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1. Introduction

Nowadays, basalt fiber is become a high potential in many
composite materials. Because of its good mechanical and chemical
properties, it has been used in reinforcing various composite materials
such as concrete, boat, wind turbine blade, automotive and sport goods
[1]. Itis made from volcanic rock that can directly be melted and drawn
to a fiber at temperature between 1500°C to 1700°C [2,3]. Basalt
rock is found in many locations all over Thailand. It was defined as
an alkali basalt. Cenozoic volcanic rocks outcrop in the central portion
of the Loei-Phetchabun volcanic belt in central Thailand in the
Lopburi area. These volcanic rocks ranged in composition from
basalt to high-silica rhyolite [4,5]. However, there are some of basalt
compositions can be used as a raw material for fiber production.
The major components of basalt are SiO2, Al.0s, CaO, MgO, Fe203
and FeO [6]. The typical composition of basalt fiber is 43.3 wt% to
55.69 wt% SiOz, 11 wt% to 17.97 wt% Al20s, 7.43 wt% to 12 wt% CaO,
8 wt% to 11 wt% MgO, 10.80 wi% to 11.68 wt% Fe203, <5 wt% Naz0,
and <5 wt% K20 [7,8]. The basalt from Chai Badan, Lopburi contains
high amount of silica; therefore, it is hardly melted and formed as
basalt fiber by itself without additional fluxes.

Bottom ash from Mae Moh power plant in Lampang province,
Thailand is a waste from lignite combustion. Huge amount of the
bottom ash, around 0.8 million ton per year, was disposed by landfilled
near the power plant [9]. A previous study has reported that the
bottom ash from this source was consisted of 39.3 wt% SiOz, 21.3 wt%
Al203, 13.5 wt% Fe203, 2.1 wt% K20, 16.5 wt% CaO, 1.0 wt% Na20,
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In this work, silica-rich basalt from Chai Badan, Lopburi province was melted with lignite bottom
ash from Mae Moh power plant as fluxing agent. To improving the alkali resistance, the series of glass
batch samples were varied amount of ZrO2 content by 0 wt% to 10 wt%. The batches were melted
at 1500°C and drawn into a fiber. The results found that the alkali resistance of basalt fiber sample
increase with increasing of ZrO2 content up to 7.5 wt% ZrO». The sample with 7.5 wt% ZrO performed
the highest alkali resistance, while the sample with 5 wt% ZrO: obtained the highest tensile strength.
The alkali resistance of these basalt fibers was given by a formation of stable hydrated zirconium-rich
layer retarding the preinitiation of OH- inside the surface. The corrosion of shell thickness of higher ZrO:
content fiber increased at a slower rate according to its higher alkali resistance. The excess addition
of ZrOz content up to 10 wt% in glass composition resulted in an increase of brittleness and weakness
of the fiber caused by a defect from undissolved ZrOz crystal in a fiber and its solubility limit.

and 1.4 wt% loss on ignition. It composed of both amorphous and
crystalline phases which are quartz, anorthite, augite, magnetite, and
hematite [9]. From the composition it showed high amount of alumina
but lower silica and calcium oxide content than basalt. It is possible
to mix between basalt rock from Chi Badan and the bottom ash in
suitable ratio according to basalt fiber formula.

