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Abstract

In this study, a facile in situ sintering method has been proposed for fabricating high strength lightweight mul-
lite whisker network reinforced proppants. The effect of TiO, on the microstructure, properties and fracture
behaviours of the mullite whisker network was researched in detail. The addition of TiO, promoted the for-
mation of a modified mullite whisker network structure, which effectively improved the flexural strength. The
sample containing 4 wt.% TiO, exhibited an excellent flexural strength of 215.25 MPa and low bulk density
of 1.53 g/cm? at 1400 °C. The TiO,-added mullite whiskers mostly exhibited rod-like crystals with about 0.5—
0.8 um in diameter and 10—15 um in length. The as-prepared ceramic proppant showed excellent properties,
such as low breakage ratio (2.19% under 52 MPa), low density (1.36 g/cm® ) and low acid solubility (2.28 wt.%).
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I. Introduction these proppants can provide sufficient strength. How-
ever, high-grade bauxites are expensive and the sinter-
ing temperatures of most ceramic proppants are often
over 1400°C. Significant funding and energy are re-
quired every year in China for the production of ceramic
proppants. Thus, it is necessary to study a method for

turing [3,4]. At present, proppants usually can be di- e yreparation of ceramic proppants from low-cost raw
vided into three types: natural frac sand, ceramic prop- |- io1e ot Jow sintering temperatures

pants and resin coated proppants [5—7]. Furthermore, in Mullite (3 ALO;-2Si0,) has been widely used as
terms of their density, proppants can be divided into
three categories as high density, intermediate density
and low density [8]. Ideal proppants, as required in hy-
draulic fracturing processes, have a low density, low
cost, high conductivity and high strength [9]. Hence, ce-
ramic proppants have attracted much attention due to
their high strength. Moreover, a low density ceramic
proppant is desirable because it can avoid sedimenta-
tion in a lower viscosity fracturing fluid and increase
propped length [10,11].

Hydraulic fracturing is a key technology during the
production of unconventional oil and gas wells [1,2].
Proppant is a granular engineering material with cer-
tain strength which is widely used in hydraulic frac-

engineering ceramic material owing to its high strength,
high temperature stability and corrosion resistance
[12,13]. Therefore, mullite can be considered as a poten-
tial proppant material. Nowadays, there are many meth-
ods reported to prepare mullite ceramics, such as molten
salt [14], sol-gel [15], mineral decomposition [16], in
situ [17] and oxide doping methods [18]. The princi-
pal problem is to prepare a low-cost, low-density and
high strength mullite ceramic material for proppant pro-
. duction. In order to reduce the cost of the preparation

In the past few decades, ceramic proppant was . myjiite, many researches have been carried out to
usually prepared by sintering of high-grade bauxite ¢\ hesize mullite from mineral raw materials, such as
(>60wt.% Al,O5) in China. The main crystalline pha§e kyanite [19], coal fly ash [20,21], kaolin [22] and baux-
of these proppants is corundum. The bulk corundum in ¢ 1231 Recently, significant work has been conducted

on the preparation of porous mullite ceramics from coal
fly ash. For example, Dong et al. [24] prepared porous
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mullite ceramic membranes from coal fly ash and baux-
ite by dry pressing and sintering process. Cao et al.
[25] fabricated porous mullite ceramic membrane sup-
ports from coal fly ash with the addition of V,0, and
AlF;. Huo et al. [26] synthesized high porosity mullite
ceramic foams in the range of 73-81% using coal fly
ash as the only raw material. However, few studies have
been reported on the high strength lightweight mullite
ceramics.

