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ABSTRACT

Borosilicate glasses have many usage areas due to their high thermal and chemical 
resistance with a very low thermal expansion coefficient. The number of waste 
borosilicate glasses is increasing in direct proportion to their usage areas. Creating 
new usage areas by recycling these glasses will provide cost savings. In this paper, 
the fiber drawing method is used to recycle borosilicate glass. The aim of this article 
is to investigate the effect of winding speed and temperature of drawing process on 
fiber thickness. The fiber drawing process was performed at specific temperatures 
(1100, 1200, and 1300°C) and at specific winding speeds (50, 175, and 300 rpm). 
In this context, the thermal behavior of borosilicate glasses was determined by DSC 
and TGA analysis. The structural and chemical properties and corrosion resistance of 
borosilicate glass fibers were examined by SEM, XPS, and corrosion test, respectively. 
The results show that the fiber thickness increased with the increase in the amount of 
material fed in the crucible, while it decreased with the increase of fiber drawing speed 
and time.

1. Introduction

The drawing of glass, even older than glass blowing, 
is an ancient technology. However, glass fiber mass 
production started in 1893 when Edward Drummond 
Libbey made clothes from fabric combining silk and 
fiberglass [1]. After the starting of the mass production 
process, the use of glass fiber has become increas-
ingly widespread. Glass fibers can be used in many 
applications, which can be divided into four basic cat-
egories: (a) filtration media, (b) insulations, (c) optical 
fibers, and (d) reinforcement for composite materials 
[2].

Fiber drawing was first used in air filtration systems. 
The diameter of fibers used in these systems is signifi-
cant. Thick fibers provide high porosity and reduce the 
pressure drop, while thin fibers increase the filtration 
efficiency [3]. More filtration is provided with the re-
duction of fiber diameters. Over time, organic polymer 
fibers have started to replace glass fibers in filtration 
systems. The use of glass fibers in thermal insula-
tion, which is the second important market share, has 
started to increase rapidly. Insulation is not only re-
lated to the thermal conductivity of the fiber but also 
to its density. Fiber density is directly proportional to 
the entrapped air. The rate of entrapped air is related 
to the fiber diameter and configuration, depending on 

ARTICLE INFO

Article history:
Received June 16, 2021
Accepted January 2, 2022
Available online March 29, 2022

Research Article

DOI: 10.30728/boron.953341

Keywords:
Borosilicate glass
Fiber drawing
Glass fiber

Investigating the effect of drawing process parameters on borosilicate glass 
fiber thickness
Cennet Yıldırım   1,2, #,*, Eda Turgut   1,3, #, Sedat Sürdem   4, Abdulkerim Yörükoğlu   1

1Turkish Energy, Nuclear and Mineral Research Agency, Boron Research Institute, Ankara, 06530, Turkey
2Istanbul Technical University, Graduate School of Natural and Applied Sciences, Department of Metallurgical and Materials Engi-
neering, Istanbul, 34469, Turkey
3Gazi University, Graduate School of Natural and Applied Sciences, Department of Chemical Engineering, Ankara, 06530, Turkey
4Gazi University, Graduate School of Natural and Applied Sciences, Department of Environmental Sciences, Ankara, 06570, Turkey

the fiber drawing [4]. The diameters of the fibers used 
in insulation vary between about 5-30 µm. In optical 
fibers, which is the third important area of use, a larger 
fiber diameter (>100 µm) is used than insulation fiber. 
The use of glass fibers in the field of optics has initi-
ated a revolution in information technologies [5].

The fourth most important application area of glass fi-
bers is composite materials, where they are used as 
reinforcements for polymers. The number of defects 
reduces with the increase of the surface to volume ra-
tio of glass materials, and thus the strength of glass 
increases. Therefore, thin diameter filaments are very 
significant to manufacture high strength composite 
materials [6].

With the expansion of usage areas, many studies have 
been made about fiberglass. In recent times, the focus 
of research has been on developing glass fibers for 
material reinforcement in composite materials and the 
wide variety of usage areas [7,8]. Although glass fibers 
have lower mechanical properties than that of carbon 
fibers, they are widely used since their raw materials 
are inexpensive and they have a facile production pro-
cess [9-11].

Brøndsted et al. [12] have focused on why glass fiber 
composites take first place as the most widely used 
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Figure 1. Glass fiber production system.

material. They investigated the properties of glass fi-
bers such as high strength, relatively low density, high 
hardness, high thermal resistance, high chemical re-
sistance, and low cost [13-17].

Glass fiber production is carried out by drawing, ex-
pansion, and curing processes, respectively. Firstly, 
the glass pieces are heated up to the softening point in 
the induction furnace before the fiber drawing process. 
It is then pulled and wound in the form of fibers on a 
rapidly rotating spinning drum [18].

