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Sintering of MgO and MgO-TiC ceramics by 
plasma, microwave and conventional heating 
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The densification of MgO and MgO-TiC ceramics by hollow cathode pfasma and microwave 
sintering techniques was studied. The resultant fractional densities were compared to those of 
conventionally sintered samples. It was demonstrated that indirect heating and sintering of 
MgO by microwave radiation was possible. Higher fractional densities were obtained in MgO 
by microwave sintering in comparison to conventional sintering under the same conditions. In 
the case of MgO-TiC composites, chemical reaction led to Mg2Ti04 formation in all samples. 
Plasma sintering suppressed this reaction and exhibited reduced sinterability upon TiC 
addition. On the other hand, small amounts of TiC additions aided the conventional sintering 
of MgO, resulting in better mechanical properties. Furthermore, commercial grade MgO was 
sintered to higher densities than relatively pure research grade MgO. Hardness and fracture 
toughness values are reported. 

1. I n t r o d u c t i o n  
MgO is a ceramic material with many potential appli- 
cations owing to its high melting point (2620 ~ high 
resistivity ( > 1014) and good corrosion resistance [1, 
2]. MgO has only one structure type at all temper- 
atures up to its melting point. Above 1600~ it is 
ductile, which can be used to advantage. Another very 
important advantage regarding MgO is its afford- 
ability and availability [2]. The main disadvantages of 
this material are its low fracture toughness [3] 
(2-3 MPam 1/2) and strength [1] (flexural strength 
about 100 MPa) and relatively slow sintering kinetics 
[43. It is difficult to fully densify MgO without hot- 
pressing or the use of additives [4]. It has been shown 
for some oxide ceramics that novel techniques, such as 
microwave [5] and plasma sintering [63, provide in- 
creased densification rates or reduced sintering tem- 
peratures. To the author's knowledge no reports on 
attempting to sinter MgO and its composites by these 
techniques have appeared in the literature. 

The aim of this study was to analyse the densifica- 
tion behaviour of MgO and MgO-TiC composites 
under microwave, plasma and conventional (resistive) 
heating and to compare the resultant microstructures 
and properties. 

2. Experimental procedure 
2.1. Preconsolidation processing 
The starting materials were 99.5% pure MgO (MgOp), 
technical grade MgO (MgOT6) containing 98% MgO, 
0.8% CaO, 0.35% Si02, 0.2% FezO3, 0.15% A120 3 
and 0.4% other impurities, and 99.5% pure TiC. 
Average Fisher particle sizes given by the manufac- 
turers were 0.28, 5.00 and 1.561am, respectively. 

MgO-10 vol % TiC (MgO-10TiC) mixtures were pre- 
pared by ball milling in methanol for 5 h. Mixed 
slurries were partially dried on a hot plate while 
stirring. Further drying was achieved in a furnace at 
100-200~ for 10-15min. This method prevented 
segregation of the different phases. Dried cakes were 
crushed and ground using an alumina pestle and 
mortar. The powders were screened using a 175 mesh 
sieve. MgO-10TiC powders, prepared by the above 
method, as well as MgOp and MgOra powders, were 
dry-pressed at 19 MPa. Graphite foil was used to 
prevent sticking of pure MgO-containing powders to 
the top and bottom of the steel mould during cold- 
pressing. 

Slips of each composition were prepared for slip 
casting by mechanical stirring of the constituents at 
high speed using a 3-speed household mixer. Since 
MgO reacts with water, alcohol is recommended for 
its slip casting [7]. Ethanol was used with MgOp, 
while methanol was found to provide better dispersion 
of MgOTG. In the case of MgO v and MgOp-10TiC 
powders, a solid:liquid ratio of 80% was used. 
However, a solid:liquid ratio of 150% was possible in 
the case of MgOa-c and MgOT6-10TiC powders, 
probably due to the larger particle size, and thus, the 
smaller surface area that needed wetting. Preliminary 
experiments with slip casting of alcohol-based slurries 
indicated that cracking occurred due to high drying 
rates. Therefore, drying rates were reduced by 
covering the moulds. This allowed drying of 30 mm 
diameter by 10 mm thick samples in about 36 h. Slow 
drying totally eliminated the cracking problem. 

