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INTRODUCTION

Ceramic coatings have attracted a great deal of interest 
as they can develop interesting properties, such as high-
temperature strength [1-3], improvement of chemical 
attack [4, 5], and water infiltration resistance [6-8]. There 
are several studies on the application of a ceramic coating 
to reinforce mechanical strength [9-11]. Hard ceramic 
coatings have a wide range of applications, such as turbine 
blades [12], furnace bricks [5], and pipelines [13]. In 
addition, functionally gradient materials (FGMs) have been 
developed to meet the requirement of certain materials for a 
continuously varying property, such as hardness, dielectric 
constant, or thermal resistance, from one surface to the other. 
These FGMs have a compositional gradient, composed of 
ceramic-ceramic or ceramic-metal from one surface of the 
material to the other [14]. Ceramic coatings such as alumina 
are sought after in applications requiring dense, high-quality 
layers for protection against oxidation and corrosion as 
well as for thermal barrier coatings [15]. The mechanical 
properties of ceramics have a strong correlation with the 
density. By making the density of the coating higher than 
that of the substrate, the coating is mechanically stronger. 
In order to enhance the surface properties of the specimen, 
a dense coating is applied to the substrate, resulting in a 

material with improved mechanical strength and the ability 
to meet high strength requirements. Stress during the 
sintering process occurs as a result of different contraction 
coefficients for coating and substrate. As a result of stress, 
brittle fracture cracks appear on the interface due to a 
difference in the shrinkage level of the two elements of the 
coated material. The stresses generated depend upon the 
thickness and the composition of the coating [16].

Ceramic coatings were manufactured using a different 
mixture of calcined alumina with a particle size of 0.5 mm 
(calcined alumina 0.5 mm) and calcined alumina with a 
particle size of 4 mm (calcined alumina 4 mm), silica fume 
and talc. High reactivity calcined alumina 0.5 mm is used as 
its sintering temperature is similar to that of the substrate 
material. This alumina has a micro-sized particle allowing 
higher densities at lower temperatures [17, 18]. Calcined 
alumina 4 mm has a particle size approximately 8 times larger 
than that of calcined alumina 0.5 mm, but calcined alumina 
0.5 mm has high sintered density. The goal is to reach a lower 
density after the sintering process, and using a proper ratio of 
calcined alumina 0.5 and 4 mm makes the control of the final 
density easier to compare to the substrate material. Studies 
have been conducted using different alumina particle sizes to 
observe the drying shrinkage behavior and the final porosity 
[19, 20]. These factors influence both the material sintering 
and the degree of compaction achieved. While alumina is 
the right main material for the coating, adding silica fume 
to the coating mixture reduces the stress in the sintered 
alumina that forms rigid crystalline frameworks [21]. Also, 
silica fume has high reactivity, being amorphous at first, 
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and completely crystallizing at high temperatures, allowing 
better contact between the substrate and the coating [16]. The 
porosity after the sintering of silica fume is of the order of the 
nano-scale due to its small size [22].

Previous studies have shown that the similarity of 
structures and types of intercrystalline bonds between the 
substrate and coating is crucial for improved adhesion [23]. 
To enhance adherence, one potential solution is to align the 
mineralogical composition of both materials via sintering. This 
can be achieved by utilizing a starting chemistry composition 
for the coating that closely resembles that of the substrate. In 
that sense, MgO is presented in most chemistry compositions 
of clays and it is frequently used in alumina materials to 
increase its densification [24-27]. One possible way to 
incorporate MgO is through talc. In order for the specimen to 
be completed, a series of variations of coating mixtures were 
deposited on the substrate surface. The chosen process was the 
dip coating technique, which is easy to handle and shows good 
reproducibility. The dip coating process implies submerging 
the substrate into a liquid medium (with the coating material), 
for a certain amount of time, allowing the deposition of a thin 
layer of the solid suspension that forms the outer surface by 
solidification [11, 28]. After drying, the specimen is sintered 
at sintering temperature. The materials used for the substrate 
are: ‘blend’ type kaolin clay and calcined alumina 4 µm. The 
substrate was made through a molding process into cylinders 
which allows easier coating techniques. The cylindrical 
geometry, in its cross-section, generates stress on its surface 
during sintering that has an angular direction [29]. As can be 
noted, the coating is tensioned by tensile stresses, generating 
cracks on its surface.

