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Abstract
The aim of the work was to further improve the properties of fiber composite materials through an
additional plasma treatment integrated into the manufacturing process. For this purpose, glass fiber
reinforced epoxy resin composite materials were manufactured using the vacuum infusion process.
In some of the samples, the biaxial glass fiber fabric was pretreated with an air plasma generated in
a dielectric barrier discharge. All samples were exposed to temperature changes, ultraviolet (UV)
radiation, and NaCl and KOH solutions and then examined for their mechanical properties.
Compared to the reference samples, the plasma-treated samples showed slightly better mechanical
properties. The strength values determined in tensile, compression, and bending tests were several
percent higher. Thermal stress and UV radiation did not lead to a loss of mechanical performance.
The effect of NaCl and KOH solutions deteriorated the mechanical properties. Although the
comparatively better mechanical properties of the plasma-treated samples were retained after the
different treatments, the stability of the composite material against aggressive environmental

conditions was not significantly improved.
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Contribution of this paper to the literature

Glass fiber fabrics coated with a sizing were treated with air plasma for a very short time and
then immediately processed into glass fiber reinforced epoxy resin. Treatment times of a few
seconds resulted in a faster and more homogeneous resin flow during vacuum infusion and a
slight improvement of the mechanical properties of the composite before and after weathering.

1. Introduction

Glass fiber reinforced polymers (GFRP) were introduced more than 80 years ago and still play an important role
today. Due to their outstanding properties, this material is applied in aircraft, trains, rotor blades, electronic devices,
sport equipment and many other products. The use of GFRP to reinforce bridges, buildings, tunnels, silos, tanks,
and underground infrastructure represents another important field of application [17. In 2022, 12.7 million tons of
fiber reinforced composite materials were traded on the global market [27. Glass fiber products made up the largest
share [87. The further expansion of wind energy parks and electromobility is leading to increasing demand and
production of GFRP.

There are numerous approaches to improving the properties and service life of GFRP. The transfer of mechanical
stress from the matrix to the fiber reinforcement plays a central role. The focus is on better fiber wettability and fiber
matrix adhesion. Manufacturers of glass fibers and glass fiber fabrics apply special sizing, i.e. a functional coating, so
that the chemical properties of the reinforcing material and the organic matrix become more compatible [37]. In this
context, research into the potential of plasma treatment of glass fibers became interesting as early as the 1970s [4].
The experiments had different objectives: complete removal of the sizing, roughening of the surface, activation and
functionalization of the surface, or plasma deposition of selected functional coatings on the glass [5- llj

In their study, Méder, et al. [127] showed the relationships between surface, boundary layer and various bonding
properties in composite materials made of glass fibers and epoxy resin. They examined unsized glass fibers and silane-
treated glass fibers and determined their thermodynamic work of adhesion and debonding shear strength. In this
context, plasma coating processes became increasingly important [13-167].

Meiners, et al. [177] investigated the chemical changes of a commercial silane sizing consisting of bisphenol A
diglycidyl ether, fatty acid polyglycol ester and silane coupling agent after 1-7 s treatment with a dielectric barrier
discharge in air at atmospheric pressure. They found a functionalization of the sizing through the formation of new
hydroxyl, ester, and carbonyl groups. After a short plasma treatment of 1-3 s, the surface tension of the silane-
containing coating increased, as did the polar and the disperse components. They were able to demonstrate an
improvement of wettability of the plasma-treated glass fibers and of the fatigue behavior of the GFRP. At an average
stress level of 25 MPa, the number of cycles to failure doubled after plasma treatment [187].

In practical use, GFRPs are not only subjected to mechanical stress, but are also exposed to environmental and
weather influences. Therefore, it is important to know how their properties change under such conditions. Several
authors Guzman and Brendsted [197; Ellyin and Maser [207; Torabizadeh [217] and Lim and Lee [227] investigated
the effect of moisture and exposure to elevated temperatures on glass fiber reinforced epoxy resin composites.