In literature, studies were done on what can be effec-
tive during the drawing of a single fiber [19-22]. As a 
result of these studies, parameters were investigated, 
such as non-axial symmetrical effects during fiber 
drawing, radiation heat transfer between fibers, the ef-
fect of airflow, inhomogeneity of conditions between 
fibers [23,24].

Liu and Banta [25] have developed an analytical model 
on the parameters that are effective during fiber draw-
ing. Furthermore, Lima and Monteiro [26] and Gupta 
et al. [27] investigated the thermal behaviors of boro-
silicate glass/fiber depending on the temperature. As 
a result of these studies, it was seen that changes in 
processing temperature affect not only the fiber diam-
eters but also the chemical composition that changes 
depending on the evaporation of boron oxide. Fiber 
diameter can also be controlled by the fiber winding 
speed.

In the present study, the effect of winding speed and 
temperature of the drawing process on fiber thickness 
was investigated by keeping the feed amount constant 
in transforming borosilicate glass into fiber form.

2. Materials and Methods

2.1. Sample Preparation

Waste borosilicate glasses were re-melted and trans-
formed into the fiber. The IF_1450_50 model glass 
fiber production system, whose design belonged en-
tirely to TENMAK-Boron Research Institute and was 
produced by MSE Technology (Turkey), was used to 
draw borosilicate fibers (Figure 1).

The device has an induction melting system. The 
maximum operating temperature is 1450°C and a plat-
inum-rhodium (Pt-Rh) alloy crucible is used as sample 

The borosilicate glasses required for this study were 
obtained from recycled glasses in our laboratories. 
The borosilicate glasses were broken into small piec-
es. As shown in Figure 2, approximately 115 grams 
of glass pieces were added into the platinum-rhodium 
(Pt-Rh) alloy crucible.

As the fiber drawing time increases, the amount of ma-
terial remaining in the crucible decreases. The fiber 
thickness decreases significantly, and ruptures occur 
with the decrease in the amount of material. Hence 
115 grams of glass pieces, the maximum amount of 
material used in the crucible, were used for each op-
erating temperature. Borosilicate glass fibers were 
drawn at the temperatures and winding speeds given 
in Table 1.

Yildirim C. et al. / BORON 7(1), 403 - 410, 2022

Figure 2. The production steps of the borosilicate glass fiber: breaking into small pieces, remelting, and drawing, respectively.

Table 1. The operating temperatures and winding speeds.

conat. There are 5 nozzles on the crucible and each 
nozzle is approximately 0.5 mm in diameter. Fiber 
drawing system of the device has planar motion in x 
and y directions, rotational motion and protection cov-
ers.

Temperature (°C) Winding Speed (rpm)
1100 50 175 300
1200 50 175 300
1300 50 175 300

The molten glass inside the crucible is drawn through 
many nozzles downwards into the air, forming more 
viscous fiber. Then, the fiber is cooled as it proceeds 
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through the air, and the fiber is wound around the 
drum. Samples were taken at different periods, at 
10 minutes, 30 minutes, and 1 hour after fiber draw-
ing started. After about 2 hours of fiber drawing, the 
amount of material remaining in the crucible was 
weighed. Finally, the characterization analysis of the 
drawn fibers was performed.

2.2. Characterization Techniques

Thermal analysis was performed to evaluate the ther-
mal behavior of obtained borosilicate glasses using 
platinum crucible in an argon (Ar) atmosphere, and at 
a heating rate of 10 K/min from 25°C to 1300°C via 
Netzsch STA 449 F3 Jupiter.

X-ray photoelectron spectroscopy (XPS) analysis was 
performed to analyze the elements in the composition, 
specifically boron (B), using a Thermo Scientific/K-Al-
pha Brand XPS Device with monochrome Al Kα.

The chemical resistance test of glass fibers was car-
ried out in accordance with the study of Yurdakul et 
al [10]. To measure the chemical resistance of boro-
silicate glass fibers in a basic environment, 40 g so-
dium hydroxide (NaOH) and 1 L of distilled water were 
mixed. Then, the glass fibers were cut in 5 mm length 
and added to the solution. Finally, the chemical resis-
tance test was started at 75°C to observe the weight 
loss. 

The thickness measurements of the borosilicate 
glass fiber were made on the Hitachi SU5000 Scan-
ning Electron Microscopy (SEM) at Yıldırım Beyazıt 
University, Electron Microscopy Laboratories. During 
analysis, an acceleration voltage of 10 kV was used at 
working distances of 8.1 and 9.5 mm.

