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The passive oxidation behavior of SiC particles has been studied in an electric furnace at
atmospheric pressure and in dry air, the weight change due to the transformation from SiC
into SiO2 is descibed as a function of exposed temperature and holding time. According to
the oxidation data of SiC particles, the oxidation parameters and the degree of oxidation for
SiC particles can be controlled. Controllable preoxidation of SiC particles is one of the keys
for designing interface and interphase to achieve high performance aluminum composite.
Consequently, the evolution of interfacial reaction products in 2014 aluminum alloy
composite reinforced with oxidized-SiC particles after extended thermal exposure at
elevated temperatures were further characterized by Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), and X-ray diffraction. While it could act to
prevent the interfacial reaction between SiC particles and aluminum alloy, the preoxidation
of SiC particles led to the formation of other interfacial reaction products. The observation
of the microstructure revealed that at elevated temperatures nano-MgO formed initially on
the surface of the oxidized SiC particles and then turned into nano-MgAl2O4 crystal due to
the reaction between the SiO2 and aluminum alloy containing Mg. TEM observations
indicated that the oxidized layer on SiC particles was uniform and had a good bonding with
SiC and aluminum alloy. C© 2001 Kluwer Academic Publishers

1. Introduction
The oxidation of SiC materials has been the topic of
investigation for many years because of their appli-
cation at high temperatures. The excellent oxidation
resistance which SiC exhibits is due to the formation
of a coherent layer of SiO2 on the surface which sup-
presses further oxidation. Oxidation kinetics can gen-
erally be described using the linear-parabolic model at
atmospheric pressure and in dry oxygen [1–4]. The pas-

sive silica layer, which grows naturally or artificially on
the surface of SiC particles or fibers used in aluminum-
based composites, is supposed to have two functions:
protection of the SiC from aluminum attack and im-
provement of the wettability of SiC to aluminum which
would result from the reaction between aluminum and
SiO2 [5–7].

In the case of aluminum matrix composites rein-
forced with SiC as reinforcement either its fiber or
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particle, the reaction results in the formation of Al4C3
at the interface:

4Al + 3SiC→ Al4C3 + 3Si (1)

Al4C3 forms as a discontinuous layer (rod-like [8],
hexagonal platelet [9, 10]) and hence does not affect
the wettability between SiC and molten aluminum al-
loys significantly. However, the formation of Al4C3 de-
grades the particles and the fibers, resulting in poor
mechanical properties of composites. Therefore, dur-
ing the composite fabrication, three primary techniques
have been employed for controlling the deleterious in-
terfacial reactions. (1) Modification of matrix chemical
composition. For example, in SiC/Al composites, Si
was added into the aluminum alloy matrix in order to
hinder the above interfacial reaction. Leeet al. [11] clar-
ified theoretically the equilibrium Si contents required
to prevent the formation of Al4C3 in SiC/Al compos-
ites, by taking into account the variations in Al and Si
activities as well as those of other compounds in the
calculations. (2) Control of the processing parameter
so as to limit the extent of the interfacial reaction. Ex-
amples are controlling the processing temperature and
holding time during composite fabrication. Thereby, the
various composite processing methods such as com-
pocasting, squeeze casting, semisolid forming (thixo-
forming), spray forming, and powder metallurgy can be
used for the composite fabrication [12–14]. (3) Surface
modification of reinforcement by coating or passive ox-
idation. This technique has been successful to some
extent in preventing the detrimental interfacial reac-
tion and enhancing the materials wettabilities. Warrier
et al. [15, 16] reported that copper and silver coating
had significantly promoted the wettability of the C and
SiC fibers with molten aluminum alloys. Among the
techniques mentioned above, (3) especially the pre-
oxidation of SiC is considered to have high potential
for practical fabrication. The purpose of the present
work was to clarify the degree of oxidation of SiC par-
ticles and to observe their surface morphology and the
interfacial characteristics of oxidized SiCp reinforced
2014 Al composite.

