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The in situ reaction between a lumína and silíca to obtain mullíte (A1
6
Síp \J ) can be significantly 

affected by using synthetic amorphous sí lica (SAS) sources ínstead of crystalli ne ones (quartz 
and cristobalite). For instance, SASs promete early mullite formation (below 1300°C) and greater 
densífication dming sintering. This papcr reports the "in situ" formation o f mullite-alurnina stmctures 
from fine ca1cined alumína (a-Al

2
0

3
) and four grades of SAS of different particles' morphology, 

specífic surface area and internai porosity. After sintering assisted by dilatometJy (up to 1500°C), the 
samples' total porosity, density and ftexural strength were measured. The relative density and strength 
leveis o f some o f these structures were greater than or comparable to other studies in which similar 
compositions were sintcred at higher temperatures ( 1600-1700°C). Their microstructure assessment 
indicated that the specific surface area and internai porosity ofSAS patticles showed a major inftuence 
in the development of these physical propertíes. 

Keywords: Synthetic amotphous sílica, mullite. microstructure. physical properties, calcined 
alumina, densification. 

1. Introduction 

Mullite (3AIPr 2Si0
2 

or AI
6
Sip13}, one of the main 

raw materiais for thc ceramíc índustry 1
· \ is an input for the 

production of refractory materia1s1.5-'J, catalyst support10
•
11

, 

electronic and optic devices 12
-
1
\ thermal insu1ators8

•
9

•
15

, hor 

gas filters (above 600°C) 16-18 and bio1ogical and biomedical 

scaffolds 1 9-~1 • Its fonnation is a complex set ofhigh-temperature 

(800- 1400°C) solid state reactíons22-~4 between sílica (Si0
2
) 

and a lumína (Aip ys- 29 based on the mutual diffusion 
of APt, SíH and o -l ions amongst particles30' 33. Various 
studies have pointed out the characteristics of the silica 

source ( crystallinity35, partícle síze distribution25, presence 

ofimpurities2c'·27
) and processing conditions (heating rate28

, 

temperature o f the thermal treatment29
) atfect dírectly the 

yield, kínetics and morphology ofthe products formed2
•7·10. For 

instance, reactions betwcen coarse atum i na and micronizcd 

quartz partícles (45 1--1-m average size) gcnerate porous mullitc 

at temperatures above 1300°C'l·28
•
31

, whereas the combination 

of finer nanopartic1es of a lumina and amorphous sílica 
produced by alcoxí-based precursors reduced the range to 

800-1 1 00°C and pro mote greater densífication35-37• Therefore, 

by changing the characteristics ofthe síl ica source, ceramics 

of differenl microstructures, porosity leveis and thermo­

mechanícal properties can be designcd. 

A.mongst the severa! raw materiais avaí1ab1e for mullite 

production, many recent studies have explored the use of 

•e-mail: rsalomao@sc.usp.br 

synthetic amorphous sílica (SAS) grades because they are 

hígh-purity particles (Si0
2
-content above 97 %) of great 

homogeneity and reproducibil ity. During the first heating 

and above the glass transilion temperature (typically in the 
900-Il00°C range), thei r viscous flow behaves as sintcríng 

aid enhancing particle densification. SASs particles can 

be produced in a wide range of characteristics, as shown 

elsewhere38
• lts technological importance suggests that it 

is important to understand how these different physical 

properties could affect mullite formation. Therefore, in this 

sludy, four grades ofSAS~- 1 5•38•39 (Table I , Fig. I) werc tested 
regarding their abílíty in generating dense structures of in 
situ mullíte after a reaction with fine calcined a1umina. They 

were chosen because they exhibít similar average particle 

sizes and purity and sígn.ificant differences in other physical 

properties, sue h as a specific swface area and leveis o f intra­

patticle mesoporosíty. 

Sílica precípitated from sodium silicate (PS, Fig. I a) is a 

commcrcial additive used as a reínforcing filler for paínts, tires 

and other po1ymeric composites38
•
39

. lts parti eles are slightly 

irregular in shape dueto the mílling and desagg1omeration 

steps involved in their productíon. At the same time, its 

physical properties are highly reproducible, such as its 

specific surface area (above 200 m2.g-1} 39• Sílica particles 

cxtractcd from rice husk (RI-I, Fig. I c )39~ and rícc husk as h 

(RA, Fig. ld}45
-4

7 a1so show specific sw-face areas above 200 

m2.g·1 and morpho1ogy compbsed o f aggregates o f I 00 nm 

avcragc size o f primary parÚc1es o f 20 to 30 mn 47.ln -both 

cases, besides the low-costs, the presence o f a large amount 
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Table 1. Characteristics o f the raw materiais tested. 

