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This study describes the structural and physical properties of refractory cordierite prepared from rice husk silica, which is 
sintered at a temperature of 1230°C and followed by the addition of periclace (MgO) from 5 to 30 % by weight. The phases 
formed and structure changes as a result of periclace addition were investigated using different characterization technique 
of X-ray diffraction (XRD) coupled with Rietveld analysis, and scanning electron microscopy (SEM). Density, porosity, 
hardness, bending strength and coefficient of thermal expansion are also measured. 
The results obtained revealed that the addition of periclace of 10 to 30 % promoted the transformation of the cordierite to 
the forsterite and spinel, and the cordierite is practically undetectable. Addition of periclace was found to increase forsterite 
and decrease spinel. The presence of forsterite and spinel resulted in increased of density, hardness, bending strength, 
and thermal expansion coefficient, as well as decreased porosity. The coefficient of thermal expansion of the samples with 
the addition of 10-30 % periclace reach the relatively constant value of 8.2 × 10-6 °C, with the main crystalline phase is 
forsterite, followed by spinel in smaller quantities.

INTRODUCTION

	 Cordierite (2MgO∙2Al2O3∙5SiO2) is one of the most 
potential ceramics in many industrial applications, 
which is a lot of outstanding properties, such as excellent 
chemical resistance, thermo-mechanical, thermal shock 
resistance, low dielectric constant and thermal expansion 
coefficient [1-5]. Some examples of the application are 
heat exchangers for gas turbine engines [6], electrical 
and thermal insulation [7-8], high integral circuits, 
microchips, [9], display panels [10], and multilayer 
chip indicators [11]. In recognation of cordierite in va- 
rious industrial areas, production of cordierite has 
been continuously investigated and it is found that the 
cordierite phase formation is strongly dependent on the 
chemical composition, and the types of raw material. 
Many investigations have been reported the synthesis 
of cordierite from a variety of raw materials such 
as alumina, kaolinite and talcum [12], fumed silica, 
bauxite, and talcum [13], talcum, kaolinite, fieldspar, and 
sepiolite [14], stevensite-rich clay and andalusite [15], 
kaolin, talcum and bauxite [16]. In our previous study 
[17] solid-state reaction was applied to prepare cordierite 
from rice husk silica, Al2O3, and MgO powders, indicated 
that α-cordierite is dominantly formed at sintering 

temperature of 1230°C, while formation of cordierite 
was achieved at sintering temperature of 1350°C, using 
serpertine, kaolinite, and alumina as raw materials [18].
	 It is necessary to consider in a number of applications 
where change in crystalline phase can affect physical, 
termal, stability, integrity, and mechanical properties of 
cordierite. Significant research has been done, especially 
focusing on the effects of different additives and their 
amount of additions during the synthesis of cordierite 
ceramics on the development of these properties. Several 
researchers studied the feasibility of fabricating dense 
cordierite ceramic by reduce or add one of the three 
oxides (MgO, Al2O3 and SiO2). For example, Amista, 
et al., 1995 [19] indicated that the excess component 
could change the stability ranges of cordierite and 
reduce the activation. Hwang and Wu, 2001 [20] further 
concluded that the compositions richer in MgO than 
the stoichiometric cordierite compound suppress the 
formation of μ-cordierite, yet enhance the crystallization 
of α-cordierite, resulting in a higher content of α-cor-
dierite. MgO addition on the cordierite ceramic led to 
impede the formation of cordierite, as suggested by the 
formation of forsterite and silimanite phases [19], and 
also presence of spinel [21], and cristobalite [14]. In 
addition, the excess MgO can decrease the melting and 
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crystallization temperature [22], and Xiang, et.al [ 23] 
observed that the increase of MgO did not obviously 
reduce the temperature for cordierite crystallisation, but 
increase the hardness and thermal expansion coefficient. 
Al2O3 addition on the cordieite promote crystallisation 
of cordierite into crystalline spinel, corundum and cris-
tobalite [24]. In contrast, Hwang and Wu, 2001 [20] 
also obtained that compositions richer in Al2O3 than the 
stoichiometric cordierite compound have no effect on the 
crystallization of α-cordierite. Thus, most of the glass 
crystallizes to μ-cordierite in the initial stage, followed 
by the slow transformation of μ-cordierite into low 
content of α-cordierite. In previous study [25] synthesize 
cordierite as the component of refractory material by 
several of Al2O3 mole ratio from 2 to 1.4. They found that 
Al2O3 mole ratio to 1.4, resulted in bulk density to reach 
the maximum value of 2.5 kg·m-3, which is close to the 
value for dense cordierite ceramic. Sembiring, et.al [24] 
found that addition of 15 - 30 % alumina, resulted thermal 
expansion coefficient to reach the relatively constant 
value of 9.5 × 10−6/°C, with the main crystalline phase 
was spinel, accompanied by corundum and cristobalite 
in smaller quantities. Another study [26] obtained that 
addition of 10 % alumina resulted in increased porosity 
and decreased modulus of rupture, while further addition 
up to 30 % led to decreased dielectric constant. 
	 Rice husk is an agricultural residue abundantly 
available in rice producing countries. Among the different 
types of biomass for power generation, rice husk has 
a high ash content varyng from 18 - 20 %, in which silica 
is the major constituent with the quantity of 94 - 98 % 
[27-28]. With such large silica content in the ash, it be-
comes economical to extract silica from the ash, which 
has wide market and also takes care of ash dispossal.  
In additions to its high purity, rice husk silica exists as 
excellent and unique properties, such as high surface 
area, amorphous phase, fine particle size, and high 
reactive. Many researchers are currently engaged in 
exploration of rice husk silica potential, and a wide 
range of its applications has been reported in literatu- 
res, such as production of silica nitride, magnesium 
silicide [29-30], solar grade silicon [31], silicon car-
bide [32], magnesium-alumina-silica [33], lithium-alu-
minum-silica [34], cordierite [35], and mullite [36]. 
In our previous investigations, rice husk silica obtained 
by simple acid leaching [37-38] has been used to pro-
duce several ceramic materials include borosilicate [39], 
carbosil [40], aluminosilicate [41], mullite [42-43], 
cordierite [17, 44] and forsterite [45].
	 This current study was aimed to quantify the 
phases present in the nonstoichiometric on modification 
of composition, and explore the relationship between 
composition and physical characteristics of refractory 
cordierite. The present study is concerned on the effect 
of MgO (periclace) content relative to cordierite on 
the phase transformation, crystallisation and physical 
characteristics of refractory cordierite prepared from 

