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In this work, glass fibres with red mud, as the main raw material, were prepared. The effect of the iron oxide content
on the structure and alkali resistance of the glass fibres was studied by XPS, FT-IR, DSC, SEM-EDS, while the tensile
strength and mass loss rate in alkali corrosion were also analysed. The results showed iron existed mainly in the form
of Fe*'. The network polymerisation degree of the glasses decreased as the SiO,/Fe,O; mass ratio (Si/Fe) decreased, which
caused a significant reduction in the T, and the thermal stability parameter AT (AT = T, - T,). The fibre tensile strength
deteriorated when the Si/Fe ratio decreased, while the alkali resistance of the fibres strengthened. After 72 h of alkali
corrosion, the average tensile strength of fibres decreased significantly, which were all below 500 MPa. The SEM combined
with EDS analysis revealed the shell formed on the fibre surface was mainly oxides and hydroxides of insoluble metals

(Fe, Ca), preventing further corrosion by OH'.

INTRODUCTION

Red mud, a kind of solid waste, is produced
by factories in the process of producing alumina [1].
When 1 t of alumina is produced, 1 — 2 t of red mud will
be made [2]. Due to red mud having a strong alkaline
effect [3, 4] and its large output and low utilisation
rate, the most common treatment method at present
is red mud disposal [5], which causes serious pollution
to the surrounding soil and groundwater [6-8]. Therefore,
it is a global issue to find a way to fully utilise and
effec-tively recover red mud. Recently, many scholars
have conducted a great deal of experiments and studies
on the utilisation of red mud. Mandal et al. [9] prepared
insulating bricks by mixing red mud and wood chips,
and the best performance was achieved when the wood
chip content was 7.5 %. Jiling. Zhao et al. [10] improved
the durability of red mud glass by adding SnO,
and the best performance was achieved when the SnO,
was 1.48 wt. %. Huizhi. Yang et al. [11] prepared glass
ceramics by mixing 20 % — 50 % of red mud, which
had better mechanical, acid and alkali corrosion
resistance properties. KRITIKAKI et al. [12] prepared
glass ceramics using red mud, fly ash and slag, and com-
pared the properties of the products with different doping
levels, which provided a reference for industrial use
of solid waste for the preparation of glass ceramics.

Red mud is mainly composed of SiO,, Fe,0;, Al,O;,
CaO and Na,O, which is similar to the composition
of basalt. Therefore, in this work, similar to basalt,
fibres are prepared by adjusting the components, which
are then applied in fibre-reinforced concrete. Mixing
the fibres into the concrete makes the concrete tougher
and more impact resistant [13, 14], but concrete mortars
are usually highly alkaline (pH > 12.5), which means that
the fibres need to have high alkali resistance. Therefore,
the glass fibres prepared in this experiment use red mud
as the raw material. Then, by changing the iron oxide
content of the glass fibres, the changes in the mechanical
properties and alkali resistance are measured. Moreover,
the effects of the changes of the iron oxide content
on the structure and alkali resistance of the glass fibres
are analysed.

EXPERIMENTAL

Preparation

Glass samples were produced by a high-temperature
melting method, and the raw materials were red mud,
quartz powder, dolomite and industrial alumina. The com-
ponents of each raw material were tested by an X-ray
fluorescence spectrometer (XRF, Bruker S8 TIGER),
and the composition is shown in Table 1.
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Table 1. Composition of the raw materials (wt. %).

Sio, ALO, Fe,0, CaO Na,0 TiO, MgO LOI
Red mud 20.58 25.48 11.70 13.97 6.55 4.14 0.22 17.36
Quartz 98.80 0.74 0.13 — 0.03 — — 0.30
powder
Dolomite 0.50 0.15 0.05 31.40 — — 20.80 47.10
Industrial — 99.07 0.01 — 0.42 - — 0.50
alumina
Table 2. Composition of the glass samples of the SF group (wt. %).
No. Sio, AlO, Fe,0, CaO Na,O TiO, MgO Si0,/Fe,0,
SF-1 59.03 15.52 3.51 10.09 5.57 1.24 3.82 16.82
SF-2 58.06 15.59 4.10 10.09 5.59 1.45 3.82 14.16
SF-3 57.09 15.57 4.68 10.09 5.52 1.66 3.83 12.20
SF-4 56.02 15.55 5.27 10.09 5.55 1.86 3.83 10.63
SF-5 55.05 15.52 5.85 10.09 5.58 2.07 3.83 9.41