According to the literature, most research is based on plasma treatments that last up to a minute or even longer.
On the other hand, already after just a few seconds of plasma treatment, a chemical modification of a silane sizing can
be detected, as well as a reduction in the contact angle, allowing better wettability with polar liquids. Therefore, in
this article, glass fiber fabrics equipped with sizing were treated with air plasma for only a few seconds in a dielectric
barrier discharge (DBE) system and then immediately processed into glass fiber reinforced epoxy resin. The quality
of the material obtained in this way was checked through mechanical tests and compared with material that was not
plasma-treated. To determine the mechanical properties, tensile, compressive, and bending tests were carried out.
The morphology of the various composite materials was examined using scanning electron microscopy (SEM).
Changes in the epoxy matrix were recorded using differential scanning calorimetry (DSC).

To obtain information about the composite material in practical use, the influence of temperature changes, UV
light and salt solutions on the mechanical properties of the composite material was investigated. The focus of the
work was the question of the extent to which a plasma treatment step integrated in production can help make the
mechanical characteristics robust against environmental influences. In contrast to many publications, the plasma
treatment of the glass fiber fabrics was kept comparatively short for a better integration into a production process.

2. Materials and Methods
2.1. Composite Preparation and T'reatment Method

All composite samples were prepared using the vacuum infusion method (vacuum assisted resin transfer
molding). A special mold tool manufactured in the mechanic workshop of the university was used for the preparation

of the 12 composite sheets. Iiberglass fabric KNG 800 M (£4:5° biaxial scrim) provided from P-D Glasseiden GmbH

Oschatz (Germany) and EPIKROTE-Resin MGS RIMR 185 and EPICURE-Curing Agent MGS RIMH 1366 from
Momentive Specialty Chemicals Inc. (Columbus, USA) were used. Four 818 mm x 210 mm fiberglass fabric cuts were

placed over each other to realize a + 45° fiber orientation. The stacking sequence is shown in Figure 1. The epoxy
resin mixture consisted of 320 g resin and 96 g curing agent. Before mixing with the curing agent, the resin was
warmed up to 70°C for 20 min. Then the mixture was placed in a vacuum desiccator to remove gas bubbles. After
the resin injection the laminate remained 48 h in the device for hardening. To reduce internal tensions, the laminate
was tempered for 15 h at 80°C. After removing the side edges, the laminate size was 284 mm x 203 mm X 2.5 mm.
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Figure 1. (a) Fiberglass fabric and (b) stacking of the fiberglass fabric in the laminate.

Two types of composites were produced. For the GFRP samples, the commercially available glass fiber fabric
coated with a silane sizing was used. For the plasma-treated GFRP (pt-GIFRP) composites, the glass fiber fabric was
pre-treated in an air plasma generated with a dielectric barrier discharge system. The power supply JR50kV-P
(Ingenieurbiiro Jiirgen Klein, Aachen, Germany) was pulsed with a frequency of 17 kHz, the pulse width was 2 ps,
the distance between plasma head and fiberglass fabric was 4 mm. The plasma head was moved with a constant
velocity so that a plasma treatment time of 3 s resulted for each side, front and back of the fiberglass fabric. The
reinforcing material was processed into the composite immediately after the plasma treatment within 30 min.

For comparison, five sheets of epoxy resin were produced using the same mold tool for the infusion of the resin
under vacuum conditions.

2.2. Composite Characteristics and Artificial Weathering

The composites were characterized for the following physical properties: fiber volume fraction and glass
transition temperature. Mechanical properties of epoxy resin and composite samples were investigated using tensile
test, compressive test, and bending test. SEM images were taken to investigate the fracture zone.

The fiber volume ratio of each GFRP sample was determined using the burn-off method according to the
standard DIN EN ISO 1172 to investigate five 10 mm x 5 mm x 2.5 mm large samples taken at different positions
of the plate. The samples were put in crucibles and heated in a muffle furnace Heraeus Thermicon P (Hanau,
Germany) for two hours at 650°C. The weight of the composite samples was measured and after pyrolysis of the
epoxy resin the weight of the remaining glass fibers. Considering the density of the fibers (2.5 g/cm?) and the matrix
(mean value according to the data sheet 1.16 g/cm®) the fiber volume fraction was calculated.

For thermal weathering, the samples were placed in a closed polypropylene box and stored in a drying cabinet
Memmert GmbH (Schwabach, Germany) for 8 h at 70°C followed by 16 h storage at -18°C in a refrigerator. This
treatment cycle was repeated for 30 days.

