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In the present study, Alumina/ Magnesia/ Zirconia/ Graphite (AMZG) refractory composite was fabricated and its physical,
mechanical and chemical properties were investigated. The preparation of AMZG refractory composite was modeled and
optimized by using Central Composite Design (CCD). Among all factors, zirconia content (0-5 wt.%), magnesia content (0-10
wt.%) and graphite size (fine and coarse grained) were selected. The factors were varied in S levels and the responses were
fitted by quadratic regression model. Statistical data showed that the highest relative density, modulus of rupture and oxidation
resistance were obtained by fine grained graphite at zirconia and magnesia of 3.312 wt.% and 4.075 wt.%, respectively.
Quantitative analysis of the X-ray diffraction (XRD) pattern by Rietveld method revealed that the optimal sample composition
included 44.2, 26.1, 10.3, 4.2 and 15.2 wt% of corundum, cordierite, spinel, zirconium oxide and graphite phases, respectively.
The result of XRD is confirmed by Differential Thermal Analysis (DTA). The oxidation resistance (at 900 °C) of the best
specimen was investigated.

Keywords: Alumina/Magnesia/Zirconia/graphite composites, Refractories, Microstructure, Mechanical properties, Oxidation
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Introduction another class of refractories called alumina-magnesia-
graphite (AMG) [9] and alumina-zirconia-graphite (AZG)
The rising development of metallurgical products has [10] refractories. These classes of materials have attracted
increased the demand for refractory materials. Among a lot of attention and researchers have studied the
the refractories used in metallurgical industries, especially parameters affecting their properties. Mufioz et al.
the steelmaking, oxide/graphite composite refractories carefully analyzed texture, composition and micro-
play a major role due to their thermomechanical and structure of three commercial AMC bricks and studied
thermochemical properties [1]. Since alumina is one of their dimensional change and thermal and mechanical
the most common and oldest known high temperature properties [11]. They also evaluated the slag corrosion
ceramics [2], perhaps the first and most important basic using experimental data and thermodynamic simulation
composition of these refractories can be considered [12]. Klewski et al. studied the effect of different
alumina/graphite refractories that are of special impor- alumina sources with different grain size on the final
tance in improving the quality of steel making process, properties of AMC bricks [13]. Mukhopadhyay et al.
especially continuous steel casting [3]. Despite the discussed on the effect of MgO grain size and found
advantages of Alumina/graphite refractories such as that spinelizarion reaction and permanent linear change
high strength, high thermal conductivity, low thermal of refractory are directly related to the total surface
expansion, high thermal shock resistance and resistance area of magnesia [14]. Babakhanova and Aripova
to molten slag, they are facing with a few problems such changed the corundum, talc and graphite amount and
as oxidation of graphite, physical and chemical erosion, showed that the maximum slag strength is related to
etc. [4]. Antioxidants [5] and high purity substances [6] the composition with the lowest porosity [15]. Yu et al.
can be used to solve these problems. Another solution investigated the effect of manufacturing parameters
is to prepare composite refractories using other high such as pressure, particle size distribution, sintering
temperature oxides. Accordingly, refractories containing temperature and time on the final properties of AZG
other oxides such as magnesia/graphite [7] and zirconia/ refractories, and they found that the use of alumina
graphite [8], etc. were developed. with high ratio of coarse to fine particle has led to an
Recently, the simultaneous use of several oxides in increase in density [16-17].
the refractory composition has led to the formation of The notable issue in all these studies is the use of the
one-factor at a time method. In this method, the inter-
*Corresponding author: action of the parameters with each other is avoided. To
Tel : +98-71-32307293 . . . . .
Fax: +98-7132307293 address this shortcoming, statistical methods and multi-
E-mail: paaydar@shirazu.ac.ir factor studies have been designed, which the response
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Table 1. Batch formulation of raw materials (wt. %)

. Tubular ~ White fused Brown fused Fused . Phenolic . Partially stabilized .
Materials . . . s Silicon . Magnesia . . Graphite
Alumina alumina alumina silica resin zirconia
wt.% 25 10 10 10 5 0-10 0-5 20
dso (um) ~7 ~13 ~ 127 ~25 - ~ 14 ~6 <100 > 500
surface methodology (RSM) is one of the most common Table 2. Factors and levels in the CCD
[18]. In the present project, alumina/magnesia/zirconia L
. . evel
/graphite composite has been prepared and the effect of Factor
zirconia content, magnesium content and graphite “ 1 0 * o
particle size on the physical (density and strength) and ZrO; (Wt.%) 0 1.25 25 3.75 5
chemical (oxidation) properties of the fabricated com- MgO (wt.%) 0 25 5 7.5 10
posites have been investigated using RSM. Graphite Fine Coarse

