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In this paper, magnesia porous aggregate was prepared by the foaming method with potassium oleate as the foaming agent.
Secondly, the walnut shell powder was impregnated with the silica sol as the pore forming agent, and then, a new magnesia
insulation material was prepared by 1300°C sintering. By changing the amount of the walnut shell powder added, the mechanical
properties and thermal properties of the materials after sintering were studied. -e results show that the sample with 10% walnut
shell powder impregnated without the silica sol has a compression strength of 12MPa. A sample with 10% walnut shell powder
treated with the silica sol has a compression strength of 18MPa.With the increase in the amount of the walnut shell powder added
after impregnation, the bulk density, compression strength, and thermal conductivity of the sample all showed a decreasing trend,
and the apparent porosity showed an increasing trend.When the additive amount is 20%, the bulk density of the sample is 1.029 g/
cm3, and the thermal conductivity is 0.382W/m K (1050°C).

1. Introduction

Magnesia insulation materials have gained considerable
attention and have been extensively applied in steel, cement,
glass, and ceramic, owing to low thermal conductivity, high
refractoriness, high porosity, and high thermal shock re-
sistance [1–5]. At present, the preparation methods of
insulation materials mainly include the direct foaming
method [6], burn-out method [7], and sol-gel method [8].
-e direct foaming method and burn-out method are widely
used in the preparation of insulation materials due to the
advantages of low price, large foam production, and con-
trollable pores. Du et al. developed a high-porosity silicon
nitride ceramic by the direct foaming method. Its porosity
reached 92%–97%, but its compression strength was only
0.85–5.38MPa [9]; Zou et al. added nanometer aluminium
oxide and zirconium oxide to prepare a nanoaperture
magnesium oxide aggregate with a bulk density of 3.37 g/
cm3 and a closed porosity of 4.3% [10]; Wu et al. used
magnesia lightweight aggregate to produce insulation

materials, and the apparent porosity of the sample was 27.8%
after sintering, and the compression strength was 68.4MPa
[11]; Obada et al. prepared a ceramic membrane with en-
larged pore by using ceramic clay and foaming agent PHDPE
and found that the porosity reached 62% and the com-
pression strength did not exceed 18MPa [12].

-e pore structure and the distribution in the material
will directly affect the performance of the material. Although
the direct foaming method and the burn-out method can
produce pores, the pore shape and size are difficult to
control, resulting in a decrease in the mechanical properties
of the material so that it cannot meet the requirements
[13, 14]. At present, the use of the sol as a pretreatment fluid
or sintering accelerator in the preparation of porous ma-
terials to improve the internal pore structure of the material
has attracted widespread attention from scholars at home
and abroad. Wei et al. prepared porous alumina ceramics by
impregnating rice husks with the zirconia sol. Compared
with the sample prepared without any impregnated rice
husk, the internal pore shape of the sample has changed
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significantly, and its intensity has been significantly im-
proved [15]; Yang et al. added the zirconia sol as an inor-
ganic bond to prepare the mullite fiber ceramics, whose bulk
density is 0.45–0.66 g/cm3 and compression strength is
0.62–3.34MPa [16]; Muto et al. prepared an aluminium
oxide thermal insulation material by using the hydrogel as
the binding agent based on the house-of-cards structure as a
template, and its thermal conductivity is 0.94W/m K
(1600°C), while the compression strength is 1.7MPa [17].

-e walnut shell powder itself is inexpensive and
completely volatile after high temperature. It can be used as a
burned pore former to prepare porous materials [18, 19].
However, irregular pores will affect the mechanical and
thermal properties of the material, which is due to the
irrgular walnut shell powder left after burning. In this paper,
the foaming method and the method of treating walnut shell
powder with silica sol to produce two pores are combined to
prepare magnesia insulation materials. -e present study
investigates the mechanical and thermal properties of
magnesia insulation materials, and its properties were
controlled by changing the amount of the walnut shell
powder added. A magnesia porous material with low con-
ductivity and high strength was developed to be used as an
insulation material for the high-temperature kiln body. -e
pore microstructures and properties of the developed ma-
terials were thoroughly discussed, which not only improve
the thermal barrier effect but also does not significantly
reduce the strength to meet the operating requirements. It
provides some theoretical basis and reference value for the
future research and development and production of mag-
nesia insulation materials.