The artificial weathering with UV radiation was carried out in accordance with DIN EN ISO 4892-3. Exposure
to UV was realized using a UV lamp UV-8 S/L of Herolab (Wiesloch, Germany) working at 254 nm and 365 nm
wavelength. According to the manufacturer, the intensity of the UV radiation is at 150 mm distance from the lamp
950 pW/cm? (815 nm) and 680 uW/cm® (280 nm), respectively. The distance between the samples and the UV source
was 100 mm.

The samples were exposed for 30 days with a daily exposure time of 8 h.

NaCl and KOH provided from Merck KGaA (Darmstadt, Germany) were dissolved in distilled water to achieve
20 weight-% solutions. The laminate samples were placed in the solutions so that they were completely covered and
stored for 30 days in covered PMMA boxes at ambient temperature.

The number of normal and plasma-treated composite samples for each weathering experiment was 8, the number
of reference samples 5 to 6.

2.3. Static Mechanical Tests, SEM and DSC

All untreated and plasma-treated GRI'P were investigated using the tests described in the following section. For
better comparison, control and weathered samples were taken from the same composite plate. The static mechanical
tests were carried out on a universal testing machine Instron 5567 (Instron, Norwood, Massachusetts, USA). The
software Bluehill was used for control of the experiments and evaluation of the measuring data. To be able to
statistically confirm the results, at least five samples were examined for each type of mechanical test. The test
specimens were milled from the plates and their side edges were ground and polished.

For tensile testing, specimens 120 £ 0.5 mm long, 10 £ 0.5 mm wide, and 2.5 + 0.2 mm thick were tested at a
constant crosshead speed of 2 mm/min with a span length of 40 mm. Specimens of the same dimensions were used
for the compressive strength test, but in accordance with DIN EN ISO 14126 the span length was 10 mm. The
crosshead speed was 1 mm/min. After reaching the maximum load, the measurement was stopped manually. With
uniaxial tensile loading, a biaxial stress arises in every +45° and -45° layer. The same applies to the compression
test.

The measured maximum loads in the tensile and compression test are an expression of the strength of the
laminate samples and are well suited for comparison purposes.

The flexural test was carried out as three-point bending test in accordance with DIN EN ISO 14125. The radius
of the bending punch was 5 mm and that of the two supports was 2 mm.

According to the sample geometry (24 mm x 12 mm x 2.5 mm), the distance between the two supports was 22
mm and the crosshead speed was 1 mm/min.

The apparent flexural strength was calculated according to FFormula (1) for rectangular plastic samples:

o =3FL/(2bd* (1)
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With o flexural strength, I' total force at failure, L length of support span, b broadness of the sample, d thickness
of the sample.

During the three-point bending test of £45° laminates, a shear stress occurs at the fiber matrix boundary layer.
Therefore, the interlaminar shear strength was also calculated for the two types of laminate samples according to
Formula (2):

Tmax = 3F/(4bh) (2

With T;,4, interlaminar shear stress, I force, b broadness of the sample, h thickness of the sample.

Although mixed loads occur in tensile, compressive, and bending test of £45° laminates, for simplicity the
measured strengths should be referred to as tensile, compressive, and flexural strengths.

Light microscopy images were taken with a stereo microscope Stemi 508 (Zeiss, Germany) using a USB camera
and Axiovision software. To document the fracture zone, images were taken with an HP scanner at 1200 DPI and 8
gray levels. To objectify the visual impression, the gray value of the images was evaluated using the IrfanView 64
software. The gray value ranges from 0 (black) to 255 (white).

The electron micrographs were generated with a Phenom Pro G6 Desktop SEM (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) in high vacuum mode with an accelerating voltage of 15 kV. Images with 1000x and
2000x magnification were recorded after the mechanical test. The samples were sputtered with a thin gold coating
to omit charging effects of the non-conducting specimen.

Differential scanning calorimetry investigations were carried out at a DSC 3+ (Mettler Toledo) using software

STAR®. Samples of 20 = 1 mg with the dimensions 4 mm x 4 mm x 1.3 mm were investigated. The weight was
determined using a precision balance TGA/SDTA851 (Mettler Toledo). To determine the glass transition
temperature, the temperature program given in Table 1 was applied.