The objectives of this work were to establish a proper 
ratio between calcined alumina 0.5 mm and calcined alumina               
4 mm, to promote adherence between the substrate and coating 
by assimilating the starting chemistry composition of both 
materials, to study different ratios of the coating solid mixtures 
for the homogeneity improvement of the coated system, and 
to determine the failure mode after sintering of the specimens 
coated with different composition of solid mixtures. Chemical 
compounds were added to the coating solid mixture to match 
the properties of the substrate material. The density and 
contraction of the coating solid mixtures and substrate were 
measured due to the sintering of the specimens. Identification 
of crystalline phases of the sintered coating mixtures was made 
by X-ray diffraction. The coated systems’ failure as a result 
of the sintering effort was analyzed by optical microscopy. 
Coated systems were obtained by dip coating a low-density 
substrate. The production of high-density surface-sintered 
coatings produced utilizing low-density ceramic substrates 
is a promising field of research with potential applications 
in technology, including serving as ceramic supports for fuel 
cells and as ceramic catalyst supports. 

MATERIALS AND METHODS

Materials: substrate was made from commercial ‘blend’ 
kaolin clay (Piedra Grande, Neuquen, Argentina), and 

calcined alumina 4 mm (A2G, Almatis), using a ratio of 80 
wt% of blend clay and 20 wt% of calcined alumina 4 mm for 
the mixture. The coating material was made of mixtures of 
calcined alumina 0.5 mm (A16, Almatis), calcined alumina 
4 mm, the same used for the substrate, silica fume, and talc. 
The chemical and mineralogical composition of kaolin 
clay is presented in Table I. The chemical composition was 
determined by X-ray fluorescence spectroscopy (XRF), 
using an energy dispersive spectrometer (EDX-800 HS, 
Shimadzu) on samples dried at 110 °C. The chemical 
analysis was performed to determine the average value 
and standard deviation of the weight percentages of the 
oxides present in the clay sample. The mineralogical 
phases were identified by X-ray diffraction (XRD), using 
a diffractometer (PW3710, Philips) in the range from 5° to 
70° with a step of 0.04° and a permanence of 2 s/step. The 
mineralogical composition was determined by applying the 
Rietveld method and Fullprof structural refinement program 
to the XRD pattern. The characteristics of calcined alumina 
4 mm A2G powder were as follows: α-alumina, purity 
99.1%, and mean particle size 4 mm. The characteristics 
of calcined alumina 0.5 mm A16 powder were as follows: 
α-alumina, purity 99.8%, mean particle size 0.5 mm. Table 
II presents the chemical composition, mean particle size, the 
specific surface area of silica fume and talc, as well as the 
mineralogical composition of talc.

Preparation of the substrate: substrate was made by 
mixing the blend kaolin clay and calcined alumina 4 mm in 
a wet ball mill for 2 h (using 20 mm diameter balls). After 
the milling, the mixture was dehumidified in a plaster cast 
mold until its plasticity allowed the molding of the clay. 
The cylinder was made by extruding the paste, obtaining 
a 7 mm diameter and 15 mm high cylindrical substrate. 
Close attention was drawn to this process so as to keep a 
smooth surface free of imperfections and thus avoid failure 

Chemical composition (wt%)
SiO2 55.0±0.5
Al2O3 28.6±0.5
Fe2O3 4.1±0.5
MgO 0.7±0.5
K2O 2.3±0.5
TiO2 0.8±0.5
CaO 0.2±0.5
LOI 8.1±0.1

Mineralogical composition (wt%)
Quartz 25

Kaolinite 55
Illite 13

Plagioclase 2
Potassium feldspar 5

Table I - Average values (± standard deviation) of chemical 
and mineralogical compositions of blend kaolin clay.
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initiation. Before the coating deposition, each piece was 
calcined at 600 °C to remove interstitial water and organics 
that would otherwise pass through the coating, producing 
their cracking.

Preparation of the suspensions: different types of 
suspensions were prepared by slowly adding the solids 
mixture into distilled water (pH 9) until the concentration 
reached 50 wt%; the process was made under ultrasound and 
magnetic agitation. As a dispersant of calcined alumina 0.5 
µm A16, Dolapix 64 was used at 0.5% weight by weight of 
calcined alumina 0.5 mm [30]. The 50 wt% concentration 
allowed a homogeneous deposition on the surface of the 
substrate without macro detachment observed and was 
established by experimental observation. 

