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ABSTRACT 

Using the sol-gel synthesis, premullite gels with different levels of homogeneity, so called monophasic and diphasic gels, were prepared. 

Gels thermal transformations to mullite ceramics, as well as structural features of ceramic samples were characterized. Gels were 

processed into mullite ceramics at 1600°C/4h. The occurrence of glassy phase was predominately evidenced in ceramics originating 

from diphasic gel, while that originating from monophasic gel showed greater porosity. The behaviour of ceramics during corrosion in 

aqueous nitric acid solutions was evaluated by the amount of eluted ions. Both samples yield low corrosion rates with corrosion kinetics 

following parabolic function. In comparison with nominal composition the eluates contain higher Si4+/Al3+ ratio as a consequence of the 

leaching of the glassy phase. However, due to a greater porosity the ceramics derived from monophasic gels show higher corrosion rate. 
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1. INTRODUCTION 

Mullite, AlVI
2(AlIV

2+2xSi2−2x)O10−x, where x is between 0.2 

and 0.9, displays importance as a material for both traditional and 

advanced ceramics on behalf of its favourable thermal and 

mechanical properties [1]. Mullite ceramic is widely applied for 

structural or hostile-environment-protective coating materials 

primarily on behalf of its good creep resistance at high 

temperatures, but also intrinsic high strength, low thermal 

expansion and good chemical stability [2-4]. In order to produce 

mullite ceramics of high purity, homogeneity and lower 

processing temperatures, a sol-gel synthesis is often applied to 

fabricate mullite [5]. Moreover, colloidal processing enables low-

cost approach for producing uniform, thick ceramic coatings on 

complex-shaped components via a simple dip coating process [6]. 

Premullite gels obtained by sol–gel procedure are usually 

classified into two types according to system homogeneity. 

Monophasic gels show molecular homogeneity and direct 

amorphous-to-mullite crystallization at ~980°C, while diphasic 

gels show reduced but still nanometer level of homogeneity and 

amorphous-to-mullite crystallization above 1150°C over 

intermediate spinel phase crystallizing at ~980°C. The DTA curve 

of such diphasic gel is characterized by a strong exotherm at 

~980°C and a weaker one above 1150°C [7]. 

Corrosion is cause of a considerable damage in many high 

temperature applications where mullite is employed. Therefore, 

mullite corrosion resistance is a very important performance 

criterion [8]. Beside corrosive atmospheres mullite ceramics 

components often have to withstand high temperatures. Mullite 

does well here, as it is well known mullite displays low high-

temperature creep [8]. 

Chemical resistance of ceramics is understood as its capacity 

to withstand a destructive action of aggressive media (gases, 

solution of acids, bases and salts, sea water, melts, etc.) [9]. The 

study of corrosion resistance of ceramics in various aggressive 

media enables prediction of final service properties in these media. 

The corrosion of ceramics proceeds either as chemical reaction 

between the ceramic material components and the processing 

medium elements, or as ceramic material components dissolution 

in the processing medium [9]. Corrosion rate is usually expressed 

through corrosion rate const. Stanislav ant, k. In most simple case 

when corrosion rate obeys linear rate law, k is given as a total 

amount of species released into the solution (e.g. in grams) per 

surface area of sample in contact with solution (e.g. in cm2) and 

duration of sample contact with solution (e.g. in hours). 

The corrosion of mullite in water vapour [10-12], hot gas 

environment, [13-14] alkali vapour [15-16] and salts [17] has been 

widely investigated. On the other hand, research of acid corrosion 

properties of mullite ceramics has not received much attention. 

The evaluation of the of corrosion process of ceramics is normally 

performed by analysis of the total weight loss of specimens 

immersed in corrodent. The chemical stability could be 

determined more precisely by analysis of eluted ions amounts. In 

this study we aim to examine the corrosion behaviour of 

monophasic (MP) and diphasic (DP) mullite ceramics, derived 

from gels, in nitric acid. Elements eluted after immersion in HNO3 

aqueous solution of various concentrations have been measured. 

Sintered samples were characterised prior and after immersion, 

where the microstructure, morphology and chemical composition 

were considered. 

 

2. EXPERIMENTAL SECTION 

The premullite gels were prepared by dissolving 

Al(NO3)3·9H2O (p.a., Kemika, Croatia) in ethanol (monophasic 

gel) or water (diphasic gel). The nitrate:ethanol (96% purity, 

Kemika, Croatia) molar ratio was 1:9, while nitrate:water was 
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1:28. The solutions were stirred and refluxed at 60°C for 1 day. 