The studies on glass fiber reinforced cement (GFRC) reported
the degradation of glass fiber in the cement matrix. The hydration and
setting of cement process produced the portlandite (Ca(OH)2) which
is the cause of corrosion of the fiber [10,11]. Glass fiber in alkaline
environment is rapidly deteriorate in strength, weight and diameter
[12]. This process can be attributed to breaking of the Si—O—Si
network in the silicate glass, by the hydroxyl ions (OH") which are
highly concentrated in the alkaline pore. Basalt fiber is increasingly
applied in glass fiber reinforce concrete along with Alkali Resistance
(AR) glass fiber. The basalt fiber is not only low price and cheaper
than AR-glass fiber, but also high mechanical properties and good
resistance to alkaline attack [13,14]. However, its alkali resistance
is lower than of AR-glass fibers. There are many studies proposed to
increase alkali resistance of glass fibers are improve glass composition
[15], applying new sizing and coating [16,17], and using cement
and concrete additives[18,19]. However, zirconia addition is reliable
and most widely used [20-23]. The alkali resistance of glass fiber can be
improved by the formation of a thin stable hydrated zirconium-rich
layer on glass surface. It was formed at the first stage of alkaline attack
on the silica glass network at the surface which could diminish the
diffusion of OH" ion into the glass [24].
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In this work, basalt rock from Chai Badan with high silica content
and the lignite bottom ash from Mae Moh power plant were used as
a major raw material to fabricate the fiber glass in range of basalt
fiber formula. The zirconia was used as ZrO2 source in the glass
formula to improve the alkali resistance of the fiber glass.

2. Experimental
2.1 Materials and glass fiber preparation

The main raw materials used to prepare a fiber sample were
basalt rock collected from basalt-mining area in Chai Badan, Lopburi,
Thailand (Mine Chem Co., Ltd) and the lignite bottom ash from
Mae Moh powerplant, Lampang, Thailand. Their chemical compositions
were obtained by X-ray fluorescence (Rigaku ZSX Primus 111+,
Japan) and showed in Table 1. MgCOs (> 40% MgO, Ajax Finechem)
was added to balance the chemical composition of glass according
to the typical composition of basalt fiber. The starting batch (BG01)
was a mixture of 57.91 wt% of basalt rock, 31.43 wt% of bottom ash,
and 10.66 wt% of MgCOs. The glass formulas were varied the
percentage of ZrO2 content by up to 10 wt% as shown in Table 2.
The mixture of raw materials was melted in an alumina crucible at
1500°C for 3 h then poured into a graphite mold. A fiber sample
was prepared by rapid drawing from the molten glass.

2.2 Characterizations and properties measurements

The glass samples were prepared by melting and quenching
process before ground and sieved through a 100-mesh screen. Their
glassy phase and residual undissolved phase were investigated
by X-ray diffraction technique, (XRD D8 ADVANCE, Germany).
The XRD patterns were obtained over the 26 range of 10° to 70°

Table 1. Chemical composition of basalt and bottom ash in wt%.
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at a scan step 20 = 0.01°, a scan rate of 2° (26-min!) and operated
at 40 kV and 30 mA.

The glass transition temperature (Tg), crystallization onset
temperature (T¢), crystallization peak (Tp), and endothermic peak
of liquidus temperature (TL peak) Of glass powder samples were
determined by using TG-DSC (STA PT 1600, Linseis, Germany)
in the temperature range from 25°C to 1200°C with heating rate of
10°C-min?,

Thin fiber samples with diameter from 50 um to 100 um were
selected for measuring its tensile strength and alkali resistance.
To measure the tensile strength of glass fiber, a glass fiber sample was
prepared as shown in Figure 1. The tensile strength of a fiber sample
was carried out ina UTM (universal testing machine, Instron 5843)
with 45 kN capacity, and the loading rate was 5 mm-min-,

Load

»

. <—1— Epoxy Glue

Cut Before
Testing ¢— Paper
$C-H- | 44-
o
-« Fiber Sample

. <—1— Epoxy Glue

Load

Figure 1. Sample setup for tensile strength measurement.