3. Results and Discussion

3.1. Thermal Analysis

The thermal behavior and mass change of borosilicate 
glass were investigated by DSC and TG analyses. In 
the DSC studies to determine the softening point range 
of borosilicate glasses, it has been observed that the 
softening point varies between 830-860°C. Due to the 
fact that the boron content in the glass composition 
reduces crosslinking, it reduces viscosity. Thus, the 
glass becomes formable [28,29]. The analysis results 
are presented in Figure 3. It was observed that 850°C 
is the softening point of the borosilicate glass. After 
this temperature, the material became suitable for fi-
ber drawing. With the increase in temperature, weight 

Figure 3. The result of DSC and TG analyses of borosilicate glass.

loss is observed with the evaporation of the material. 
The weight loss, which started at 780°C, continued to 
increase gradually. It was observed that the highest 
mass loss was experienced, especially around the en-
dothermic peak at 1100°C.

3.2. Elemental Analysis

XPS analysis was performed to determine the compo-
sition of both borosilicate glass fibers obtained after fi-
ber drawing and raw borosilicate glasses. According to 
the XPS results, the elemental composition of all sam-
ples was determined, and they are listed in Table 2.

In the XPS spectra presented in Figure 4, binding en-
ergies corresponding Al, Ca, Si, B, O, and Na were 
observed. The binding energy ranges of B1s, Ca2p, 
and Na1s are in the range of 182 to 196 eV [30,31], 
340 to 360 eV [32,33], and 1062 to 1078 eV [34,35], 
respectively. There was a reduction in the boron tri-
oxide (B2O3), calcium oxide (CaO), and sodium oxide 
(Na2O) amounts in the borosilicate glass composition 
after the fiber drawing process. As shown in Figure 4, 
significant reduction was observed especially in the 
relative boron intensities. It was estimated that this re-
duction is due to relative increase in the evaporation 
of some of the species in the composition during the 

Table 2. The chemical composition (wt%) of borosilicate glass and fibers produced at different temperatures.

Temperature SiO2 Al2O3 B2O3 CaO Na2O
Borosilicate Glass (BG) 53.20 9.07 27.75 0.40 9.58
Borosilicate Glass Fiber (BGF) (1100°C) 57.74 12.35 23.67 0.11 6.13
Borosilicate Glass Fiber (BGF) (1200°C) 58.42 12.84 23.06 0.06 5.62
Borosilicate Glass Fiber (BGF) (1300°C) 59.10 13.33 22.45 0.02 5.10

Figure 4. The result of XPS survey analysis of borosilicate glass 
and fibers produced at different temperatures.
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Figure 6. Comparison of chemical resistance test results of fibers 
drawn at different temperatures.

Figure 5. O1s photoelectron spectra and the curve fitting of BG and 
BGF-1300°C.

Yildirim C. et al. / BORON 7(1), 403 - 410, 2022

high temperature fiber drawing process. Thus, while 
the amounts of CaO, Na2O and B2O3 decreased in 
the final fiber composition, the ratios of silicon diox-
ide (SiO2) and aluminum oxide (Al2O3) amounts in the 
composition increased.

The core-level peaks of O1s photoelectron spectrum 
for borosilicate glass as a result of curve fitting (Fig-
ure 5) were analyzed using the CasaXPS software 
and also Shirley background was used to match peak 
in the spectrum. The small peak between 534 to 537 
eV is a Na Auger peak (Na+ ions) [36]. The low and 
high energy peaks of an O1s signal were attributed 
to bridging oxide (BO) and non-bridging oxide (NBO) 
components, respectively [31]. The O1s spectrum was 
deconvoluted into five individual component peaks 
centered at 530.9 eV, 531.6 eV, 532.6 eV, 533.1 and 
535.1 eV. These correspond to the B-O-Na bond of 
non-bridging oxide (NBO), and the Si-O-Si and Si-O-
Al bonds of bridging oxide (BO) were defined [37,38]. 
According to the XPS analysis results given in Table 
2, it is seen that the amount of B reduces as the tem-
perature increases. The reduction in tetrahedral boron 
causes an increase in non-bridging oxygens (NBOs) 
[39]. Therefore, the NBO ratios are lower in borosili-
cate fibers compared to borosilicate glasses.

loss of borosilicate fibers drawn at 1100°C was higher 
than the fibers drawn at other temperatures (1200°C 
and 1300°C). An increase in the surface area was ob-
served due to a decrease in fiber thickness at low tem-
peratures. This increase in the surface area causes 
a reduction in chemical resistance by increasing the 
interaction area between NaOH and glass fiber. Fiber 
thickness decreases with temperature. Thus, it can be 
concluded that the mass loss will be higher at higher 
temperature. When the chemical corrosion resistance 
of glass fibers drawn was compared depending on the 
surface area, it was seen that glass fibers drawn at 
1300°C were very slightly soluble in the NaOH solution 
(Figure 6).