Tetraethoxysilane (98% purity, Merck, Germany) was mixed with 

ethanol (TEOS:ethanol molar ratio 1:9) and stirred at room 

temperature for 1 h. The TEOS mixture was added drop-wise to 

the nitrate solutions. The molar ratio of Al:Si in both samples was 

3:1 (stoichiometric 3:2 mullite). The mixture was stirred at 60°C 

for 8 days under reflux. The gel was dried 1 day under 150 W IR 

lamp, further 3 days at 110°C in laboratory drier and subsequently 

calcined at 700°C for 2 h to decompose the organics and remove 

the volatiles in a laboratory box-furnace. Derived mass was wet-

grinded in a planetary mill at 200 rpm for 2 h (2-propanol as a 

milling media) to fine powder. Grinded samples were ambient-

dried. Remaining propanol was removed by another calcification 

at 700°C for 2 h. The mullite powders were then uniaxially 

pressed (Paul Webber GmbH) with help of die into pellets with 

diameter of 10 mm (2 g of premullite powder) at a pressure of 100 

MPa. Thereafter the pellets were sintered in a laboratory furnace 

in static air at temperature of 1600°C for 4 h with heating rate of 

10°C/h. 

The thermal behaviour of powder precursors was 

characterized using Differential Thermal Analysis (DTA) using 

DTA analyser Netzsch STA 409, where approximately 50 mg of 

material were put in Pt crucibles and heated at a rate of 10°Cmin-1 

to 1350°C in a synthetic air flow of 30 cm3min-1. -alumina was 

used as a reference material.  

The structural analysis was performed by powder X-ray 

diffraction (XRD) on diffractometer Philips 1830 with CuK 

radiation. Data were collected between 10 and 70o 2θ in a step 

scan mode with steps of 0.02o and counting time of 10 s.  

Morphology and chemical composition were observed by 

transmission electron microscope (TEM JEOL 2011) equipped 

with an energy dispersive X-ray spectrometer (EDS Oxford LINK 

ISIS). The specimens were prepared by typical ion-milling 

procedure using an ion-miller (PIPS 691 Gatan Co., USA).  

Microstructure of the sintered samples was observed by 

Scanning Electron Microscopy (SEM) on TESCAN, VEGA TSS 

136LS. Previous to analysis, samples were polished and thermally 

etched at 1550°C for 30 min. thereafter they were coated with 

gold. 

The chemical corrosion behaviour of sintered pellets was 

investigated by first placing the specimens into a sealed 

polypropylene (PP) tubes containing 10 mL of HNO3 solution of 

several concentrations;0.3 moldm-3, 0.9 moldm-3 and 1.5 moldm-3. 

The static corrosion tests were carried out simultaneously at room 

temperature (25°C), while the characterisations were conducted 

48, 96, 144, 192 and 240 hours upon of immersion. The solution 

was occasionally stirred to avoid an enrichment of leached 

components at the surface of samples. After the exposure, the 

specimens were removed from the tubes, rinsed with boiling 

distilled water, dried in a laboratory furnace heated at 150°C.  

Eluted Al3+ and Si4+ ions amounts was determined using 

inductively coupled plasma-optical emission spectrometry (ICP-

OES, Thermo Duo Iris Intrepid). Obtained results are expressed as 

the amount of eluted ions (Mn+) in g per square centimetre of test 

sample area (g Mn+ cm-2). All data were an average of three 

values. 

3. RESULTS SECTION 
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Figure 1. DTA curves of calcined monophasic and diphasic premullite 

gels. Inset: enlarged segment of DTA curve. 

DTA scans of monophasic and diphasic gels are shown in 

Figure 1. Strong exotherm on DTA curve at ~980°C is attributed 

to formation of mullite from monophasic premullite gels. In that 

case this is the sole high-temperature effect. In the case additional 

small exotherm (Figure 1.) is recorded at higher temperatures [18], 

then we are evidencing the mullite crystallisation from diphasic 

premullite gels. Then the first exotherm, evidenced at ~980°C, is 

actually the crystallisation of the intermediate spinel phase. 

According to DTA scans the synthesis indeed resulted with the 

preparation of monophasic and diphasic gel. XRD analysis of the 

investigated samples thermally treated at 1000°C and 1600°C for 

2 h (Figure 2.) provided further evidences on gel type. As can be 

seen after thermal treatment at 1000°C mullite (ICDD PDF#79-

1454), with just a minor amount of Al-Si spinel (ICDD PDF#10-

0425), crystallized from monophasic gel. After thermal treatment 

at 1600°C the diffraction lines of mullite get stronger, spinel lines 

disappear while traces of α-alumina (ICDD PDF No. 46-1212) 

diffraction lines appear in XRD patterns.  
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Figure 2. Powder X-ray diffraction patterns of samples of 

monophasic (MP) and diphasic (DP) gels annealed at 1000°C and 1600°C 

for 4 h. α – α-alumina, γ - Al-Si spinel (having -alumina structure). 