Experimental Procedure

Alumina/Magnesia/Zirconia/Graphite (AMZG) re-
fractory composite was prepared using commercial
grade of raw materials. The composite composition has
been selected according to studies by other researchers
[19-21] (Table 1). Certain amounts of alumina (Tabular,
white and brown fused alumina), fused silica, silicon,
phenolic resin (novolac resin) were mixed with different
amounts of magnesia and partially stabilized zirconia
(t-zirconia) and fine/coarse grained graphite. All
materials were wet milled by planetary ball mill for 1 h
with absolute ethanol as dispersion medium. After
drying, mixed powders were poured into latex mold
and were vacuumed. Ultimately the powders were iso-
statically pressed by applying 850 bar pressure and
sintered at 1400 °C for 8 h under a reducing atmosphere.

Central composite design (CCD) was employed for
the design of experiment. In this method, 3 main levels
are considered as low (-1), intermediate (0) and high
(+1) values. In addition to these three levels, alpha (£a.)
is also defined as the distance from the center point,
which its value depends on the number of parameters.
A value of 2 was given to alpha to cover the entire
range of the experiment as introduced in Table 2. The
design had a total of 24 runs including 4 factorial
points, 4 axial points and 4 replicates at the center
points which duplicated for each level of categorical
factor. The complete quadratic model for 3 variables
CCD is as below:

k Kk
Y=b0+Zb1x[+Zbux§+
i=1 i=1

where Y is the response; by is the model constant, b; is
the linear coefficients, b;; the quadratic coefficients and
by is the interaction coefficients, x; and x; are indepen-
dent variables. There were five levels for numeric
factors (ZrO, and MgO) and two levels for categoric
factor (graphite).

Bulk density and modulus of rupture (MOR) of the
sintered specimens were measured according to ASTM-

k
b”x‘:x; (1)

i=1 j=i+1

C-20 and ASTM-C-133standards, respectively. The char-
acteristics of the prepared composite were studied by
means of X-ray diffraction (XRD) (INEI, EQUINOX
3000). Isothermal oxidation tests were carried out at
900 °C for 2 h according to ASTM-863 standard and
weight losses were reported.

Results and Discussion

Modeling

In accordance with central composite design proce-
dure, 24 experiments were performed to evaluate the
effect of 3 factors and their interactions on density,
strength and oxidation resistance of the AMZG refractory
composite. Experimental and predicted values are
introduced in Table 3.

Eq. (2-4) are a coded second order polynomial
equation based on experimental results, provided by
Design Expert software version 7, which were appro-
priately fitted on the empirical data:

RD = +72.40 — 0.4833A - 1.07B — 0.6833C

—0.4063A% - 0.7063B* 2)
MOR = +113.82 + 1.97A — 1.60B — 0.9958C
- 0.8094A% - 1.11B? 3)
OX =+49.74 - 0.3068A — 0.1639B + 0.2016C
+0.11156A% + 0.2193B2 “)

The positive/ negative effect of each variable on the
response can be obtained from its coefficient sign [22].
The actual equations (Eq. 5-10) are as follows:

RD (%) (Fine Graphite)
=+71.73750 + 0.91333 x t-Zirconia + 0.70333 x MgO
—0.26000 x t-Zirconia? - 0.11300 x MgO? )

RD (%) (Coarse Graphite)
=+70.37083 + 0.91333 x t-Zirconia + 0.70333 x MgO
—0.26000 x t-Zirconia” - 0.11300 x MgO? 6)

MOR (MPa) (Fine Graphite)
=+106.39375 + 4.17000 x t-Zirconia + 1.13500 x MgO
—0.51800 x t-Zirconia® — 0.17750 x MgO? @)
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Table 3. Design of experiments by central composite design for AMZG refractory composite

R Zirconia Magnesia  Graphite Relative Density (%)  Modulus of Rupture (MPa) Thickness of Oxidized Layer (mm)
u 0, o . . .
(wt. %) (Wt. %) (type) Observed  Predicted  Observed  Predicted Observed Predicted