Heating and cooling rates were 20 K/min. During the whole measurement the sample room was flushed with
nitrogen (30 mL/min). The measurement curves were evaluated according to DIN EN ISO 11357-2 using software
STAR®. Since the endothermic step of the glass transition is superimposed by a relaxation peak, the second heating
was also evaluated, as recommended in DIN standard.

Table 1. DSC measuring program.

Segment Procedure Time / min Temperature / °C
1 Isotherm 2.00 25
2 Heating 4.75 25— 120
3 Isotherm 2.00 120
4 Cooling 4.75 120 — 25
5 Isotherm 2.00 25
6 Heating 4.75 25— 120

3. Results and Discussion
3.1. Properties of the Unweathered Composite Samples

During the vacuum injection process, a slightly faster resin flow into the fiberglass fabric stack can be observed
with the plasma-pretreated glass fibers. However, the fiber volume fraction of both types of the composite material

is almost similar, with 50.6 £ 1.0 % for the laminates prepared without plasma treatment (5 samples per sheet, 7

sheets) and 49.9 = 1.2 % for the samples with this additional surface treatment step (5 samples per sheet, 5 sheets).
Small diftferences in quality become apparent (see Table 2) when comparing the mechanical properties of the
composite materials before they are exposed to thermal, UV or chemical stress.

Table 2. Mechanical characteristics of glass fiber reinforced epoxy.

Name GFRP pt-GFRP

Type of samples Without plasma pretreatment ‘With plasma pretreatment
Tensile strength / MPa 102.5 + 6.5 108.5 + 2.0
Compressive strength / MPa 127.5+ 5.8 1816+ 5.9
Flexural strength / MPa 295.0+ 11.0 323.5+ 10.5
Interlaminar shear strength / MPa 178+ 06 194+ 0.6

The tensile strength of the plasma-pretreated composite samples is approximately 6% higher than that of the
untreated samples.

The stress-strain diagram shows that the fracture occurs between 8% and 11% elongation. Samples not
pretreated with plasma break in the range of 5% to 11% elongation. In addition to the slightly increased tensile
strength, the pretreated composite samples have a more homogeneous quality, as can be seen from the standard
deviation values.

The pretreated composite samples also have a slightly enhanced compressive strength. The difterence is smaller
and amounts to about 3%. The flexural strength is almost 10% greater when the fiberglass fabric is treated with an
air plasma. Thus, all three investigated mechanical characteristics are slightly improved when the fiber reinforcement
material is modified before the injection with the epoxy resin.
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Figure 2. Stress-strain curves of epoxy resin (ER), GFRP and pt-GFRP under (a) tensile, (b) compressive and (c) bending loads.

Typical stress-strain curves are plotted in Figure 2. The two laminate types show a rather similar behavior under

load, also the maximal loads obtained in tensile and compression tests difter only slightly. In both tests, the +45°
laminates are at the same time subjected to shear stress. Uniaxial loading creates a biaxial stress state. The small
drops in the stress-strain curves are caused by accumulation of inter fiber failures. The first inter fiber failure is
subject to many influencing factors. The fracture may occur due to a defect in the laminate, such as pores, local
variations in fiber volume content, or stress concentration at the fiber/matrix interface. A clouding of the originally
clear sample makes the damage visible. Although the infusion resin was prepared very carefully and degassed under
vacuum, some voids caused by gas bubbles could not be avoided (see I'igure 3). The last load drop observed in the
tensile test shows the complete failure of the test specimen. The compressive test was stopped manually after reaching
the maximal load. Similar observations were also made during the bending test. Before a complete failure is observed,
several load drops occur.

The light micrograph of a GFRP sample (Figure 3) before weathering and mechanical stress shows the presence
of gas bubbles of different sizes in the resin matrix. Near the warp thread they reach dimensions of almost 500 pm.

o P . S

,/,'. .",'-.‘_,‘

A o

Figure 8. Microscopy image of a GFRP sample with gas bubbles.

For all following investigations, 5-6 reference samples were taken from the same composite plate in order to
have a direct comparison between the composite characteristics before and after exposure to the different climates.
This explains the small deviations from the data given in Table 2.