Unmarked peaks belong to mullite. 
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On the other hand, in diphasic gels, the intermediate Al-Si 

spinel which crystallized at about 1000°C, transforms to mullite at 

higher temperatures. Again, traces of α-alumina appear in XRD 

patterns. DTA and XRD measurements confirmed the type; 

monophasic and diphasic, of both gels. 

The TEM micrograph of diphasic sample is shown in 

Figure 3. The micrograph is characterized by both, elongated and 

equiaxial mullite grains. Such microstructure is characteristic for 

liquid phase sintering process [19-20]. The presence of small 

amounts of residual glassy phase was observed, located along the 

grain boundaries or as glassy-pockets at junctions between mullite 

grains. The occurrence of SiO2-rich glassy phase [21] is 

compositionally compensated with occurrence of alumina-rich 

phase (α-alumina traces). The mean composition of the glassy 

phase in diphasic sample, investigated using EDS, was found to be 

12.6 mol% Al2O3 and 87.4 mol% SiO2, which is in good 

accordance with results obtained by Tkalčec et al. (6–12 mol% of 

Al2O3) [22] and Kleebe et al. (10 mol% of Al2O3) [23]. 

 
Figure 3. TEM micrograph of diphasic mullite sample sintered at 

1600°C. 

To evaluate the corrosion behaviour, the amount of cations 

(Si and Al) released in the corrosive solutions was measured by 

ICP-OES. The mass of material originating from a unit area of the 

dissolving solid as a function of time bring about the dissolution 

rate. Therefore, the corrosion results are given in Figure 4. as a 

mass of eluted ions from unit areas of pure and doped sample, 

respectively, as function of corrosion time. The corrosion 

susceptibility (the amount of eluted ions) increased with corrosion 

time increase. The trends for the release of Si4+ and Al3+ are 

similar for the whole temperature range. As can be seen, for both 

samples and for all concentrations of HNO3 solutions, the amounts 

of leached Si4+ are marginally lower than amounts of leached Al3+. 

The amounts of both ions slightly increases with the increase of 

HNO3 concentration. The later increase is more pronounced for 

samples immersed in 0.9 M HNO3 solution compared to samples 

immersed in 0.3 M HNO3 solution. Obtained results could be 

clearly apprehended by conversion of leached-ions-amounts to 

atomic percent. In Table 1. the atomic percent of ionic species 

leached from pure and doped samples immersed in 1.5 M HNO3 

solution can be observed. 

Congruent corrosion of crystalline mullite should yield 

eluted ions in ratios close to mullite composition, which is not the 

case here. If one compare weight percent of leached species with 

the nominal composition it becomes clear that the percent of Si4+ 

ions leached from both samples, monophasic and diphasic-gel 

derived mullite ceramics, is clearly higher than the nominal 

percent of Si4+ ions in samples resembling to stoichiometric 3:2 

mullite (atomic ratio Si:Al = 3:1). Therefore, the percentage 

presented in Table 2. points out to a glassy phase corrosion. 

Namely the glassy phase is more sensitive to acid attack than the 

crystalline phase. On the other hand, the eluate is richer in 

aluminium compared to glassy phase composition which points 

out to either crystal phase (selective) dissolution or selective 

leaching of the glassy phase. Aluminium oxide reacts with water 

under both acidic and alkaline conditions, i.e., the material is 

amphoteric [24]. Under neutral pH the solubility is low, however 

below pH 4 and above pH 9 the solubility increases [25]. 

However, some investigation of alumina ceramics corrosion in 

acids [26-27] showed that the process could be attributed mainly 

to grain boundary impurities. On the other hand, literature data 

[28] point out to a possibility of migration of aluminium from 

mullite to acid solution. So we can consider the species leached 

from the samples (Table 2.) to mainly be the consequence of 

glassy phase corrosion additionally with some limited crystal 

phases corrosion, too. 
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Figure 4. Eluted ions of Al3+ and Si4+ (mass per unit of surface), from 

samples of monophasic and diphasic gel derived mullite ceramics, as 

function of corrosion time: a) in 0.3 M HNO3 solution, b) 0.9 M HNO3 

solution and c) 1.5 M HNO3 solution. 

Table 1. Percent of species leached from samples which were immersed in 1.5 M HNO3 solution after 240 h. 