1 3.75 2.5 Fine 72.8 72.56 116.7 116.48 9.59512 9.74
2 1.25 7.5 Fine 71.2 71.39 109.3 109.33 10.0264 10.02
3 3.75 7.5 Fine 69.6 70.43 111.9 113.28 9.63333 9.41
4 1.25 7.5 Coarse 69.8 70.03 107.2 107.33 10.493 10.42
5 0 5 Coarse 70.7 71.06 104.85 105.64 11.1833 11.02
6 1.25 2.5 Fine 74.4 73.53 114.1 112.53 10.0077 10.35
7 2.5 0 Fine 71.8 72.40 112.7 113.58 10.9351 10.75
8 3.75 2.5 Coarse 71.6 71.19 114.9 114.48 9.99512 10.14
9 0 5 Fine 72.2 72.43 107.1 107.63 10.6833 10.62
10 2.5 5 Coarse 71.3 71.72 111.95 112.83 10.0429 9.95
11 5 5 Coarse 69.5 69.13 114.25 113.54 9.71212 9.80
12 2.5 5 Coarse 71.9 71.72 112.9 112.83 9.94286 9.95
13 3.75 7.5 Coarse 68.4 69.06 110.1 111.28 10.0333 9.81
14 2.5 5 Coarse 71.9 71.72 112.85 112.83 9.99286 9.95
15 2.5 5 Fine 72.6 73.09 113.9 114.82 9.60952 9.54
16 2.5 5 Fine 73 73.09 115 114.82 9.65952 9.54
17 2.5 10 Fine 68.6 68.13 107.9 107.18 9.92319 10.09
18 2.5 5 Fine 73.2 73.09 114.7 114.82 9.70952 9.54
19 5 5 Fine 70.6 70.50 115.9 115.53 9.34545 9.39
20 2.5 0 Coarse 70.5 71.03 110.75 111.59 11.3684 11.15
21 1.25 2.5 Coarse 73 72.16 112 110.53 10.4744 10.75
22 2.5 10 Coarse 67.3 66.76 105.95 105.19 10.3565 10.50
23 2.5 5 Fine 73.7 73.09 115.6 114.82 9.41092 9.54
24 2.5 5 Coarse 71.4 71.72 1132 112.83 9.78196 9.95

MOR (MPa) (Coarse Graphite)
=+104.40208 + 4.17000 x t-Zirconia + 1.13500 x MgO
—0.51800 x t-Zirconia® — 0.17750 x MgO? ®)

OX (mm) (Fine Graphite)
=+11.82415 - 0.615266 x t-Zirconia — 0.416383 x MgO
+0.073968 x t-Zirconia® + 0.035082 x MgO*  (9)

OX (mm) (Coarse Graphite)
=+12.17403 — .615266 x t-Zirconia — 0.416383 x MgO
+0.073968 x t-Zirconia® + 0.035082 x MgO?* (10)

These models can be used to calculate the response
within the specified range. Analysis of variance of the

reduced quadratic model for each response presented in
Tables 4-6.

The Model F-values of 44.90, 58.92 and 35.52 for
density, modulus of rupture and oxidation layer,
respectively, imply that the models are significant. P-
values less than 0.001 indicate that there is only a
0.01% chance that a F-value this large could occur due
to noise. The lack of fit F-value of 2.36, 2.60 and 2.90
imply that there are 15.00%, 12.50% and 10.04%
chance that a lack of fit F-value could occur due to
noise for density, modulus of rupture and oxidation
layer, respectively. Fit statistics are shown in Tables 7-
9.

Table 4. ANOVA test for CCD in the case of density of AMZG refractory composite

Source Sum of Squares df Mean Square F-Value p-value
Model 66.80 5 13.36 44.90 <0.0001 significant
A-zirconia 5.61 1 5.61 18.84 0.0004
B-MgO 27.31 1 27.31 91.77 <0.0001
C-Graphite 11.21 1 11.21 37.66 <0.0001
A? 7.04 1 7.04 23.67 0.0001
B? 21.28 1 21.28 71.52 <0.0001
Residual 5.36 18 0.2975
Lack of Fit 442 12 0.3684 2.36 0.1500 not significant
Pure Error 0.9350 6 0.1558
Cor Total 72.16 23
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Table 5. ANOVA test for CCD in the case of modulus of rupture of AMZG refractory composite