Characteristics 

Composition (wt%) 

Solid density (p, 

g.cm 1
) 

Specific surface 
area (SSA, m2.g1

) 

Total pore volume 
(TPV. cm1.g 1) 

Internai porosi~v 
(JP, %, Equation 3) 

Average pore 
diameter (nm) 

Primmy particles 
average size (nm) 

Clusters average 
size (pm) 

a-Al:OJ source 

" Calcined alumina b Precipitated sílica 
(CA) (PS) 

Al
2
0

3
: 99.8; Na,O: 

0.05; Fe
2
0

3
: 0.0 I; Si0

2
: 97.8; Na20: 

CaO: 0.03; MgO: 2.2 
0.07; Si0

2
: 0.04 

3.9 2. 1 

9.4 118 

0.02 0.4 

7.8 43.2 

9.4 12 

500 30-80 

Not applicable 1-6 

Synthetic amorplwus Si0
2 

som·ces 

d S ílica jrom rice ' Sílica from ríce 
' Mícrosílica (MS) 

husk (RH) husk ash {RA) 

Si0
2

: 94.9; Nap: 
0.2; Kp:0.2; S0

3
: 

S i0 2: 99.9; Nap: Si02: 99.0; Na,O: 
0.2; Fe

2
0

3
: 0. 1; 

0.1 1.0 
CaO: 0.2; MgO: 
0.2; Alp

3
: 4.0 

2.4 2.20 2. 1 

24 178 126 

0.05 0.2 0.4 

10.7 32.7 48.7 

8.5 5 15 

50-200 20-30 20-30 

Not applicable 1-8 1-5 

a) A lOOOSG, Almatis, Germany; b) Tiox il T300, Solvay-Rhodia Group S/ A, Brazil; c) Microsilica 971, Elkem, Norway; d) References 40•43; e) 

Reference 45. 

Figure I . SEM images o f the synthetic amorphous silica (SAS) 
grades tested: a) si lica precipitated from sodium silicate (PS), b) 
sil ica obtained from rice husks (R H), c) silica obtained from rice 
husk ashes (RA), d) microsilica (MS) 

of intra-particle mesoporosity suggests tha t these silica 
grades can be extremely reactive in contact with calcined 

alumina at high temperatures. Microsil ica (MS, Fig. ld) 
particles are spherical, dense and individualized and their 

broad particle size distribution ranges from 50 to 500 nm. 
They are obtained as a precipitated by-product dming the 

production o f e! ementa! silicon and are widely used in civi l 
construction for enhancing the packing ofhigh performance 

concrete, and in refractories for the production o f mullite­
based bricks and castables 1.7.8.15·38.39.48.49 . 

After physical characterization, the SAS particles 
were combined with calcined alumina to producc in situ 

mullite dense parts. Their sintering behavior was assisted 
by dila tometry and the products formed were identified by 
X-ray diffraction and scanning electron microscopy. The 
physical properties (solid and relative density, total porosity, 

ftexural strength) ofthe resulting structures were related to 
the characteristics o f the amorphous si lica parti eles. 

2. Materiais and Methods 

2. 1. Synthesis and characterization ofthe 
parlicles 

Thc following raw materiais (Table I) were used: a) 

calcined alurnina (CA, A I OOOSG, Almatis, Gerrnany), b) 
silica from the precipitation o f sodium silicate (PS, Tixosil 
T300, Solvay-Rhodia Group S/ A, Brazi l), c) silica exu-acted 

from rice husk (Rl-143) , d) sílica extracted from rice husk ash 
(RA•3) , e) silica obtained by the precip itation of oxidized 

silicon vapor (MS, Microsi lica 97 1, Elkem, Norway), f) 
organic binder (PVB; Poly(vinyl butyral), Butivar 98, Sigma­

Aldrich, USA) and g) isopropyl alcohol (Synth , Brazil) . 
The RH particles40

•
43 were produced initially washing 

dried rice husks with a I O wt% citric ac id solution (C
6
Hp

7
; 

Synth, Brazil) in autoclave (Phoenix Luferco, AV I 00 model, 
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Braz il) for I h at l27°C ± S°C and ISO k Pa ± 20 kPa. After 
neutralization with disti lled water and drying ( 1 oooc ±soe 
for 12 h) , the busks were calcined at 700°C for 2 bours at 

l5°C/min beating rate. The calcined material was dry-mi lled 

for 2 hours (ball -mill operating at 60 rpm with Zr0
2 

spheres 

of 5 mm diameter; spheres ratio o f I 0: I in relation to the 

dried material). 