Glass samples preparation

Table 2 shows the composition of the glass
samples, which is labelled as SF-1 to SF-5 according to
the mass ratio of SiO, to Fe,O; (referred to as Si/Fe).
The glass batches were placed into the alumina crucible
according to the calculated components, and then heated
at 1500 — 1550 °C for 3 h. The molten glass was poured
onto a graphite plate into a mould and removed to a muffle
furnace, which annealed it for 2 h at the glass transition
temperature. Then, the base glasses were obtained
by cooling to room temperature.

Glass fibre preparation

About 50 g of the glass was placed in a corundum
crucible with a hole in the bottom (the hole is 6 mm
in diameter). Glass fibres were drawn at the fibre-
forming temperature using fibre drawing equipment and
then collected on a rotating wheel with a constant speed.
The spinning speed range was 125.6 — 376.9 m'min™.
Glass fibres with a diameter of 35 + 5 um were selected
for the subsequent test experiments.

Characterisation

An X-ray diffraction (XRD) analyser (D8
ADVANCE) was used to determine that the glass
samples are amorphous, using Cu-K, rays in the range
of 10 — 80° at 2°-min™".

An X-ray photoelectron spectrometer (XPS,
ESCALAB Xi+, UK) from Thermo Fisher Scientific
was used to analyse the valence states of the atoms
in the samples, with Al K, as the excitation source,
which was measured at a constant target voltage
and target current (15 kV, 10 mA) [15].

The structure of the sample was analysed using
an infrared spectrometer (Nicolet-380), in which the KBr
press method was used. The wavelength range of the test
was 400 — 1600 cm™.

The density of the samples was tested at room
temperature using a densitometer (AR233CN), based
on Archimedes’ principle [16]. The tests were repeated
at least three times for each group of samples to reduce
the error.

The thermal properties of the samples were
analysed using differential scanning calorimetry (DSC,
Netzsch STA 409, Germany). The temperature range
was 20 — 1200 °C, and the heating rate was controlled
at 10 °C'min™".

The glass fibre tensile strength reflects the ability
of the material to resist fracture. The calculation
formula is shown in Equation (1). The fibre diameter
was measured using an optical microscope and the fibre
tensile strength at breakage was measured using a fibre
tensiometer (GFLS-98).

F
_r (1)
°75%

where, o is the fibre tensile strength, MPa. F'is the tensile
force of the fibre at breakage. S is the cross-sectional area
of the fibre.

Glass fibres with a length of about 6 cm and a weight
of about 2 g were intercepted in each group for the alkali
resistance test. The fibres were placed in centrifuge
tubes containing a 1 mol-L"' NaOH solution (pH = 14),
and heated in a water bath at 80 °C for 12 h, 24 h,
48 h and 72 h, respectively. The samples were cleaned
with flowing water and then dried in a drying oven
at 80 °C. After drying, the mass loss of the samples was
measured. The mass loss rate is calculated by Equation 2
as shown below. Scanning electron microscopy (SEM,
QUANTA 250) was used observe the morphology
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of the fibres after corrosion, and energy dispersive
spectroscopy (EDS) was used to analyse the composi-
tional changes of the fibres.

M —
L Z%100% 2)

M=

where M is the mass loss rate, M, is the mass of the un-
corroded sample and M, is the mass of the corroded
sample.