2. The theoretical background on oxidation
of SiC particles

As known, when SiCp is oxidized and formed vitre-
ous SiO2, one mole SiC is oxidized completely into the
same mole SiO2, the weight gain per mole is theoreti-
cally 20 g because of the difference of their molecular
weights. Thus ifx weight of SiC (g) is oxidized to form
y (g) weight of SiO2, then the relationship betweenx
andy is given by Equation 2 through the chemical re-
action equations given by Equation 3.1–3.3

y = 1.5x (2)

SiC+ O2→ SiO2 + C (3.1)

2SiC+ 3O2→ 2SiO2 + 2CO (3.2)

SiC+ 2O2→ SiO2 + CO2 (3.3)

Actually the mole of SiC is transformed into the same
mole vitreous SiO2 as seen from all reaction equations

Figure 1 The schematic of the change of SiC particle after oxidation.

mentioned above. In the following calculation, equa-
tion (3.3) is adopted representatively since the oxida-
tion is carried out at air atmosphere for long time. Even
if other reaction equations are used, the conclusion is
the same.

The data of weight gain (1w) obtained from the
data collection of the computer equals to the equation
1w= y− x, which will change with temperature and
time. The weight of the oxidized SiC and SiO2 can
be calculated to bex= 21w and y= 31w, respec-
tively. The densities of SiC and the vitreous SiO2 are
ρSiC= 3.16 andρSiO2 = 2.196 [17], the volume frac-
tions of SiO2 formed by oxidation can be calculated by
Equation 4.

VSiO2 =
y

ρSiO2

W − x

ρSiC
+ y

ρSiO2

=
31w

ρSiO2

W − 21w

ρSiC
+ 31w

ρSiO2

(4)

Assuming the same size of SiC particles and the same
shape of spheres, shown as in Fig. 1, the initial diameter
of SiC particle is 2r1. After it is oxidized partially to
from SiO2 , the volume fraction of SiO2 can be calcu-
lated by (5):

Vol%VSiO2 =
[

1−
(

r2

r3

)3
]
× 100% (5)

wherer2 is the radius of remained SiC after oxidation.
If SiC particle is completely oxidized to form vitreous
SiO2, the volume ratio between SiC and SiO2 is given
by

VSiC

VSiO2

=
(

r1

r3

)3

= mSiC/ρSiC

VSiO2/ρSiO2

(6)

where,mSiC andmSiO2 are the molecular weights of SiC
and SiO2, respectively, beingmSiC= 40, mSiO2 = 60.
The data of volume ofVSiO2 can be calculated by Equa-
tion 4. Thus, from Equations 5 and 6, the thickness of
SiO2 layer is expressed as (7). Thus, the thickness of
oxidized layer SiO2 at the surface of SiC particle can
be derived from its weight changes.

t = r3− r2 = 1.29r1
(
1− 3

√
1− vol%VSiO2

)
(7)
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Figure 2 The schematic for oxidation of SiC particles and its
measurement.

3. Experimental procedures
3.1. The oxidation of SiC particles
SiC particles used in this study were the hexagonal
α-SiC (6H) and the average size was 5µm. The ox-
idation process of SiC particles was carried out in an
electric furnace in air at atmospheric pressure. The alu-
mina crucible (high purity alumina, Al2O3 content over
99%), in which 10 g SiC particles were loaded, was
hung in the furnace using a fine Pt wire. The other end
of the wire was connected to the balance. The balance
was also connected with the data collection of com-
puter, as shown in Fig. 2. SiC particles were heated to
preset temperatures, i.e. 1100◦C, 1200◦C and 1300◦C
with a heating rate of 10◦C/min with a maximum ex-
posure time of 40 hours. The weight change due to
the formation SiO2 during the oxidation was recorded
every 4 minutes. The oxidation tests were carried out
twice to confirm the accuracy. The oxidation of SiC par-
ticles was found to start from 800◦C. The weight gains
measured from 800◦C to preset temperatures were in-
significant and could be neglected, compared with the
weight gain at the preset temperatures. Using the mea-
sured weight change of SiC particles with temperature
and time, the volume of SiO2 and its thickness were
calculated, based on the procedure in part 2.

3.2. The preparation of composites
with oxidized SiC particles

The oxidized SiCp/2014Al composite was prepared
by infiltrating the commercial 2014 Al melt into
pre-oxidized SiC powders. The composition of the
2014 Al was Al-3.9Cu–0.54Si–0.32Mg–0.56Mn (the
results from chemical analysis). The particles used for
fabrication of the composite were prepared in an artifi-
cially oxidized condition at 1100◦C for two hours using
an alumina crucible heated with Mo-wire furnace. After
oxidation, the accumulated particles were ground and
sifted with a grid 70µm screen. In order to facilitate
penetration of the 2014 Al melt through SiC powders,
the tool steel die in which the oxidized SiC particles
were loaded was preheated to a temperature of 550◦C.
The 2014 Al alloy which was melt at 760◦C in a graphite
crucible, was poured into the die and pressurized up to
100MPa with a hydraulic press.