Source Sum of Squares df Mean Square F-Value p-value
Model 240.64 5 48.13 58.92 <0.0001 significant
A-zirconia 93.61 1 93.61 114.60 <0.0001
B-MgO 61.44 1 61.44 75.21 <0.0001
C-Graphite 23.80 1 23.80 29.14 <0.0001
A? 27.95 1 27.95 3422 <0.0001
B? 52.51 1 52.51 64.28 <0.0001
Residual 14.70 18 0.8169
Lack of Fit 12.33 12 1.03 2.60 0.1250 not significant
Pure Error 2.37 6 0.3954
Cor Total 255.34 23
Table 6. ANOVA test for CCD in the case of oxidation thickness of AMZG refractory composite
Source Sum of Squares df Mean Square F-Value p-value
Model 6.02 5 1.20 35.52 <0.0001 significant
A-zirconia 2.26 1 2.26 66.67 <0.0001
B-MgO 0.6448 1 0.6448 19.03 0.0004
C-Graphite 0.9752 1 0.9752 28.78 <0.0001
A? 0.5699 1 0.5699 16.82 0.0007
B? 2.05 1 2.05 60.55 <0.0001
Residual 0.6098 18 0.0339
Lack of Fit 0.5201 12 0.0433 2.90 0.1004 not significant
Pure Error 0.0897 6 0.0150
Cor Total 6.63 23

Table 7. Fit statistics summary for CCD in the case of AMZG
refractory composite density

Std. Dev. 0.5455 R? 0.9258
Mean 7129  Adjusted R? 0.9052
C.V. % 0.7651 Predicted R? 0.8588

Adeq Precision 24.7948

Table 8. Fit statistics summary for CCD in the case of AMZG
refractory composite density

Std. Dev. 0.9038 R? 0.9424
Mean 111.90 Adjusted R? 0.9264
C.V. % 0.8077 Predicted R? 0.8900

Adeq Precision 249731

Table 9. Fit statistics summary for CCD in the case of AMZG
refractory composite density

Std. Dev. 0.1841 R 0.9080
Mean 10.08 Adjusted R? 0.8824
CV. % 1.83 Predicted R? 0.8246

Adeq Precision 19.1159

As can be seen, the predicted R* of each model is in
reasonable agreement with its adjusted R? i.e. the
difference is less than 0.2. The adequate precision,
which measures the signal-to-noise ratio, also indicates

that the models can be used to navigate the design
space.

The normal probability plots of models are depicted
in Fig. 1. Substantive departures from normality could
be identified by these plots.

As can be seen in Fig. 1, the data are close to the
straight line, meaning that the data is distributed almost
normally, which proves the suitability of the proposed
model. In the following, the proposed model will be
investigated in more detail.

Density

The response surface and contour diagram for the
relative density of AMZG refractory composites as a
function of t-zirconia and MgO content (wt.%) is
presented in Fig. 2.

In general, the presence of graphite particles reduces
the densification and shrinkage and prevents the con-
solidation of composite during sintering. This effect
causes the closed porosities to not move, resulting in a
decrease in density, an increase in apparent porosity
and the water absorption with graphite content [23]. It
is observable in Fig. 2 that the use of fine grained
graphite leads to higher value of response. The presence
of large particles causes problems in powder packing
[24] because it prevents the particles from getting
closer to each other and thus reduces the accumulation
density [25].

As can be seen, as the amount of magnesium increases,
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Fig. 1. Normal probability plot of Predicted and actual value for AMZG refractory composites, (a) relative density, (b) modulus of rupture

and (c) thickness of oxidized layer.
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Fig. 2. The effect of t-zirconia and MgO content (wt.%) on the relative density of AMZG refractory composites (a) fine graphite, (b)

coarse graphite.

the density increases to a maximum point and then
decreases (at a constant amount of zirconia). The increase
in density can be due to the formation of cordierite, but
further spinel formation and the resulting expansion
(about 8%) results in decreasing the density [26]. On
the other hand, at a constant amount of magnesia,
increasing the amount of zirconia reduces the density
again due to the acceleration of spinel phase formation
by zirconia [31].

Modulus of rupture

The response surface and contour diagram for the
modulus of rupture of AMZG refractory composites as
a function of t-zirconia and MgO content (wt. %) for
the samples including fine and coarse graphite are
presented in Fig. 3.