Oxides SiO2 CaO Al2O3 MgO TiO2 Na.O SOs K20 MnO Fe203 V205 Cr:0s  ZrO;
Basalt rock 59.77 5.82 16.45 3.21 0.94 2.62 - 2.2 0.17 8.04 0.02 0.03 0.05
Bottom ash 30.19 25.02 14.82 2.67 0.58 0.67 254 2.39 0.17 19.8 0.03 0.07 0.03
Table 2. Glass formulas in wt%.
Oxides Compositions (wt%o)
BGO1 BGO02 BGO03 BG04 BGO05
SiO, 46.72 4557 44.40 43.24 42.07
Al,O3 15.03 14.66 14.28 13.91 13.53
Fe,03 11.52 11.24 10.95 10.67 10.38
CaOo 11.90 11.61 11.31 11.01 10.72
MgO 8.26 8.06 7.85 7.64 7.44
Na,O 1.83 1.79 1.74 1.69 1.65
TiO, 0.77 0.75 0.73 0.71 0.69
K,0O 2.15 2.09 2.04 1.99 1.93
SO, 0.85 0.82 0.80 0.78 0.76
MnO 0.16 0.16 0.15 0.15 0.14
V,0s 0.02 0.02 0.02 0.02 0.02
Cr,05 0.04 0.04 0.04 0.04 0.04
P,Os 0.11 0.11 0.10 0.10 0.10
ZrO, 0.04 2.50 5.00 7.50 10.00
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Alkali resistance of glass fibers was measured as well as the
literature [22]. The accelerated aging test was achieved by refluxing
them in a plastic flask with 250 mL mixture of 1 M NaOH and 0.5 M
Na2COs in the ratio of 1:1. The plastic flask was put in a water bath
at 98°C for 3 h. Then the fiber glass samples were rinsed with distilled
water and dried. Alkali resistance of the glass fibers was determined
by the weight loss after treatment.

Visual observation of the fiber samples was observed by optical
microscope (Olympus BX51 TRF). The microstructure of corrosion
and crystallization deposited on the alkali treatment fiber were studied
by Scanning electron microscopy (SEM, JEOL JSM-6610LV) and
energy dispersive X-ray spectroscopy (EDS, Oxford X-MaxN 50 EDS).

3. Results and discussion

3.1 As melted glass and fiber form basalt and lignite
bottom ash

Basalt rock in this study has high concentration of SiO2 and
Al20s3, therefore, it cannot be melted at 1500°C without fluxing
agents. The mixture of glass batch with addition of lignite bottom ash
played a role in reducing the melting temperature by increasing of
CaO content in basaltic glass composition. The starting glass batch
containing basalt and lignite bottom ash, BG01 was completely melted
at 1500°C with soaking time of 3 h. From the chemical composition
analysis result, there was 2.54 wt% of SOz in bottom ash. According
to a previous study, some crystalline phases of anhydrite (CaSO4)
and gypsum (CaSOa4-2H20) were detected in the bottom ash from
Mae Moh power plant [25]. Anhydrite can be formed by dehydration
process upon heating. After dehydration of gypsum, anhydrite is
decomposed at 900°C to form SOz [26]. This resulted in the formation
of bubble between heating in the crucible on melting process, however,
the bubbles were completely released after soaking at elevated
temperature. As quenched glass samples were dark brown to black
glass without bubble and undissolved phase, from visual inspection.
The glass batches with varying the ZrO2 content from 2.5 wt% to
7.5 wt% ZrO2 (BG02, BG03, BG04) were also completely melted
without undissolved phase. There were some crystalline phases found
at the bottom and wall of the crucible after poured the melt of the
batch containing 10 wt% ZrO2 (BG05). The XRD-patterns of all glass
samples are amorphous as shown in Figure 2 however, it was found
the crystalline phase in the bottom of the crucible of BGO5 glass
formula. The sample labeled BG05X in Figure 2 is the XRD-pattern
of glass containing small pieces of zirconia crystal in the bottom of
BGO5 crucible. The BGOS5 is the glass containing 10 wt% ZrO2. The
crystallization was occurred in the bottom of crucible in consequence
of the solubility limit of ZrOzin basalt glasses which was determined
to be 7.1 wt% to 7.5 wt% according to the literature [20] and the previous
work [27] respectively. A continuous glass fiber sample with diameter
less than 100 um were obtained from all glass formulas.