RESULTS AND DISCUSSION

XRD

The XRD patterns of the samples are shown
inFigure 1. There is no sharp diffraction peak in the figure,
indicating that all the samples are in the amorphous state.
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Figure 1. XRD pattern of the SF group samples.
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XPS analysis

Figure 2 shows the XPS spectra of the glass
samples. As shown in the figures, the binding energy
of Fe** is around 711.5 eV, usually accompanied
by the presence of satellite peaks, and that of Fe?
is around 724.6 eV [15, 17, 18], which is consistent
with the results of Toru Yamashita et al. [19] and, after
calculation, the proportion of Fe** to the total number
of ferrous ions in the three groups of samples is almost
unchanged (Fe**: Fe,,, = 0.7). Therefore, the experiments
mainly discussed the effect of Fe** on the glass fibres,
including the mechanical properties and alkali resistance.

FTIR spectra

Figure 3 shows the IR spectra of the glass samples.
In the range of 400 - 1600 cm’, the samples exhibit
three main characteristic absorption bands at about 460,
710 and 1020 cm™. About 460 cm™, the first absorption
band can be seen, which is due to the bending vibrations
of Si-O-Si and AI-O-Si [20]. The 600 — 850 cm’
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Figure 2. (a) XPS spectra of SF-1, (b) XPS spectra of SF-3,

(c) XPS spectra of SF-5.

absorption band represents the stretching vibration
of T-O-T (T = Si, Al, Fe) in the tetrahedral
network [21]. The 850 — 1300 cm™ absorption band
results from the antisymmetric stretching vibrations
of the Si-O-Si and Si-O bonds [22, 23]. When the iron
oxide content increases, the absorption band around
1020 cm™ is transferred to a lower wavenumber.
This is due to the reduction in the number of Si-O-
Si bonds, resulting in a decrease in the connectivity
of the glass network. Meanwhile, the absorption band
around 710 cm™ is flattened, which indicates a decrease
in the number of tetrahedral structures [20]. In general,
first of all, the reduction in the SiO, content results
in a decrease in the connectivity of the glass network.
Secondly, the free oxygen provided by the iron oxide
increases the amount of non-bridging oxygen (NBO),
causing a reduction in the connectivity of the [SiO,]
tetrahedra [24], and the network structure is further
damaged.
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Figure 3. FTIR spectra of glass samples from the SF group.

Density

Density is an important property of glass.
The density of the glass samples is shown in Figure 4.
With an increase in the iron oxide content in the samples,
the density of the samples shows an increasing trend,
from 2.602 g-cm™ to 2.675 g-em”™.
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Figure 4. Density of the glass samples of the SF group.
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DSC

Figure 5 shows the DSC curves for SF-1 to SF-5.
The characteristic temperatures of the glass (glass
transition temperature 7,, the crystallisation onset
temperature T, the crystallisation peak temperature 7,
and liquid temperature 7;) are measured by DSC.
The values are shown in Table 3, where AT = T-T,.
It can be seen from Figure 5 and Table 3 that T,
gradually decreases with the increasing iron oxide,
from 726 °C to 705 °C. The glass transition temperature
usually reflects the tightness of the glass network,
and is related to the amount of bridging oxygen
(BO) in the [SiO,] and [AlO,] tetrahedra. According
to the structural analysis, the increase in the iron

oxide makes the NBOs in the glass structure increase
and the glass structure becomes loose, resulting
in a significant decrease in T,. AT is a parameter that
measures the resistance to crystallisation [25]. From
Table 3, it can be seen that AT decreases with a decreasing
Si/Fe ratio, which indicates that the glass becomes worse
in terms of its thermal stability, and the glass becomes
easier to crystallise.
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Figure 5. The DSC curves of the SF group samples.

Table 3. The characteristic temperatures (°C) of the glass
samples of the SF group from the DSC curve.
No. T, T T, T, AT
SF-1 726 849 948 1183 123
SF-2 722 833 915 1179 111
SF-3 714 826 912 1174 112
SF-4 710 814 919 1165 104
SF-5 705 778 922 1162 73

Tensile strength testing of the raw glass fibres

In order to evaluate the glass fibre tensile strength,
a Weibull distribution model was used for the analysis.
It is based on the “weakest link theory” and assumes
that independent defects at random locations cause
mechanical failures [26]. The cumulative failure
probability distribution function (P) is defined as

]

where o is the independent variable, which can be ex-
pressed as the fibre tensile strength for the glass fibres.
f is the shape parameter, indicating the dispersion
of the fibre tensile strength, when the value of £ is large,
the failure stress range of fibres is narrower.
n 1is the scale parameter, its value represents the
growth rate of the failure probability, when the value
of 7 is larger, the growth rate is slower. P is the failure
probability.
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Figure 6. Tensile strength of the glass fibres in the SF group.
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Figure 7. Weibull function distribution of the tensile strength
of the glass fibres in the SF group.