Species Al (at. %) Si (at. %) 

Monophasic-gel derived mullite 56.18 43.82 

Diphasic-gel derived mullite 55.73 44.27 

Nominal composition 75.00 25.00 
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Table 2. The parabolic (Kp) corrosion rate constants for samples of mullite ceramics derived from monophasic and diphasic gel immersed in different 

concentrations of HNO3 solutions at 25°C. 

c(HNO3) 

moldm
-3

 (M) 

Monophasic Diphasic 

Kp / g
2
cm

-4
h

-1
 R

2
 Kp / g

2
cm

-4
h

-1
 R

2
 

0.3 9.31 0.9800 5.35 0.9753 

0.9 16.39 0.9616 11.90 0.9562 

1.5 17.56 0.9870 13.67 0.9330 

The corrosion of silicate glasses in aqueous solutions can 

be governed by leaching (ion exchange) and glass network 

dissolution via hydration and hydrolysis [29,30]. Corrosion 

mechanism depend on the pH of contacting solution, where the 

rate of ion exchange decreases with pH, while the rate of 

hydrolytic-based dissolutions increases with pH [30-32]. Leaching 

involves replacement of ions in the glass by a hydronium (H3O
+) 

ion from the solution and causes an ion-selective depletion of near 

surface layers. Leaching is controlled by diffusion and gives an 

inverse square root dependence of corrosion rate with exposure 

time (parabolic corrosion kinetic) [33]. On the contrary, glass 

network dissolution causes a congruent (non-selective) release of 

ions into the water solution yielding with linear corrosion kinetics 

[34].  
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Figure 5. Total amount of eluted ions from unit area of samples of mullite 

ceramics derived from monophasic and diphasic gel, as function of 

corrosion time, in various concentrations of HNO3.  

Figure 5. demonstrates the corrosion behaviour of mullite-

ceramics samples, derived from monophasic and diphasic gel, 

showing the mass sum of eluted ions from unit area of samples as 

a function of corrosion time, immersed in solutions with various 

concentrations of HNO3,. Slightly higher corrosion rate is 

observed for monophasic gel-derived samples in comparison with 

the diphasic samples. Thereof, the chemical resistance of ceramic 

is not only the function of chemical composition, but also depends 

on microstructure, particularly porosity. The diphasic powders 

could be sintered to a higher density in comparison with the 

monophasic powders [35]. Therefore, monophasic gel derived 

mullite ceramics often resemble to high residual porosity enabling 

penetration of corrosion medium. Consequently, the corrosion 

resistance of this material is slightly lower. In Figure 6. SEM 

micrographs of samples sintered from monophasic and diphasic 

gels at 1600°C are shown. As can be seen sample obtained from 

monophasic gel is indeed characterized with higher porosity. 

Corrosion occurs at the boundary of ceramic material with the 

aggressive environment. Higher porosity leads to greater boundary 

which further intensifies the corrosion process. 

According to Figure 5. parabolic corrosion kinetics of 

samples could be assumed and thereof corrosion kinetic relations 

can be expressed using the parabolic law as often used in 

corrosion data processing [33]: m(Mn+)=(Kpt)
1/2, where Σm(Mn+) 

is the sum of the amount of eluted ions, both Al3+ and Si4+, per 

unit area in g cm-2, where Kp is the parabolic corrosion rate 

constant in g2cm-4h-1 and t is time of immersion in h. Power fits 

having high correlation coefficients are given as lines in Figure 5. 

Parabolic corrosion rate constants obtained by fitting are given in 

Table 2. The main influence on chemical corrosion behaviour 

occur as a consequence of both samples having partially 

amorphous nature. The process of the glass dissolution is 

composed of diffusive part where mobile ions move outward 

through the depleted leach layer, and of the dissolution of the 

leach layer itself [33]. Thereof, parabolic corrosion kinetics and 

low corrosion rate occur as consequences of presence of a minute 

amount of glassy phase. Additional factor is the build-up of a 

surface leached layer which overall retards the corrosive process 

of the material underneath. Glassy phase is contains more silicon 

compared to nominal composition of both samples and thereof 

prone to chemical attack, while mullite crystalline structure 

displays better acid-corrosion resistance. 

 
Figure 6. SEM micrographs of samples sintered from gels: a) 

monophasic gel derived ceramics, b) diphasic gel derived ceramics. 

4. CONCLUSIONS 

The process of the monophasic and diphasic sol-gel derived 

premullite-gels development and thermal transformation to mullite 

ceramic was monitored. The occurrence of glassy phase 

(predominately in ceramics originating from diphasic gel) was 

corroborated by TEM observations and its composition was 

determined using EDS spectrometry. The properties of the 

corrosion process of mullite ceramics in solution of nitric acid in 

various concentrations were investigated and compared. The 

monitoring of corrosion was conducted by monitoring of the 

concentrations of eluted ions. The corrosion was proportional to 

the duration of treatment and the concentration of acid solution. 

Both samples are characterized with low corrosion rates, parabolic 
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corrosion kinetics and higher Si4+/Al3+ ratio in eluate in 

comparison with nominal composition. Such behaviour was 

attributed to the corrosion controlled by the glassy phase leaching. 

Microscopy confirms that mullite ceramics originating from 

monophasic gel showed greater porosity. Lower corrosion rates of 

ceramics prepared from diphasic premullite gels has been 

attributed to lower porosity of those samples. 
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