As it can be seen, the composite containing fine-
grained graphite shows greater strength. This may be
because smaller particles have a higher surface area
than larger particles, providing better stress transfer,

which leads to enhancement in strength [27]. According
to boundary strengthening in Hall-petch relation, the
reduction in particle size leads to a decrease in grain
size and consequently an increase in grain boundary,
which eventually increases the strength of the composite
[28].

It is shown that the strength of the composite at a
constant value of zirconia behaves similarly to the
density. It increases with the initial increase of magnesia
to the maximum state, but further increase leads to a
decrease in strength which is due to volumetric expansion
cracks due to spinel formation (about 8%) [29]. On the
other hand, zirconia constantly increases the strength,
which may be due to the predominance of the stress-
induced phase transformation toughening mechanism
over crack growth [30]. Phase transformations of zirconia
as well as its effect on increasing spinellisation lead to
a decrease in densification, but its positive effect on
mechanical properties cannot be ignored [31].
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Fig. 3. The effect of t-zirconia and MgO content (wt. %) on the modulus of rupture of AMZG refractory composites (a) fine graphite, (b)

coarse graphite.
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Fig. 4. The effect of t-zirconia and MgO content (wt. %) on the oxidation of AMZG refractory composites (a) fine graphite, (b) coarse

graphite.

Oxidation

The response surface and contour diagram for the
oxidation of AMZG refractory composites as a function
of t-zirconia and MgO content (wt.%) is presented in
Fig. 4.

Fig. 4 shows that the oxidation behavior of the com-
posite is the opposite of the density and strength, so
that the specimens containing coarse-grained graphite
has shown a greater response. This can be attributed to
the high porosity of the specimens, which allows
oxygen to penetrate easily. It is worthy to notice that in
the case of density and MOR, higher responses are
favorable, but in the oxidation thickness, lower values,
showing more oxidation resisatnce, are desirable. Based
on the Chika et al. report, coarse-grained graphite has
better oxidation resistance than fine-grained graphite
[32]. But in this case, the composite containing coarse-
grained graphite showed lower oxidation resistance,
which can be attributed to the decrease in density (Fig.

2) and increase in porosity, which is required for the
oxygen penetration.

As it can be seen in Fig. 4, the oxidation decreases
with increasing zirconia and magnesium. Two important
issues need to be considered here. First is that ZrO, and
MgO are electron donors, which prevent oxidation by
stabilizing the electron distribution of the graphite
structure, where alumina behaves in the opposite way
and is an electron acceptor [33]. Second issue is that,
based on nature of the materials, alumina has little
permeability to oxygen, while compounds with a fluorite
structure such as ZrO, are highly permeable to oxygen
[34]. Regarding these facts, it can be concluded that
due to the high porosity of the specimens, the inherent
impermeability of the material does not play a decisive
role in oxidation resistance and the former reason is
more effective. Thus, the maximum oxidation occurred
in the region, which is free of magnesia and zirconia.
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Table 10. Most likely reactions in the system of Al,05-Si0,-MgO-ZrO,-Si-C

Reaction Temp. (°C) AG (kcal) Product
ALO; + MgO = MgALO, 1400 -9.742 Spinel
3ALO; + 2Si0, = AleSi,O45 1400 -7.696 Mullite
2 ALLO; +3C = AlL,C; + 304(g) 1400 519.663 Aluminium carbide + oxygen
ALO; + 1.581 = 2A1 + 1.5 SiO, 1400 51.698 Aluminium + Silica
MgO + SiO, = MgSiO, 1400 -9.759 Enstatite
2MgO + SiO, = Mg,SiO, 1400 -14.403 Forsterite
3MgO + ALO; + 3Si0, = Mg;A,Si;04, 1400 -18.073 Pyrope
2MgO + 2 ALO; + 5 SiO, = Mg,Al4SisOy5 1400 -24.059 Cordierite
MgO + C =Mg + CO(g) 1400 37.581 Magnesium + carbon monoxide
2MgO + Si =2Mg + SiO, 1400 51.681 Magnesium + Silica
Si0, + ZrO, = ZrSiO4 1400 1.348 Zircon
Si0O, + 3C =SiC + 2CO(g) 1400 9.553 Silicon carbide + carbon monoxide
710, +3C = ZrC +2CO(g) 1400 21.447 Zirconium carbide + carbon monoxide
Si+ C=SiC 1400 -13.928 Silicon carbide

Optimization of the model

As can be seen in the Figs. 2 to 4, the maximum
relative density and modulus of rupture and the
minimum of oxidation are not in the same area. Hence,
optimal conditions must be found.