Composition of the suspensions: nine types of suspension 
for the coating were made using different mixtures of 
solids with different ratios, 50 wt% was set for each one. 
The suspension composition of the coatings was selected 
and the percentages studied were adjusted by experimental 
observation. The first three suspension mixtures were made 
of different alumina ratios of calcined alumina 0.5 mm/4 mm 
(called AAi, i=1,2,3). The ratios used for this study were: 95 
wt% calcined alumina 0.5 mm and 5 wt% calcined alumina 
4 mm, AA1; 85 wt% calcined alumina 0.5 mm and 15 wt% 
calcined alumina 4 mm, AA2; and 70 wt% calcined alumina 
0.5 mm and 30 wt% calcined alumina 4 mm, AA3. After 
observing the coating behavior of these three first coatings 
mixtures, a proper ratio was determined. The reason why the 
coating made with AA1 had the best performance among 
these three solids mixtures is discussed in the results section 
of this work. Three new mixtures were made, all using the 
base ratio AA1 (called A) and adding different proportions 
of silica fume (called S). These three new composition 
mixtures were called ASi, i=1,2,3. The values of the 
percentages of AA1 and S used are reported in Table III. 
Finally, a percentage of AA1 was replaced by talc (called T), 
obtaining another three composition mixtures, called ASTi, 
i=1,2,3. The incorporation was made by taking a 10 wt% of 
AA1 to the solid mixture ASi and it was replaced by talc. 
The values of the percentages of AA1, S, and T used are 
reported in Table III.

Coating deposition: once the different suspensions 
were made, and the substrate was calcined, one cylindrical 
substrate was immersed for 10 s once in the designated 
suspension. 10 s and one cycle were effective to provide a 
homogeneous and uniform deposit of the suspension on the 
substrate surface. Each submerged specimen was dried on 

a stove at 110 °C for 30 min. Fig. 1 shows the coating 
application process.

Sintering conditions: the sintering of the specimens 
was carried out in an electric furnace (MHI) at 1300 °C in 
an air atmosphere, with a ramp of 5 °C /min and a dwell 
of 2 h. Afterward, cooling was carried out until room 
temperature. 

Characterization of the substrate and the coating solid 
mixtures: the identification of the phases of the sintered 
samples AS and AST was carried out using the same 
method as described for the mineralogical composition 
of the kaolin clay. A dilatometric test was performed on 
the substrate and on the coating material separately, for 
the compositions ASi and ASTi, i=1,2,3. For the substrate 
dilatometric test, a piece of uncoated base material was 
rectified. The AS and AST coating samples were prepared 
from the remaining suspension of the dip-coating process, 
which was poured into a plaster cast and left to dry, 
obtaining a cylindrical geometry that was then rectified. 
A dilatometer (TMA 8311, Rigaku) was used, using a 
ramp of 10 °C/min up to 1300 °C and a 1 h dwell. The 
final temperature in the dilatometric test was the same as 
the sintering temperature of the specimens. Substrate and 
coating densities were measured separately; the coating 
sample preparation was similar to that described in the 
dilatometric test. The Archimedes method in kerosene 

Table III - Compositions (wt%) of the solid mixtures of the 
dip-coating suspensions with AA1 (95/5 calcined alumina 
0.5 mm/4 mm), S (silica fume), and T (talc).

Sample AA1 S T 
AS1 97 3 -
AS2 95 5 -
AS3 90 10 -

AST1 87 3 10
AST2 85 5 10
AST3 80 10 10

Figure 1: Process of application of the coating on the substrate 
surface.
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Table II - Chemical and mineralogical compositions, mean particle size (PS), and specific surface area (SSA) of talc and silica 
fume. 

RM
Chemical composition (wt%) Mineral. comp. (wt%) PS 

(µm)
SSA 

(m2/g)SiO2 MgO Al2O3 CaO Fe2O3 K2O Na2O C* FeO LOI Talc Zeolite FA

Talc 52.0 32.5 0.5 0.8 - - - - 0.7 13 93 5 2 14.0 1.0
Silica 96.5a 0.5b 0.7b 0.4b 0.3b 0.9b 0.3b 0.8b - 1.5b - - - 0.1 40.0

RM: raw material; *: free C; LOI: loss on ignition; FA: ferro-actinolite; a: minimum; b: maximum.
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width and coating thickness were measured using the SEM 
scale bar; five measurements of each magnitude were taken 
and then the average was calculated.

