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Abstract

The self-healing capacity of a ceramic material produced by uniaxial pressing with alumina (Al,O,), silicon carbide (SiC), and
magnesium oxide (MgO) was evaluated. To assess self-healing, a discontinuity was generated on the surface of the specimens.
The healing time in the oven, at a temperature of 1000 °C, was 1, 30, and 60 min. The specimens were analyzed by physical and
mechanical tests. The results showed that, for the mixture containing 15% SiC, the specimens healed at 60 min had an increase
in flexural strength of 84.9% when compared to the specimens that were only indented while for the specimens containing 20%
SiC, this increase was 61.1% at 30 min. For the 30 min healing time, there was a reduction in the size of the discontinuity in the
specimens by about 19.1% and 14.8%, for the formulation containing 15% and 20% of SiC, respectively.
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INTRODUCTION

Self-healing materials are a new class of intelligent
materials that can partially or fully recover their mechanical
properties after the appearance of a defect (mainly cracks),
due to their use [1]. These materials have the ability to
recover functionality autonomously or externally assisted,
and the restoration of their properties depends mainly on
the choice of healing agents [2-4]. They can be obtained
from different classes of materials with different intrinsic
properties because in all classes the self-healing procedure
uses the same underlying concepts and is based on the same
general principle [1]. The probable recovery of mechanical
properties is due to the formation of a mobile phase since
this phase reacts with the surface of the defect and this
reaction allows the reconnection of the planes by physical
interactions and/or chemical bonds. After healing, the
discontinuity is immobilized, resulting in the restoration
of most of the mechanical properties [1]. The self-healing
property also allows these materials to be used to protect or
reduce oxidation or corrosion, as a self-healing protective
coating, or even to improve mechanical properties [5-
7]. The self-healing process would be a great advance
in the use of ceramic materials, since it is known that the
mechanical properties of these materials limit their use in
some applications because they are subject to catastrophic
fractures in a fragile way, with little energy absorption [8].
Therefore, studies have been carried out to create a ceramic
material with the capacity of self-healing, and so providing
a longer useful life and, consequently, an increase in the
applicability of advanced ceramics [2, 8]. This technology
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can also become economically viable, since the self-healing
process would reduce the replacement and exchange of parts
with some superficial defect, influencing its functionality.
Another relevant factor is that the self-healing procedure can
be done in situ, thereby reducing downtime for replacing or
repairing damaged parts [1].

Among the ceramic matrices that are being evaluated as
self-healing, it is possible to mention the matrices produced
with alumina (using silicon carbide as a healing agent) and
carbon matrices (using silicon carbide or aluminum fibers as
a healing agent), and it is worth mentioning that all the raw
materials of the consulted studies are on a nanometric scale
[9]. Currently, the research for ceramic materials with the
self-healing property has focused on using silicon carbide as
a healing agent in an alumina matrix, due to its stability, high
specific volume when decomposed into oxide, and because it
binds easily to the matrix [10]. Previous studies have shown
that the addition of silicon carbide to alumina matrices
improves the mechanical properties of the ceramic part,
such as mechanical strength and wear resistance [11]. The
self-healing process in ceramic materials is mainly induced
by passive oxidation of the region containing the defect
(crack). A determining factor for healing ceramic pieces is
that the oxidation reaction only occurs at high temperatures
[12]. Ando et al. [13] evaluated the self-healing feature of
ceramic matrices produced based on alumina; silicon carbide
was used as the healing agent. The self-healing property
was demonstrated and reported as the consequence of the
oxidation of silicon carbide when oxygen penetrated the
cracks. The oxidation occurred under high temperatures and
the material showed a high fatigue limit at room temperature
and also at 1100 °C. Chlup et al. [14] used a matrix produced
with alumina and added silicon carbide to act as a healing
agent. The healing took place at 1300 °C for 1 h. As a result,
the ceramic piece showed high values of flexural strength
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and Young’s elastic modulus. The healing procedure used
was considered sufficient to completely recover the original
properties of the specimens. Osada et al. [15] evaluated
the self-healing process and strength recovery in alumina
matrices, containing silicon carbide as a healing agent
and a healing activator. The study showed that adding the
activating agent can increase the self-healing rate by more
than 6,000 times.