To obtain RA particles45, a suspension containing 0. 1 wt% 

of rice husk ash in a 2 Mol.L'1 sodium hydroxide (NaOH) 

solution was hcated under reflux conditions for 2 h. The 

sodium silicate solution fonned was filtered to remove the 

non-reacted ashes, and hydrochloric ac id (HCl, 2 mol.L-') 

was added until pH = 3 for the formation ofa gel ofsil ica 

particles, according to Equation I: 

RA parti eles werc attained after intensi ve washing with 

distilled water for the remova! of sodium ehloride salt, 

fi ltering and drying (2 h at l i Ü0 C). 
Parti eles samples were previously degassed at200°C for 

3 h in a vacuum atmosphere and then characterized regarding 

monitored by a 402C dilatometer (NETZSCH, Germany), 

under a 5°C/min heating rate up to 1500°C. 
Samples for porosity and mechanical propc1ty mcasw-cments 

(bars o f 6 x 20 x 70 mm) were heat-treated at 11 00°C and 

1500°C (heating rate of 5°C/min, threshold of 2 hours at 

400°C and 3 h at the final temperature, I 0°C.min·1 cooling 

rate) (Fig. 2f-g). Thei r relative density (RD, %) and lhe total 

porosity (TP, %) 15·50 were calculated using Equations 3 and 4 

RD (%) = 100% X ( ~ x W x T x p) (3) 

TP(%) = 100- RD (4) 

M, L, W and T are, rcspcctively, the samples' mass (g) 

and average length (em), width (em) and thickness (em). 

Thc density o f these materiais (p) was measured by the 

Helium picnometer method in equivalent samples after 

mill ing (DPan 'S 100 !lll1). 

Calcined lsopropyl 
Alcohol in 

the specific surtàee area (SSA, m2.g·1
, BET method, ASTM C •> { l~ ~ .. - aJ Alummn Am~rphous S;l ica 2 W1 %ofPVB 

I I 069-09 standard "Standard Test Method for Specific Surface 

Area of Alumina or Qua1tz by Nitrogen Adsorption"), total 

pore volume (TPV, cm3.g·', for pores thinner than 50 nm) 

and average pore diameter (PD), by adsorption-desorption 

isothe rms of high-puri ty N
2 

(Nova l200e, Quantachrome 

lnstrurnents, USA; the ratio between relative pressure , P, and 

atmospheric pressure, P 
0

, ranged from 0.05 up to I). Their 
density (p, g.cm 3) was measured by thc Helium picnometer 

method (Ultrapyc 1200e, Quantachrome lnstmments, USA). 

The particles' in tema! porosity (TP, %) is the ratio between 

the total pore volume inside the particles (TPV) and the total 

volume ofthe particles (which corresponds to the sum ofTPV 
and so lid volume)39. The IP was calculated by Equation 2: 

_ [(p x TPV) / ] 
IP (%)- 100% x /(p x TPV + 1) (2) 

2. 2. Preparation and characterization o f mullite 
samples 

The stoichiometric composition ofmullite (3AI
2
03'2Si0

2
.)2"·"• 

was prepared combining the different sílica grades (PS, MS, 

RH and RA) and calcined alumina (CA) (Fig. 2a-b). The 

deagglomeration and mixing processes o f alumina and sílica 

parti eles were performed in a ball-mill with a 2 wt% ofPVB 

isopropyl alcohol suspension containing 33% solids (grinding 

spec ification: 5 mm diameter zirconia spheres, mass ratio 

of sphere/powder: l :3, 2 liters polyethylene fl.ask, 60 rpm 
for 2 hours; Fig. 2c). Thc isopropyl alcohol was completely 

evaporated (Fig. 2d) and the resulting powder was shaped 

by uniaxial compression ( 40 MPa, Fig. 2e). The sintering o f 
green samples (8 mm length x 6 mm diameter cylinders) was 

PS MS 11 RH I RA 

b) 

~ 
~ SiOfA120 1 for obtaining mullite (molar. 3:2; mnss. 71.8:28.2: 

"·olwnc: 4 J .I :58.9}. I ~r, cnlcincd ulumill3: rcfcrcncc samplc (CA). 

l 

~ Dcagglomcrution in b:llt-mill for 2 hours (2: 1 ZrO ~ sphcrcs o f 5 mm. 60 tpm) I 
l 

~ Solvcnt ex.tmction in un oven nt 60ec for 24 hou~ 

.... l ~ 

C) 

d) 

Unin.,ial prcssing (6 x ~O x 70 mm li Uni~ i ai pressing (6 mm dittmetcr x 
bar>. 40 Ml'o): 8 mm lcngth cylinders, ~O !V!Po 

c) 

~ 
J. 

Bcoltrcolmental li oo•c and l SOO"C (mie o f s•Clmin ond lh reshold I 
of2 hours at 400"C and 3 hours Pt thc firml te mpcmture). 