2. Materials and Methods

2.1. Silica Sol-Impregnating Walnut Shell Powder (Sws).
Weigh the silica sol (30% solid content, Dezhou, China) and
the walnut shell powder (d50≤ 47.4 μm, Sunshine Industry
Co., Ltd., China) according to the mass ratio of 2 :1, and
then, mechanically stir for 15 minutes at a proper stir speed.
Place the stirred mixture in a vacuum drying chamber for 3
times, and then, place it at 110°C for 24 h, and then, crushing
and grinding the dried walnut shell (d50≤ 63.1 μm).

-e SEM photos of the walnut shell powder without
treating with the silica sol (Figure 1(a)). It can be seen that
the walnut shell powder has different shapes and uneven
surface. -e surface element scanning of untreated walnut
shell powder (Figure 1(b)). -e surface of walnut shell
powder is mainly C and O elements.

Figure 2(a) is the SEM micrographs of the walnut shell
powder after treatment with the silica sol. -e surface ele-
ment scanning of the walnut shell powder treated with the
silica sol is shown in Figure 2(b). -e walnut shell powder
after treating by the silica sol is smoother on the mor-
phology, and the surface is fully wrapped with silica par-
ticles. -rough the analysis of surface scanning, the surface
of the walnut shell powder is mainly Si and O at this time. It
can be considered that the nanometer silica particles are well
wrapped on the surface of the walnut shell powder. -is is
because the walnut shell powder is mainly composed of

cellulose and lignocellulose, and its surface contains a large
number of hydroxyl groups whose main elements are C and
O; the silica sol is a stable water-based suspension containing
up to 30% of the nanometer-sized spherical amorphous
silica particles (diameter is 8～15 nm).

Figure 3 is the thermal analysis spectra of the walnut
shell powder treated with the silica sol, and the heating
processes of the walnut shell powder treated with the silica
sol were characterized by the TG and DSC, conducive to
analyze the reaction during the firing process.

-e results in Figure 3 revealed that the main exothermic
peaks and weightless peaks in the Sws were concentrated in
the range of 90–400°C. -e exothermic peaks in this tem-
perature range mainly were caused by the severe combustion
of the walnut shell powder as an organics-rich substance,
and the accompanying volatilization of gas and liquid
resulted in the loss of weight. -e exothermic peaks in 859°C
mainly were caused by the crystalline transformation of
silica. In this case, many voids would be generated inside the
sample to form a porous structure, greatly conducive to the
decrease of bulk density.

Structural diagram of the inner and outer surfaces of the
silica sol is shown in Figure 4(a). When the pretreatment
liquid treats the walnut shell powder, it is mechanically
stirred and mixed and subjected to external force. -e oxide
sol particles (5–100 nm) have a smaller particle size and a
larger specific surface area. It has strong activity. -e hy-
droxyl (-OH) on the surface of the walnut shell powder and
the surface of the sol particles produces hydrogen bonds to
combine the two. At the same time, the walnut shell powder
has strong adsorption, and the oxide sol has strong adhesion.
After dehydration, the sol particles adhere firmly to the
surface of the walnut shell powder.-e schematic diagram of
the principle of treatment of the walnut shell powder by the
treatment liquid is shown in Figure 4(b).

2.2. Preparation of Magnesia Porous Aggregate. -e mag-
nesia porous aggregate was obtained in this paper. -e main
raw material used was the high-purity magnesia powder
(d50≤ 74 μm, MgO>96%, Houying Co., Ltd., Haicheng,
China), and potassium oleate (PO, CP, ≥79%) was used as a
foaming agent; 2500mL foam was prepared by mixing 12 g
PO with 1500mL water with mechanical stirring for 15min
at a proper speed. Simultaneously take 3000 g of high-purity
magnesia powder and add 500ml water to make magnesia
slurry.-emagnesia slurry and foam are mixed for 1 minute
by adopting a mechanical stirring method at a proper ro-
tating speed. After mixing, the mixture is moulded by
casting. -e sample is naturally cured with a mold for 24
hours. After demoulding to cure at 110°C for 24 hours, heat
to 1550°C at 5°C/min speed and keeping the temperature for
3 hours; Table 1 is the index of magnesia lightweight
aggregate.

