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Abstract

The effects of WO; on properties of MgO-based refractories were studied and microstructures analyzed using scanning electron microscopy
(SEM) and EDS. WOj3 can improve the sintering of MgO-based refractories. <2 wt% WOj is favorable to improve the cold modulus of rupture of
MgO-based refractories, but high levels of WOj3; have a negative effect on cold MOR and thermal shock. The low melting phases MgWO, and
CaWO, formed in MgO boundaries result in increased liquid volume. The formation of CaWOQ, leads to C/S ratio change and decreased levels of
C;S and C,S, and the low melting phase CMS forms. Thus, the densification is improved by phase liquid sintering. SEM observation confirms the

existence of CaWO, and MgWO, grain boundary phases.
© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With high melting point, chemical stability in a basic
environment, magnesia-based refractories, are widely used in
cement rotary kilns, and steel ladle, and converters. However,
they do have shortcomings, such as high thermal conductivity
and poor infiltration resistance. Chemical corrosion, and
infiltration loosen the magnesia aggregates and lead to spalling
[1]. Much research has aimed to improve corrosion, especially
infiltration, and resistance. The trends to more severe
environment for high-quality products mean that magnesia-
based refractories potentially have wider application, if their
shortcomings can be overcome. Flake graphite was introduced
because of its low wettability to melting slag [2]. Microsilica
(8i0;), microalumina (Al,O3), zirconia (ZrO,), Cr,O5, and
other oxides have also been introduced to improve infiltration
resistance [3—11]. Furthermore, the introduction of Si*', Ti**,
Zr**, and Cr’* ions is thought to enhance the sintering of
magnesia and densification.

Sintering of high purity magnesia is related to its impurity
content, the ratio of CaO/SiO, and the distribution of silicate
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phases. Generally, liquid phases formed at grain boundaries are
the main cause of sintering. Minor cation additions, such as
AI**, Ti**, Fe®*, Cr’*, and Mn*" are effective in reducing the
sintering temperature believed due to nonstoichiometry of
periclase caused by crystal lattice defects [4-9]. Second phase
formed at grain boundaries also facilitates sintering. For
example, the enhancement of densification of MgO by TiO, can
be rationalized on the basis of cation vacancy formation as
follows [5,8]:

O "
TiO) o Tijy, + Vigg + 20

When excess TiO, exceeds the solid solubility limit, it reacts
with magnesia to form intergranular and intragranular
magnesium titanate (Mg,TiO4), which promotes magnesia
grain growth [5,8]. The sintering mechanisms in magnesia are a
result of several factors. WOj3 is widely used in electronics,
cemented carbide and catalyst as an important raw material.
Generally, tungsten has series sub-oxides, which are categor-
ized into WO;5_, [12,13]. The MgO-WO;5; and CaO-WO;
binary diagrams show formation of MgWQO, and CaWOQy,, both
of which are low melting phases [14]. No similar work has been
reported on the sintering and microstructure development of
magnesia with added WOs;. This paper describes the effect of
addition of WOs3 on the sintering behavior of MgO-based
refractories.
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2. Experimental procedures

Industrial fused magnesia (Mg0:97.02; Si0,:0.46;
Al,03:0.21; Fe,05:0.63; Ca0:0.78; ignition loss:0.40) and
yellow tungsten oxide (purity: WO5; > 99.65%) were used as
the main raw materials. Magnesia with various particles and
WOs3 fine powder (d50 = 16 wm) with 0, 2, 4, and 6 wt% were
mixed together for 1 h. Mixed materials were then pressed into
25 mm width, 25 mm tall, and 125 mm long in briquettes at a
pressure of 100 MPa. All the pressed samples were dried at
110 °C for 24 h and sintered at 1100, 1300, 1400, 1500, and
1600 °C at a heating rate of 5 °C/min and a soaking period of
3h at the designed temperature. Phase composition was
analyzed by X-ray diffraction using Cu Ka radiation (model
Philips X’pert pro). Densification was studied by measuring
bulk density and linear shrinkage. Three briquettes
(25 mm x 25 mm x 125 mm) were used to evaluate modulus
of rupture (MOR) at both ambient and elevated temperature,
respectively. Retention of cold MOR after thermal shock was
measured to appraise the thermal shock resistance (four cycles
of 30 min heating at 1100 °C and 10 min of subsequent water
quenching). Microstructure of the composite was observed by
scanning electron microscopy (SEM) (model Philips XL30
TMP) with attached energy dispersive analysis (EDAX
Phoenix) for semi quantitative elemental analysis.