J 
Mull ile formed 7§êJTª!J§J 

! l 
- Solid dcnsity 

X-ruy 
(p ). relati,·e Flt.<Ur:II 

diffrnction 
SEMof Dolntonl<try 

density (RD), strength 
ofpo"dered 

fr:)Cture (5. Cimin. up 

totul porosity (FS) surfncc oo ISOO' C 
(TP) 

sample.s 

g) 

Figure 2. Experimental procedure for the preparation and characterization 
of i11 silu mullite-alumina samples 

A universal testing maehine (WDW-30E, China, 0.5 

mm.min·1 load application rate) and Equation 5 were used 

LO determine their flexural srrength (FS, MPa) by the Three­

Point Bending Test (ASTM C78: "Standard Test Method 

for Flexura1 Strength of Concrete Using Simple Beam with 

Third-Point Loading"): 

FS(lv!Pa) = (3 x F x S) / (5) 
/(2 X w x T2

) 
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F is the maximum applied load (N), S is the distance 
between the two supporting points (m), and W (m) and T 

(m) are the average width and thickness o f the test sample, 
respectively. In ali cases, five samples were tested for each 

condition. 

The results attained were compared with other similar 
systems using relative ftexural strength (RFS, %) versus 

relative density (RD, %) curves15 RFS is the ratio belween 
the experimental results of FS and the theoretical value 
obtained for a I 00% dense sample (for muliite l -4,ló.J0,>4•51 , 

FS111.,or<ri<al = 180 MPa). Such an approach is useful for 
investigating the mechanical behavior of porous (RD :S 50 
%) and semi-porous structw-es (95% :S RD > 50 %). It is 
based on the fact that, ideally, a reduction in the material's 

re lative density (caused by the introduction ofncw internai 
surfaces, as pores) would be foliowed by a proportional 
reduction of its mechanical properties. Such a behavior is 

represented by the y = x function. In real cases, however, 

most commonly, the reduction ofthe mechanical propertíes 
caused by the introduction o f porosity is far more intense due 
to the presence oftensile concentrators and lack of efficient 
sintering amongst parti eles 15.5°. 

The phases formed during thermal treatment were 
identified by X-ray diffraction (Rigalcu, Rotaflex RV 200B, 

Japan, pulverized samples). The microstructure of the 
samples was assessed at fracture surfaces by field emission 

gun scanning electron microscopy (SEM, FEl, Inspect F 50 
model, Netherlands). 

3. Results and Discussion 

3.1 Samples sintered at JJOO "C 

Samples containing precipitated sí lica (M-PS
110
J, sí lica 

from rice husk (M-RH
1100

) and sílica from rice husk ash (M­

RA1100) showed lower total porosity and ftexural strength 
leveis (Fig . 3a) and earl ier densification (Fig. 4a-c) than the 
silica-free reference sample (CA

1100
). Such behavior can be 

explained analyzing the same flexural strength results as a 
function of sílica particles' internai porosity (IP) (Fig. 3b 
and Table l ). The parti eles o f these three SAS grades are 

comprised o f nanoclusters strongly aggregated containing 

large quantity of mesopores amongst them (Fig. 1 ). These 
pores are smaller than 30 nm and are extremely unstable 
under heating. Due to this, even mild temperatures, such as 

400-800°C can induce their collapse and early densification 
ofthe sílica particles39•45• The overall effect upon the samples' 
structure is an intense macroscopic shrinkage and porosity 

reduction, not necessarily followed by gains o f strength. 
For m.icrosilica-containing samples (M-MS 1100), on the 

other hand, a different behavior was observed. Comparing 

.-. 
~ 
"' 00 
~ 
..c e;, 
c ., 
.1:: 
"' 
" :... 

:;:1 
>< ... 
fi: 

160 

120 

80 

40 

o 

160 

120 

80 

40 

M-RA,""' 
"11 

--) IIOO'C 
1500"C ( - - a) 

~: 

f 

o 

M-M$1100 

CA1soo 

M-PS,1,. 
'\ 

f + 
~ 

M-RH1500 

M-MSuoo 
/.\ 
; M-RA11 00 M-?SIIoo 
' ~ :'1 

,iM-RHIIoo : / 
IT r,- • : .L 
I \.~-- TCAIIOO 

20 40 60 

Total porosity ofthe mullite structu res (TP, %) 

M·MS 1500 
b) 

M·RA1soo 

\ 
\ 

!l: 

',, 'j' ISOO' C M-PS,.,. / 

'I.. M-RH,,., 1 ,_/'/ ' . / 

~,,__ 1 -----
M-MSIIIXI '[ '>V ----- M-PS,00 M·RA

11 00 

8( 

li OO'C M-RH 1100 2: i! 
o ~--~--~----~--~~--~--~----~--~ 

o 15 30 45 6< 

Internai porosity ofthe SAS' s particles (IP, %) 

Figure 3. F1exura1 strength ofsamp1es containing different synthetic 
amorphous sílica (SAS) grades thermally treated at 11 oooc and 
1500°C as a function o f a) total porosity ofthe stiuctures obtained 
after sintering and b) SAS parti eles' internai porosity (IP). The dotted 
I ines are guides to indicate the temperatures o f thermal treatment 

to the other SAS grades, MS partic les bave a much lower 
internai mesoporosity (IP = lO. 7 %) and specific surface area. 