amorphous rice husk silica. To gain insight on several 
basic characteristics, the crystallisation of refractory 
cordierite with periclace addition were studied by 
means of x-ray diffraction (XRD), and microstructural 
development of refractory cordierite by scanning electron 
microscopy (SEM) studies. In this study, the phases 
present was obtained based on its weight percentage 
using the Rietveld method. In our previous study, the 
Rietveld method has been succsefully  used to quantify 
the presence of phases in the sample [17, 44] because it 
is considered the most accurate method with no internal 
standard sample required. 

EXPERIMENTAL

Materials

	 Raw husk used as a source of silica was from local 
rice milling industry in Bandar Lampung Province, 
Indonesia. Aluminium oxide (Al2O3) and magnesium 
oxide (MgO) powders with particle size 6.8 - 8.1 μm, 
purity ≥ 98.0 %, KOH, HCl, and absolute alcohol 
(C2H5OH) were purchased from Merck (kGaA, Dam-
stadt, Germany). 

Preparation of silica from rice husk

	 Rice husk silica was obtained using alkali extraction 
method following the procedure reported in previous 
study [43]. 50 g washed and dried husk was mixed with 
500 ml of 5 % KOH solution and boilled in a beaker 
glass for 30 minutes. The sol obtained was acidified by 
dropwise addition of 5 % HCl solution until conversion 
of the sol into gel was completed. The gel was oven dried 
at 110°C for eight hours and then ground into powder.  

Preparation of cordierite powder

	 Preparation of cordierite was carried out by mixing 
raw materials with the composition of MgO:Al2O3:SiO2 

of 2:2:5 by mass, in accordance with the composition 
of cordierite as reported in previous studies [17]. The 
raw materials were mixed with alcohol under magnetic 
stirring for 6 hours, then the mixture was filterred and the 
solid was oven dried at 110°C for eight hours to remove 
the adsorbed alcohol. The solid was ground into powder 
by mortar and sieved to obtain the powder with the size 
of 200 meshes.

Preparation of cordierite-periclace powder

	 To obtain the solid cordierite-periclace, calculated 
quantities of cordierite was added under stirring to the 
appropriate of periclace to give the ratios of cordierite 
and periclace as a mass ratio of 100:0, 95:5, 90:10, 
85:15, 80:20, 75:25 and 70:30. The powder was pressed 
in a metal die with the pressure of 2 × 104 N·m-2 to 
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produce cylindrical pellet and the pellets were sintered 
at temperature of 1230°C according to the previously 
known crystallisation temperature of cordierite [17], 
using temperature programmed with a heating rate 
of 3°C∙min-1 and holding time of 4 hours at peak tem-
peratures.