3.3. Electrochemically extracted oxidized
SiCp/2014 Al composite

Since the size and volume fraction of the interfacial re-
action products within the composites were very small
and low respectively, the morphology of the embeded
particles could not be observed directly. In order to
overcome such a problem in observation, the interfa-
cial reaction products as well as ceramic reinforcements
were extracted electrochemically from the composite
heat-treated at elevated temperatures such as 560◦C,
600◦C etc for one or two hours. The electrolyte used
was 33 vol% HNO3+ 67 vol% water. The voltage and
current used for the extraction were 10–15 DC volts and
5–10 Amp, respectively. The electrolyte was main-
tained at 0–5◦C throughout the extraction process.
The surfaces of electrochemically etched composites
were observed by FE-SEM (Field Emission—Scanning
Electron Microscopy, Hitachi S-4200). The interfacial
reaction products were identified by x-ray diffraction,
which scanned at a rate of 0.01◦ per 4 sec in a step scan
mode using monochromated Cu Kα radiation. The de-
tailed interfacial reaction products were further iden-
tified by TEM (JEOL 2010). The TEM specimen was
prepared by mechanical grinding and ion milling.

4. Results and analysis
4.1. The passive oxidation characteristics

of SiC particles at elevated temperature
When SiC particles are exposed at the elevated tem-
peratures, the weight of the resultant SiC will increase
due to the formation of SiO2 on their surfaces. Fig. 3a
shows the variation in the weight of SiC measured as a
function of heating temperature and heating preserva-
tion time. The parabolic trend of the curves is a good
indication that the passive oxidation has occurred dur-
ing the oxidation of SiCp. This also agrees with the re-
sults of the two previous reports [2, 3]. It is noted that,
for prolonged holding time, the weight gain at 1200◦C
approached the value at 1300◦C. This trend shows the
decline of volume-increasing-rate of SiO2 and the re-
duction of the weight gain of SiO2 transformed from
SiC for prolonged exposure time and the coherent layer
of SiO2 which has formed at the surface of SiC parti-
cles will suppress further oxidation. The dependence
of the volume fraction of SiO2 on the temperature and
time is shown in Fig. 3b. The relationship between the
thickness of SiO2 layer and the temperature and hold-
ing time is also shown in Fig. 3c. It can be noted that
the thickness of SiO2 (= r3− r2, in Fig. 1) is closed to
1000 nm at the temperature 1300◦C and holding about
40 hours; actually the average size of particles after the
oxidation at this temperature and holding time are up
to 7µm (the average size of as-received SiC particles
is 5µm).

Fig. 4 shows the dependence of volume-increasing-
rate of SiO2 on the holding time. It is clearly found
that the rates at the different elevated temperatures have
great changes only for initial 5 hours of holding time,
but then the rates are close at the rest holding time. The
result is very important for the selection of the oxidation
condition (temperature and time) of SiC particles in
fabrication of the composite.
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(a)

(b)

(c)

Figure 3 (a) The weight gain, (b) the volume fraction of SiO2 layer and
(c) thickness of SiO2 layer (nm) as a function of holding time during the
oxidation of SiCp at 1100–1300◦C.

4.2. Interfacial characteristics of
oxidized-SiCp/2014Al composites

In order to observe the morphological evolution of
interfacial reaction products and the surface of oxi-
dized SiC particles, the Al matrix was removed elec-
trochemically from the composite. This revealed the
oxidized SiC particles as well as the interfacial reac-
tion products. Fig. 5a showed the micrograph of the
particles that were extracted from the as-cast compos-
ites reinforced with oxidized SiC particles. Its surface
was very clean and showed no obvious reaction prod-
ucts during the squeeze cast processing. Fig. 5b shows
the HRTEM image of the interfacial region of an as-

Figure 4 The dependence of growth of volume rate of SiO2 layer on
holding time at elevated temperatures 1100◦C–1300◦C.