Healing activators are oxides that accelerate the
healing process, enabling efficient delivery of oxygen and
incorporating an additional healing network. The amount and
type of activator are chosen based on the desired application
[15]. For ceramic materials, a self-healing procedure can be
carried out by encapsulating the healing agent [3], expanding
the phases present in the material [1], by transport channel
(mobile phase) [1], by biological processes [16], or by
electrochemical processes [17]. Self-healing ceramics are
fully capable of replacing existing ceramics because they
are less sensitive to fragile flaws and enable a wide range
of applications, longer service life, and greater reliability;
however, high cost is a limiting factor [1, 9, 15, 18]. Within
this context, the aim of this paper was to produce, by uniaxial
pressing, a ceramic matrix based on alumina, using silicon
carbide as a healing agent and magnesium oxide as a healing
activator working with micrometric granulometry materials.
This type of production potentially reduces costs with raw
materials and processing and facilitates obtaining ceramic
pieces with the ability to self-healing, improving mechanical
properties.

MATERIALS AND METHODS

Raw materials: the material under study was
manufactured from alumina (ALO, powder, 99.9% pure,
Alcoa) for the matrix, 15% w/w (A1) and 20% w/w (A2)
of silicon carbide particles (SiC, 97% pure, Saint-Gobain
Brasil) as a healing agent, and 3% w/w of magnesium
oxide particles (MgO powder, 97% pure, Proquimicos) as
healing activator. MgO was used as received. To adjust the
grain size, the alumina and silicon carbide were ground in a
planetary ball mill (Pulverisette 5/4, Fritsch). The polyvinyl
acetate (PVA, Sigma Aldrich 80% hydrolysate) was used to
produce a binder solution with a concentration of 10% w/w
(10 g of PVA and 100 g of distilled water); for this purpose,
a magnetic stirrer (C-MAG HS7, Ika) was used.

Processing and sintering: the samples were defined
according to the proportions of the raw materials described
in Table I and mixed using the planetary ball mill. Values of
SiC addition of 15% and 20% w/w are found in the literature
[13, 14, 19]. The silicon carbide contents used were based on
the literature since the results obtained for the self-healing
ability were effective. The specimens were manufactured
with dimensions of approximately 60.0x20.5x11.0 mm
by uniaxial cold pressing using a hydraulic press (SL12,
Solab). For pressing, a load of 1.2x10% N/m? for 1 min was
used. It should be emphasized that the use of this pressing
methodology was determined experimentally. After

preparation, the specimens were dried in an oven at 150 °C
for 24 h and sintered in an electric oven, without a controlled
atmosphere, at 1400 °C for 5 min [20]. The heating rate was
5 °C/min. 50 specimens were produced for each formulation.
Of these 50, 10 were selected to be evaluated as sintered, 10
as indented, 10 after 1 min healing time, 10 after 30 min
healing time, and 10 after 60 min healing time.

Table I - Formulation (mass fraction) of specimens.

Sample SiC AlLO, MgO Binder (PVA)
Al 15% 76% 3% 6%
A2 20% 71% 3% 6%

Methods of characterization: the analysis of the particle
size distribution of the raw materials was performed by laser
granulometry using a granulometer (mod. 1090, Cilas),
making use of the Fraunhofer theory; the ultrasound time of
the suspension, before the test, was 5 min using an obscuration
index of 1%. The semiquantitative chemical composition of
the raw materials was obtained by X-ray fluorescence (XRF)
using a spectrometer (EDX-720, Shimadzu) under a vacuum.
To carry out the analysis, the samples were pressed in the
form of tablets with boric acid (H,BO,). The phases present
in the raw materials and the specimens were identified by
the powder method using a diffractometer (XRD 700,
Shimadzu) under the following operating conditions: CuKa
radiation (35 kV/40 mA), goniometer speed of 0.02° (20)
per step, time counting of 1 s/step, and collected from 5°
to 80° in 20. The interpretations of the XRD patterns were
made by comparison with standards contained in the PDF
02 database [21]. We emphasize that X-ray fluorescence and
X-ray diffraction were tools used to evaluate the purity of
the samples. Linear shrinkage was performed to evaluate
the influence of SiC addition on the sintering process. To
calculate the shrinkage, the specimen dimensions were
measured before and after sintering. The measurement
was performed using a digital caliper (Mitutoyo) with a
resolution of +0.01 mm.

