent improvements of 98.0%, 13.5% and
9.2% respectively, compared to the neat UPR. Scanning electron microscopy-analysis revealed the different
deformation of the matrix due to the GNF.
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I.

INTRODUCTION

Using micro/nano-fibers as additive to modify the mechanical properties of composite materials has
extended the application range of this kind of materials. The glass fibers began to be used in the 1935s when
Owens Corning introduced the first glass fibers. In the 1970s, synthetic-fibers industries began to develop, was
the premise for the fibers reinforced materials industry [1].
Due to their remarkable properties, especially hardness and durability, GNF is suitable for combination
with low density resin to create high strength composite materials. Since the early 1960s, the demand for
durable and lightweight materials became urgent in the aerospace, energy, civil engineering and structural
applications [1,5]. There are many different technologies to produce glass micro/nano-fibers. The
electrospinning technology for producing micro/nano-fibers with specific properties has opened a new advanced
composite materials that can meet the demand of many high-tech industries. When electrospun nanoparticles
with large surface area, high aspect ratio and mechanical properties are better than conventional fibers, they may
represent a new generation of reinforcing materials in the composite materials industries [2-4].
The mechanical properties of the fibers reinforced composite materials are primarily affected by the
fibers in the matrix. The four main factors controlling the role of fibers are: (1) the mechanical properties of
fibers; (2) surface interaction between fibers and polymer matrix, (3) the dispersion of fibers in resin; and (4) the
orientation of fibers in composite materials [6]. Micro/nano-fibers can satisfy all of the above factors for the
following reasons: micro/nano-fibers have high geometric ratio (L/d), high elongation (up to 104) due to
molecular chain polymer for orientation along the chain. In addition, because of their nanoscale diameter (<500
nm), they have very high surface area, which is about 100 times higher than normal fibers. Thus, there is
significant improvement in bonding at the phase separation surface and leads to better micro/nano-fibers
reinforcement, which is much higher than traditional reinforcement [7-10].

II.

EXPERIMENT

2.1 Materials
● Glass nano-fibers (GNF) was supplied by Nipon Inorganic Color & Chemical (Japan) with a diameter of
300 - 800 nm and a length of 500 - 1500 μm.
3
o
● Polyester resin (polyester resin content: 62 wt%, density: 1.11 – 1.23 g/cm at 25 C) was supplied by
Shell Chemical.
● Styrene (molecular weight of 104.15 g/mol) was purchased from Sigma-Aldrich.
● Dicumyl peroxide 98% (molecular weight: 270.37 g/mol) was purchased from Sigma-Aldrich.
● NaOH, acetone, ethanol (China)
2.2 Preparation of composites
Dispersion of GNF in unsaturated polyester resin
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In this study, the dispersion of glass nano-fibers in unsaturated polyester resin was mixed using a Glass Col high speed mechanical stirrer (about 11.000 rpm). Initially, the glass nano-fibers/unsaturated polyester
system was cooled with ice and maintained at about 15 - 20°C. After stirring, the entire system consisted of
glass beakers, UPR and glass nano-fibers was quantified by analytical balance, the results were recorded for
comparison. During stirring, the system was sealed to prevent the styrene evaporated out of the samples. Styrene
may be added to the UPR systems to avoid the lack of solvent content.
Preparation of composites materials
The UPR was well mixed with a curing agent of DCP (1.5 wt% with respect to the total mass of the
GNF/UPR mixture), at 15 - 20oC for 20 minutes using a magnetic stirrer. After that, the mixture was poured into
a mold coated with a release agent and cured in a vacuum oven at 140 oC for 30 min.
2.3 Characterization
Both the tensile and flexural properties were measured using a mechanical tester (INSTRON 5582100KN, USA) at 25 ± 2oC and 60 ± 5% RH at a crosshead speed of 5 mm.min -1 according to the ISO 527 and
ISO 178 standards, respectively. Five specimens for each type of composite materials were measured.
IZOD notched impact strength tests were also carried out on a Tinius Olsen Model 92T Plastic Impact
(USA) impact tester in accordance with ISO 180. The measurements were taken at 25 ± 2 C and 60 ± 5% RH.
The data correspond to the average value of at least five specimens.
The fracture toughness of all cured samples was evaluated using the critical stress intensity factor (K IC)
according to the ASTM D5045-99 standard by single-edgenotched (SEN) tests in a flexural three-point bending
setup. Testing analysis was performed using a Lloyd 500N machine. The dimensions of the single-edge notch
specimen (SEN) were approximately 30x6x3 mm with an initial notch length of approximately 2.54 mm. The
specimen was then slid with a fresh razor blade to generate cracks. The span length was set to 24 mm, which is
approximately four times the width of the specimen, and the load was applied with a crosshead speed of
10 mm.min-1.
The fractured surfaces of the test specimens were observed by scanning electron microscopy (SEM)
using a Jeol JSM-6360LV, Japan. Prior to the SEM observations, all the samples were coated with a thin layer
of platinum to avoid the build-up of an electrical charge.

III.

RESULTS AND DISCUSSION

3.1. Effect of stirring time on the dispersion of glass nano-fibers in the resin
SEM images of glass nano-fibers in the resin at 1,000 and 10,000 times magnifications have been
shown that the GNF exist in single state or aggregation at the micrometer size (figure 1).