Coal gangue is an industrial solid waste produced
during coal production (about 10—15% of coal produc-
tion), which contains Al,O; and SiO, as main chem-
ical components [27,28]. It has been reported that the
production of coal gangue has reached more than 200
million tons per year in China [29]. Therefore, the com-
prehensive utilization of such a large quantity of solid
waste to reduce the pollution of the environment has
become an urgent task [30]. Since the chemical com-
position of coal gangue is similar to coal fly ash, one
important potential application of coal gangue is to pre-
pare mullite ceramics. Previous studies reported that
porous mullite ceramic membranes can be prepared by
reusing coal gangue [31]. To date, several additives such
as AlF; [32,33], WO, [34], MgO [35], MoO, [36] and
V,05 [37], have been adopted to decrease the sinter-
ing temperature of porous mullite ceramics. Although
these sintering additives can promote mullite formation
significantly at a lower temperature, they are less effec-
tive to improve the strength of mullite ceramics. Gener-
ally, the flexural strengths of the porous mullite ceramic
membranes were 50—-100 MPa [24-28,31]. This strength
value should be improved for some advanced structural
applications which require high strength lightweight
material [38,39]. However, to the best of our knowl-
edge, there are few reports on reusing solid waste coal
gangue in preparation of high strength lightweight mul-
lite whisker network. It has been reported that achieving
a high degree of secondary mullite interlocked structure
with rod-like crystal shape may improve the mechanical
properties of ceramics [40]. Therefore, it is very essen-
tial to select a suitable sintering additive in order to pro-
mote formation of secondary mullite network with im-
proved mullite crystals having good mechanical proper-
ties. Previous studies have found that TiO, can be used
as a nucleation agent to control the crystallization rate

The main purpose of this work was to obtain high
strength lightweight network composed mainly of mul-
lite whiskers appropriate for preparation of ceramic
proppants. High strength lightweight mullite whisker
network structure was fabricated from coal gangue,
bauxite, dolomite, feldspar and TiO, by a direct sin-
tering method at relatively low temperature. The ef-
fects of adding TiO, on the density, flexural strength,
fracture behaviours and microstructure of the mullite
whisker network were investigated in detail. Further-
more, the optimal mullite whisker network reinforced
ceramic material was used to prepare the ceramic prop-
pants. The bulk density, breakage ratio and acid solubil-
ity of the mullite whisker network reinforced ceramic
proppants were thoroughly investigated.

II. Experimental

2.1. Starting materials

Coal gangue (Datong City, China) and bauxite
(Gongyi City, China) were used as the main start-
ing materials. Feldspar (Hohhot City, China), dolomite
(Xinzhou City, China) and TiO, (99.8%, average parti-
cle size of about 25 nm, Sinopharm Chemical Reagent
Beijing Co. Ltd, China) were used as sintering additives.
Chemical compositions of the starting materials used in
the present research are showed in Table 1.

2.2. Preparation

The compositions of the designed samples in this
study were shown in Table 2. About 200 g the designed
samples and 180 ml water were mixed and homogenized
by ball milling for 1h. Subsequently, the mixture was
filtered through 120 mesh. After sufficient drying and
screening, the powders were filtered through 120 mesh
and pressed into cuboid compacts with a size of 50 mm
X 10mm X 5Smm under die pressing of 20 MPa. The
samples were dried at 120 °C for 1h to remove the ex-
cess water and then sintered to 1250-1450 °C in a muffie
furnace. The heating rates were 10 °C/min from room
temperature to 1250 °C and 2 °C/min up to the final fir-
ing temperatures.

Table 2. Designed composition

Composition [wt.%]

in several glassy systems [41,42]. However, few stud- Sample Coal gangue Bauxite Feldspar Dolomite TiO,
ies have investigated the effect of TiO, addition on the ST-0 o) 20 4 4 0
microstructure, mechanical properties and acid solubil- ST2 70 20 4 4 )
ity of mullite whisker network reinforced ceramic prop- ST-4 68 20 4 4 4
pants. ST-6 66 20 4 4 6
Table 1. Chemical composition of starting materials
Materials Chemical composition [wt.%]
Si0, ALO; Fe,O, TiO, CaO MgO K,0 Na,O L.OL
Coal gangue 48.10 3506 040 030 026 037 0.04 0.02 14.4
Bauxite 1259 64.07 166 275 012 024 127 021 13.51
Feldspar 70.14 1359 0.72 0.87 055 0.02 990 322 0.68
Dolomite 0 1.08 0.22 0 31.28 21.05 0 0 45.47
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Ceramic proppants were prepared in the following
way: the starting materials and water were milled to-
gether according to the desired proportions by a plane-
tary high-energy ball mill for 1 h. Then, the mud was fil-
tered through an 80 mesh sieve. Next, the homogeneous
mixture was dried in blast drying oven at 120 °C. Spher-
ical green bodies with the desired size (16—30 mesh)
were obtained in a sugar-film coating machine (BY-300,
Tian tai, China). The spherical green bodies were suffi-
ciently dried at 120 °C, sintered in the same firing pro-
cess as the previous mullite whisker network reinforced
ceramics. After being cooled in air, the ceramic prop-
pants of appropriate size (20—40 mesh) were sieved and
tested.