Both cold-pressed and slip-cast MgOo-containing 
bodies had low green densities compared to MgOT6- 
containing bodies; 29% theoretical density (TD) ver- 
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sus 32-35% TD in the case of cold-pressed samples 
and 20% versus 25% TD in the case of slip-cast 
samples. Rods 6 mm in diameter and 20 mm in length 
were prepared for plasma sintering experiments. 
Tungsten filaments were inserted from one end of 
these rods to suspend them in the plasma. 

2.2. Sintering 
2.2.1. Conventional sintering 
For conventional sintering studies, slip-cast and cold- 
pressed discs were placed on alumina plates. The 
sintering schedule consisted of a 2-3 h heat-up regime, 
a 4 h hold time at 1600~ and furnace cooling. All 
samples were sintered in air. Some samples were 
sintered for 5 min at 1600 ~ for comparison. 

2.2.2. Plasma sintering 
Rods were suspended from one end via W-filaments 
along the central axis of two concentric steel cylinders. 
Plasma sintering was carried out using the hollow- 
cathode discharge (HCD) method [6]. Upon reaching 
a 1.333 Pa vacuum, the plasma was generated by 
applying a 6007700 V d.c. voltage between the anode 
and cathode. The sample at the centre of two concen- 
tric cylinders (anode and cathode) was heated by 
electron bombardment and the hot plasma. The 
sample temperature was measured by an infrared 
pyrometer. Sintering was conducted in air plasmas at 
1200-1300 ~ which was the highest temperature at- 
tainable in the system. Two samples per composition 
were sintered with a hold time of 4 min at the peak 
temperature. 

2.2.3. Microwave sintering 
A 2.45 GHz microwave source was used for sintering. 
Each sample was individually sintered in low density 

ZrO2 insulation in air. Sample temperatures were 
measured using a fibre optic thermometer. Sintering 
was done at.1500-1600~ for 5 rain in air, 

2.3. Characterization 
Densities of sintered samples were measured, from at 
least two samples per group, using Archimedes' prin- 
ciple [!]' Scanning electron microscopy (SEM) was 
used for microstructural characterization. X-ray 
diffractometry (XRD) was utilized for phase deter- 
mination. Microhardness was measured on polished 
surfaces by the Vickers indentation method, using 
loads of 500 g for 15 s. Samples with dimensions of 
roughly 4 x 5 x 15-20 mm were prepared by a dia- 
mond saw. The indentation strength in bending (ISB) 
method [8] was used for fracture toughness evalu- 
ation. Indentation loads of 90 N were used to produce 
well-developed cracks. 

3. Results 
3.1. Sintering of MgO and MgO-IOTiC 
Consolidation behaviour was analysed by comparing 
the relative densities of each sample after completion 
of the sintering runs. Table I shows the final relative 
densities achieved by three different sintering meth- 
ods. Relative densities of plasma-sintered samples 
were very low due to the low sintering temperatures 
and relatively stow sintering kinetics of MgO I-4]. 
Although the bulk of plasma-sintered MgO had a low 
relative density, its exterior was sintered to quite high 
densities as suggested by the micrograph shown in 
Fig. 1. The average grain size was very small (1-2 gm), 
indicating that no grain growth occurred during 
plasma sintering. 

T A B L E I Fractional densities and mechanical properties of MgO and MgO-5TiC fabricated by various methods 

Fabrication method Material Theoretical H v K~c Kxc min/ Number 
density (GPa) (MPam 1/z) K~ max of samples ~ 
(%) 

Plasma sintering, MgOp 65.6 . . . .  
1300 ~ 4min, MgOp-10TiC 41.8 0.3 - - - 
vacuum MgO m 69.8 2.3 - - - 

MgOT~-10TiC 48.0 1.0 - - - 

Slip casting, MgOp 79.0 1.3 2.3 2.0/2.8 3 
conventional sintering, MgOp-10TiC 81.8 2.1 2.1 1.8/2.4 3 
1600~ 240 min, air MgO m 84.4 2.1 2.1 1.9/2.3 7 

MgOT6-10TiC 92.8 2.9 2.7 2.5/2:9 6 

Cold pressing, NtgOp 90.1 3.4 - - - 
conventional sintering, MgOp-10TiC 92.3 4.0 2.6 2.5/2.7 2 
1600 ~ 240 min, air MgOT~ 88.5 2.6 2.2 1,9/2.4 6 

MgOx~- 10TIC 94.6 4.0 2.9 2.8/3.0 4 

Cold pressing, MgOp 69.9 - - - 
conventional sintering, MgOp- 10TIC 8 6 . 9  . . . .  
1600 ~ 5 min, air MgOT~ 73.7 - - - 

MgOm-10TiC 9 3 . 1  . . . .  

