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Abstract

In this study, low-carbon MgO-C refractory composites with addition of uncoated (UA) and carbon-coated
Al2O3 (CCA) powders were prepared. The effect of heat-treatment temperature on apparent porosity, cold
modulus of rupture and thermal expansion was investigated. The results indicated that the CCA was present in
the form of porous agglomerates of 400–800µm in diameter in MgO-C matrix. The formation of spinel started
at 1100 °C and 1250 °C in UA-MgO-C and CCA-MgO-C specimens, respectively. In the specimen CCA-MgO-
C, cyclic spinel was formed on the outer layer of CCA agglomerates, and the dense spinel layer hindered the
diffusion of Mg(g) to the interior of the agglomerates, resulting in alumina residues at 1550 °C. The specimen
CCA-MgO-C showed better mechanical properties and reduced porosity. Additionally, the average coefficient
of thermal expansion of CCA-MgO-C was significantly lower than that of UA-MgO-C. Thus, CCA powder
could improve the volume stability of the low-carbon MgO-C refractory composites.
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I. Introduction

Graphite, which has high thermal conductivity, low

thermal expansion, low elasticity modulus and low wet-

tability by molten slag, is one of the important main

ingredients for making carbon-containing refractories

[1]. However, when the carbon content is too high, the

refractories bring more carbon than necessary into the

molten metal and also lead to the loss of thermal energy

through the furnace walls and have poor oxidation re-

sistance [2]. MgO-C refractories have been widely used

as the linings of converters, electric arc furnaces, steel

ladles and RH vacuum degassers due to its excellent

corrosion resistance and thermal shock resistance [1–

4]. Nevertheless, their carbon content as high as 12–

18 wt.% causes problem as it is relatively high. Some

efforts have been made to modify the refractory proper-
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ties by simply reducing the carbon dosage [5–7], how-

ever, it was found that the thermal shock resistance of

the refractories decreased greatly along with poor cor-

rosion resistance and wettability [8–10].

Recently, several researchers have paid more atten-

tion to overcoming the mechanical and thermal prop-

erties of low-carbon MgO-C composites by adopting

nanotechnology [11,12], using more efficient additives

[13], binding agents [14] and carbon source [15]. In

situ spinel formation is accompanied by volumetric ex-

pansion, which leads to a significant reduction in pore

volume and improves the oxidation resistance and ther-

mal shock resistance of low-carbon MgO-C refractories

[16–19]. The current adjustment of the spinel reaction

is generally used to add metal [14,20,21] or metal oxide

[22–24], change MgO, Al2O3 particles size and content

[25], or control the reaction atmosphere [26]. Zhu et al.

[20] found on the basis of microstructural observations

and compositional analysis that the addition of metal-

lic Al and low graphite content played essential roles in

the formation of the hollow MgO-rich spinel whiskers.

Zhang [27] reported that an in situ catalysed-growth
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technique was developed to form large quantities of

oxide nanofibers and/or carbon nanotubes in carbon-

containing refractories with a transition metal catalyst

via a catalysed vapour deposition process. Zhang et al.

[28] also found that Al reacted with surrounding carbon

and/or N2 to form Al4C3 and/or AlN at high tempera-

tures. The formed Al4C3 further reacts with N2 to form

AlN whiskers and/or with CO to form Al2O3, which

could further lead to the formation of MgAl2O4 particles

through the reaction with MgO. Bavand-Vandchali et al.

[29] indicated that the formation of in situ spinel via re-

action of reactive Al2O3 and MgO fine grain started at

1000 °C and accomplished at 1300 °C. Al2O3 and MgO

usually produced MA-spinel by solid-phase interdiffu-

sion [30], but the contact of MgO and Al2O3 was hin-

dered by the presence of carbon in carbonaceous ma-

terial. At the same time, the formation mechanism of

MA-spinel had undergone great changes in reducing at-

mosphere [31]. MgO could react with solid C [32,33] to

form Mg(g). Al2O3 could also generate Al2O(g), Al(g)

and Al(l), etc. [34,35]. Mg(g) could react with Al2O3(s),

Al2O(g), Al(g) and Al(l) to form fibrous [36] or cyclic

[31] spinel by gas-solid reaction (V-S) and gas-liquid-

solid (V-L-S) reaction. The formed spinel is deposited

on the surface of MgO particles or Al2O3 particles.