2.3. Characterization and test

The chemical compositions of the starting materi-
als were analysed using rapid multi-element analyser
(DHF82, China). The bulk densities of sintered samples
were measured by the Archimedes’ method and calcu-
lated by the following formula: p = M/V, where M is
the weight of specimens and V is the volume of spec-
imens. Flexural strength (three-point bending) of the
fired samples was obtained by a strength tester (model
no. 401/3, Germany). The type of crystalline phases
of the sintered samples was identified by an X-ray
diffraction (D/Max-2200PC, Rigaku, Japan) with a Cu
K, radiation. The samples were scanned at a scanning
rate of 4.0 °/min in the 26 range from 15° to 70°. Mi-
crostructures of the sintered samples were observed us-
ing SEM (scanning electron microscope, JSSM-6390A,
JEOL, Japan). In order to view mullite crystals, the frac-
tured samples were etched in hydrochloric-hydrofluoric
acid solution (12 wt.% HCI + 3 wt.% HF) for 20 min and
gold coated before their examination by SEM.

The breakage ratio and acid solubility of the mullite
whisker network reinforced ceramic proppants were de-
termined according to the Chinese Petroleum and Gas
Industry Standard (SY/T 5108-2014). The breakage ra-
tio of the ceramic proppant samples was calculated by
the following formula: W = W,/W, x 100%, where
W, is the weight of the samples after crush while W,
is the weight of ceramic proppant samples before crush
test. Acid solubility test was performed in hydrochloric-
hydrofluoric acid solution (12 wt.% HCI + 3 wt.% HF)
at 66 °C for 0.5 h without stir. Acid solubility of the ce-
ramic proppant samples was calculated by the following
formula: S = (My+ M, — M;,)/M;x100%. S is the acid
solubility, M, is the initial weight of ceramic proppant
samples before acid solubility test, M, is the weight of
the filter and M, is the weight of filter containing ce-
ramic proppant samples after the acid solubility test.

III. Results and discussion

XRD patterns of the sintered mullite samples with
different TiO, additions are shown in Fig. 1. Mullite was
observed as the main crystalline phase, and all diffrac-
tion peaks can be perfectly matched to mullite. The in-
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Figure 1. XRD patterns of the samples sintered at 1400 °C

tensities of mullite peaks increase sharply when TiO,
content increases from 0 to 2 wt.%. With further in-
creasing TiO, content from 4 to 6 wt.%, the peak in-
tensities of the mullite continue a trend of increasing.
This indicates that TiO, has a significant positive effect
on the crystallization of mullite at a low temperature.
In addition, feldspar and dolomite are known as effi-
cient fluxes to lower the sintering temperature of mullite
[20,35]. Thus, the appropriate content of TiO,, feldspar
and dolomite can have a synergistic effect in reducing
the sintering temperature of mullite.