2.3. Preparation of Magnesia .ermal Insulation Materials
and Test Method. Secondly, to prepare magnesia thermal
insulation materials, the main raw materials used are
magnesia porous aggregate, midrange magnesia powder
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(d50 ≤ 74 μm, Houying Co., Ltd., Haicheng, China),
walnut shell powder (d50 ≤ 47.4 μm, Sunshine industry
Co., Ltd., China), calcium aluminate cement (Lafarge
Ruian Cement Co., Ltd., Beijing, China), silica powder,
and silica sol (30% solid content, Dezhou, China) as a
surface modifier. Table 2 shows the chemical composition
of the raw materials.

According to Table 3, the ingredients are put in the
blender of cement mortar. -e water amount is 15%, the
mixing time is 180 s, and the stirred sample is placed in a
mold with 160mm× 40mm× 40mm and vibrated until the

sample no longer generates bubbles, and it is cured with the
mold at room temperature for 24 hours. After demoulding, it
is placed in an oven and dried at 110°C for 24 hours and then
sintered at 1300°C at 3°C/min speed and kept warm for three
hours.

-e apparent porosity and bulk density of the burned
sample are measured according to Archimede’s principle of
water displacement, and the total porosity and closed po-
rosity of the material are calculated according to

Vtotal � 1 −
ρbulk
ρtrue

, (1)

Vclose � Vtotal − Vopen, (2)

where Vtotal is the total porosity, Vopen and Vclose are the
apparent porosity and closed porosity, and ρbulk and ρtrue
are the bulk density and true density, respectively. Ob-
serving and analyzing the microstructure of the sample
using the scanning electron microscope (SEM, ΣIGMA/
HD, Jena, Germany), making φ180 × 20mm standard
samples and measuring the thermal conductivity by using
a thermal constants’ apparatus (PBDR-02, Precondar, PR
China), measuring the compression strength of the
samples by the microcomputer-controlled electro-hy-
draulic servo pressure tester (YAW-100 KN, Jinli Ex-
perimental Technology Co., Ltd., China), and measuring
the rate of linear change of the samples after sintering
according to formula (3), three specimens were measured
and averaged:
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Figure 2: (a) SEM micrographs of the walnut shell powder treated with the silica sol (500×). (b) Surface element analysis of treated walnut
shell powders with the silica sol.
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Figure 3: -e thermal analysis spectra of the walnut shell powder
treated with the silica sol.
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Figure 1: (a) SEM micrographs of the walnut shell powder without treating with the silica sol (500×). (b) Surface element analysis of
untreated walnut shell powders.
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ΔL �
L1 − L0

L0
× 100%, (3)

where ΔL is the linear change rate after sintering, L0 is the
length of the specimen before sintering, and L1 is the length of
the specimen after sintering.whereWs10 represents the sample
prepared by adding 10% walnut shell powder impregnated
without the silica sol, Wsw10 represents the sample prepared
by adding 10% walnut shell powder after impregnation with
the silica sol, Wsw15 represents the sample prepared by adding
15% walnut shell powder impregnated with the silica sol, and
Wsw20 represents the sample prepared by adding 20% walnut
shell powder impregnated with the silica sol.

3. Results and Discussion

3.1. .e Performance at Normal Temperature of the Sample
after Sintering. Table 4 shows the performance at normal
temperature of the samples after sintering. As can be seen from
the table, there is no significant change in the total porosity of
Sws10 andWs10, but the apparent porosity is reduced by 10.1%,
while the closed porosity is increased by 44.6%. -is is because
the walnut shell powder is surrounded by a large number of
nano-SiO2 particles; as the temperature increases, the walnut
shell powder is burned to leave holes. SiO2 particles have high
activity at high temperatures which can promote sintering and
gradually make the micropores smaller so that Sws10’s linear
shrinkage is also slightly higher than Sw10. With the increasing
amount of the walnut shell powder treated by the silica sol, the
bulk density and closed porosity of the sample gradually de-
creased, and the total porosity, apparent porosity, and line ratio
gradually increased. Because the amount of the walnut shell
powder inside the material matrix increased, it leaves a lot of
pores after sintering so that through pores are formed between
the pores, which leads to the closed porosity decreasing. -e

compression strength of Ws10 is 12MPa, and the compression
strength of Sws10 is 18MPa, which is an increase by 50%
relatively. -is is because the Sws10 sample has more closed
pores inside the material than the Ws10 sample. When the
material is subjected to external pressure, these closed pores can
effectively decompose the surface pressure, thus avoiding the
local stress concentration and then causing the material to be
easily broken. With the increasing number of the walnut shell
powder after dipping, the compression strength of the sample
gradually decreases. When the walnut shell powder is added to
20%, the compression strength of the sample is only 7Mpa.
Although the closed porosity of the Sws20 sample is relatively
higher thanWs10 and because the total porosity is much higher
than Ws10, there are a lot of pores inside the sample, so the
compression strength is significantly lower than Ws10.