However, the mechanical properties of composites

decrease significantly with the increase of spinel con-

tent due to the thermal expansion mismatch [25]. This

reaction also produces microcracks by the rapid thermal

expansion which aggravates the penetration of slag. The

refractories for continuous casting system, which are

prepared as composite structure of MgO-C and Al2O3-C

refractories, undergo spinel reaction at the interface be-

tween the two materials. This can result in the problems

of volumetric expansion and volumetric instability. For

example, it may cause breakage and continuous casting

accident such as stopper rod head fracture. Therefore,

the regulation of in situ reaction of spinel is an impor-

tant technology which affects the service behaviour of

carbon-containing refractories.

In this paper, for the first time carbon-coated Al2O3

powder was introduced into MgO-C refractories to sep-

arate the contact between MgO and Al2O3. Thus, spinel

could only be formed by gas phase reaction, which ef-

fectively controls spinel reaction rate and ensured the

volume stability of the materials. Also the influence of

in situ spinel on the microstructure, phase composition,

mechanical and thermal properties is reported.

II. Experimental procedures

2.1. Preparation of the specimens

Fused magnesia (with three different particle sizes:

≤ 1 mm, ≤ 0.15 mm, ≤ 0.088 mm, 97.38 wt.% MgO,

Dashiqiao City Tianyu Mining Co., Ltd., China), cal-

cined alumina (d50 = 10µm, 99.70 wt.% Al2O3, Zheng-

zhou Yuli Industry Co., Ltd., China), flake graphite (≤

0.088 mm, 97.58 wt.% fixed carbon, Qingdao Zhongkai

Graphite Co., Ltd., China) and carbon black (≤ 250 nm,

98.03 wt.% fixed carbon, Evonik Industries AG, China)

were used as raw materials. Thermosetting phenolic

resin (Liquid, 42 wt.% of carbon yield, SQ Group,

China) was used as the binder.

Two specimens were prepared according to Table

1. For the first one (CCA-MgO-C), alumina and car-

bon black were pre-mixed by high-speed mixer (R02,

Maschienfabrik Gustav Erich) for 30 min (1000 rpm) to

obtain CCA powder. Part of resin was added to CCA

powder in order to coat the carbon black on the alumina

surface. Finally, CCA powder and resin were mixed

for 10 min and dried at 60 °C for 12 h. In the speci-

men CCA-MgO-C, fused magnesia, flake graphite, re-

maining resin and CCA agglomerates were mixed for

30 min. In the specimen UA-MgO-C, all raw materi-

als were mixed directly by high-speed mixer for about

70 min. The compositions of the two specimens were

exactly the same. After kneading, bar shaped specimen

(25 mm × 25 mm × 150 mm) were compacted under a

pressure of 120 MPa and then cured at 180 °C for 12 h.

Finally, all the specimens were heat-treated at a heating

rate of 1 °C/min to 950, 1100, 1250, 1400 and 1550 °C

for 5 h in a corundum saggar filled with carbon black,

respectively.

2.2. Characterization of the specimens

The microstructure and phase composition of the

specimen heat-treated at different temperatures were

analysed by scanning electron microscope (SEM, EVO-

18, ZEISS, DE) coupled with energy dispersive X-ray

spectroscopy (EDS, X-Max 50, Oxford, UK) and X-

ray diffraction (XRD, X’Pert Pro, Philips, Eindhoven,

Ni, Cu Kα radiation), respectively. The bulk density

Table 1. Batch composition

Raw materials
CCA-MgO-C UA-MgO-C

[wt.%] [wt.%]

≤ 1 mm 50 50

Fused magnesia ≤ 0.150 mm 20 20

≤ 0.088 mm 15 15

Flake graphite ≤ 0.088 mm 3 3

CCA powder 400–800µm 12

Calcined alumina d50 = 10 µm 10

Carbon black ≤ 250 nm 2

Resin liquid +6 +6
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Figure 1. SEM images of: a) calcined alumina powder, b) CCA powder before adding resin and c) CCA powder after adding
resin

(BD) and apparent porosity (AP) were determined by

the Archimedes method in kerosene. The cold modulus

of rupture (CMOR, WHY-200, Lirr, China) was mea-

sured by three-point bending test. The thermal shock

resistance (in a reducing atmosphere) of the specimens

heat-treated at 950 and 1100 °C was evaluated with the

method of water quenching. The heat-treated specimens

were heated at 1100 °C for 10 min in a reducing at-

mosphere and then placed into flowing water at room

temperature for 5 min. The specimens were dried, and

then the values of their residual cold modulus of rup-

ture (CMORst) were determined after one thermal shock

cycle.