RESULTS AND DISCUSSION

The chemical composition of the substrate (Table I) was 
used as the base for selecting the material coating, to make 
compatible the chemical composition of both materials. 
Al2O3 was the main material of the coating as it shows 
higher density than that of SiO2. Then, SiO2 was chosen as a 
coating material because it is the main chemical compound 
of the substrate. At this point, the chemical compounds left 
to choose from were MgO and TiO2, since both are used to 
reduce the sintering temperature of Al2O3. In addition, they 
promote the crystallization of magnesium aluminate spinel 
and mullite [25]. The other chemical compounds present in 
the substrate composition were not taken into account due 
to their negative effect on the coating sintered properties 
[31]. In this study, MgO was incorporated through talc due 
to its wide availability. The results obtained for the different 
percentages of the selected chemical compounds and the 
behavior of the coated system are detailed below.

XRD of AS and AST samples: in Fig. 2a XRD patterns 
of AS1 (97/3 A/S), AS2 (95/5 A/S), and AS3 (90/10 A/S) 
sintered samples are shown. It was observed that alumina 
(Al2O3), in the form of corundum, and cristobalite were the 
only phases. The peak of cristobalite (SiO2) increased in the 
following order: AS1, AS2, and AS3. This resulted directly 
from the increase in the percentage of S (silica fume) in the 
solid mixture. In Fig. 2b XRD patterns of AST1 (87/3/10 
A/S/T), AST2 (85/5/10 A/S/T) and AST3 (80/10/10 A/S/T) 
sintered samples are shown. The peak of cristobalite was 
no longer significant because silica and alumina began 
to react with talc aggregate. The phases observed were: 
alumina, in the form of corundum, cristobalite, sapphirine, 
mullite, and cordierite. AST2 had the highest intensity 
peaks for sapphirine (7MgO.9Al2O3.3SiO2). AST3 had 
the highest peaks of mullite (3Al2O3.2SiO2) and cordierite 
(2MgO.2Al2O3.5SiO2). XRD patterns of AST samples 

Figure 2: XRD patterns of the samples sintered at 1300 °C/2 h: a) AS; and b) AST

and water was used for green (non-sintered) and sintered, 
respectively, for both substrate and coating [23]. The 
density of each composition sample was measured on five 
occasions, resulting in five individual measurements. Each 
sample was prepared and tested five times, and the density 
was measured in each instance. The average and standard 
deviation were subsequently calculated from the collected 
data. These average density measurements allowed for the 
evaluation of the density behavior of the coated material 
through a series of calculations based on the density (ρ) 
results. The densification percentage was calculated by: 

Densification = - 1 .100
rs,c
rs,c

			   (A)

where ρg,c and ρs,c are, respectively, the green and sintered 
densities of the coating. The change in chemical composition 
can produce a density change with respect to an alumina 
coating. The percentage density decrease was calculated by:

Densification decrease = 1 - .100
rs,c

rs, A16
		  (B)

where ρs,A16 is the density of the sintered alumina 0.5 mm  
(3.22 g/cm3) as reference. The difference in density 
that existed between the coating and the substrate for 
each chemical composition was determined. The density 
difference percentage was calculated by:

Densification difference = - 1 .100
rs,c
rs,s

		 (C)

where ρs,s is the average density of the sintered substrate as 
reference.

Preparation of the specimens for analysis and coating 
characterization: the specimens in vertical position were 
embedded in resin, then ground and polished with SiC 
abrasive paper up to 1000 mesh. The polished cross-
section morphologies of the coating-substrate system were 
characterized by scanning electron microscopy (SEM, JCM 
6000, Jeol) and optical microscopy (BX60, Olympus). Crack 
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AST samples flattened up until 1100 °C, then contraction 
occurred slowly between 1150-1200 °C. 