3. Results and discussion
3.1. Bulk density and apparent porosity

Fig. 1(a and b) gives the relationship of apparent porosity
and bulk density with WO; addition and firing temperature.
At 1100 °C, with increased WO;, the bulk density of the
batches increases gradually but the bulk density has a
minimum value of 2.57 g/lem®. It is shown that addition of
WO; has no obvious effect on the apparent porosity of the
batch sintered at 1100 °C, but has great effect on those
sintered at 1400, 1500, and 1600 °C, which reach a minimum
with 2wt % WO3 at 1600 °C. The apparent porosity
decreases from 21.2% on addition of 0 wt% WO; to 18.2%
on addition of 2 wt% WOj;, which is associated with higher
extent of sintering and higher sintering temperatures, no
significant variation in bulk density is observed. WO3 has a
beneficial effect on the sintering of the MgO, especially for
the 1600 °C sintered samples.

3.2. Linear shrinkage

Fig. 2 gives linear shrinkage at various temperatures
indicating the extent of sintering. For the samples soaked at
1100 °C, linear shrinkage varies a little with the addition of
WOs. However, with increased WO; content, linear
shrinkage decreases and expansion is observed for samples
with more than 2 wt% WO; soaked at 1400 and 1500 °C. The
expansion offsets the shrinkage and inhibits densification.
For samples soaked at 1600 °C, while linear shrinkage also
decreases with increased addition of WOs, it is always above
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Fig. 1. Variation of (a) apparent porosity and (b) bulk density with WO;
addition and firing temperature.

0.3%. Pore coalescence at higher temperature may be
responsible for this phenomenon. From above mentioned, it
can be concluded that 2 wt% WOj; is an effective sintering
aid at 1600 °C.
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Fig. 2. Variation of permanent linear change with WO; addition.
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Fig. 3. Variation of cold modulus of rupture with WO3 addition.
3.3. MOR and thermal shock

Fig. 3 gives the cold modulus of rupture (MOR) after
soaking at various temperatures with different levels of WO;
addition. For comparison, the residual MORs of the samples
after four thermal cycles at 1100 °C are also plotted. Fig. 3
reveals that cold MORs at 1100 °C remains nearly unchanged
with increasing WO; content. However, after soaking at 1400,
1500, and 1600 °C, cold MOR reaches a maximum with 2 wt%
WOj; and there is a fall when the WOj5 content is above 2 wt%.
More WOj; confers no improvement on MOR. From the
dependence of cold MOR on WO; content and firing
temperature, cold MOR increases with increased firing
temperature. The extent of thermal shock damage is determined
by retention of cold MOR after different numbers of thermal
cycles. A gradual degradation of strength with increasing
numbers and WO; content is observed. All samples are broken
after four thermal cycles. WO; has a detrimental effect on
strength retention.

3.4. Formation of new phases
Fig. 4 shows XRD with various amounts of WO; after

soaking at 1600 °C for 3 h. For comparison, the pure magnesia
material without WO; is also plotted. With no WO;, only
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Fig. 4. XRD of the samples containing different level of WO; after soaking at
1600 °C.

periclase is detected and 3Ca0-SiO, (C3S) or 2Ca0-SiO, (C,S)
do not occur, which are usually the main bond phases. However,
when the amount of WOj5 rises from 0 to 6 wt%, CaWOQO,
(scheelite) appears, its level increasing with WO3 content. Note
that at 6 wt% WQO3; CaWO, content reduces.