Characterisation

	 The phases presence of the samples were identi-
fied out using an automated Shimadzu XD-610 X-ray 
diffractometer at the National Agency for Nuclear Ener-
gy (BATAN), Serpong-Indonesia, operated with CuKa 
radiation (λ = 0.15418) radiation in the 5° ≤ 2q ≥ 75° 
range, with a step size of 0.02, counting time 1s/step. 
The X-ray tube was operated at 40 kV and 30 mA, 
with a 0.15° receiving slit. The diffraction data were 
analyzed using JADE software after subtracting the 
background and stripping the CuKa2 pattern [46]. 
In order to quantify the phases, Rietveld analyses [47] 
of XRD data were conducted by search-match method 
[48], and the crystal structure models used in the cal-
culation were collected from the Inorganic Crystal 
Structure Data Base [49]. Microstructural analysis 
was conducted with SEM Philips-XL, on polished and 
thermally etched samples. The examination of porosity 
and density was done according to Archimedes method 
[50]. In order to evaluate the mechanical properties of the 
samples, a Zwick tester was used to measure the Vickers 
hardness, with three replicate measurements for each 

loading position. Bending strength or Modulus Rupture 
(MOR) was determined by the three-point method 
following the ASTM C268-70. The measuring of ther- 
mal expansion coefficient was conducted using dilato-
metry (Harrop Dilatometer), in the temperature range of 
150 - 600°C at a heating rate of 5°C·min-1. The linear 
thermal expansion coefficient (α) was automatically cal- 
culated using the general equation: α = (ΔL/L)(1/ΔT) 
where: (ΔL) is the increase in length, (ΔT) is the 
temperature interval over which the sample is heated and 
(L) is the original length of the specimen.

RESULTS AND DISCUSSION

XRD and Rietveld structural
characterisation

	 To compare the structure of the modified cordie-
rite obtained using periclace addition, the samples were 
characterized using XRD. Figure 1 display the XRD pat-
terns of the samples sintered at temperature of 1230°C 
with  different periclace addition. By using search-match 
method [48], the results clearly reveal the presence of 
α-cordierite/Mg2Al4Si5O18 (PDF-13-0294) with the most 
intense peak at 2θ = 10.50°, spinel/MgAl2O4 (PDF-21-
11520), at 2θ = 36.91°, periclase/MgO (PDF-45-0946) 
at 2θ = 42.91°, and forsterite/ Mg2SiO4 (PDF-34-0189) 
2θ = 36.55°. The phases identified with the PDF diffrac-
tion lines using search-match method are compiled in 
Table 1. 
	 According to Table 1, α-cordierite as the dominant 
phase is clearly detected and minor phases were spinel 
and periclace in the sample without addition of periclase,  
while spinel is the as major phase with minor phase of 
cordierite in the sample of 5 % periclace addition. On 
further increasing periclace content to 10 % (Tab. 1), 
the α-cordierite was totally changed into spinel as ma-
jor phase with new minor phase of forsterite. In fact, 
according to Salwa, et.al, 2007 [26] and Li, et.al, 2015 
[23], large amount of periclace addition tend to supress 
and impede the growth of cordierite crystals. With 
increasing periclace from 15 - 30 % (Table 1) show 
forsterite as major phase and with minor phases are  spinel 
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Figure 1.  The x-ray diffraction patterns of the sintered samp-
les at temperature of 1230°C with different periclace content: 
a) 5, b) 10, c) 15, d) 20, e) 25, and f) 30 %. r = α-cordierite, 
s = spinel, m = periclase, t = forsterite

Table 1.  XRD results of the samples sintered at 1230°C with 
different periclace addition. [α-cordierite (PDF-13-0294), 
spinel (PDF-21-11520), periclace (PDF-45-0946), forsterite 
(PDF-34-0189)].