Table 4. Fitting parameters of the Weibull distribution function
for the SF group.

Parameters 13 n
SF-1 35.66 1979.07
SF-2 29.09 1919.50
SF-3 17.52 1827.14
SF-4 10.74 1728.26
SF-5 7.35 1560.62

At least 30 samples of each group of glass
fibres were selected for measurement and the results
are shown in Figure 6. The fibre tensile strength
gradually decreased with the increasing iron oxide
content, from 1949 + 28 MPa to 1464 + 53 MPa, which
has the same trend as the study by Gutnikov et al.
[27]. Figure 7 shows the Weibull distribution function
of the fibres and its fitted parameters are summarised
in Table 4. Combined with Figure 7 and Table 4, with
the increase in the iron oxide content, the £ and # values
gradually decrease. It indicates that the range of failure
stress of the fibres becomes wider [28] and the growth
rate of failure probability becomes faster. In other

words, the distribution range of the fibre diameter
becomes larger and the stability of the fibre strength
becomes worse.

Alkali resistance test of the glass fibre

In alkaline solutions, the OH" in the solution reacts
with Si0, and Al,O; to form dissoluble salts. The reaction
equations are as follows [29-32].

[—Si—0—Si—] + OH™ > [—Si—OH] + [—Si]
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Figure 8. Mass loss rate of the glass fibre in the NaOH solution
for the SF group.

Figure 8 shows the mass loss rate of the glass fibre
samples after corrosion. The mass loss of the glass
fibres increases with an increase in the corrosion time,
but the mass loss rate tends to be flat. Moreover,
the mass loss rate with the same corrosion time
is roughly in the following order: SF-1 > SF-2 > SF-3
> SF-4 > SF-5. The highest mass loss rate of 4.36 %
was observed for SF-1 after 72 h of corrosion.

Figure 9 shows the optical microscope diagram
of the SF-1 group of glass fibres with different corrosion
times. At 12 h of corrosion, the surface of the fibres only
appeared as “sesame seed” spots. The spots increased
in number and became bigger after 24 h of corrosion.
After 48 h of corrosion, the corrosion further deepened,
the fibre surface also gradually formed a brittle
shell. At the corrosion time of 72 h, the brittle shell
on the fibre surface appears to partially peeled off.
It is also the reason for the loss of mass of the fibre after
corrosion by the alkali solution.

Figure 10a shows the SEM image of the glass fibres
of the SF-1 group after corrosion for 72 h. Figure 10b
and c¢ show the EDS analysis of the corroded glass fibres
at points A and B. Table 5 shows the results of the EDS
analysis. From the SEM diagram, it can be seen that
a shell of constant thickness is formed on the glass fibre
surface, which appeared to be peeling in some areas.
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Figure 9. Optical micrographs of the different corrosion times of the SF-1 group fibres: (a) 12 h, (b) 24 h, (c) 48 h, (d) 72 h.
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Figure 10. (a) SEM diagram of the SF-1 group glass fibre corrosion for 72 h, (b) EDS analysis of point A, (c) EDS analysis

of point B.

The fibre diameter is also reduced from 39.74 um
to 28.49 pum after measurement. Combined with
the EDS analysis results, it can be determined that
the shell is generated by the reaction of the glass fibre
with the alkali solution.