Density measurements of AA, AS, AST, and substrate 
samples: Table IV shows the average sintered densities 
along with their deviations, which were calculated based 
on five measurements taken for each composition sample, 
and the percentage of densification, calculated with Eq. A, 
the density decrease, calculated with Eq. B, and the density 
difference, calculated with Eq. C, for AA, AS, and AST 
samples. For the relation AA1, 95/5 (calcined alumina 0.5 
mm/4 mm), AA2, 85/15, and AA3, 70/30, it was observed 
that density and densification decreased in the following 
order: AA1, AA2, and AA3. It was observed that density 
and densification decreased as the percentage of calcined 
alumina 4 mm increased in the solid mixtures. For AA1 the 
density decrease was 0.6%, and the density difference was 
approximately 25%. For the relation ASi, i=1,2,3, it was 
observed that average density and densification decreased 
as the percentage of S increased in the solid mixtures. This 
resulted directly from the lower density of the silica compared 
to that of alumina. It is to be noticed that adding 3 wt% of S in 
the case of AS1, decreased the density by 9% approximately 
and reached a density difference of 14.90%. This was due 
to the low particle size and high specific surface area of S, 
which were 0.1 μm and 40 m2/g, respectively (Table II). For 
the relation ASTi, i=1,2,3, average density values decreased 
as the percentage of S increased in the solid mixtures. The 
densification of the AST samples increased as the percentage 
of S increased. The density decrease for AST2 was 10.50% 
and the density difference was 12.90%. The other results are 
shown in Table IV and were not significant for this work.

Characterization of the substrate-coatings: there are four 
types of failure that may occur in coated systems: delamination 
of the interface, cracking of the coating, substrate cracking, 
and buckling [34]. In this work, the specimens presented a 
mix mode fracture and the main characteristics observed in 
the coated systems are discussed below. Optical microscopic 
observations were made for the coated systems, using the 

Figure 3: Dilatometric curves of: a) AS samples and substrate; and b) AST samples and substrate.

showed no band located between 20-30° 2θ, assigned to 
the non-crystalline silicate phase, which would be produced 
by the melting of SiO2 [32], being this one of the chemical 
compounds added to the coating solid mixture. The vitreous 
phase would be generated by two main factors: either the 
sintering temperature is in the melting point of SiO2 or 
the presence of chemical compounds that reduces the 
temperature of melting. In this study, the temperature did not 
reach the melting point of SiO2, but chemical compounds 
were added to the solid mixture. FeO, Fe2O3, and CaO were 
incorporated because of the addition of talc and silica fume. 
Similarly, the incorporation of K2O and Na2O was a result of 
the addition of silica fume. These oxides significantly reduce 
the melting temperature of SiO2 [33]. However, the four 
oxides were found at a low percentage, less than 0.7 wt% in 
the solid mixture. This low concentration was insufficient to 
produce a vitreous phase, which is undesirable as it reduces 
the mechanical strength of the coating material [31].

Dilatometric test of AS, AST, and substrate samples: the 
results of dilatometry of ASi, i=1,2,3, and the base material 
are shown in Fig. 3a. It was observed that at the end of the 
test, the contraction, in absolute value, decreased with the 
increase in S percentage, being 2.20%, 1.40% and 1.20% for 
AS1, AS2, and AS3 ratios, respectively. This was due to the 
increased reactivity of alumina compared to the silica fume. 
Also, in Fig. 3a it can be observed that at the end of the test, 
the contraction for the substrate was 7% in absolute value. 
The results of dilatometry of ASTi, i=1,2,3, and the base 
material are shown in Fig. 3b. It was observed that at the 
end of the test the contraction, in absolute value, increased 
with the increase in S percentage, being 1.80%, 2.60% and 
3.00% for AST1, AST2, and AST3 ratios, respectively; 
this was due to the increase in reactivity between alumina 
and silica fume in presence of talc. The dilatometry of the 
substrate showed a slight expansion from room temperature 
up to the temperature range of 600-650 °C. The curve then 
flattened up until 900 °C, where contraction occurred slowly 
between 950-1050 °C. The dilatometry curves of the AS and 
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solid mixtures AA, AS, and AST. Fig. 4 compares the optical 
images for the coated material with the AA mixtures. It can 
be observed for the coated samples with AA1 (Fig 4a), 
AA2 (Fig. 4b), and AA3 (Fig. 4c), that delamination and 
cracking increased as the percentage of calcined alumina 
4 mm increased. The aim of this study was to achieve a 
coupled layer. Given that with the ratio of alumina AA1 
(95/5 calcined alumina 0.5 mm/4 mm) a coating that matched 
the stated objective was obtained, it was decided that this 
ratio would be appropriate. For the coated samples with 
the AS mixtures, it was observed that as the percentage of 
S increased, delamination increased. The specimen coated 
with AS1, 97/3 A/S ratio, presented the coating coupled to 
the substrate. For the specimens coated with AS2 and AS3, 
95/5 and 90/10 A/S ratios, respectively, delamination of the 
coating was observed. Initial analysis suggested that the 
characteristics of the failure mode of the coated systems 
using the solid mixtures AS involved buckling of the coating 
and delamination of the interface. For the coated samples 
with the AST mixtures, the specimens coated with AST1 
and AST3, 87/3/10 and 80/10/10 A/S/T ratios, respectively, 
presented delamination of the interface, and coupling was 
not displayed. The specimen coated with AST2, 85/5/10 
A/S/T ratio, presented the coating coupled to the substrate. 
It was registered in the specimens coated with AS and 
AST solid mixtures substrate cracking. The appearance of 