Ou e to this, its reduces the amount ofvoids an1ongst parricles 
at the compacting step1

•
6

•
8

•
48

. During the initial heating, no 

significant densification was observed up to l 000°C (Fig. 

4d). After sintering at li 00°C, M-MS samples exhibited the 
lowest levei of porosity and the highest ftexural strength 
amongst the silica-containing-ones. It is also possible that 
the impurities ofthe microsilica have generated some small 
portion of low melting point the liquid phase. They were 
not detected after cooling in thls study but such effect has 
been already described elsewhere. 

No traces of sílica crystallization or mullite formation 

were detected by XRD (Fig. 6) in the samples sintered at 
li 00°C. Their fracture surfaces (Fig. 5a-e) are comprised o f 

porous granular packs o f individualized parti eles containing 
very low necking points. These two aspects indicate that 
only physical rearrangements, such as pore coalescence 
or viscous flowR·32•49, occmred up to 1100°C and that the 
physical properties of the structures were defined mainly 
by the calcined alumina matrix behavior. 

3.2 Samples sintered at 1500nC 

Ali silica-containing samples sintered at 1 500°C showed 

porosity reduction and gains o f strength in comparison to those 
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Figure 4. Thermal linear variation for samples containing different synthetic amorphous si lica (SAS) grades: a) M-PS, b) M-RH, c) 
M-RA, d) M-MS 

the1mally treated at 11 oooc (Fig. 3a). Their microstructure 

(Fig. 5f-j) evolved to a solid block comprised of mullite 

(major constituent) and traces of un-reacted corindon and 

cristobalite (Fig. 6), where evidence ofviscous flow can be 
seen. The dilatometric analysis of the M-PS

1500
, M-RH

1500 

and M-RA
1500 

samples (Fig . 4a-c) revealed total shrinkage 

leveis similar or greater than the one observed for the si lica­

free reference (CA
1500

). For such compositions, the larger 

the TP ofthe sílica pa11icles, the more intense the reduction 

in the structures' total porosity and enhancement of their 

strength (Fig. 3 b ) . 

T he dcnsification rate of the M -MS sample was 

significant1y reduced between 1300-1430°( (Fig. 4d). This 

behavior was a lso observed in other studies8
•
9

•
15 and can be 

related to the mullite generation reaction. In comparison to 
the calcined alumina matrix (p = 3.8-4 g.cm-3) , the density 

o f mullite is lower (p = 3.2 g.cm-3), therefore, its formation 

can be followed by a volumetric expansion, depending on 

the compacting levei of the structure. In the present case, 

since MS improved the initial structure packing efficiency, 

the formation of mullite partially hindered the particles' 

densification. However, dueto the presence ofseveral alkali­

based impurities in the MS composi tion, it is reasonable to 

assume the high flexural strength attained is also related to 
a certain levei of liquid sintering. 

The comparison between the RFS values o f this study 

to those in other reports (Fig. 7) has shown two important 

aspects. Firstly, for the range o f relative density o f 45-99 % 

tested, the RFS showed a linear varia tion, which indicates 

it is possible to tailor such property levei depending on the 

application. For instance, compositions o f higher RFS and 

low porosity, such as M-RA
1500 

and M-MS
1500

, could be 

uscd to producc refractory bricks or abrasive tools. On the 

other hand, those of lower RD (M-RH
1100 

and M-PS
1100

) 

cou1d be used as porous stmctures for the1mal insulation 
oras biological scaffolds. Secondly, the overall level ofthe 

RFS values obtained in this work is d ose to those described 

in the literature for samples of similar compositions, but 

produced by more complex compaction techniques (isostatic 

pressing3•10•12), longer sintering times (longer than 3 h 16•1 7) and 
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Figure 5. Fracture surfaces ofsamples treated al l l oooc and l500°C 
for 3 h (SEM observation) 

highcr thermal treatment tempe raturcs (above 1500°C2R·29) 

or with the aid of liquid phase s intering17
•·
12

• Therefore, for 

similar leveis offlexural strength, a significant energy saving 

in the processing operations could be achieved by using SASs. 

c c c 

lO 20 30 60 70 80 

Figure 6. X-ray diffraction pattems fo r samplcs treated at l i oooc 
and 1500°C for 3 h: a) M-PS, b) M-RH, c) M-RA, d) M-MS. 
Ctystall ine phases (JCPDS file): C = coiUndum (a.-A1p

3
, 42- 1468), 

S = cristobalite (Si0
2

, 39- 1425), M = mullitc (AI1,Sip
13

, 15-0776) 
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4. Conclusions 

The interna! porosity and specitic surface area of the 

synthetic amorphous sílica (SAS) parti eles tested signiticantly 

impacted the development of microstmcture and physical 

properties of the alumina-mullite structures attained. Two 

opposite effects were observed. 