3.2. Thermal Treatment

Storage of the composite under a daily temperature change between -18°C and +70°C has a positive effect on the
material properties. Untreated as well as plasma-treated GFRP show a slight increase of all three mechanical
characteristics (see Figure 4). The largest increase is observed in the compressive test. This enhancement of
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mechanical characteristics is caused by small changes of the polymer matrix. Obviously, the heat treatment caused a
post-hardening of the composite material. Although the glass transformation temperature of epoxy resin is a little
bit higher, the storage at 70°C allows further reactions combined with further network building. This should become
obvious in the DSC experiment discussed below.

This result agrees well with the observations of Carbas, et al. [237] who studied the influence of curing
temperature on the glass transition temperature and mechanical properties of epoxy adhesives. Samples treated at a
temperature below the value at which a fully cured network is achieved show an increase in strength and stiffness
after further treatment at a higher temperature.
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Figure 4. Influence of thermal treatment on mechanical characteristics of epoxy resin, untreated and plasma-pretreated GFRP.

3.83. UV Exposure

The total irradiation time was 240 hours. Irradiation with UV light was interrupted overnight to better simulate
the daily rhythm. As can be seen from Figure 5, the mechanical strength values of the resin samples and the laminate
samples only change slightly due to UV weathering and are sometimes a bit larger and sometimes a bit smaller. The
deviating effects can be attributed to different changes in the thermoset. Bond cleavage, formation of radicals and
formation of new chemical bonds are possible reactions in the resin that lead to opposite effects. The epoxy matrix,
produced by cross-linking reaction of a diglycidyl ether of bisphenol-A (DGEBA) with a curing agent consisting of
an amine mixture (alkyletheramine, cycloaliphatic amine, ethyleneamine), has a very good UV stability. It shows
practically the same strength values and remains unaffected. However, a slight yellow discoloration indicates a
certain degradation of the polymer. It is well known from the literature that epoxy resins are vulnerable to UV
degradation due to the presence of aromatic groups. Irradiation leads to chain scission and rapid crosslinking reaction
[247. The UV irradiation induces color modifications of DGEBA epoxy resins proportional to the exposure time.
The effect is already significant after 100 h of irradiation, and its strength depends on the structure of the amine
hardener used [257]. The high content of cycloaliphatic amine (80-50 wt.-%) in the hardener used in this study and
the presence of 15-20% 1,6-bis(2,3-epoxypropoxy)-hexane in the bisphenol-A resin component support the UV
stability of the cured epoxy resin. The yellowing of the laminate samples and the decrease of mechanical strength are
significantly lower compared to laminates made with epoxy resin that is based on unmodified bisphenol A [267].
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Figure 5. Influence of 240 h exposure to UV radiation on mechanical characteristics of epoxy resin, untreated and plasma-pretreated GIFR]

Under the influence of UV radiation, compressive and flexural strength of the untreated GFRP increase by 4.8%
and 3.1%, respectively, while the tensile strength decreases by 2.2%. In contrast, tensile and compressive strength of
plasma-pretreated GFRP increase by 3.3% and 7.0%, respectively, and the flexural strength decreases slightly by
1.0%, which is within the error limits. In contrast to a reported decrease in tensile strength by nearly 23% after 180
hours of UV exposure [267] the UV stability of the samples investigated here is remarkably higher.

3.4. Effect of Chemical Solutions

To study the effect of aggressive aqueous media, the samples were exposed to a 20 wt.% sodium chloride solution
and a 20 wt.% potassium hydroxide solution. The salt solution is used to replace seawater, and the alkaline solution
is chosen because of the low stability of silicate glass towards hydroxyl ions.
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Storage of epoxy samples and composite materials in a sodium chloride solution (see Figure 6) leads to a loss of
mechanical strength of all investigated sample types, epoxy resin as well as untreated and plasma-pretreated GFRP.
Tensile, compressive, and flexural strengths of the epoxy samples are reduced by 8.2%, 3.0% and 4.8%, respectively.
The penetration of the solution into microcracks of the epoxy resin and the hydrolysis reaction of the silicate glass
reduce the stability of the matrix material and the reinforcing material. This effect is a little stronger in the presence
of KOH (see Figure 7). Tensile, compressive, and flexural strength of the matrix material are reduced by 10.0%, 3.1%
and 5.0%, respectively.
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Figure 7. Influence of KOH-solution on mechanical characteristics of epoxy resin, untreated and plasma-pretreated GFRP.