The thermal expansions (from room temperature to

1550 °C) of the specimens heat-treated at 950 °C were

measured by rod-type indirect method. The thermal ex-

pansion percent (ρ) and coefficient of thermal expansion

(α) can be calculated based on the following equation:

ρ =
(Lt − L0) + AK(t)

L0

· 100 (1)

α =
ρ

(t − t0) · 100
(2)

where L0 is the length of the specimen at room tem-

perature, Lt is the length of the specimen at experimen-

tal temperature, AK(t) is the instrument calibration value

at experimental temperature, t0 is the room temperature

and t is experimental temperature.

III. Results and discussion

3.1. Phase composition and microstructure

Figure 1 shows the typical scanning electron mi-

croscopy image of the calcined alumina powder and ob-

tained CCA powder before and after adding resin. It was

found that the calcined alumina powder has hexagonal

morphology and the carbon black was evenly coated on

the surface of the alumina before adding resin. The resin

made the CCA powder agglomerate and immobilized

the carbon black on the surface of the alumina. The av-

erage size of the CCA agglomerates was 400–800µm.

Figure 2a shows the XRD patterns of the spec-

imen UA-MgO-C heat-treated at different tempera-

tures. The presence of MA-spinel phase was detected

from 1100 °C and its peaks intensity increased steadily

with heat-treatment temperature. Spinel, periclase and

graphite were identified as dominant crystalline phases

after 1100 °C, while corundum phase content decreased

rapidly with increasing temperature and disappeared

above 1100 °C. However, the XRD patterns of the speci-

men CCA-MgO-C (Fig. 2b) show that the peaks of MA-

spinel phase did not appear until 1250 °C. Meanwhile,

the peak of corundum still existed up to 1550 °C.
Figures 3a and 3b show SEM micrographs of the

specimens UA-MgO-C and CCA-MgO-C heat-treated
at 950 °C. It can be seen from Fig. 3a that the Al2O3 is
uniformly distributed in the matrix and directly in con-
tact with MgO in the specimen UA-MgO-C. However,

Figure 2. XRD patterns of: a) UA-MgO-C and b) CCA-MgO-C heat-treated at different temperatures
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Figure 3. SEM images of: a) UA-MgO-C heat-treated at 950 °C, b) CCA-MgO-C heat-treated at 950 °C, c) UA-MgO-C
heat-treated at 1550 °C, d) CCA-MgO-C heat-treated at 1550 °C. The distribution of elements: e) Al in Fig. 3c,

f) Mg in Fig. 3c, g) Al element in the solid line of Fig. 3d, h) Mg in the solid line of Fig. 3d

in the specimen CCA-MgO-C (Fig. 3b) Al2O3 exists in
the form of CCA agglomerates and the interface was ob-
servable between CCA agglomerates and MgO. Partic-
ularly, Fig. 3b reveals a hollow space existing in the in-
terior of CCA agglomerates. During the heat treatment,
these Al2O3 particles started to react with surrounding
MgO grains to form primary spinel. Al2O3 was com-
pletely converted to spinel and uniformly distributed
in the matrix at 1550 °C in the specimen UA-MgO-C
(Figs. 3c,e,f). The CCA agglomerates present two lay-
ers textures at 1550 °C. The outer layer was denser, but
the inner layer was looser. There was still a clear inter-
face between agglomerates and magnesia. According to
the XRD results (Fig. 2b) and the distribution of the ele-
ments (Figs. 3g,h), it can be concluded that the dense
layer was spinel and the loose layer was alumina. It
could be concluded from the comparison of Figs. 3g,h
that the Mg element was present in the interior of the
CCA agglomerates, while the Al element could not dif-
fuse outwards. However, the spinel formation was con-

trolled by counter-diffusion of Mg2+ and Al3+ ions in
the solid phase reaction [30]. Therefore, the formation
of dense spinel was probably due to the gas phase reac-
tions (3) and (4). Mg(g) diffused to the alumina surface

through the interstices within the aggregate and reacted
with Al2O3(s) and Al2O(g) to form spinel. The volumet-
ric expansion caused by the spinel reaction led to the
densification of the outer layer of CCA agglomerates
and hindered the further diffusion of Mg(g) to the inte-
rior, eventually resulting in incomplete reaction [31].