Firstly, samples conta ining SAS grades ofhigh internai 

porosity (sílica prec ipitated from sodiuro si licate, sílica 

obtained from rice husk, and silica obtained from rice husk 

ashes) experienced a significant shrinkagc bctween 400-

8000C. At this temperature range, the mesopores located 

inside the particles of sílica collapsed increasing their 

density and the overall packing efficiency ofthe system. As 

a consequence, after sintering at 1500°C, structures o f very 

low total porosity and high flexural strength were attained. 

The comparison with other reports in literature showed that 

the strength leveis attained were similar to other systems 

sintered at higher temperatures for longer periods. This aspect 

is technologically important because these compositions could 

replace conventional materiais and producc a significant energy 

saving during the thermal treatment. Secondly, for samples 

containing the sílica grade of very low internai porosity and 

specific surface aJea (microsilica), the spherical shape o f sue h 

part icles improved packing efficiency during the pressing 

step. Due to this, comparing to the other SAS grades, the 

microsilica-containing structures presented lower porosity 

and higher strength after sintering a t l i oooc. Besides this, 

such samples also showed lower densification rate and total 

linear shr inkage. This effect was attr ibuted to the formation 
of mullite, which is can be an expansive reaction, when it 

occurs in a dense sttucture. 
After sintering at 1500°C, a li the samples exhibited a 

dense microstntcture contain ing signals of viscous flow 

and were comprised mainly o f mullite and small portions 
of un-reacted corindon (a-Alp). It is possible that the 

crystallization o f the SAS part i eles may have hindered the 

total conversion ofthe reactants in mull itc or would requ ire 

longer thermal treatment periods. These aspects are cunently 

under investigation in authors' research group. 

5. Acknowledgements 

Authors acknowledge the Brazilian Research Fotmdations 

FAPESP (20 10/ 19274-5) and CNPq (308762/20 14-2, 

45586!120 14-5, 870346/1997 -0) for supporting this work, 

and Solvay-Rhodia Group S/A (Brazil ), Almatis (Brazil, 

USA and Gennany) and Elkem (Norway) for supplying 

samples o f raw materia is. They are also indebted to Prof. 

Dr. J.M.D. Rollo, P.L. di Lorenzo and J.J. Bernardi (SMM/ 

EESC) for assistance in di latometly and mechanical tests and 

Wagner R. Correr, MSc. (Microscopy Laboratory, CTMH 

SMM-EESC/IFSC) for SEM images. 

6. References 

I. Nishikawa A. Technology o f Monolithic Refracwries. Tokyo: 
Plibrico Japan Co. Ltd; 1984. 

2. Anggono J. Mullite Ceramics: Its Properties, Structure, and 
Synthesis. Jurnal Teknik Mesin. 2005;7( 1 ): 1-10. 

3. Schneider H, Schreuer J , Hildmann B. Structure and properties 
o f mullite-A review. Joumal ofthe European Cera mie Society. 
2008;28(2):329-344. 

4. Schneider H, Fischer RX, Schreuer J. Mullite: Ctystal Structure 
and Related Properties. Journal of the American Ceramic 
Society. 20 15;98( I 0):2948-2967. 

5. Dokko PC, Pask JA, Mazdiyasni KS. High-Temperature 
Mechanical Properties ofMullite Under Comprcssion. Journal 
ofthe American Ceramic Society. 1977;60(3-4): 150- 155. 

6. Ismael MR, Salomão R, Pandolfell i V C. Refractory Castables 
Based on Colloidal Silica and Hydratable Alumina. American 
Ceramic Society Bulletin. 2007;86(9):58-62. 

7. Salomão R, Souza ADM, Fernandes L, Arruda CC. Advances 
in nanotechnology for rcfractories: When very small meets 
bot, heavy, and large. American Ceramic Society Bulletin . 
20 13;92(7):22-27. 

8. Sousa LL, Souza ADV, Femandes L. Arantes VL, Salomão R. 
Development o f densification-resistant castable porous structures 
from in si tu mull ite. Cera mies /nternational. 20 15;41 (8):9443-
9454. 

9. Sousa LL, Salomão R, Arantes V L. Development and 
characterization of porous moldable refractory structures of 
the alumina-mull ite-quartz system. Ceramics lnternational. 
20 17;43(1 Pt B): 1362-1 370. 

I O. Hamano K, Sato T, Nakagawa Z. Properties o f Mullite Prepared 
by Co-Precipitation and Microstntcture off ired Bodies. Journal 
ofthe Ceramic Association. 1986;94(1 092):818-822. 

li. Montanaro L, Tulliani JM, Perrot C, Negro A. Sintering of 
industrial mull ites. Journal ofthe European Cera mie Society. 
1997; 17( 14): 1715- 1723. 