substrate cracks since the chemistry of the coating solid mix 
changed, with respect to an alumina coating, is explained 
later in this work. Cross-sectional microscopy observations 
of the coated samples with the best performance were AS1, 
for AS solids mixtures, and AST2, for AST solids mixtures. 
Delamination and cracking were evaluated to determine 
the best performance of the coated systems, comparing AS 
and AST samples separately. It was noted that the density 
difference between substrate and coating values obtained for 
AS1 and AST2 samples was around 14% (Table IV). If the 
density of the substrate either increased or decreased, this 
value would allow control in the difference density, which 
might be needed for system effective performance.

Analysis by SEM images: Fig. 5 shows SEM images of 
the specimens coated with AA1, AS1, and AST2. In all the 
images an area of higher porosity in the substrate and another 
area of lower porosity in the coating were registered. Fig. 5a 
shows the specimen coated with AA1. It should be noticed 
that this coating may not present characteristics of adhesion 
failure, but experimental observations proved otherwise. 
The coated samples with the AA mixtures presented severe 
detachments and areas of uncoated material were exposed. 
Fig. 5a shows an area with coating, and that the substrate 
and the coating are coupled. The average coating thickness 
was 55 mm and the average crack width was 100 mm, the 
presence of crack was only on the coating. The cohesive 

Figure 4: Optical microscope images of specimens coated with: a) AA1 solid mixture, 95/5 (calcined alumina 0.5 mm/4 mm); b) AA2 solid 
mixture, 85/15; and c) AA3 solid mixture, 70/30.

Table IV - Average density (± standard deviation), densification, density decrease, and density difference for the AA, AS, and 
AST samples.

Sample* Sintered density (g/cm3) Densification (%) Density decrease (%) Density difference (%)
AA1 3.21±0.05 28.20 0.60 25.50
AA2 3.17±0.04 23.00 1.50 24.00
AA3 2.98±0.04 15.40 7.50 16.50
AS1 2.93±0.02 15.35 9.00 14.90
AS2 2.69±0.09 12.50 16.50 5.50
AS3 2.68±0.01 12.30 16.70 5.10

AST1 2.95±0.07 16.90 8.40 15.60
AST2 2.88±0.05 18.75 10.50 12.90
AST3 2.80±0.03 18.90 13.00 9.80

*: AAi=alumina 0.5 µm/4 µm, ASi=A/S, ASTi=A/S/T.

200 µm

200 µma) b) c)

200 µm
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failure was spotted only in the coating; this might indicate 
that the binding energy between the particles was less than 
the adhesion force with the substrate [1]. In this case, being 
the substrate was more brittle than the coating, cohesive 
forces in the substrate were less than in the coating. The 
crack appeared only in the coating; this gave a good hint of 
low adhesion. Fig. 5b shows the specimen coated with AS1, 
with an average coating thickness of 60 mm and average 
crack width of 50 mm. There is a defect zone in the substrate, 
caused by cracking of the coating. The cracks, starting at the 
site of the crack located in the coating and extending to the 
substrate, propagated parallel to the substrate surface. The 
approximate lamination depth was 200 mm. To explain the 
formation of these cracks in the substrate, it is known that 
the efforts during sintering depend on the coating thickness 
and its composition [16]. The purpose of this study was to 
modify the composition but not the thickness of the coating. 
This implied that the analysis of the substrate cracking was 
based on the change in the coating composition. Coating 
breakage is mainly due to tensile stress during sintering. 
Tensile stresses are perpendicular to compression stresses, 
and the latter is generated by the different shrinkage of the 
materials, both coating, and substrate [11]. The chemical 
composition of an alumina-silica coating caused the 
behavior to change with regard to an alumina coating, and 
generated an interface of the coated material; the growth of 
the crack that originated in the coating by the tensile stress 
and that extended to the substrate. This substrate failure 
was triggered by the adhesion between the substrate and the 
coating, and because the substrate was more brittle than the 
coating. 