Figure 5 (a) SEM micrographs showing the extracted particles and (b)
HRTEM image showing the thickness of SiO2 at the surface of oxidized
SiC particles from as-cast composites samples: (a) as-cast composite
with oxidized particles and (b) the thickness of oxidized layer of the
composite reinforced with oxidized SiC particles at 1100◦C for 2 hours.

cast SiCp/2014Al composite with particles oxidized
at 1100◦C for 2 hours. A uniform SiO2 layer with a
thickness of 45–50 nm was observed at the interface.
Additional beneficial effects from the oxidation of SiC
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(a) (b)

(c)

Figure 6 SEM micrographs showing the surface of extracted particles from the composites reinforced with SiC oxidized at 1100◦C for 2 hours
samples: (a) heat-treated at 560◦C for 2 hours (b) heat-treated at 600◦C for 2 hours and (c) heat-treated at 600◦C for 2 hours.

particles at elevated temperatures include the removal
of the contaminants, impurities, and absorbed water
from the surface. This helps to form a clean and uniform
protective layer of SiO2.

The evolution of interfacial reaction products in
the oxidized SiCp/2014Al composite after being heat
treated at various temperatures is shown in Fig. 6a–c.
In Fig. 6a nanoparticles were observed on the oxidized-
layer of the particles heat treated at 560◦C for 2 hours.
The nanoparticles were identified as MgO according to
the experimental results obtained by Zhang [6]. Fig. 6b
and c showed the interfacial morphology of the com-
posite heat treated at 600◦C for 2 hrs. A mixture of
MgAl2O4 crystals and Si were observed, which were
similar to those observed from the Al2O3/6061Al com-
posites [14]. A close examination clearly showed that
clusters of octahedral MgAl2O4 crystals and Si have
nucleated in the middle of the rim-shaped SiO2 deple-
tion basins. Fig. 7a shows the bright field TEM image
of the SiCp/2014Al composite with oxidized particles
heat-treated at 600◦C for 2 hours. The interfacial reac-
tion products, which were identified as MgAl2O4, Si,
θ -CuAl2 phase by means of energy dispersive spec-
troscopy (EDS), convergent beam electron diffraction
(CBED) pattern and electron diffraction pattern, are
shown in Fig. 7b–7e. MgAl2O4 crystals were observed
between SiO2 layer and aluminum matrix, which con-

firmed the result from SEM observation. Fig. 7f shows
the crystalline structure between the interfacial reaction
product MgAl2O4 and SiC by observation of HRTEM.

Fig. 8a shows the interfacial reaction products of the
extracted particles from the composites heat treated at
800◦C for 1 hour. X-ray diffraction analysis of the ex-
tracted particles from the 2014Al composite revealed
that the reaction products consisted of the mixture of
Al4C3, MgAl2O4, and Si. This is shown in Fig. 8b
and c. The appearance of Al4C3 crystals at the sur-
face of oxidized-layer showed the depletion of SiO2
layer, resulting from the excess interfacial reaction at
elevated temperatures for extended holding time. Un-
der such a condition, the interfacial reaction occurred
continuously according to the reaction (1).

5. Discussion
Based on the TEM, SEM and X-ray diffraction observa-
tions, it is obvious that the pre-oxidation of SiC particles
has a significant effect on the interfacial reaction char-
acteristics. In the SiC/2014Al composite, Al4C3 can
form from the reaction (1) between SiC and aluminum
at elevated temperatures. The oxidized layer SiO2 in ox-
idized SiC reinforced 2014 Al composite dissolved in
the melt and is depleted by Mg and Al element during
the reaction between SiO2 and aluminum alloy con-
taining Mg. Meanwhile, MgO, Al2O3, MgAl2O4, and
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(a)

(b) (c)

Figure 7 TEM and HRTEM images showing the interfacial reaction products between oxidized SiC and 2014Al matrix (A: Al-matrix, B: MgAl2O4,
C: Si, D: SiO2, E:θ -CuAl2, F: SiC ) (a) TEM bright field image of the interfacial reaction products (b) EDS and electron diffraction pattern B-MgAl2O4

(c) EDS and electron diffraction pattern C-Si (d) EDS and CBED E-θ -CuAl2 (e) EDS A-Al-matrix (f) HRTEM images showing the fine microstructure
of the interfacial reaction product MgAl2O4. (Continued).