Based on the numerical optimization, the best result
is at t-zirconia of 3.267 wt.%, MgO of 4.101 wt.% and
for using fine grained graphite. The predicted point has
relative density of 72.93%, modulus of rupture of
116.157 MPa and oxidation layer thickness of 9.486
mm, which its desirability is about 89%.

Validation of the model

The best result was checked empirically as a comple-
mentary test. The experimental results for the best point
were 70.32 %, 109.12 MPa and 9.46 mm for relative
density, modulus of rupture of and oxidation layer
thickness, respectively, which showed a good agreement
between experimental and predicted values indicating
competency of proposed model.

Characterization of the optimum

The physical properties of the best specimen were
characterized by XRD, DTA and SEM analysis, which
are discussed below. Some reactions that may occur
between raw materials are also illustrated in Table 10
and their change in free Gibbs energy is calculated.

As can be seen, the changes in standard Gibbs free
energy for the formation of spinel, mullite, enstatite,
forsterite, pyrope, cordierite and silicon carbide are
negative. Among of all the reactions, the standard Gibbs
free energy of the cordierite formation is more negative
than the other reactions at 1400 °C. Accordingly, first
the cordierite phase is completely formed [35]. The
binary reaction between MgO-Al,O; and MgO-SiO,
has approximately the same change in standard free
energy change. According to the Sembiring et al. studies,
spinel formation is most likely as a result of diffusion

between alumina and magnesia [36]. The spinel for-
mation reaction starts above 1050 °C and peaks at 1600
°C. The presence of carbon hinders the spinelization
reaction, while zirconia accelerates it [26]. Silicon
carbide formation also has negative standard Gibbs free
energy. Finally, X-ray diffraction analysis has been
applied in the investigation of phase formation. XRD
pattern of the best composition is shown in Fig. 5.

As shown in Fig. 5, the detected phases were corundum
(JCPDS card No. 96-900-9675), cordierite (JCPDS card
No. 96-900-5807), spinel (JCPDS card No. 96-900-
2850), zirconium oxide (JCPDS card No. 96-230-0297)
and graphite (JCPDS card No. 96-110-0004). The amount
of corundum, cordierite, spinel, zirconium oxide and
graphite is 44.2, 26.1, 10.3, 4.2 ad 15.2 wt.%, respectively.
The above values were obtained with the aid of the
Rietveld method, carried out until the goodness of fit

250

m Corundum

225 v Cordierite
® Graphite

= + Spinel

@ Zirconia

—1] obs

200

=== calc
— 1 obs - I cale
100

Intensity (a.u.)

5 15 25 35 45 55 65 75 85
2 Theta

Fig. 5. X-ray diffraction pattern of the optimum specimen (t-
zirconia: 3.267 wt.%, MgO: 4.101 wt.% and fine-grained graphite)
with corresponding Rietveld refined profile and the difference
curve. The observed data are shown by the solid line (red), and the
calculated data by the dotted Line (blue). The black Line Below is
the Difference Profile.
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Fig. 6. STA thermogram for of the best specimen (t-zirconia: 3.267
wt.%, MgO: 4.101 wt.% and fine-grained graphite).

values (GOF) reached about 0.19, which is considered a
satisfactory value to reveal the real phase composition.
Different plots produced by refinement using the
Rietveld method also reveal a reasonable fit between
the observed and the calculated plot, demonstrating the
usefulness of the method for calculating the quantity of
phase composition in the process. Although silicon
carbide formation is thermodynamically feasible (Table
10), it is not detected in XRD pattern, meaning that silicon
carbide was not formed or its amount is neglectable.
The formation temperatures of the phases and the inter-
actions occur is discussed in more detail considering
the results obtained by DTA analysis.

Fig. 6 shows simultaneous thermal analysis (STA) of
the optimum sample. The DTA graph shows exothermic
peaks below 600 °C that are attributed to the pyrolysis
of resin and the oxidation of residual carbon [37]. This
event is associated with a weight loss of about 5%.
Oxidation of graphite occurs at around 1000 °C, which
is accompanied by 4% weight loss. The exothermic
peak above 1000 °C is characteristic of spinel formation
[38], while the exothermic peaks above 1200 °C and
below 1400 °C are due to the solid state formation of p
and a cordierite, respectively [39]. As can be seen, STA
analysis result is in good agreement with X-ray diffraction
pattern.