Cold pressing, MgOp 77.6 1.5 1.2 1.0/1.4 4 
microwave sintering, MgOp-10TiC 71.8 2.3 - - - 
1500-1600 ~ MgOx~ 82.4 2.2 2.0 1.9/2.1 4 
5 min, air MgOT~-10TiC 77.3 3.2 1.7 - 1 

Number of samples used for K~c measurements. 
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Figure 1 SEM micrograph of MgOTG plasma sintered at 1300~ 
for 4 min under 1.333 Pa vacuum. 

Microwave sintering of MgO resulted in higher 
relative densities compared to those achieved by 
plasma or conventional sintering for the same hold 
times (4-5 min), as seen in Table I. However, lower 

densities were obtained compared to 4 h convention- 
ally sintered samples. The higher relative densities of 
5 min microwave-sintered MgO samples compared to 
5 min conventionally-sintered MgO showed the posit- 
ive effect of rapid heating or enhanced diffusion by 
microwaves [9]. Figs 2 and 3 show the microstruc- 
tures of microwave-sintered samples. Microwave-sin- 
tered MgOp exhibited fine grain size (mean diameter 
about 3 ~tm) and little porosity (Fig. 2a). The average 
grain size of microwave-sintered MgOT6 was larger 
than that of MgO~ (mean diameter about 7 ~tm), as 
shown in Fig. 3a. This difference probably stemmed 
from the higher sintering temperature used for these 
samples (1600 versus 1500 ~ used in the former case) 
and/or from liquid-phase sintering [1]. Also, signific- 
antly coarser grains were observed in the case of 
MgO-TiC composites compared to MgO alone (Figs 
2-6). This might have been due to the reaction of 
MgO and TiC resulting in Mg2TiO 4. X-ray analysis 
indicated that Mg2TiO4 formed during the sintering 
of all MgO-TiC composites, although the relative 
intensity of Mg2TiO 4 peaks were significantly lower in 
the case of plasma-sintered samples. It should be 
noted that relatively low temperatures (1200-1300 ~ 

Figure 2 SEM micrographs of(a) MgOp microwave sintered at 1500 ~ for 5 min in air and (b) MgOp-10TiC microwave sintered at 1600 ~ 
for 5 rain in air. 

Figure 3 SEM micrographs of (a) MgOT~ microwave s, intered at 1600 ~ for 5 min in air and (b) MgOTG-10TiC microwave sintered at 
1500~ for 5min in air. 
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Figure 4 SEM micrographs of (a) MgOTo and (b) MgOrG-10TiC pressed and conventionally sintered at 1600~ for 4 h in air. 

Figure 5 SEM micrographs of (a) MgOTG and (b) MgOTG-10TiC slip cast and conventionally sintered at 1600~ for 4 h in air. 

Figure 6 SEM micrographs of (a) MgOp and (b) MgOp-10TiC slip cast and conventionally sintered at 1600 ~ for 4 h in air. 

were used in plasma sintering, which may have been 
the cause of  suppressed reaction. The absence of oxy- 
gen might have decreased the reaction rates as well. 
Format ion  of Mg2TiO4 in sintered M g O - T i C  mix- 
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tures was observed as early as 1950 by Ueltz [10], 
a l though not  in 10 vol % TiC containing samples but  
at higher TiC fractions (30 vol %). In Ueltz's study, 
sintering was performed in a He atmosphere,  whereas 



in the present study, excluding plasma sintering ex- 
periments, sintering was performed in air. It is sus- 
pected, therefore, that high oxygen partial pressures 
accelerated the reaction of MgO with TiC, probably 
through an initial TiO 2 layer formation [10] 

TiO 2 + 2MgO ~ MgzTiO 4 

In the case of MgO-TiC composites, low bulk densit- 
ies were achieved by microwave heating. The reason 
for low densities was the internal porosity that lead to 
a spongy structure, indicative of a gaseous reaction, 
most likely the oxidation of TiC according to [11] 

TiC + 202 ~ TiO2 + CO2 

A similar microstructure was observed in convention- 
ally sintered MgO-50 vol % TiC composites due to 
severe'reaction of MgO with TiC. The exterior of 
microwave-sintered MgO-TiC samples sintered to 
much higher densities, probably due to easier exit of 
the gaseous reaction product. Similarly, convention- 
ally sintered MgO-10TiC composites did not exhibit 
such coarse-pored structures (Figs 4-6). This indic- 
ated that rapid heating of reactive MgO-TiC mixtures 
was disadvantageous due to the limited time of gas 
ejection to the exterior. 