3.2..ermal Conductivity of the Samples. Figure 5 shows the
thermal conductivity of the four samples at different tem-
peratures. It can be seen from the figure that, with the increase
of the experimental temperature, the thermal conductivity of
the four samples all show an increasing trend. -is is because
as the temperature increases, the propagation rate of heat flux
is accelerated. When the heat flux passes through the holes in
the material, the heat residence time inside that material is
reduced, resulting in less heat being dissipated inside the
materials, so the thermal conductivity is gradually increased.
At 350°C, the thermal conductivity of Ws10 and Sws10 is not
much different. -e reason is that the walnut shell powder is
added in the same amount (10%), and the other main reason
is that the walnut shell powder is not completely burned at
this temperature, resulting in the incomplete formation of
pores in the sample, so the difference between the two is not
significant; but with the further improvement of temperature,
the walnut shell powder is completely burned out, and the
difference between the two is quite large. -e main reason is
that the nanosized silica particles will produce higher activity
as the temperature increases to accelerate the movement
speed of the surrounding boundary, thereby promoting
sintering and making the macropores get miniaturized, and
the pores gradually approach a circle, and meanwhile, when
the heat passes through the circular pores, the heat flow
propagation direction is deflected due to convection and
radiation, and a part of the heat is stored in the pores so that
the thermal conductivity can be reduced; another small part
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Figure 4: (a) Structural diagram of the inner and outer surfaces of the silica sol. (b) Schematic diagram of the surface principle of the silica
sol-impregnated walnut shell powder.

Table 1: -e physical properties of sintered magnesia porous
aggregates.

Raw materials
Physical properties Magnesia porous aggregates
Bulk density (g/cm3) 1.65
Apparent porosity (%) 43.6
Numerical tube pressure (MPa) 18.6
Pore size distribution (μm) 5–10
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of it is that thermal conductivity of SiO2 is significantly lower
than that of MgO. As the amount of the walnut shell powder
after impregnation increased, the thermal conductivity at the
same temperature decreases. -is is due to the increase in the
number of pores in the material, which is equivalent to in-
creasing the solid-gas contact area, which in turn increases the
transmission routes of heat flux, making more heat loss inside
the material so as to further reduce the thermal conductivity.

3.3. Microstructure of the Samples after Sintering.
Figure 6 is a SEM photograph of the sample of Ws10, Sws10,
Sws15, and Sws20. As can be seen from the figure of Ws10,
the pores of the walnut shell powder left in the material
matrix are different in size and are not evenly distributed.
Due to the mutual adhesion phenomenon of the walnut shell
powder, it results in more pores with different shapes after
burning, that is, more through holes. -is type of pores is
easy to produce stress concentration when subjected to the
external stress effect, which leads to a decrease in the me-
chanical properties of the material. -erefore, the com-
pression strength of Ws10 is 12MPa, but the difference can

be seen from the figure of Sws10 that the shape of most of the
pores in the matrix is the circle, and the pores are distributed
regularly, and there is basically no hole-through between
them. When subjected to external forces, the circular pores
can effectively decompose the stress and avoid the phe-
nomenon of local stress concentration. -erefore, the
compression strength of Sws10 has reached 18MPa, which
will benefit from the high closed porosity inside the sample.
With the continuous increase of the walnut shell powder
treated by the silica sol, it can be seen from figures of Sws15
and Sws20 that the holes gradually increase. Although the
pores left by burning the walnut shell powder can still
maintain a circular shape, due to the increased amount of the
walnut shell powder, the probability of mutual contact
between the shell powders increases, which leads to the
intensification of the phenomenon of through pores so as to
further affect the compression strength of the sample. From
the figure of Sws20, it can also be seen that there are thick
and linear through-holes at the juncture between the ag-
gregate and the matrix. -is is because a large amount of the
walnut shell powder is wrapped around the aggregate during
the pouring process, and the through-holes left after
burning, due to the poor binding between the aggregate and
the matrix, will also affect the mechanical properties of the
material after sintering.

Figure 7 is the microstructure of Sws10 fracture and
section. It can be seen that the magnesia-aluminate spinels
with an octahedral structure around the pore diameter are

Table 2: Chemical compositions of the raw materials (ω/%).