	Periclace (%)	 Main Phases	 Other Phases

	 0	 cordierite	 spinel, periclace
	 5	 spinel	 cordierite 
	 10	 spinel	 forsterite
	 15	 spinel	 forsterite
	 20	 forsterite 	 spinel, periclace
	 25	 forsterite	 spinel, periclace
	 30	 forsterite	 spinel, periclace
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and periclace. Overall, a decrease in the α-cordierite 
phase following the increase in periclace content reflects 
the more intensive augmentation of periclace addition 
to form forsterite. However, addition of periclase from 
5 - 30 % are found to increase amount of forsterite, while 
spinel decreased. These findings are in agreement with 
the result of previous study [9], in which it was suggested 
that periclace addition is more intensively reactive 
with SiO2 to form forsterite. The forsterite was formed 
through interaction of MgO4 and SiO4 [51], and spinel 
is most likely as a result of interaction between AlO6 
and MgO6 octahedral [52]. To verify the XRD results 
above, Rietveld analysis was used to obtain quantitative 
information on the phase composition of the samples. As 
representatives, the refined XRD patterns of the samples 
sintered at 1230°C with the periclace content of 5 and 
30 % are presented in Figures 2a-b.
	 The structural of the best fits and quantitative re-
sults (phases concentrations in wt. %) calculated by the 
Rietveld method for all samples are depicted in Table 2. 
The parameters Rwp, Rexp, Rp and GoF indicate the qua-
lity of the fitting. The goodness of fit (GoF) (Tab. 2) 
values relatively low according to basic principle of 
GoF, in which the GoF value less than 4 % is conside-

red acceptable [53]. Therefore, perfect agreements were 
observed between the measured and the calculated 
patterns.
	 As shown in Table 2, the amount of cordierite 
decreased as the periclace content increased from 5 to 
30 %, suggesting that the phase crystallisation was star-
ted by addition of 5 % to produce high amount of spinel 
and 10 % for forsterite, which implies that more pericla-
ce reacted with an alumina and silica to form spinel 
and forsterite respectively. When the periclace addition 
is higher than this limit (5 %), the periclace tends to 
dissolve in the silicate chain to form a forsterite phase 
and consequently the amount of forsterite continues to 
increase as the amount of periclace increases. This trend 
is in agreement with decerased amount of cordierite 
observed as the amount of periclace increased. 

SEM microstructural characterisation

	 The surface morphologies of the samples with 
different periclace contents after subjected to sintering 
temperature of 1230°C were compiled in Figures 3a-f, 
indicating significant effect of periclace addition on the 
size and distribution of the particles on the surface. 
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Figure 2.  Example of Rietveld plots for the sintered samples at temperature of 1230°C  with different periclace content: a) 5 % 
and b) 30 %.

Table 1.  Figure-of merits (FOMS) and weight percentage (wt. %) from refinement of XRD data for the samples sintered at 1230°C 
with different periclase addition for 6 h. Estimated errors for the least significant digits are given in parentheses. [r = α-cordierite, 
s = spinel, m = periclase, t = forsterite]

	MgO (%)	 Rexp	 Rwp	 Rp	 GoF	 r (wt. %)	 s (wt. %)	 m (wt. %)	 t (wt. %)

	 0	 9.52	 10.25	 11.56	 1.21	 90.5 [3]	   4.7 [4]	 4.8 [2]	 –
	 5	 16.36	 16.78	 12.75	 1.05	   9.2 [4]	 90.8 [3]	 –	 –
	 10	 15.69	 15.86	 12.04	 1.02	 –	 64.3 [4]	 –	 35.7 [3]
	 15	 15.40	 17.03	 12.87	 1.22	 –	 52.7 [5]	 –	 47.3 [2]
	 20	 16.25	 17.89	 13.63	 1.21	 –	 45.1 [2]	 0.5 [3]	 54.4 [4]
	 25	 15.35	 17.31	 17.22	 1.27	 –	 36.6 [4]	 3.9 [2]	 57.5 [3]
	 30	 15.65	 17.32	 12.84	 1.22	 –	 30.6 [3]	 8.9 [3]	 60.5 [4]
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a) 5 %