12. Prochazka S, Klug FJ. lnfrared-transparent mullite ceramic. 
Journal ofthe American Ceramic Society. 1983;66( 12):874-880. 

13. Aksay IA, Dabbs DM, Sarikaya M. Mullite for Structural, 
Electronic, and Optical Applications. Joumal o f the America11 
Ceramic Society. 1991 ;74( I 0):2343-2358. 

14. Zhang L, Olhero S, Ferreira JMF. Thermo-mechanical and high­
temperature dielectric properties o f cordierite-mullitc-alumina 
ceramics. Ceramics lntemational. 20 16;42( 15): 16897-16905. 

15. Salomão R, Fernandes L. Porous co-continuous mullite structures 
obtained from sintered aluminum bydroxide and synthetic 
amorphous sílica. Joumal o f the European Ceramic Society. 
20 17;37(8):2849-2856. 

16. She JH, Ohji T. Fabrication and characterization of highly 
porous mullite ceramics. Materiais ChemiSit)' and Physics. 
2003:80(3):6 1 0-6 14. 

17. Fukushima M, Yoshizawa Yl. Fabrication and morphology 
contrai o f bighly porous mullite thermal insulators prcpared 
by gelation freezing route. Joumal o f the Europea11 Ceramic 
Society. 20 16;36( 12):2947-2953. 



8 Fernandes et ai. Materiais Research 

!8. Arzani M, Mahdavi HR, Bakhtia ri O, Mohammadi T. Preparation 
ofmullite ceramic microfilter membranes using Response surface 
methodology based on central composite desig n. Ceramics 
lnternational. 20 16;42(7):8155-8 164. 

19. Nath S, Dey A, Mukhopadhyay AK, Basu B. Nanoindentation 
response o f novel hydroxyapatite-mullite composites. Mmerials 
Science and Engineering: A. 2009;513-514: 197-20 l . 

20. Nath S, Basu B, Mohanty M, Mohanan PV. In vivo response 
o f novel calcium phosphale-mullite composiles: Results up lo 
12 weeks of implanlation. Journa/ of Biomedical Materiais 
Research - Pari B Applied Biomaterials. 2009;908(2):54 7-557. 

2 1. Nath S, Dubey AK, Basu B. Mechanical properties of novel 
ca1cium phosphatc-mullitc biocomposites. )ma-na! of Biomaterials 
Applications. 2012;27(1):67-78. 

22. Davis RF, Pask JA . Diffusion and Reaction Studies in thc 
System Al20 3-Si02. Joumal ofthe American Ceram.ic Society. 
1972;55( l 0):525-531. 

23. Risbud SH, Pask JA. Mullite Crystallization from Si0
2
-Alp

3 

Melts. Journal ofthe American Ceramic Society. 1978;61(1-
2):63-67. 

24. Aksaf LA, Pask JA. Stable and Metastable Equilibria in the 
System SiO,-Al,O,.Journal ofthe American Ceramic Society. 
1975;58( 11-1 2):507-512. 

25. Farenholtz WG, Smith DM, Cesarano J III. Effect of Precursor 
Parti ele Size on the Densification and Ctystallization Behavior 
of Mullite. Journal of the American Ceramic Society. 
1993;76(2):433-437. 

26. Pask JA. lmportance ofstarting materiais on reaction and phase 
equilibria in the Alp3-Si0

2 
system. Journal o f lhe European 

Ceramic SocieW. 1996; 16(2): I O 1- 108. 

27. Chen CY, Lan GS, Tuan WH. Preparation of mullite by the 
reaction sintering of kaolinite and alumina. Journal of the 
European Ceramic Society. 2000;20( 14-15):25 !9-2525. 

28. Kara F, Li ttle JA. Sintering behaviour of precursor mulli te 
powders and resultant microstructures. Journal ofthe European 
Ceramic Society. !996; !6(6):627-635. 

29. Yang f, Li C, Lin Y, Wang CA. Effects ofsintering temperature 
on properties ofporous mullite/comndum ceramics. Materiais 
Letters. 20!2;73:36-39. 

30. Kanzaki S, Tabata H, Kumazawa T, Ohta S. Sintering and 
Mechanical Properties of Stoichiometric Mullite. Journal of 
the American Ceramic Society. 1985;68( I ):C6-C7. 

31. Samhan B, Albers W, Schneider H, Kaysser WA. Reaction and 
sintering mechanisms o f mullite in the systems cristobalite/a­
Al,03 and amorphous Si0,f-Al,03 . .lo urna! o f the European 
Ceramic Sociezy. !996; 16( I 0): I 0 75-1 08!. 