Fig. 5c shows the specimen coated with AST2, with 
an average coating thickness of 75 mm and average crack 
width of 15 mm, this was about one-third of the value 
when the AS1 mixture was used. There was a defect zone 
in the substrate, caused by the cracking of the coating, as 
a result of the tensile stress generated during the sintering. 
The observation of cracks originating in the coating and 
extending to the substrate indicated adhesion at the interface. 
It can be noted that cracks propagated in a laminar form 
parallel to the substrate surface and the lamination depth was 
approximately 200 mm, the same as in the AS1 case. There 
was a possible explanation that the material coated with the 
solid mixture AST2 presented a lower crack width than the 

coated with mixture AS1. The cristobalite phase has a large 
volume change (2.8%) from β to α inversion at 220 °C [35]. 
After exposure to elevated temperature, stress is subjected 
to compressive stress during cooling, and this results in 
cracks through the coating layer that leads to spallation [11]. 
Large stress arises because of compressive stress related to 
the volume change of cristobalite and is strongly controlled 
by the initial particle size of silica fume, which was 0.1 μm 
(Table II), and also by the volume fraction of the volume 
change phase [36]. During the deposition of the coating by 
the dip coating technique, the small particle size of the silica 
fume allowed its distribution between interstitial spaces of 
calcined alumina 0.5 and 4 mm particles. This resulted in, at 
the approximate temperature of 220 °C after heat treatment, 
the volume change of cristobalite on the coating that occurred 
in an elevated superficial area between alumina grains. 
The coating made with the solid mixture AS1 presented 
delamination of the layer. Compressive stress related to the 
phase transformation of cristobalite can generate the coating 
layer with circular separation at the interface observed in 
Fig. 5b. The addition of talc to the coating solid mixture 
drastically reduced the cristobalite phase on the coating and 
therefore its crack width. 

CONCLUSIONS

The proper ratio of 95 wt% calcined alumina 0.5 mm 
and 5 wt% calcined alumina 4 mm was determined from 
the different alumina ratios of these calcined aluminas 
since the resulting coating had good deposition and lower 
delamination. No fractures were observed in the substrate. 
For the different solids mixtures of 95/5 calcined alumina 
0.5 mm/4 mm and silica fume, it was observed buckling of 
the coating and delamination of the interface. This mode of 
failure relies on the existence of compressive stress within 
the coating. The coating manufactured with 97 wt% of 95/5 
calcined alumina 0.5 mm/4 mm and 3 wt% silica fume had 
the lowest delamination and its average coating crack width 
was 50 mm. The adhesion between the substrate and coating 
was proved by the emergence of a crack, which originated in 
the coating and extended to the substrate, with a lamination 
depth of approximately 200 mm. For the different solids 
mixtures of 95/5 calcined alumina 0.5 mm/4 mm, silica fume, 
and talc, the coating manufactured with 85 wt% of 95/5 

Figure 5: SEM images of specimens coated with: a) AA1 solid mixture; b) AS1 solid mixture; and c) AST2 solid mixture.

a) b) c)
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calcined alumina 0.5 mm/4 mm, 5 wt% silica fume and 10 
wt% talc (85/5/10 A/S/T ratio) had the lowest delamination. 
The average coating crack width was 15 mm, improving 
the homogeneity of the coating compared to the previous 
case by reducing the crack width. Substrate cracking was 
observed with a lamination depth of approximately 200 mm. 
The adhesion of the coated system was maintained. The 
reduction of the coating crack width, with respect to the 
previous case, was explained by the drastic decrease in the 
amount of cristobalite. For the solids mixture 85/5/10 A/S/T 
ratio, the density decrease was approximately 10% and the 
contraction was -2.20%. Also, it had the highest XRD peaks 
of intensity for sapphirine. The density difference value was 
around 14% for solids mixtures: 97 wt% of 95/5 calcined 
alumina 0.5 mm/4 mm and 3 wt% silica fume, and 85 wt% 
of 95/5 calcined alumina 0.5 mm/4 mm, 5 wt% silica fume, 
and 10 wt% talc. The application of a dense ceramic coating 
on a ceramic substrate was studied, with the goal of aligning 
the mineralogical composition of both materials through 
sintering. However, it was found that full homogeneity of the 
coating was not attained as a result of dissimilar shrinkage 
between the coating and substrate. To mitigate this issue, 
further research into the use of a multilayer coating may 
provide a viable solution to prevent coating cracks. 
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