c) 15 %

e) 25 %

b) 10 %

d) 20 %

f) 30 %

Figure 3.  The scanning electron microscopy (SEM) images of the samples sintered at 1230°C with different periclace content: 
a) 5 %., b) 10 %., c) 15 %., d) 20 %., e) 25 %, and f) 30 %. r = α-cordierite, s = spinel, p = periclase, t = forsterite
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	 In our previous study [17], the microstructure of the 
sample without periclace addition displayed homoge-
neous grain size with high evident grain boundaries, 
and small amount of some larger grains of spinel. It is 
quite different characteristics to those of the samples 
with 5 and 10 % periclace addition (Figures 3a and 
b). With reference to XRD results (Tab. 1 and 2), it is 
obvious that the sample with 0 % periclace addition is 
mainly dominated by α-cordierite. It is quite clear that 
the sample containing 5 % periclace exhibits large grains 
and different sizes on the surface, while 10 % periclace 
is evident granules dispersing in the surface. This profile 
may be due to increased viscosity of the glassy matrix 
as a  result of additional periclace, which suppressed the 
migration of atoms and facilitated the granules connected 
with each other. 
	 Lower extent of a-cordierite formation was sug-
gested by the SEM micrographs of the samples with 
15 - 30 % periclace content (Figures 3c-f), which exhibited 
high agglomeration on the entire surface as the periclace 
content  increased.  This high extent of agglomeration led 
to lower quantity of a-cordierite produced, as indicated 
by the XRD results (Table 2). This agglomeration 
phenomenon demonstrated that in the samples with 
periclace content ranging from 15 - 30 %, the α-cordierite 
has decomposed completely into forsterite and spinel. 
This demonstrates that increasing periclace can facilitate 
liquid production. Sufficient liquid wetted the particle 
surface and made them connect each other as shown in 
Figures 3c-f. Comparing Figures 3a with b and c, the 
pores distribution was more nonuniform in Figures 3b 
and c, and there were more dense parts in Figure 3a. This 
may be the reason that increase of periclace is decreasing 
the porosity of the samples (Figures 3c-f). As shown in 
Figures 3c-f, it is obvious that the porosity decreases 
with the periclace  increasing.  Increasing of periclace 
also resulted in the increament of liquid (as shown in 
Figure 3f). This proves that increasing periclace can 
promote liquid production and increase densification of 
the samples.

Density and porosity measurements

	 Figure 4 shows the variation of density and porosity 
as a function of periclace contents. 
	 As can be observed (Figure 4a), the densities of the 
samples increase sharply as periclace addition to 5 %, 
and decrease slowly up to 15 % addition. Meanwhile, 
the porosities of the samples decrease slowly as periclace 
addition to 5 %, and decrease sharply up to 15 %. The 
increased in the densitiy as periclace addition to 5 % is 
most likely caused by the presence of dominant spinel 
phase  as shown in Table 2. As shown in Figure 4a, the 
densities of the samples increase from 2.34 to 3.52 g·cm-3 
as periclace content increased from 0 to 5 %. The density  
was slightly decreased as periclace content increased 
from 5 to 20 % and reached the value of 3.21 g·cm-3 

at periclace content of 30 %. The sharp increase of the 
density with increasing periclace content up to 5 % was 
attributed to the increased amount of spinel phase, and 
slow decrease with increasing periclase up to 30 % was 
considered to the increased amount of forsterite phase 
(Table 2). The change in density was most also likely due 
to decomposition of cordierite into spinel and forsterite, 
as displayed by the XRD results presented in Figures 1a-f. 
These results are in accordance with the results of 
others, who reported that, the density of spinel [54-55] 
and forsterite [56-57] phases are higher than cordierite 
[58].  In those previous studies, the density of spinel, and 
forsterite are 3.54 and 3.22 g·cm-3 respectively, while 
for cordierite, the reported value is 2.3 g·cm-3. These 
literature data are in aggrement with the findings in this 
present study, in which increased amount of periclace 
was found to enhance the formation of forsterite 
(Table 2), as discussed above. 
	 The porosities of the samples decrease slowly as 
periclace addition to 5 %, and decrease sharply up to 
10 %, and the density  was slightly decreased as periclace 
content increased from 10 to 20 % (Figure 4b). Further 
addition of periclace up to 25 % shows a sharp decrease 
of porosity, but a small decrease of porosity up to 30 % 
periclace addition. As can be seen in Figure 4b, the 
sharp decrease in porosity with increased periclace 
content from 20 to 25 % observed in this study was 
attributed to enhanced formation of forsterite phase, 
and also the match between thermal expansion of spinel 
and forsterite, whereas addition of periclace in higher 
quantities (from 25 to 30 %) did not cause a remarkable 
decrease of porosity. It is obviously oberved that beyond 
this periclace content, porosity is slowly decreased, 
probably due to almost the same domination of phases 
such as spinel and forsterite, larger particles sizes 
covering surface of the samples, which is in accordance 
with the surface morphologies of the samples as seen 
in SEM results (Figures 3e-g). Moreover, the porosity 
was found to decrease as periclace content increased 
(Figure 4b), which is in agreement with the increase of 
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the amount of forsterite (Table 2).  In addition, this is 
due to the high density of forsterite and spinel which 
caused density increased, and the high termal expansion 
coefficient of spinel and forsterite which made porosity 
decreased.