The chemical resistance of glasses varies depending 
on the boron and sodium silicate ratios in their com-
position [40]. The chemical resistance of the fibers is 
adversely affected by the increase in the ratio of B2O3 
and Na2O. According to the XPS analysis results given 
in Table 2, it is seen that there is a decrease in the 
amount of both Na and B. Due to the high amount of 
Na and B in the composition of the glass fibers drawn 
at 1100°C, more dissolution occurred in the NaOH so-
lution (Figure 6).

3.3. Chemical Resistance Analysis

The weight loss results of borosilicate fibers after 
1, 24, 48, and 72 hours from the drawing process 
can be followed in Figure 6. After 72 hours, 0.53%, 
0.48%, and 0.45% mass loss values were calculated 
at 1100°C, 1200°C and 1300°C, respectively. When 
the results were examined, it was seen that the weight 

Another important parameter affecting chemical resis-
tance is the amount of Al2O3. Depending on the high 
alumina ratio in the chemical composition of the glass 
fibers, some glass properties such as chemical dura-
bility can be improved [41,42]. According to the XPS 
analysis results given in Table 2, while the amount of 
Al increased with the increasing in fiber drawing tem-
perature, the amounts of B, Ca, and Na decreased.

Therefore, it can be concluded that the chemical re-
sistance is enhanced with the increase in fiber thick-
ness due to the increase in fiber drawing temperature. 
Also, the chemical durability improved due to reduced 
amounts of Na and B within the chemical composition 
of fibers and increasing amount of Al2O3.

3.4. The Amount of Feeding Material

In this study, fiber spinning was performed at three 
different winding speeds (50, 175, 300 rpm) at three 
distinct temperatures (1100°C, 1200°C, and 1300°C). 

BG

BGF
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Figure 9. The SEM images of fiber thicknesses at 1100°C-50 rpm-1 
hour (a-b) (Scale bar: 10 μm).

Figure 8. SEM images of fibers at different temperatures and dif-
ferent winding speeds (a) 1300°C-50 rpm-10 min, (b) 1300°C-175 
rpm-30 min, (c) 1300°C-300 rpm-1h, (d) 1200°C-50 rpm-10 min, 
(e) 1200°C-175 rpm-30 min, (f) 1200°C-300 rpm-1h, (g) 1100°C-50 
rpm-1h, under 900x magnification (Scale bar: 20 μm).

Yildirim C. et al. / BORON 7(1), 403 - 410, 2022
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3.5. Measurement of Thickness

The thickness measurements of fibers produced at dif-
ferent temperatures and winding speeds were deter-
mined using SEM analyzes. By keeping the amount of 
material in the crucible constant, the thickness of the 
fibers was examined at previously mentioned operat-
ing temperatures and winding speeds. Measurements 
of thickness were made at certain time intervals of 10 
min, 30 min, 60 min. The images of fibers that are ob-
tained as a result of different parameters are given in 
Figure 8.

As a result of these measurements, it can be seen 
that when the amount of feeding material decreased 
(Figure 7), the fiber thickness decreased from approxi-
mately 22 µm to 5-6 µm, as given in Figure 9. It was 
estimated that these values are observed because the 
amount of material decrease is too much at 1100°C 
and 50 rpm rotation speed. Besides, the viscosity of 
melt which is the other most important parameter on 
fiber thickness, is increased due to decreasing tem-
perature that is why the material from the nozzles is 
not enough. This situation results in a significant re-
duction in fiber thicknesses is observed.

In order to determine the average fiber thickness, 10 
measurements were taken per parameter from differ-
ent fibers. The data of these average values are given 
in Figure 10.

Fibers were not drawn at 1100°C-300 rpm and 175 
rpm winding speeds, which is why the results of these 

Before the fiber drawing started, 115 g of borosilicate 
glass pieces were added to the crucible. Fiber spinning 
was done at 1100°C, 1200°C, and 1300°C for 3 hours. 
Since the viscosity of the material is high at 1100°C, 
the temperature value is not suitable for fiber drawing. 
Winding was done at 1100°C with only 50 rpm. After the 
drawing process was completed, the remaining mate-
rial amount in the crucible was weighed. The amount 
of materials that were used during the glass fiber draw-
ing processes are given in Figure 7. It was observed 
that the amount of material consumed increased with 
the increase of winding speed and temperature.

parameters are absent in Figure 10a. The viscosity 
was inadequate at 1100°C. Hence, the rupture was 
observed in the fibers with the increase of the winding 
speed, and long-term winding could not be sustained 
at 1100°C. As can be seen from Figure 10, the thick-

Figure 7. The amount of material used at different temperatures and 
different winding speeds.
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The SEM results clearly presented that fiber thick-
ness decreased as the amount of material in the 
melting crucible decreased and/or the winding speed 
increased. It was also observed that as the winding 
time increased, the amount of material in the crucible 
decreased, so the fibers were thinner, and even rup-
tures were detected. According to current findings, it 
was determined that the best process parameters are 
1300°C and 50 rpm.
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