SEM images of the sintered samples (Fig. 2) con-
firm the formation of two main forms of mullites after
sintering process. The one is cuboidal primary mullite
with low aspect ratio (1-3 : 1) formed from decom-
position of bauxite at lower temperature (<1200 °C).
The other is acicular secondary mullite with high as-
pect ratio (3—10 : 1) formed from the reaction between
Al,O; and SiO, at higher temperature [43—45]. The mi-
crostructure of the samples was influenced by the ad-
dition of TiO,. Some of the large pores and acicular
secondary mullite crystals are generally observed in the
sample without TiO, (Fig. 2a). When 2 wt.% TiO, was
added to the raw materials, mullite whiskers grew up
in the samples and the amount and the size of pores
obviously decreased (Fig. 2b). This indicates that the
growth of elongated secondary mullite crystals is pro-
moted with the addition of TiO,. It can be explained
by the fact that the addition of TiO, reduces the viscos-
ity of the reaction system. Therefore, nucleation of sec-
ondary mullite is promoted. In the sample with 4 wt.%
TiO,, the network structure was composed of compact
rod-like whiskers which were about 0.5-0.8 um in di-
ameter and 10-15 um in length (Fig. 2c). The firm rod-
like mullite whiskers skeleton was beneficial for form-
ing a high strength lightweight ceramics [20,38]. When
6 wt.% TiO, was added, the columnar form whiskers
showed clear adhesions (Fig. 2d). The excess of TiO,
would produce excess glass phase in the samples, which
can lead to bonding of the mullite whiskers.
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Figure 2. SEM micrographs of the sintered mullite samples with different amount of TiO,: a) 0 wt.%, b) 2 wt.%, c¢) 4 wt. %
and d) 6 wt. %
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Figure 3. Formation mechanism of mullite whisker network

Figure 3 shows the formation mechanism of mullite
whisker network. Firstly, glassy phase is mainly formed
from the molten SiO, and impurities in the coal gangue
and bauxite [46—48]. It is accompanied with transforma-
tion of corundum to Al,O, in a low viscosity glasses.
Secondly, mullite whiskers crystallize and grow on the
surface of TiO,. Thirdly, mullite whiskers grow contin-
uously and form a mullite whisker network. Previous
work has reported the effect of TiO, on the viscosity
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of glasses [40]. It can be explained that the additive of
TiO, decreases the viscosity in the contact area between
corundum relicts and feldspar melted grains [49,50].
Moreover, the alkali and alkaline-earth metal oxides
(K,0, Ca0, MgO, etc.) also play an important role in
lowering the viscosity of the glassy phase [51]. Mean-
while, TiO, is also a good nucleation agent which will
increase the crystallization rate of secondary mullite
[52]. Thus, the formation of secondary mullite whisker
network will effectively be promoted by the presence
of TiO,.

Figure 4 shows the SEM images of the fracture sec-
tion of the sintered samples. The sample without TiO,
(Fig. 4a) exhibited an irregular crystal surface. It can
be seen that larger and smooth rod-like secondary mul-
lite crystals are more evident in the sample containing
2wt.% TiO, (Fig. 4b). When increasing TiO, content
to 4 wt.%, all crystals showed a rectangular shape with
a smooth surface (Fig. 4c). Therefore, the formation of
larger amounts of rod-like secondary mullite must be
promoted by the presence of TiO,. In addition, when
comparing the M, fracture section (Fig. 4c) with M,
(Fig. 4a), M; was smoother. As shown in Fig. 4c, some
cracks dispersed along the crystallographic c-axis direc-
tion of well-developed mullite whisker, implying that
the TiO, played an important role in hindering the crack
propagation in loading direction in flexural strength test.
Bonded crystals and more smooth fracture sections of
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Figure 4. SEM micrographs of the fracture section of the sintered mullite samples with different amount of TiO,: a) 0 wt. %,
b) 2wt.%, c) 4 wt.% and d) 6 wt.%

Figure 5. Schematic illustrations of the crack on the fracture
section of mullite whisker: a) 0 wt.% and b) 4 wt.% TiO,

mullite whiskers were obtained in the mullite sample
with 6 wt.% TiO, (Fig. 4d). Excessive TiO, addition re-
sulted in a deformed mullite whisker network and some
large pores appeared as seen in Fig. 4d. Thus, it indi-
cated that the appropriate amount of TiO, can promote
the formation of stronger mullite whiskers and inter-
locking mullite whisker network structure which could
effectively increase the flexural strength [53].