The self-healing feature evaluation was performed by
comparing the physical and mechanical properties of the
specimens, with or without discontinuity, and before and
after the healing stage. The self-healing feature was also
assessed by comparing the measure of the discontinuity
size before the healing step and after the healing step. The
discontinuity was made by a Vickers durometer (VEB
Werkstoffpriifmaschinen Leipzig) with diamond penetrator,
applying a load of 20 kgf for 15 s. Then the specimens
were visualized with an optical microscope (PZO-Labimex,
Metrimpex). The indentation measurements were obtained
digitally using images taken under the microscope. The
diagonals were measured and the average was taken, being
the result of the discontinuity size exemplified in Fig. 1.
After the generation of the discontinuity, some specimens
were taken to the muffle furnace at 1000 °C with a holding
time of 1, 30, and 60 min. The heating rate was 3 °C/min.
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The healing temperature was kept fixed, varying only the
time, being shorter than the healing time of other studies [ 13-
15]. After the healing time, the samples were viewed again
with an optical microscope to measure the discontinuities.
The apparent porosity and water absorption tests from
samples were determined by the ASTM C373-88 [22].
According to this standard, the specimens were weighed
and then submerged in boiling water for a period of 3 h and
cooled in water for 24 h. After cooling, the specimens were
removed from the water, excess surface water was removed
with the use of paper towels, and they were weighed again.
The immersed weights were also obtained with the aid of
a system in which the sample was immersed in water. For
the mechanical test, the three-point bending test was used,
which was carried out at room temperature using a universal
mechanical testing machine (Autograph AG-X, Shimadzu),
with a maximum load of 10 kN. The loading speed was 2
mm/min. The bending stress was calculated using the ABNT/
NBR 13818:1997 standard [23] for each sample. All the
microstructure observations were done by scanning electron
microscopy (SEM, SSX-550, Shimadzu). For this purpose,
the samples were covered with gold film by sputtering using
a metallizer (Quick Coater SC-701, Sanyu Electron) and
affixed to the sample holder with a carbon tape.

Figure 1: Image showing a discontinuity generated on the surface
of the A1,O,/SiC ceramic sample.

RESULTS AND DISCUSSION

Characterization of raw materials: in Table I and Fig. 2,
it is possible to observe that the average particle diameter of
alumina was 7.39 um, of silicon carbide was 5.60 wm, and
that of magnesium oxide was 6.49 um. The reductions in the
particle size by the planetary mill of the alumina and silicon
carbide powders were approximately 92.3% and 90.7%,
respectively. Although in the literature some authors [13-15]
worked with powders with nanometric granulometry, this
research used the micrometric granulometry values obtained
in order to minimize the cost of grinding the raw materials.
In addition, it was observed that with a grinding time of

more than 2 h, the alumina particles were agglomerating,
a procedure that could hinder their dispersion during the
production process of the specimens. The result of the
semiquantitative chemical analysis can be seen in Table III.
The powder samples were highly pure, as they contained
high levels of aluminum oxide (99.6%), silicon oxide
(97.6%; here Si content in SiC was expressed as oxide
content), and magnesium oxide (93.7%) in the samples of
alumina, silicon carbide, and magnesium oxide, respectively.
The XRF results for the magnesium oxide sample had
acceptable contents for SiO,, CaO, and SO, impurities [24].
The XRD results for the samples of alumina, silicon carbide,
and magnesium oxide can be seen in Fig. 3. The results for
alumina (Fig. 3a) showed that the sample had basically
an alumina phase in its composition (PDF-2 74-1081),
with sodium and aluminum oxide (PDF-2 32-1033) as an
impurity that may be correlated to the alumina production
process [25]. This result corresponded with the study by
Sarker et al. [26]. The diffractogram of the silicon carbide
shown in Fig. 3b was compared with literature and tabulated
standards for the silicon carbide phase (PDF-2 73-1407),
showing only that phase. It was not possible to differentiate
the a and f§ phases of SiC due to the reflections of the a
phase overlapping those of the 3 phase, making it difficult to
distinguish them [27]. The diffractogram of the MgO sample
in Fig. 3¢ was also compared with tabulated standards and
literature, showing that the sample was basically composed
of the magnesium oxide (PDF-2 75-0447) and hydrated
magnesium oxide (PDF-2 44-1482) phases. The presence of
the hydrated magnesium oxide phase was probably due to
MgO having a highly hygroscopic reaction with humidity
in the environment [24, 28]. The results obtained by XRD
for raw materials corroborated the results obtained by XRF,

Table II - Results of the granulometric analysis (um) of the
raw materials.