Hardness and bending strength
measurements

	 Figure 5 represents the change of hardness and 
bending strength of the samples as a result of periclace 
addition.  
	 The hardness (Figure 5a) increased sharply with in- 
creased periclace content from 0 to 5 % and then de-
creased slightly with periclace addition from 5 to 30 %. 
This trend implies that the samples became more compact 
and denser as a result of increased amount of periclace, 
increasing the ability of the sample to overcome bending 
strength.  Practically similar trend was observed 
for bernding strength   (Figure 5b), in which sharply 
increased was found with periclace addition from 0 to 
5 %, and relatively stable up to 30 % periclace addition, 
as indicated by practicaly plat line (Fiure. 5b). This 
finding demonstrates that hardness and bending strength 
of the samples are compatible with the change of density 
and porosity observed in this study (Figures 4a-b). The 
role of density in determining hardness and porosity in 
determining in bending strength are in aggrement with 
the structure profile of the samples as revealed by the 
XRD results (Figures 1a-g). As previously discussed, 
increased amount of periclace led to formation of spinel 
and forsterite as the prime phases. These two phases 
are known to have higher densities than cordierite, con-
firming the role of density in enhancing the hardness of 
the samples, due to the change in phase composition of 
the samples. Other factors that control the hardness and 
bending strength are probably both the homogeneity and 
the distribution of the particles, which is in accordance 
with the surface morphology of the samples, as shown in 
Figures 3a-g.

Thermal expansion coefficient
measurements

	 Figure 6 shows the change in thermal expansion 
coefficient of the samples as a function of periclace 
addition to cordierite. 
	 The results show that the thermal expansion coeffi-
cient of the samples increased sharply from 2.4 × 10-6/°C 
to 8.8 × 10-6/°C as periclace addition increase from 0 to 
5 % and decrease from 8.8 × 10-6/°C to 8.1 × 10-6/°C when 
periclace increased from 5 to 10 %, and then slightly 
increased to the final value of 8.2 × 10-6/°C at periclace 
content up to 30 %. It can be summarised that, as the 
periclace content increased, the coefficient of thermal 
expansion increased, most probably due to the decreased 
amount of cordierite and increased amount of spinel and 
forsterite (Table 2). The trend observed in this study 
shows that the change of thermal expansion coefficient 
is given by the coefficient of thermal expansion of each 
phase  presents in the sample, volume fraction of the phase 
and porosity as described in the previous studies. They 
observed that thermal expansion coefficient has a direct 
relationship with the amount of phase and an inverse 
relationship with the amount of the porosity [59, 60], 
with the equation: α = (α1v1 + α2v2 + … + αnvn)(1-P), 
where α1, α2 and αn are the thermal expansion coeffi- 
cients of each raw material, v1, v2 and vn are the volume 
fractions, and P is the porosity. It can be seen that 
coefficient of thermal expansion of spinel, and forsterite 
are higher than cordierite, which are in agreement with 
the results described  in previous study [58]. More speci-
fically, it was reported that the coefficient of thermal 
expansion of spinel [14], and forsterite [61] are 9.17 × 
× 10-6/°C and 9.2 × 10-6/°C, respectively, and thermal 
expansion coefficient of cordierite is 2.65 × 10-6/°C 
[14]. In accordance with the above values reported by 
others, it is then clear that increased thermal expansion 
coefficient of the samples investigated in this study is 
most likely associated with domination of spinel and 
forsterite phases as confirmed by XRD results (Table 2), 
also decreased porosity (Figure 4b).  
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Figure 6.   Coefficient of thermal expansion of cordierite as 
a function of periclace addition.
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Figure 5.  Hardness (a) and Bending strength (b) of cordierite as 
a function of periclace addition.
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CONCLUSIONS

	 This study shows that refractory cordierite was 
successfully produced form rice husk silica as renewable 
raw materials and modified by addition of varied amounts 
of periclace, resulted in enhanced transformation of 
cordierite into forsterite and spinel. This transformation 
led to significant change of the characteristics of the 
samples, include increased density, hardness, bending 
strength, thermal expansion coefficient, and followed 
by decreased porosity. Furthermore, the sample with 
periclace addition of 30 % consists of 60.5 % forsterite, 
30.6 % spinel, and 8.9 % periclace. Based on these 
characteristics, it is evident that refractory cordierite 
of the modified samples with periclace exist as dense 
form with the characteristics suitable for mechanical 
applications, such as abrasive devices.
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