32. Rani DA, Jayaseelan DD, Gnanam FD. Densification behaviour 
and microstmcture of gel-derived phase-pure mullite in the 
presence ofsinter additives. Journal ofthe European Ceramic 
Society. 200 1;2 1(12):2253-2257. 

33. fielitz P, Borchardt G, Schneider H, Schmücker M , Wiedenbeck 
M, Rhede D. Self-diffusion of oxygen in mullite. Joumal of 
the European Ceramic Society. 200!;2!(!4):2577-2582. 

34. lsmai l MGMU, Nakai Z, Somiya S. Microstructureand Mechanical 

Properties ofMullite Prepared by d1e Sol-Gel Method. Journa! 
ofthe American Ceramic Society. 1987;70( I ):C7-C8. 

35. Bartsch M, Saruhan B, Schmücker M, Schneider H. Novel 
Low-Temperature Processing Route ofDense Mullite Ceramics 
by Reaction Sintering o f Amorphous Si0

1
-Coatcd y- Alp

3 
Particle Nanocomposites. Journal o f the American Ceramic 
Society. !999;82(6): !388- !391. 

36. Cividanes LS, Campos TMB, Rodrigues LA, Bmnelli DD, 
Thim GP. Review ofmullite synthesis routes by sol-gel method. 
Journa/ ofthe So!-Gel Science and Technology. 20 I 0;55( I ): 111-
125. 

37. Buljan f, Kosanovic C, Kralj D. A novel synthesis ofnano-sized 
mullite from aluminosilicate precursors. Journa/ o f Alloys and 
Compouds. 20 li ;509(32):8256-8261. 

38. !ler RK. The Chemistry o f Sílica: Solubility, Polymerization, 
Colloid and Swface Properties and Biochemistty. New York: 
Wiley; !979. 

39. Femandes L, Arruda CC, Souza ADV, Salomão R. Characterization 
of Synthetic Amorphous Silica (SAS) Used in the Ceramic 
Industry. lnterceram. 20!4;63(4):220-224. 

40. Real C, Alcalá MD, Criado JM. Preparation of Sí lica frorn 
Rice Husks. Journal of the American Ceramic Society. 
1996;79(8):20 12-2016. 

4!. Yalçin N, Sevinç V. Studies on silica obtained from rice husk. 
Cera mies lntemational. 2001 ;27(2):219-224. 

42. Chandrasekhar S, Satyanarayana KG, Pramada PN, Raghavan 
P, Gupta TN. Review Processing, properties and applications o f 
reactive sílica from rice husk-an overview. Journal ofMmerials 
Science. 2003;38( !5):3!59-3 168. 

43. Fernandes L, Sabino MG, Rosseto HL. Method o f extration of 
sí lica from rice hul l. Cerâmica. 2014;60(353):160-163. 

44. Kaviyarasu K, Manikandan E, Kennedy J , Jayachandran M, 
Maaza M. R ice husks as a sustainable source of high quality 
nanostructured sílica for high performance Li-ion battcry 
requital by sol-gel method - A Review. Advanced Materiais 
Letters. 20 16;7:1 22-134. 

45. Shelke VR, Bhagade SS, Manda v gane SA. Mesoporous Sílica 
from Rice HuskAsh. Bulletin ofChemical Reaction Engineering 
& Catalysis. 2010;5(2):63-67. 

46. Ma X, Zhou B, Gao W, Qu Y, Wang L, Wang Z, et ai. A 
recyclable method for production of pure silica from rice hull 
ash. Powder Technology. 20 !2;21 7:497-50 !. 

47. Cheah WK, Ooi CH, Yeoh FY. Rice husk and rice husk ash 
reutilization in to nanoporous materiais for adsorptive biomedical 
applications: A review. Mesoporous Biomaterials. 20 16;3( I ) :27-
38. 

48. Salomão R, Pandolfelli VC. Microsil ica Addition as an 
Antihydration Technique for Magnesia-Containing Refractory 
Castables. American Ceramic Society Builetin. 2007;86(6):930 1-
9309. 

49. Khattab RM, El-Rafei AM, Zawrah MF. In situ fonnation 
of sintered cordierite-mullite nano-micro composites by 
utilizing of waste silica fume. Materiais Research Bulletin. 
20 12;47(9):2662-2667. 



Prcparation and Charactcrization o f Mullitc-Aiumina Structurcs Fom1cd "In Situ" from Calcincd Alumina And 
Diffe rent Grades ofSynthetic Amorphous Silica 

9 

50. Souza ADV, Sousa LL, Fernandes L. Cardoso PHL, Salomao 
R. Al,0

3
-AI(OH)

3
-Based castab le porous structures. Joumal 

ofthe European Cera mie Society. 20 15;35(6): 1943-1 954. 

5 1. Mah TI, Mazdiyasni KS. Mechanical propetties of mullite. 
Journal ofthe American Ceramic Society. 1983;66( I 0):699-703. 