The addition of TiO, to the mullite sample strongly
modified its fracture behaviour, as it can be seen in Fig.
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5. Due to the lack of cracks that spread from one side of
the mullite whiskers to another, the surfaces are straight
and continuous (Fig. 5a). By contrast, with 4 wt.% TiO,
addition, the mullite whiskers are refined and the crystal
boundaries are increased, causing the deflection of crack
as it spreads in mullite crystals (Fig. 5b). The presence
of TiO, enhanced interfacial layer, provided denser net-
work structure and gave rise to a higher strength of mul-
lite crystals which led to the above observations.
Figure 6 shows fracture mechanism of mullite
whisker network. From the results presented in above
SEM images, a two-stage mechanistic model for frac-
ture cracking during three-point bending flexural test
(as illustrated in Fig. 6a) is proposed. In the first stage,
cracks propagate in glass phase (Fig. 6b). When cracks
propagate to the cross point of mullite whiskers (as
highlight by the red circle in Fig. 6b), the driving force
for crack propagation is scattered in different directions.
Due to a large amount of energy consumption in that
process, crack in loading direction was dramatically
weakened. At the second stage, cracks propagate inside
the single mullite whisker (Fig. 6c). It is well known
that a crack would initiate and propagate at the weakest
point. Thus, cracks would change direction and generate
quadratic crack when propagating to the points modi-
fied by TiO, (Fig. 6d). In summary, the selectivity of the
direction of crack propagation in the network structure
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Figure 6. Fracture mechanism schematic diagram of the
mullite whisker network: a) schematic view of three-point
bending flexural test, b) crack propagation in sintered
sample, c¢) crack propagation in single mullite whisker and
d) crack propagation in TiO, modified mullite whisker

and the initiation and propagation of quadratic crack
consumes a lot of expansion energy, which reduces the
crack growth rates. Therefore, appropriate amount of
TiO, addition results in an improvement in mechanical
strength.

Figure 7 illustrates the flexural strength of the mul-
lite samples sintered at various temperatures. The flex-
ural strength of all samples increased sharply in the sin-
tering temperature range from 1200 to 1300 °C. With a
content of 4 wt.% TiO, (ST-4), the flexural strength also
increased significantly at higher sintering temperature,
i.e. in the range from 1300 to 1400°C, and maximal
value (215.25 MPa) was achieved at 1400 °C. However,
with 6 wt.% TiO, addition (ST-6), the flexural strength
decreased when sintering temperature was raised from
1300 to 1450 °C. Similar results are also found for sil-
limanite [54]. This decrease in flexural strength was
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Figure 7. Effect of TiO, addition on the flexural strength of
mullite samples sintered at various temperatures

mainly attributed to excessive amounts of TiO, which
generated larger pores and deformed mullite whisker
network as evidently shown in Figs. 2d and 4d. This
clearly indicated negative role of excessive sintering
temperature on the flexural strength.

Figure 8 shows the variation in water absorption of
the mullite samples sintered at different temperatures.
As the quantity of TiO, added to the mullite samples in-
creased, a decreasing trend of the water absorption with
sintering temperature was observed. At 1350 °C, com-
paring the result of ST-0 with ST-4, the water absorp-
tion of the sample ST-4 with 4 wt.% TiO, was sharply
reduced. This may be a result of the TiO, lowering the
viscosity of the glass phase, which flowed easily to fill
up the pores [55]. At 1400 °C, water absorption of the
ST-4 sample with 4 wt.% TiO, was around 0.15% and
this indicates almost full density at this temperature.

Figure 9 shows the variation of the bulk density with
sintering temperatures for the sample ST-4. The bulk
density increased significantly from 1200 to 1400 °C.
However, from 1400 to 1450 °C, the density increased
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Figure 8. Effect of TiO, addition on the water absorption of
mullite samples sintered at various temperatures
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Figure 9. Bulk density of mullite ST-4 sample sintered at
various temperatures
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bulk density (b), breakage ratio - under 52 MPa (c) and acid solubility (d)

relatively slowly, which indicated that significant densi-
fication was already obtained. At 1400 °C, the bulk den-
sity of sample ST-4 was 1.53 g/cm?. It is clear that the
addition of TiO, results in an increase in the bulk den-
sity. Promotion of densification process of mullite ce-
ramics with TiO, addition can be explained as follows:
i) TiO, promoted the formation of cation vacancy by
Ti** replacing AI**, resulting in increased cation mobil-
ity, ii) TiO, promoted the formation of a liquid phase
to increase the diffusion or mass transport of reactants
during sintering [56].