3.5. Microstructure

Generally, the microstructure of fused magnesia varies
with purity. Continuous or isolated silicate phases are found
at magnesia grain boundaries, which have important effects
on magnesia-based refractory products [15]. The phase
composition of the silicate, 3Ca0-SiO,, 2Ca0-SiO,, or
Ca0O-MgO-SiO,(CMS), are determined by the ratio of CaO/
Si0,. Fig. 5 shows the microstructure of 2 wt% WOj3; sample
heated at 1600 °C. Table 1 shows the EDS from the points in
Fig. 5. Element W is not found in the MgO particles but found
at boundaries of the MgO particles. The existence of W can
be judged by high contrast of the micrographs in back-
scattered electron image mode. There are two possible
existing forms. CaWQy is formed by WO; reacting with CaO
(points 1-3), which has a continuous structure with thickness
of about 2-3 pm. The other phase is MgWQO, formed by
WO; reacting with MgO. The possible phases in points 4
and 5 are CaWQy,, C;S, and CMS. The main elements at

Ok (Wt%) Mgk (Wt%) Sig (Wt%) Cayg (Wt%) Wi, (wt%) Possible phases
1 10.22 13.9 75.88 CaWO,
2 10.5 15.00 74.24 CaWO,
3 13.22 16.02 70.75 CaWO,
42 24.78 4.87 1.86 22.4 46.1 CaWO, + MgWO, + C3S(m) + CMS(m)
5 15.07 1.93 8.26 42.74 32.00 CaWO, + MgWO, + C3S(m) + CMS(m)
6 30.24 1.65 16.47 51.64 C,S

Error range for EDS data is about 5%.
? CaWOy is major phase; MgWOy,, C3S and CMS are minor phases.
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Fig. 5. SEM photographs in back-scattered electron image mode of containing 2 wt% WO; sample fired at 1600 °C for 3 h, showing the distribution of secondary
phases in triple junctions and the isolated pockets of bright liquid confirming the presence of CaWOy.

point 6 are Ca, Si, and O of approximately to the composition
of C,S. From the above analysis, it can be concluded that
MgWO, and CaWOQ, formed at the boundaries of the MgO
particles when WO; was added into MgO based refractories
as additives.

3.6. Discussion

The densification of MgO by TiO, is believed due to the
lattice defect and formation of Mg,TiO,4, which prompts grain
growth of MgO [5,8].

The densification of MgO refractories with added WO5; may
be due to liquid phases, lattice defects and formation of CaWO,
and MgWO,.

No literatures have discussed the defect of MgO doped by
WO;. Since no W is found in the MgO particles by EDS, so the
densification caused by defect is not being confirmed. Thus, the
densification is mainly caused by liquid phases. WOj3 will react
with MgO and CaO at grain boundaries and the possible
reactions take place as follows:

WO; +MgO = MgWO,
WO; +Ca0 = CaWO,

According to the thermochemical data, the standard Gibbs
free energy of the first reaction at 25 °C is —71.27 kJ/mol and
the second is —149.01 kJ/mol [16,17]. In other words, these
reactions can take place but the second is more likely and stable
than the first. So CaWO, forms firstly. If there is WO; left,
MgWO, will form. The melting point of the former phase is
1380 °C and the latter is 1580 °C. Although the existence of
MgWO, in these samples was not detected by XRD, however,
the synthesis of MgWQ, by solid-state reaction of MgO and
WO3; at about 1100-1200 °C has been reported [14,18,19].
MgWO, has two distinct polymorphs as a-MgWO, and (-
MgWO0,. a-MgWO, with a triclinic structure is a high
temperature phase existing only at 1250 °C, while 3-MgWO,
with a monoclinic structure is stable at low temperature
[14,18,19]. a-MgWQO, decomposes to MgO and liquid at about
1380 °C.

The formation of CaWO, leads to C/S ratio change and
decreased levels of high melting C3S and C,S phases but the

low melting phase CMS forms. CaWQO,, MgWO, and CMS are
not high melting phases and coexist in the form of continuous
liquid at 1600 °C. The liquid phase penetrates MgO grain
boundaries. Therefore, more pores in the MgO refractories may
become filled with liquid, MgO particles will rearrange. The
liquid sintering is enhanced and promotes the densification of
magnesia. Therefore, the WOz was advantageous to the
sintering of the magnesia.

4. Conclusions

WO; is found to improve the sintering of MgO-based
refractories especially at 1600 °C. The low melting phases
MgWO,, CaWO,, and CMS formed in MgO boundaries
resulting in increased liquid volume and improved densifica-
tion. <2 wt% WOj; is favorable to improving the cold modulus
of rupture of MgO-based refractories, but higher levels of WO;
have a negative effect on cold MOR and thermal shock.
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