Comparing the oxide content of the glass fibres
at different locations in Table 5, the composition
is found to be significantly different. Compared with
the fresh fibre, SiO,, Al,O;, and Na,O of the glass fibre
at point A are significantly reduced, while the iron
oxide and CaO contents are significantly increased,
and the MgO and TiO, contents are also slightly
increased. The reason for this phenomenon is that

the OH in alkaline solutions reacts with the silica-
oxygen tetrahedra to form silicate ions that release into
the solution [33], which is the main reason for the high
fibre mass loss. While the silicon-oxygen tetrahedra
are destroyed, the number of NBOs increases. Then,
the corrosion proceeds further and the Al-O structure
is also destroyed into the solution [34, 35], which results
in a decrease in the Al,O; content in the corrosion shell.
The Na' that existed in the gaps of the glass network
will be dissolved out as the glass network structure will
be destroyed. Fe’* as a network intermediate will play
the role of a complementary network to form Fe-O,
which will form a more stable fibre skeleton structure
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Table 5. Comparison of the fibre EDS analysis results
with the fresh fibre composition (wt. %).

Fresh fibre A B
Si0, 59.03 27.38 58.28
Al O, 15.52 6.34 16.72
Fe,0, 3.51 15.72 4.16
Na,O 5.57 1.19 4.87
CaO 10.09 41.31 11.50
MgO 3.82 4.52 3.53
TiO, 1.24 3.06 0.92

[36], the position in the fibre is more solid, but not easy
to dissolve, so the iron oxide content in the corrosion
shell is much higher than the original filament content.
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Figure 11. (a) Fibre tensile strength before and after alkali

corrosion for the SF group, (b) Fibre strength loss rate
for the SF group.

Figure 1la shows the comparison of the fibre
tensile strength before and after the alkali corrosion,
and b shows the rate of the fibre strength loss. As shown
in Figure 11a, the fibre tensile strength of each group

after corrosion with the alkali solution is substantially
reduced, and the average tensile strength of each group
of fibres was below 500 MPa after 72 h of corrosion.
The fibres of the SF-1 group have the largest
strength loss rate of 79.1 % after 72 h of corrosion,
and the smallest loss rate of 73.2 % is in SF-5 group,
which can be clearly seen in Figure 11b. The loss
oftensile strength of the fibres in the SF group is negatively
correlated with the iron oxide content. This is due
to the increase in the iron oxide content and the increase
in the formation of spherical Fe*' and Ca®' particles
on the fibre surface. These particles are insoluble metal
(Fe, Ca) oxides and hydroxides, which subsequently
enrich into large lamellar shells on the fibre surface[37],
preventing any further corrosion by OH". The increase
in the iron oxide will improve the alkali resistance
of the glass, but more Fe ions will lead to the spontaneous
crystallisation of the glass melt during the fibre formation,
which will increase the number of defects on the fibre
surface and the fibre tensile strength will be reduced [38].

CONCLUSIONS

In this work, the effect of increasing the iron oxide
content on the structure and properties of red mud glass
fibres was discussed. The FT-IR results showed that
the connection degree of the glass network decreased
and the glass structure was destroyed as the mass ratio
of Si0,/Fe,0; (Si/Fe) decreased. According to the DSC
results, the increase in the iron oxide content made
the thermal stability parameter 47 smaller and the ther-
mal stability worse, so that the glass was more prone
tocrystallisation. Wetestedthealkaliresistanceandmecha-
nical properties of the glass fibres, and the results showed
that the fresh fibre tensile strength gradually decreased
as the Si/Fe ratio decreased, but the alkali resistance
of the fibres increased. On one hand, the SiO, reduction
leads to the glass network structure being destroyed.
Meanwhile, the increase in the iron oxide content makes
the NBOs increase and the network structure is further
disrupted. The tensile strength eventually shows a de-
creasing trend. On the other hand, Fe*" and Ca*" form
insoluble oxides and hydroxides on the fibre surface,
which, in turn, form large lamellar shells and prevent
any further corrosion of the fibre by OH-. However, after
a long period of alkali corrosion, the average fibre tensile
strength decreased significantly, and the final strengths
were all below 500 MPa, with the highest strength
loss rate of 79.1 % and the lowest of 73.2 % for SF-5.
Therefore, in the actual production process, both parts
should be considered.
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