Raw materials Al2O3 SiO2 CaO MgO Fe2O3 K2O Na2O Il
High-purity magnesia powder 0.32 0.70 0.58 97.50 0.52 0.11
Porous magnesia aggregates 0.34 0.71 0.60 96.80 0.55 0.23
Midrange magnesia powder 0.15 1.51 2.20 94.22 0.92 0.2
Calcium aluminate cement 69.8 0.40 29.40
Walnut shell powder 0.18 0.84 0.28 0.07 0.24 0.04 98.28
Silica fume 0.14 94.87 1.13 0.72 0.43 2.66

Table 3: Samples’ proportioning scheme.

Composition (ω/%) Ws10 Sws10 Sws15 Sws20

Porous magnesia
aggregates

8-
5mm 10 10 10 10

5-
3mm 10 10 10 10

3-
1mm 20 20 20 20

1-
0mm 15 15 15 15

Untreated walnut shell powder 10
Treated walnut shell powder 10 15 20
Calcium aluminate cement 6 6 6 6
Midrange magnesia powder 27 27 22 17
Silica fume 2 2 2 2
Sodium polyphosphate (additive) 0.02 0.02 0.02 0.02

Table 4: Normal temperature performance of the sintered samples.

Properties Ws10 Sws10 Sws15 Sws20
Total porosity (%) 64.45 64.09 68.17 70.17
Apparent porosity (%) 53.17 47.78 52.54 56.83
Close porosity (%) 11.28 16.31 15.63 13.34
Bulk density (g/cm3) 1.226 1.257 1.146 1.029
Linear shrinkage (%) 1.8 2.2 3.7 4.8
Compressive strength (MPa) 12 18 13 7
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Figure 5: -ermal conductivity of the four samples at different
temperatures.
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caused by the reaction between high aluminium oxide in
calcium aluminate cement and the magnesia oxide in the
matrix at high temperature.-e chemical reaction formula is
shown in formula (4); secondly, the formation of forsterite
with the stratified structure can be clearly seen on the inner
wall of the aperture. Because the nanosized silica particles
fully wrap the walnut shell powder and as the temperature
gradually rises, the walnut shell powder is burned, and the
surrounding nanosized silica particles produce ultrahigh
activity, reacting with the surrounding magnesia oxide
particles to form forsterites, and the chemical reaction
formula is shown in formula (5). -is stratified structure is
equivalent to a layer of coat for the pores. Because the nano
particles have the effect of promoting sintering, when the
pores have this layer of coat, they can maintain their circular
shape without damage, and the pore size will gradually
shrink. When the material subjected to external stress and
then transmitted to the hole, the forsterite with the sheet
structure around the pore can also play a good role in
resisting external forces:

Mgo + Al2O3®MgAl
2
O4, (4)

2MgO + SiO2®Mg
2
SiO4. (5)

4. Conclusions

-e innovative method of preparing new magnesia light-
weight materials through the use of home-made magnesia
lightweight aggregates and, at the same time, through the use
of the silica sol-impregnating walnut shell powder as a pore
former has been successfully studied. -e samples prepared
by the impregnated pore former can show more superior
mechanical and thermal properties, and the pore shape, size,
and distribution inside the sample are effectively improved.

(1) By adding 10% Sws, the bulk density of the sample
after burning is 1.257 g/cm3, the closed porosity is
16.31%, the compression strength is 18MPa, and the
thermal conductivity is 0.466W/mK (1050°C).

(2) When the addition amount of the walnut shell
powder treated by the silica sol is 20%, the bulk
density of the material after burning decreases to
1.029 g/cm3, and the thermal conductivity is
0.382W/mK (1050°C).

(3) -rough SEM analysis, when using the silica sol-
impregnating walnut shell powder as the pore for-
mer, the surface structure of the walnut shell powder
is effectively improved. After burning, the pores left
inside the sample are more evenly distributed, and
the pore size is shrunk. -e pore type has been ef-
fectively improved, and the through pores have been
significantly reduced, which is also the main reason

Sws15 Sws20

Through pore

Porous aggregate

Sws10

Through pore

Ws10

100µm100µm

100µm 100µm

Figure 6: SEM micrographs of sintered specimens (50×).

Spinel
Forsterite
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2µm

Figure 7: SEM picture of inner hole morphology (3000×).
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for the improvement of the mechanical and thermal
properties of the material.
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