3.2 Thermal properties
The as-quenched glasses were characterized by DTA. The DTA

traces of all sample are shown in Figure 3. Those traces show the same
characteristic patterns which can be determined the glass transition

temperature (Tg), the onset of crystallization temperature (T¢), the
crystallization peak temperature of the first crystalline phase (Tpy), the
crystallization peak temperature of the second crystalline phase (Tp2),
and the end point of endothermic peak associated with endothermic
peak of liquidus temperature (T peak). Table 3 shows the characteristic
temperature of the glass samples. The Tg of glass seems increase
with increasing of ZrO2 content in glass samples. The Tg of glass is
corelated with viscosity. This result shows the increase amount of
ZrO; affected in increase the viscosity of glass. The greater viscosity
in the glass also retards the crystallization upon heating, by which
it means that the glass needs higher temperature to reduce its viscosity
then the crystallization can occur. It was found that the sample with
greater content of ZrOy, therefor, has greater crystallization temperature.
The endothermic peaks of liquidus temperature were found in the
DTA curve of BGO2 - BG05 samples, however, they are quite the same
temperature.

* - Zirconia (Z107) [JCPDS. No. 01-089-0066]
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Figure 2. XRD-patterns of as-melted glass samples.
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Figure 3. DTA curves of as-melted glass samples.
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Table 3. Thermal properties of as-melted glass (in °C).
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Sample Tg Te T Tp2 T peak
BGO1 645.59 804.68 860.20 903.27 -

BG02 652.86 805.09 862.32 954.33 1163.03
BGO03 656.94 809.83 863.32 933.14 1166.11
BG04 665.57 818.61 875.94 951.91 1169.03
BGO05 671.85 821.93 880.78 973.40 1168.85

3.3 Mechanical properties

The comparison of tensile strength of glass fiber samples is shown
in Figure 4 and the other mechanical properties are shown in Table 4.
Among the glass fiber samples, BG03 with 5 wt% ZrO2 content
has the highest ultimate tensile strength. The average ultimate
tensile strength of BG0O3 and BG04 are 796+141 and 774+71 MPa
respectively. It is noticed that the difference of these values is not
significant because of a large standard deviation. The correlation
between ZrO2 content in a fiber sample and the ultimate tensile
strength is that the increase of ZrO2 from 0 wt% to 5 wt% in glass
formula encouraged the strength of the glass fiber. This result showed
that increasing content of ZrOz improved the strengths by the ZrO2/
SiOz substitution strengthens the silicate network as well as the study
of the properties of silicate glass containing zirconia reported by
R. Karell et al. [28]. ZrOz in this study possible to be 6-coordination
zirconium in silicate glass as well as alumina or it call “network
modifier”. It not only takes part in the formation of the silicate network
but in addition it heals the broken Si-O-Si bridges (eliminate non-
bridging oxygen). The increasing of Tq with increasing ZrO2 content
in glass sample also proves the strengthening of silica network in
this work. The strength of glass decreased dramatically in case
of 10 wt% ZrO containing glass, BG05. From optical observation
in Figure 5, the crystalline phases found as a defect at fracture origin
of BGO5 fiber sample after tensile testing, while there is no defect
found in the other samples. The pictures of fracture origin without
defect of BG03 and BG04 fiber are also shown in Figure 5. The small
number of crystalline phases could not be detected in XRD intensity.
The crystalline phase found in BGO5 fiber containing 10 wt% of ZrOz,

Table 4. Mechanical properties of glass samples from single-fiber test results.

was the crystallization of ZrO2 by the solubility limit of ZrO2 in
basalt glasses. The thermal expansion mismatch between crystalline
and glassy phase is the cause of the thermal stress surrounding the
crystal in a glass fiber. It was occurred during the fiber forming
process with a rapid cooling rate. The crystals in the melt may be drawn
from the crucible with a fiber. The stress concentration at defect tips
can initiate crack propagation after applying an external load. In case
of greater concentration of ZrOz in silicate glass, the Zr** also acts
as a modifier increase the non-bridging oxygen in the glass network
when a certain threshold is reached, zirconium surplus leads to break
a glass structure and a reduction of the tensile strength [22].
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Figure 4. Tensile strength of a single fiber sample.