Mg(g) + Al2O3(s) + CO(g) −−−→ MgO ·Al2O3(s) + C(s) (3)

Mg(g) + Al2O(g) + 3 CO(g) −−−→ MgO ·Al2O3(s) + 3 C(s) (4)

3.2. Mechanical properties

The apparent porosity and cold modulus rupture

of the specimens CCA-MgO-C and UA-MgO-C heat-

treated at different temperatures (950, 1100, 1250, 1400

and 1550 °C) are presented in Fig. 4. As shown in

Fig. 4a, the AP of the specimen UA-MgO-C increased

steadily with heat-treatment temperature. However, the

AP of the specimen CCA-MgO-C increased from 950 to

1250 °C, and decreased from 1250 to 1550 °C. Mean-

while, the AP of the specimen UA-MgO-C was obvi-

ously higher than that of CCA-MgO-C. For example,

the AP of the specimens CCA-MgO-C and UA-MgO-

Figure 4. Properties of specimens CCA-MgO-C and UA-MgO-C: a) apparent porosity (AP) and
b) cold modulus rupture (CMOR)
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C at 1100 °C were 17% and 23%, respectively. During

heat-treatment process, the phenolic resin decomposed

and porous pyrolytic carbon remained [36], resulting in

an increase in the porosity of the specimen. In the spec-

imen CCA-MgO-C, the CCA agglomerates provided a

more reasonable particle size distribution for the mate-

rial to reduce the porosity of the material at low tem-

peratures. With temperature rising, the spinel generated

in the porous surface of CCA agglomerates and blocked

the pores, so that the apparent porosity of the material

was reduced.

As shown in Fig. 4b, the CMOR of the specimen UA-

MgO-C clearly decreased with the increase of temper-

ature from 950 to 1100 °C and then increased simul-

taneously with the temperature up to 1550 °C. How-

ever, in the specimen CCA-MgO-C, the lowest point of

CMOR appeared at 1250 °C, and the CMOR at differ-

ent temperatures was significantly higher than that of

the specimen UA-MgO-C. The CMOR of all the speci-

mens was mainly affected by the morphology of resid-

ual carbon after heat treatment and the development of

spinel. Before the CMOR of the specimen reached its

lowest point, the reticular carbon produced by the resin

pyrolysis in the specimen was gradually destroyed with

the increase of temperature, and then the CMOR was

decreased. With the temperature increase, the spinel re-

action occurred, and the ceramic began to form in the

specimen, resulting in a gradual increase in strength.

The thermal shock behaviour of the specimens heat-

treated at 950 and 1100 °C was expressed by the residual

CMOR after one cycle of the thermal shock test (named

as CMORst). No matter what the heat-treatment tem-

perature is, the specimen CCA-MgO-C exhibited higher

residual CMOR compared to the specimen UA-MgO-C

(as shown in Table 2). Thus, CCA powder had a posi-

tive effect on the thermal shock resistance of low-carbon

MgO-C refractory specimens.

The improvements in the mechanical properties were

greatly associated with the changes in the microstruc-

tures of the specimens [14]. The porosity of CCA-

MgO-C was significantly lower than that of UA-MgO-

C. Therefore, the structure of CCA-MgO-C was more

dense, which promoted the CMOR of CCA-MgO-C.

3.3. Thermal expansion

Figure 5 shows the thermal expansion percent (ρ)

of the specimens UA-MgO-C and CCA-MgO-C heat-

treated at 950 °C from room temperature (RT) to

1550 °C. Owing to the thermal expansion space pro-

vided by the high porosity, the ρ of CCA-MgO-C was

slightly higher than that of UA-MgO-C from RT to

800 °C. The ρ of the specimens CCA-MgO-C and UA-

MgO-C was 0.72% from RT to 800 °C. When the tem-

perature was higher than 800 °C, the ρ of CCA-MgO-C

was lower than that of UA-MgO-C. The average coef-

ficient of thermal expansions (α) of CCA-MgO-C and

UA-MgO-C were 10.4 × 10−6 K-1 and 10.9 × 10−6 K-1,

respectively (as shown in Table 3). With temperature

rising, the average coefficient of thermal expansion of

CCA-MgO-C did not change significantly. However, for

the specimen UA-MgO-C a sharp expansion from 1175

to 1375 °C appeared. The α and ρ of UA-MgO-C in-

creased to 14.6 × 10−6 K-11 and 1.95% at 1375 °C, re-

spectively. However, the temperature of sharp expansion

was higher than that of the spinel reaction which was

1100 °C (as shown in Fig. 2a). This may be due to the

difference in holding time. In the test of thermal expan-

sion, the specimen was not withheld at any temperature.