Fig. 7 shows the effect of oxidizing conditions on the

Fig. 7. Oxidation behavior of the optimum specimen (t-zirconia:
3.267 wt.%, MgO: 4.101 wt.% and fine-grained graphite).

structure of optimum sample. In this figure, the gray
area indicates the oxidized layer. As can be seen, less
than 20% of the sample is oxidized and the rest
remained intact, indicating good oxidation resistance of
the sample. By the way, it is worthy to note that,
silicon is present as an antioxidant in this compound,
which improves the oxidation resistance of graphite
due to its greater reactivity with oxygen according to
the thermodynamic data presented in Table 11.

The reaction between oxygen and silicon/silicon car-
bide, is thermodynamically more preferable than oxygen
and graphite, which contributes to the refractory oxidation
resistance. The backscattered (BSE mode) SEM image
of cross-section of the oxidized sample is also shown
in Fig. 8.

The atomic number sensitivity of BSE mode can be
exploited to distinguish the particles [40]. In Fig. 8, the
brighter particles represent zirconia (EDX 4) and the
darker particles are graphite (EDX 5), but alumina,
magnesia and silica are not discernible. As can be seen,
no graphite is observed near the surface and the almost
dense cordierite phase is formed (EDX 1), which is due

Table 11. Thermodynamic data for the reactions in the Si-C-O system

Reaction Temp. (°C) AG (kcal) product
Si+ O,(g) = SiO, 1400 -147.056 Cristobalite
2Si + Oy(g) = 2Si0(g) 1400 -114.521 Silicon monoxide
2C + 04(g) =2CO(g) 1400 -123.575 Carbon monoxide
Si+ C=SiC 1400 -13.928 Silicon carbide
Si + SiO, = 2Si0(g) 1400 +32.535 Silicon monoxide
2Si0(g) + Ox(g) = 2Si0, 1400 -179.591 Cristobalite
SiC + 1.504(g) = SiO, + CO(g) 1400 -194.915 Cristobalite + Carbon monoxide
SiC + O4(g) = SiO(g) + CO(g) 1400 -105.120 Silicon monoxide + Carbon monoxide
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Fig. 8. SEM image of cross-section of the optimum specimen oxidation in backscattered mode and corresponding EDS analysis.

to the interaction of cristobalite at the surface and occurs through the oxygen diffusion through the
MgAl,O, spinel (EDX 2) [35]. porosities [41]. Subsequently, graphite oxidation occurs

Fig. 9 shows the effect of time on the thickness of the through the oxygen diffusion through the porosities
oxidized layer. As can be seen, the oxidation rate which has lower rate than first step. In addition, formation
decreases with time. The oxidation rate was initially high of glass phase on the surface (Fig. 10) slows down the
due to the access of oxygen to the graphite. Therefore, diffusion process. Oxidation of silicon results in the
the rate of chemical reaction on the surface determines release of silicon monoxide (SiO(g)) from inside of the

the rate of oxidation. Subsequently, graphite oxidation sample, resulting in the formation of a glass phase
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Fig. 9. The thickness of oxidized layer versus oxidation time at
900 °C.
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Fig. 10. SEM image of the surface of the optimum specimen
oxidation and corresponding EDS analysis.

(Si0,) on the surface [42]. The glass layer prevents the
penetration of oxygen and further oxidation.

Conclusion

The AMZG refractory composite is prepared and is
successfully modeled by employing the central composite
design method. The effect of t-zirconia content (0-5
wt.%), magnesia content (0-10 wt.%) and graphite
particle size on the relative density, modulus of rupture
and atmospheric oxidation resistance is investigated
comprehensively. The optimum condition was achieved
at t-zirconia of 3.268 wt.%, MgO of 4.104 wt.% where
fine-grained graphite is used. The predicted values for
the relative density (RD), MOR and thickness of oxidized
layer are 72.929%, 116.158 MPa and 9.485 mm, re-
spectively, which its desirability is about 89%. The
discrepancy between the actual results and the predicted
values is about 10%, which indicated the reliability of
the model.
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