Raw material D10 D50 D90
AL, 1.11 3.63
SiC 0.28 3.33
MgO 1.94 4.99

average

20.34 7.39
14.57 5.60
13.29 6.49

1004

©
o

801
701
601
501
401
30
20
101

0 . : . . .
0.01 0.1 1 10 100 1000

Particle size (um)

Figure 2: Particle size distribution curves of raw materials.
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Table III - Results of semi-quantitative chemical analysis
(wWt%) by XRF of raw materials.

Sample ALO, SiO, FeO, MgO CaO SO, Others

ALO, 996 - - - - - 04
SiC* 22 976 01 - - - 0.1
MgO - 1.1 - 937 33 12 07

* results expressed as oxide contents.
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Figure 3: X-ray diffractograms of raw powders: a) alumina; b)
silicon carbide; and ¢) magnesium oxide.

confirming the high degree of purity of the samples used for
the production of the specimens.

Self-healing of ceramic samples: SEM images of the
specimens are shown in Fig. 4. Analyzing the micrographs,
it was seen that densification occurred in all samples. The
micrograph of the A1 formulation had the highest coalescence
index, indicating the best sinterability. It was observed that in
sample A2 coalescence occurred, however less pronounced
than in sample A1. Considering that strength is proportional
to densification, it was expected that samples of formulation
A2 had lower strength than the sample of formulation Al.
The XRD results for the samples of both formulations can
be seen in Fig. 5. The Al formulation sample presented in
its composition the phases ALO, (PDF-2 46-1212), SiC
(PDF-2 75-0254),A1.Si,0,, (PDF-2 74-2419), and MgAL O,
(PDF-2 21-1152). The A2 formulation sample also had
ALO, (PDF-2 71-1125), SiC (PDF-2 01-1119), Al Si,O ,
(PDF-2 06-0258), and MgAl,O, (PDF-2 11-1154) phases
in its composition. From these results, it was evident that
there was a phase containing silicon oxide present in each of
the formulations. This phase was determined to be mullite,
an aluminum silicate phase with the chemical formula
AlSi,0,,. As the amount of SiC increased, the intensity of
AlLO, decreased, which was expected. The addition of a

curing activating agent also promoted the crystallization of

Figure 4: SEM images of sintered samples: a) Al (15% SiC); and
b) A2 (20% SiC).
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Figure 5: XRD patterns of the surface after healing of Al,0,/SiC
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Table IV - Results of linear shrinkage of sintered samples.

Sample Shrinkage
Al 13.7%
A2 9.9%
. 20 185 m (1)A1samples m (2) A2 samples
(J
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> 16
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Figure 6: Apparent porosity (a) and water absorption (b) values of
the samples Al (15% SiC) and A2 (20% SiC).

the curing materials, generating MgAl O, crystals that were
observed on the surface. This result corresponded with the
study by Johnson et al. [20] and Osada et al. [15].

The results obtained for the linear shrinkage of the
specimens of all formulations are presented in Table
IV. Linear shrinkage was related to the loss of water and
decomposition of additives (binder) and the rearrangement
of particles during drying and sintering. It was possible
to notice a reduction in shrinkage with an increase in the
silicon carbide content and a decrease in the alumina
content. This reduction was expected, due to the chemical
inertness and hardness of the silicon carbide particles, which
would promote the anchoring effect, causing a decrease in
the size of the alumina particles [29]. Figs. 6a and 6b show
the apparent porosity and water absorption, respectively, of
sintered samples. There was a small increase in porosity for
formulation A1, but this increase may be within the error.
For the A2 formulation, it was possible to notice that with
the healing there was a decrease in the apparent porosity in
relation to the sintered sample. The lower porosity value for
the indented samples may be an indication that, during the
pressing process, there may be a variation in the packing of

the particles present in the material. Comparing the values
obtained for the Al and A2 formulation test specimens, it
was possible to infer that the apparent porosity increased
with the increase of the silicon carbide content. This increase
may be related to a decomposition of SiO, formed during
the healing process and even during a sintering step of the
specimens, as shown by Johnson et al. [20]. Comparing
the healed samples, it was possible to infer that there was
a small increase in the water absorption content with the
increase in the silicon carbide content according to Al
and A2 formulations. The results indicated that it was not
possible to state that the healing process occurred, but the
values indicated that the formation of cracks or superficial
microcracks during the indentation process probably did not
occur.