Figure 5. Thermal expansion percent (ρ) of specimens
UA-MgO-C and CCA-MgO-C heat-treated at 950 °C

Table 2. CMOR change of specimens CCA-MgO-C and UA-MgO-C heat-treated at 950 and 1100 °C
after one cycle of thermal shock test

CCA-MgO-C UA-MgO-C

Heat-treatment temperature [°C] 950 1100 950 1100

CMOR [MPa] 2.51 1.79 1.35 0.73

CMORst [MPa] 2.06 1.23 0.87 0.48

Residual strength ratio [%] 81.94 79.89 64.01 65.99

Table 3. The average coefficient of thermal expansion (α) of specimens UA-MgO-C and CCA-MgO-C
in different temperature ranges

Sample
α [10−6 K-1]

RT to 800 °C RT to 1175 °C RT to 1375 °C RT to 1550 °C

CCA-MgO-C 9.4 10.4 10.4 10.5

UA-MgO-C 9.4 10.9 14.6 12.8
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Figure 6. XRD patterns of the specimens after thermal
expansion test

Thus, the volumetric expansion caused by the spinel re-

action emerged as hysteresis. When the spinel reaction

was completed in the specimen UA-MgO-C, sintering

phenomenon occurred, which made the specimen shrink

from 1375 to 1550 °C.

Figure 6 shows the XRD patterns of the specimen

after thermal expansion test. Periclase, graphite, and

spinel phases exist in the specimen UA-MgO-C, and

the specimen CCA-MgO-C also contained corundum

phase.

Figure 7 shows the SEM images of the specimens af-

ter thermal expansion test. Due to the lack of necessary

grain growth time, no regular octahedral spinel grains

were found in both specimens. EDS analysis was per-

formed on the hexagonal grains (which was Al2O3 be-

fore the thermal expansion test) on the surface of the

CCA agglomerates. The results showed that the compo-

sition of the points 1, 2 and 3 (Fig. 7b, Table 4) were all

close to that of the standard MA-spinel. So the spinel

was generated on the surface of the CCA agglomerates

in the specimen CCA-MgO-C. Some incomplete octa-

hedral grains were found in the matrix of the specimen

UA-MgO-C (as shown in Fig. 7d). The EDS results

(points 4, 5 and 6, Table 4) showed that these grains

were MA-spinel. So the spinel was generated in the ma-

trix of the specimen UA-MgO-C and the crystal growth

was better than in the specimen CCA-MgO-C.

In UA-MgO-C the spinel was generated evenly in the

matrix. As shown in Fig. 8a, when there were enough

pores around the area where spinel was generated, the

pores could effectively absorb the expansion effect.

However, if the spinel was formed in the region with-

out pores, it would also generate stress on the surround-

Table 4. The relative content of Al2O3 and MgO at different points shown in Fig. 7

Relative content [%]

standard 1 2 3 4 5 6

Al2O3 71.83 73.34 70.85 71.69 71.55 71.33 70.37

MgO 28.17 26.65 29.15 28.31 28.45 28.67 29.62

Figure 7. SEM images of the specimens after thermal expansion test: a) CCA-MgO-C, b) surface of CCA, c) UA-MgO-C and
d) matrix of specimen CCA-MgO-C
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Figure 8. Effect of spinel reaction on the thermal expansion
of different specimens: a) UA-MgO-C and b) CCA-MgO-C

ing MgO grains, resulting in the movement of MgO and

then the specimen would expand. The microstructure of

CCA-MgO-C confirms existence of a hollow space in

the interior and on the surface of CCA agglomerates.

Mg(g) diffused to the alumina surface through the in-

terstices within the aggregate and reacted with Al2O3(s)

to form spinel. In comparison with the specimen UA-

MgO-C, the spinel was generated on the porous sur-

face of agglomerates, which could effectively absorb the

volumetric expansion caused by the spinel reaction (as

shown in Fig. 8b). So the specimen CCA-MgO-C could

not produce a sharp expansion phenomenon.

IV. Conclusions

The low-carbon MgO-C refractories with the carbon

coated alumina powder (CCA) addition were prepared.

The effects of heat-treatment temperature on the phase

composition, microstructure and properties were also

carried out. The main conclusions of the study are the

following:

1. The average particle diameter of the CCA powder

fixed by the resin was within the range of 400–

800 µm.

2. In specimen CCA-MgO-C, a dense ring-like spinel

was formed on the periphery of the agglomerates

by gas phase reaction at 1250 °C. In specimen UA-

MgO-C, the in situ spinel appeared in the matrix at

1100 °C. The mechanical properties of CCA-MgO-C

were significantly higher than that of UA-MgO-C.

3. The specimen CCA-MgO-C did not present the

sharp expansion phenomenon, which is caused by

the spinel reaction. Thus, carbon-coated Al2O3 pow-

der could ensure the volume stability of the low-

carbon MgO-C refractory composites.
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