Mg2Si may precipitate from the solution according to
the following reactions:

4〈Al 〉 + 3[SiO2] → 2[Al2O3] + 3〈Si〉 (8.1)

2〈Mg〉 + [SiO2] → 2[MgO]+ 〈Si〉 (8.2)

[MgO]+ [Al 2O3] → [MgAl 2O4] (8.3)

〈Mg〉+2〈Al〉+2[SiO2] → [MgAl 2O4]+ 2〈Si〉 (8.4)

2〈Mg〉 + 〈Si〉 → [Mg2Si] (8.5)

3〈Mg〉+4[Al2O3]→ 3[MgAl2O4]+ 2〈Al〉 (8.6)

Where〈 〉 and [ ] in the above equations correspond to
species in the liquid and in the solid phases respectively
in the melt.
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(d) (e)

(f)

Figure 7 (Continued).

There are a lot of reports on the interfacial character-
istics and correlating reaction products in the compos-
ites [6, 7, 14, 18, 19]. Such as Guet al. [7] found a con-
centration of aluminum within the interface of oxidized
SiC by meansurement of EELS spectra which indicated
that the above reaction (8.1) could occur between the
oxidized layer of SiC particles and pure aluminum.
Zhanget al [6] characterized the interfacail reaction
products of oxidized-SiCp/Al-Mg (5083) composite by
X-ray diffraction and TEM, from which the crystal
boundaries of the MgO (or MgAl2O4) reaction prod-
ucts were believed to be the diffusion channels during
the interfacial reactions. According to their results, the
interfacial reaction takes place, followed by the above
reaction equations (8.2) and (8.4). Leeet al. [14, 18]
observed the interfacial reaction product octahedral

shape MgAl2O4 in the Al2O3p/6061 composite by
means of X-ray diffraction, SEM and TEM. However,
in Lee’s report, the particle was Al2O3 not oxidized-
SiC and also the composition of matrix was differ-
ent from the present composite. How will the inter-
facial reaction in the oxidized-SiCp/2014Al composite
ever take place? There are no any reports to describe it
details.

Comparing the morphologies between Fig. 6a, b,
and c, the results clearly showed that nano-MgO par-
ticles were formed initially when the composite was
heat treated above the solidus of aluminum alloy ma-
trix. This is because Mg is an active element and it usu-
ally segregates at the interface. As the nano-size MgO
is not stable at high temperatures for holding long time,
it could react with aluminum alloy and be transformed
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(a)

(b) 2θ Angle range from 16∼33◦

(c) 2θ Angle range from 27∼33◦

Figure 8 SEM micrograph and X-ray diffraction profiles for electro-
chemically extracted SiC particles from oxidized-SiCp/2014Al compos-
ites heat treated at elevated temperatures samples: (a) SEM micrograph
for the composite after heat treated at 800◦C for 1 hour (b) X-ray diffrac-
tion for extracted particles from the composite after heat treated at 800◦C
for 1 hour (c) X-ray diffraction for extracted particles from the composite
after heat treated at elevated temperatures.

into the stable octahedral MgAl2O4 crystal:

4〈Al 〉+2[MgO]+ 3[SiO2]→ 2[MgAl2O4]+ 3〈Si〉
(9)

Thereby, the interfacial reaction between oxidized SiC
particles and 2014 Al alloy will occur according to

above chemical reaction equations (8.2) and (9). How-
ever, after the SiO2 layer is completely consumed, Al
will then react with SiC to form Al4C3 at the interface,
shown in Fig. 8.

6. Conclusions
1. The passive-oxidized behaviors of as-received SiC
particles have been studied, on the basis of the weight
changes of the transformation from SiC into SiO2. The
dependence of the volume fraction of SiO2 layer and
their thicknesses on holding time show the parabolic
trends at all temperatures investigated. The present ox-
idation data of SiC particles are available for the control
of the oxidation parameters and the degree of oxidation
for SiC particles.

2. Observation on the interfacial reaction between
the oxidized SiC particles and 2014 aluminum alloy
showed that nano-particles MgO can form initially
but will eventually turn into a thermostable MgAl2O4
crystals.

3. Observation by HRTEM showed that the SiO2
layer has a good bonding with both SiC and 2014Al
matrix. However, it can be depleted by the interfacial
reaction at elevated temperatures after extended thermal
exposure.
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