Fig. 7 shows the surface of fractured specimens for each
formulation. It was possible to see that both formulations
were composed of a homogeneous surface (good mix). The
results of bending strength (modulus of rupture) for the
ceramic samples can be observed in Fig. 8. Fig. 9 shows the
percentages of healing in relation to the indented specimens
from the bending strength values for formulations A1 and
A2. For the Al formulation, it was possible to notice that
there was a reduction of about 6.8% and an increase of
16.3% and 84.9% in the flexural strength of the specimens
healed for 1, 30, and 60 min, respectively, in relation to the
indented specimens. On the other hand, when comparing the
sintered specimens with the indented specimens and those
healed for 1, 30, and 60 min, there was a reduction in the
strength of the specimens (about 47.3% for the indented
samples and 60.9%, 38.7%, and 2.6% of the initial strength,
respectively). These results showed that the increase in
strength was an indication that the material presented the
self-healing property, but there was a sharp drop in flexural
strength for the 1 min healing time. For the A2 formulation,
it was possible to notice that there was a decrease of about
11.1% and an increase of 61.1% and 48.9% in the flexural
strength of the healed specimens by 1, 30, and 60 min,
respectively, in relation to the indented specimens. On the
other hand, when comparing the sintered specimens with
the indented specimens and those healed for 1, 30, and 60
min, there was a reduction in the strength of the specimens
(approximately 37.9% for the indented samples and 44.8%,
0, and 7.6% of the initial strength, respectively). Analyzing
Fig. 9, it is possible to observe that for formulation A1, the
increase in healing time directly influenced the percentage
of healing of specimens in 1 min. The healed specimens
for 60 min were the ones with the best results. For the A2
formulation, it was possible to infer from the curve that the
increase in healing time directly influenced the percentage
of healing of specimens after 1 min and decreased after 30
min. The healed specimens for 30 min were the ones with
the best results. These results supported the hypothesis that
the material produced had the ability to self-heal.

The measurement results of the reduction rate of
discontinuity obtained for specimens with a healing time
of 1, 30, and 60 min when heated to 1000 °C are shown in
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Table V. The indented samples were observed and measured
under an optical microscope before and after healing. It
was possible to see that for formulation Al, there was a
reduction in all healed samples, reaching a maximum value
of 19.1% within 30 min. As for formulation A2, there was
also a reduction in all healed samples, reaching a maximum

value of 14.8% within 30 min. These results were in line
with that presented by Ando et al. [13]. The difference in
discontinuities in the specimens is shown in Fig. 10. The
results obtained by the reduction of discontinuity size were
also indications that the material had the ability to self-heal.

Table V - Measures of reduction rate of discontinuity in the
specimens after different healing times.

Sample 1 min 30 min 60 min
Al 15.9% 19.1% 15.6%
A2 9.9% 14.8% 10.0%

10 pm

Figure 10: Micrographs of the A2 formulation sample: a) before
healing; and b) after 30 min of healing time.

CONCLUSIONS

The alumina matrix composite with different contents of
SiC as a healing agent and 3% MgO as a healing activator
was investigated. The specimens were formed by uniaxial
cold pressing and successfully sintered at 1400 °C. It was
possible to notice a reduction in linear shrinkage with an
increase in the silicon carbide content and a decrease in the
alumina content. Comparing the values obtained for the Al
(15% SiC) and A2 (20% SiC) formulation test specimens,
it was possible to infer that the apparent porosity and water
absorption increased with increasing silicon carbide content.
The bending test of samples showed that the flexural strength
increased by 84.9% for the Al sample healed for 60 min and
61.1% for the A2 sample healed for 30 min, both in relation to
the samples with discontinuity (made by Vickers indentation).
From the measurement of sample discontinuities before and
after healing for 30 min, it was possible to infer that there was
a reduction of about 19.1% and 14.8% in the discontinuity
size for the specimens Al and A2, respectively. The increase
in flexural strength and the reduction of discontinuity were
indications that the ceramic based on silicon carbide and
alumina containing an activating agent (magnesium oxide),
prepared with particles of micrometric granulometry and
formed by cold uniaxial pressing, was capable of self-healing.
This production process can allow the manufacture of an
economically viable ceramic with the ability to self-heal,
achieving efficient results even using large particle sizes and a
simple and cheap forming method.
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