Sample Tensile strength (MPa) Elongation at break (%) Modulus of elasticity (GPa)
BGO1 408+98 0.72+0.12 56.4+7.6

BG02 625+102 0.81+0.14 78.2+11.8

BGO3 796+141 0.96+0.22 83.6+11.2

BG04 774+71 1.05+0.20 75.7+14.6

BG05 335+109 0.88+0.03 37.6x11.4

Figure 5. Optical microscopy image of fractured fibers.
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3.4 Alkali resistivity

From the accelerated aging test, the percentage of weight loss by
alkali attack of each sample is plotted in Figure 6. At low concentration
of ZrO, the results have shown a greater weight loss of 26.45% and
23.33% found in a glass fiber containing 0% ZrO2, BG01 and 2.5%
ZrO2, BGO2 respectively. The corrosion rate of glass fiber with ZrO2
content from 5 wt% to 10 wt% decreased slightly with increasing of
ZrOz content. It decreased from 7.51% to 4.32%. BG04 performed
the best alkali resistance from this result. The corrosion in alkali
solution was the result from breaking of silica glass network by
hydroxyl ion and the aluminosilicate phases, found on the surface
of all samples. From EDS analysis, there are two types of crystalline
phases precipitated as a shell on the surface of basalt fibers.

The first one was CaCOs which crystallized both cubic and
rod-like shape as marked at point 1 and 4 in Figure 8. The CaCO3
crystals were crystallized due to diffusion of Ca ion in the glass fiber
to the surface and penetration of COz in the bottle into the alkali solution
during alkali resistance testing process. The plate-like hexagonal
crystals (Figure 8. Point 2 and 3) was started from iron hydroxide
carbonate Fes(OH)12COs which oriented perpendicular to the surface
of the fiber [29]. The corrosion shell was delaminated by increasing of
its thickness, the corrosion of fresh surface, then continued. There

(@) BGO1f

was found that the thin layer of crystal shells remains on the surface
of BG04 and BGO5 after rinsed much higher than the lower ZrO:
containing fiber (see Figure 7). This can be explained that the corrosion
shell thickness of higher ZrO2 content fiber increases at slower rate
according to its higher alkali resistance. The thicker shell can be
detached easily, while the thin layer of corrosion shell remains on the
surface. It acts as a protection layer at the beginning of corrosion process
by slowing down the attack of alkali on the fresh surface of glass fiber.
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Weight loss (wt. %)
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0.00
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Sample

BGO01 BGO02

Figure 6. Weight loss of the glass fiber samples after alkali immersion.

Element Point 1 Point 2 Point 3 Point 4
0 38.11 50.2 52.34 61.97
C 3.56 - - 11.83
Si - 12.16 14.67 -

Ca 58.33 11.16 8.82 23.12
Mg - 10.37 8.7 1.76
Fe - 10.22 7.85 1.33
Al - 4.25 5.6 -

K - 1.08 1.15 -

Na - 0.55 0.87 -

Note: amount of element in wt%

Figure 8. SEM image and results of EDS analyses taken from indicated points.
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4, Conclusions

The glass fiber according to basalt fiber composition were successful
prepared from the mixture of silica rich basalt rock from Chai Badan,
Lopburi, Thailand and lignite bottom ash, from Mae Moh power
plant. The addition of 0-10 wt% of ZrO: in glass formula resulted
in increase its viscosity by shifting the glass transition temperature
and crystallization temperature to higher value. The addition of ZrO>
content in glass fiber composition also increase the alkali resistivity
and improving tensile strength of the fiber through strengthening
the glass network the ZrO2/SiO2 substitution strengthens. The glass
fiber formula with 7.5 wt% of ZrO2 content performed the highest
alkali resistance and tensile strength. The addition of ZrO: in the
glass fiber should not be more than 7.5 wt% because of the solubility
limit of ZrO2.
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