Based on the experimental data in the present study,
the sample ST-4 was used to prepare the ceramic prop-
pants. As evidenced by Fig. 10a, the mullite whisker
network reinforced ceramic proppants show nearly
spherical particles with the smooth surface. A lot of
pores can be seen on the fracture surface (insert in Fig.
10a), which is believed to reduce the density of prop-
pants. The bulk densities of the ceramic proppant sam-
ples are shown in Fig. 10b. The bulk density presents
an increasing trend with the increase of the sintering
temperature. The bulk density of the ceramic proppant
sample was 1.36 g/cm® at 1400 °C. According to the
Chinese petroleum and natural gas industry standards
SY/T5108-2014 (Table 3), the resulting proppant can be
classified as a low-density proppant.

The breakage ratio of the ceramic proppants is shown
in Fig. 10c. The breakage ratio decreased sharply at
the sintering temperature of 1200-1400°C and in-
creased slightly when the sintering temperature in-
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creased from 1400 to 1450 °C. At 1400 °C, the breakage
ratio achieved a minimum of 2.19%.

Acid solubility plays a very important role in the per-
formance of proppant. The Chinese petroleum and nat-
ural gas industry standards (SY/T5108-2014) require a
loss of less than 7.0 wt.% for the ceramic proppant. The
acid solubility of the ceramic proppants is shown in Fig.
10d. The acid solubility shows a decreasing trend with
increasing sintering temperature. The lowest acid solu-
bility was 2.28 wt.% at 1400 °C. This can be attributed
to the addition of TiO, reducing the acid solubility of
the ceramic proppant. In the sintering process, MgCO,
(dolomite) can react with TiO, to form MgTi,O4 phase
that has good acid resistance. In addition, when the ap-
propriate quantity of TiO, was added (Fig. 4¢), the size
and shape of the mullite whisker in the sample ST-4
were uniform and compact. The uniform and compact
structure reduced the contact area between the mullite
whisker and the acid solution, therefore reducing the
acid solubility [57].

Comparison of the ST-4 proppant properties with
other products: i) sand, ii) low-density ceramic prop-
pants produced by Wu et al. [58], iii) low-density ce-
ramic proppant from Carbo Company and iv) the re-
quired values of Chinese petroleum and natural gas
industry standards (SY/T5108-2014) for low-density
proppant were given in Table 3. The results indicated
that the sample ST-4 had the optimal performance, the
lowest density, the lowest breakage ratio and acid solu-
bility, compared to other low-density proppants.
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Table 3. Comparison of ST-4 proppant properties with other products, such as: sand, low-density ceramic proppants produced
by Wu et al. [58], low-density ceramic proppants from Carbo Company and the required value of Chinese petroleum and
natural gas industry standards (SY/T5108-2014) for low-density proppants

Sample Bulk density [g/cm3] Breaking ratio [%]  Acid solubility [%]
Sand 1.50 25.6 -
Ceramic proppants [58] - 5.7 5.0
Carbo econoprop 1.56 2.8 -
ST-4 1.48 2.19 2.28
SY/T5108-2014 [8] <1.65 <10 <7

IV. Conclusions

The high strength lightweight mullite whisker net-
work structures were prepared by direct sintering coal
gangue, bauxite, dolomite and feldspar mixtures as-
sisted with TiO,. The contents of the added TiO, had
a significant effect on the microstructure and properties
of the mullite whisker network structure. The mullite
whisker network with 4 wt.% TiO, sintered at 1400 °C
composed mainly of mullite crystals with a width of
0.5-0.8 wm and length of up to 10—15um. The resul-
tant mullite whisker network structure exhibited excel-
lent properties, such as flexural strength of 215.25 MPa
and bulk density of 1.53 g/cm?.

The mullite whisker network structure endowed the
ceramic proppants with superior properties. All the
properties of the low-density, high strength and mul-
lite whisker network reinforced ceramic proppants ob-
tained using coal gangue as main raw material reached
the standards of SY/T5108-2014. The presented method
for obtaining the structure of the mullite whisker net-
work is environmentally friendly and energy-saving and
can be used as a simple and efficient approach for the
preparation of ceramic proppants.
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