The high concentration of hydroxyl ions causes degradation reactions of epoxide resin and silicate glass. The
originally higher mechanical characteristics of the plasma-treated material are nearly completely lost under the
influence of the alkaline solution. The damaging influence of storage in aqueous solutions is stronger for plasma-
treated samples. This means that the original improvement of the fiber matrix adhesion is significantly reduced by
the interaction with NaCl and KOH solutions. It should also be noted that, compared to the long-term test of Guzman
and Brondsted [197 significant losses in strength were observed for both solutions after a relatively short treatment
period.

A look at the mechanical characteristics of the epoxy resin samples shows improved properties after thermal
treatment, practically no changes after UV exposure, and a reduction of the values after storage in NaCl and KOH
solutions. Analogous behavior is measured for both types of composite materials and is reflected in the ILSS values
(see Table 3). The shear strength of the plasma-pretreated GFRP is about 9% higher than that of the conventionally
produced GFRP material. After thermal, UV, NaCl and KOH treatment this advantage with respect to the untreated
GFRP is reduced to 7.3%, 1.7%, 6.5% and 6.3%, respectively (see Table 3).

Table 3. ILSS (in MPa) of GFRP and plasma-treated GFRP.

Composite material GFRP pt-GFRP
Sample Control Sample Control Sample
Thermally treated 17.8 £ 0.6 1794 0.5 190103 | 192405
UV exposed 18.3+0.5 18.9+0.5 19.4+05 | 19.240.4
NaCl solution 17.9+£ 0.7 177+ 0.5 19.5+09 | 18.8106
KOH solution 17.2 + 0.4 16.4+0.5 19.6 £ 0.7 17.5+ 0.5

3.5. Scanning Electron Microscopy and Light Microscopy

SEM images of two mechanically tested reference samples are given in Figure 8 to show the morphology in the
fracture zone. When comparing the GFRP sample with the pt-GFRP sample after the tensile test, no major
differences can be seen at first glance. Before the mechanical test, the fibers were well embedded in the resin. The
thickness of the matrix layer between individual fibers of a layer was small and was on the order of one micrometer.
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Figure 8. SEM images of (a, b) untreated and (c, d) plasma-treated GFRP specimen after tensile test. (a, ¢) 1000x magnification (scale bar
150 pm) and (b, d) 2000x magnification (scale bar 80 pm).

After the test, some broken fibers and resin grooves could be seen where the fibers were delaminated. Difterences
in the fiber matrix adhesion of the two samples could be responsible for the different morphology of the matrix
material. The GFRP sample shows grooves in the resin matrix and breaks in the fibers, while the pt-GFRP sample
also shows scale-like structural elements in the resin matrix, which are presumably due to a better adhesion in certain
areas. The SEM images are consistent with the results of Cuaiman, et al. [277] on the fracture mechanism of glass
fiber reinforced epoxy resin. As can be seen, in both sample types there is delamination of the individual fibers and,
after the matrix has transferred the load, fractures of the fibers. The fracture zone is large and easily recognizable
due to the changed light refraction behavior.

Looking at the light transmission through samples after the compression test gives the following result. The
GIRP samples show a larger fracture area than comparable pt-GFRP samples. Further, more glass fiber layers are
damaged. This visual impression is confirmed by the gray values of the optical scan. As an example, Figure 9 displays
some images of samples whose gray values correspond to the respective average value of the series of measurements.

After compression test, thermally treated GIFRP samples have a gray value of 138 £ 13 in the fracture area, while pt-

GFRP samples treated in the same manner have a gray value of 100 % 6. The fracture area of unweathered GFRP
and pt-GFRP reference samples after the bending test is rather similar. The examination of the GFRP samples gives

a gray value of 86 & 4 and of the pt-GFRP samples of 89 * 3. Thus, the difterence is in the order of the error limits.

(b) (d)

5mm

Figure 9. Optical scan images of (a) untreated and (b) plasma-treated GFRP specimen after thermal weathering and compression test
(fracture area) and (c) untreated and (d) plasma-treated GFRP reference samples after bending test (entire sample).