Figure 1. SEM images of glass nano-fibers at diferent magnifications
The effect of stirring time on the dispersity of GNF into the UPR was evaluated by SEM images as
shown in Fig. 2.
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Figure 2. SEM images of fracture surface of 0.2 wt% GNF/UPRcomposites:
(a): 6 hours of stirring; (b): 9 hours of stirring; (c): 12 hours of stirring; (d): 15 hours of stirring
Fig. 2 revealed that: after 9 hours and less of mechanical stirring, the bundles of fibers still be observed.
For the stirring time of 15 hours, the GNF was dispersed in UPR matrix as single fibers. However, for the
samples subjected to 18 hours stirring (Fig. 2(d)), there is no further improvement could be seen. Therefore, the
optimum stirring time to obtain good dispersion of GNF in UPR matrix was about15 hours.
The mechanical properties of UPR/GNF 0.2 wt% samples at different stirring time are shown in the
following graphs:

Figure 3. Effect of stirring time on KIC value of UPR

Figure 4. Effect of stirring time on tensile strength of UPR
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Figure 5. Effect of stirring time on flexural strength
of UPR

Figure 6. Effect of stirring time on IZOD impact
strength of UPR

From Fig. 3, it can be seen that the KIC coefficient is the maximum when the sample was stirred for 15
hours. On the other hand, at a higher stirring time (18 hours), the KIC value decreased.
Figures 3, 4 and 5 also show that the samples stirred for 15 hours was the highest mechanical strength.
The mechanical strengths of 9-hour and 18-hour stirring samples tended to decrease in comparison with the one
of 15-hour stirring. Specifically, the highest KIC value (1.58 MPa.m1/2), tensile strength (52.7MPa), flexural
strength (95.2MPa), IZOD impact strength (2.50 KJ/m2) were recorded at 15-hour stirring samples. In this case,
at 6-hour and 9-hour stirring, GNF was not evenly dispersed in UPR matrix so created the heterogeneity in the
sample.
After 18-hour stirring the KIC value was lower than that of the 15-hour sample but was still higher than
the 6-hour and 9-hour stirring samples. However, due to excessive stirring the air bubbles and styrene losses are
much higher, resulted in the reduction of mechanical properties, compared to the 15 hours stirring sample.
3.2. Effect of styrene addition
As mentioned above, the addition of styrene is required to help stabilize and enhance the properties of
UPR, while also reducing the viscosity of PEKN resin during stirring.

Figure 7. Effect of the styrene addition in UPR on the tensile strength and flexural strength of UPR
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Figure 8. Effect of the styrene addition in UPR on KIC
value of UPR

Figure 9. Effect of the styrene addition in UPR
on IZOD impact strength of UPR

Figures 7, 8, 9 show that the mechanical properties of styrene added composites was higher than that of
non-styrene added samples, mechanical strengths as tensile, impact strength and KIC value increased by 16.0%,
26.7% and 12.1% respectively, but the fexural strength decreased about 2%.
This can be explained that a small mount of styrene was evaporated during stirring process, especially
in high speed stirring the temperature of the resin increased and lead to the lack of styrene content in UPR
compound. And because of styrene is not only the diluent for UPR resin but also a suture to create the tructure
of composites so the mechanical properties tend to decrease.
The lack of styrene due to evaporation during stirring causes the number of cross-linkages between
polymer chains of UPR to be inadequate, the viscosity of the resin increases, resulting in difficulties in
processing and deterioration of the mechanical properties.
It is possible to limit the evaporation of styrene by sealing the mechanical stirrer system, controlling the
system temperature by cooling the mixture container during mechanical stirring. Reducing the temperature will
reduces the evaporation of styrene during stirring. However, it is not possible to completely prevent the
evaporation of styrene.
Therefore, after high-speed mechanical stirring, an amount of styrene should be added to maintain the
styrene content in the resin at about 40%. Experimentally, after the mechanical stirring for 15 hours, the amount
of styrene needed was 12.5% of the original resin. After the addition of styrene, the mechanical properties of the
resin increased considerably.
3.3. Effect of GNF on the mechanical properties of UPR
The effect of GNF on the mechanical properties of UPR was investigated. The results are shown in Fig.
10, 11 and 12.

Figure 10. Effect of the GNF loading on IZOD impact strength of UPR
From Fig. 10, it can be seen that 0.3 wt% GNF/UPR sample have the highest impact strength, reached
2.66 KJ/m2 compared to non-GNF or 0.4 wt% GNF/UPR composites (2.06 and 1.97 KJ/m2).
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Figure 11. Effect of the GNF loading on the tensile strength and flexural strength of UPR
As shown in Fig. 11, tensile strength and flexural strength are not significantly different between
GNF/UPR samples and non-GNF samples. Thus, the glass nano-fiber content seems not to affect the tensile
strength and flexural strength of UPR.

Figure 12. Effect of the GNF loading on KIC value of UPR
Unlike the other mechanical strengths, the KIC value of 0.2 wt% GNF/UPR is as much as two times
greater than that of non-GNF composites (increased by 98.0%).

IV.

CONCLUSION

In this study, GNF was used to enhance the mechanical properties of unsaturated polyester resin. The
GNF was dispered into the UPR using high speed mechanical stirring for 15 hours. The mechanical properties
of GNF/UPR composites such as: tensile strength, flexural strength, IZOD impact strength and fracture
toughness (KIC value) were determined. The results show that, at the GNF comtent of 0.2 wt% and after 15
hours stirring, the tensile strength, flexural strength, IZOD impact of 0.2 wt% GNF/UPR with styrene-added did
not change much compared to the neat UPR. For instance, tensile strength, flexural strength, IZOD impact
strength of 0.2 wt% GNF/UPR composites were: 52.7 MPa.m-1/2; 95.2 MPa, 2.25 KJ/m2, increasing by 5.2%,
13.5% and 9.2%, respectively, compared to the neat UPR. However, the KIC coefficient increased significantly
to 98.0% in comparison with neat UPR.
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