3.6. Differential Scanning Calorimetry

Changes of the resin matrix become visible when comparing its glass transition temperature Ty. Thermoset
plastics such as epoxy transform from a hard and brittle state to a rubbery state when heated. The glass transition
temperature depends on the degree of crosslinking of the polymer and can be influenced, for example, by thermal
treatment of the polymer. By increasing the degree of crosslinking, the free volume is reduced and the mobility of
the molecular chains is restricted. Typical DSC curves of two GIFFRP samples are shown in Figure 10. All samples
were heated twice and both DSC curves were evaluated. The glass transition temperature was determined using the
half-step height method according to ISO 11357-2. When heated the first time, an overheating peak occurs, which is
due to the release of mechanical tensions within the sample. This eftect is avoided when the sample is reheated. The
T, values obtained from the first and second heating curves difter slightly, but the changes in the glass transition
temperature observed after sample weathering show the same tendency. When comparing the T, values of epoxide
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resin, GFRP and plasma-treated GIRP, a uniform result is visible (see Table 4, average of two samples). In all cases,
thermal treatment leads to an increase in the value due to post-hardening of the epoxy resin, while exposure to UV
radiation, NaCl solution and KOH solution reduces the transition temperature. UV radiation as well as aqueous
solutions lead to a dismantling of the network structure of the polymer matrix.

Aexo
Glass transition
Onset 81,68 °C
Sample 1 Midpoint ISO 83,63 °C 1¢ heating
T ' —:"_%'\ 1 —tF
\-/
Glass transition
Onset 80,83 °C
Sample 2 Midpoint ISO 82,76 °C 1% heating
U5 4 ——_ L —
WgA-1 CmeE e
Glass transition
Onset 81,89 °C
Sample 1 l/hdpoml ISO 85,54 °C 2 heating
B 1
T ———
Glass transition
- Onset 79,25 °C
p Sample 2 ‘Lr\/hdpomt ISO 85,16 2 heating
— — . i e
v
B B A L L LA o
40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 °c
STAR® SW 15.00
Figure 10. Typical DSC curves of GFRP (Here samples after UV exposure).
Table 4. Glass transition temperatures of epoxy resin, GFRP and plasma-treated GFRP.
Sample Epoxy resin GFRP pt-GFRP
DSC curve 1. Heating | 2. Heating | 1. Heating | 2. Heating 1. Heating | 2. Heating
Measured value T, /°C T, /°C T, /°C T, /°C T, /°C T, /°C
Control 89.2 89.9 84.8 86.6 84.8 86.7
Thermally treated 90.7 90.9 87.2 87.6 89.2 89.3
UV exposed 88.1 88.8 83.2 85.4 82.4 86.2
NaCl solution 86.3 88.4 83.4 86.4 83.4 85.8
KOH solution 86.1 87.6 84.6 86.6 82.2 85.9

4. Conclusions

Fiber glass fabrics equipped with a silane sizing were used to produce fiber reinforced epoxy resin composites
using vacuum injection processes. In some of the samples, the fiber glass was treated with an air plasma before the
resin was injected. Tensile, compressive, and bending experiments showed slightly improved mechanical properties
of the plasma-pretreated samples and improved homogeneity of the samples.

Studies on the influence of artificial weathering of the composite samples through temperature changes, UV
radiation as well as NaCl and KOH solutions on mechanical properties have shown:

1. Tensile strength, compressive strength, flexural strength, and interlaminar shear strength of plasma-
pretreated composites are slightly greater.

2. Thermal treatment proves to be a form of post-curing and improves the mechanical properties of both sample
types, untreated and plasma-treated GFRP. DSC measurements confirm an increase in the glass transition
temperature.

3. UV exposure leads to somewhat smaller and inconsistent changes. The samples have a good stability against
UV radiation.

4. Both storage in NaCl solution and in KOH solution leads to a deterioration of mechanical properties of both
types of samples, with the effect being stronger in the KOH solution. Epoxy matrix as well as reinforcing glass fibers
are damaged.

Although all mechanical properties of the plasma-treated samples are slightly greater than those of the untreated
samples, the additional step of a short-term plasma treatment of the glass fiber fabric does not increase the resistance
of the GFRP to environmental influences.
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