The results illustrated in Table I showed that 
MgOT~ and MgOT~-10TiC samples were easier to 
sinter than MgOp and MgOp-10TiC samples. The 
reason for improved sinterability of MgOT~-based 
samples was probably a higher contribution of liquid- 
phase sintering to the overall densification, due to the 
presence of impurities such as SiO2, Fe20 3 and 
AlzO a. Liquid-phase sintering has previously been 
shown to improve the densification of MgO [12]. 

SEM micrographs of MgO and MgO-10TiC com- 
posites conventionally sintered for 4 h in air are shown 
in Figs 4-6. These micrographs exhibited that the 
addition of 10 vol % TiC to MgO decreased porosity 
while it led to grain coarsening. Comparison of the 
relative densities of conventionally sintered samples 
listed in Table I also indicated that MgO-10TiC 
composites attained higher relative densities than did 
monolithic MgO. This was a surprising result, since 
second-phase carbide particles are generally known to 
decrease the sinterability of a parent material, such as 
in the case of TiC, SiC or B4C particle-reinforced 
A1203 [13]. In fact, plasma sintering results of the 
present study also pointed out that TiC limited the 
sinterability of MgO when their mutual reaction was 
suppressed. Table I shows that the addition of 
10 vol % TiC limited the consolidation of MgO signi- 
ficantly in the case of plasma sintering. On the other 
hand, the fractional densities of conventionally sin- 
tered MgO-TiC composites were higher than those 
obtained in MgO alone, regardless of the green shap- 
ing method (dry-pressing or slip-casting) or purity 
(research grade or technical grade MgO), as shown in 
Table I. This result indicated that TiC or its reaction 
product (TiO2 or Mg2TiO4) acted as a sintering aid in 
MgO during slow sintering in air. Although not stres- 
sed throughout the author's paper, Uekz [10] also 
observed the positive effect of small TiC additions on 
sintering. Since the melting points of both TiO 2 and its 

interoxide compounds with MgO were all above 
1600~ [14], and since sintering was conducted at 
1600 ~ or below, liquid-phase sintering due to these 
phases did not seem to be the cause of improved 
sintering. Another study indicated that small amounts 
of TiO 2 addition improved the sintering kinetics of 
MgO considerably [15]. Thus the improved sintering 
rates could possibly be attributed to TiO 2 or Ti 4+ 
ions rather than TiC. 

Pressed samples reached higher fractional densities 
than slip-cast samples upon sintering (Table I). This 
difference was most likely due to the higher green 
densities of cold-pressed samples (30-35 versus 
20=25% TD). It is generally accepted that higher 
powder compact densities, led to higher sintered 
densities [16]. 

3.2. Mechanical  propert ies 
The mechanical properties of monolithic MgO and 
MgO-10TiC composites fabricated by various tech- 
niques are summarized in Table I. It can be observed 
that hardness improved with increasing relative dens- 
ities, as expected. For example, the hardness of MgOp 
increased from 1.3 to 3.4 GPa when its relative density 
increased from 79.0 to 90.1% TD by the application of 
cold-pressing instead of slip-casting. Similarly, the 
hardness of MgOp-10TiC increased from 2.1 to 4.0 
GPa with a density increase from 81.8 to 92.3% TD. 
The average hardness of MgOp increased from 3.4 to 
4.0 GPa and that of MgOx6. from 2.6 to 4.0 GPa 
with the addition of 10 vol % TiC. This increase may 
readily be explained by the improved fractional 
densities. 

The hardness of microwave-sintered MgOxo- 
10TIC was quite high when its relative density was 
taken into account. This discrepancy was due to the 
fact that the tabulated density came from the bulk 
sample, whereas the hardness was determined from 
the exterior region which was much less porous than 
the interior. 

The fracture toughness of MgO was raised by TiC 
additions in the case of conventionally sintered sam- 
ples. A useful number of samples from MgO-TiC 
composites could only be obtained in the case of these 
samples. The fracture toughness of slip-cast and sin- 
tered MgOp remained essentially constant but that of 
MgOxG increased slightly with TiC additions both in 
the case of slip-cast as well as pressed samples. 

An important observation from fracture surfaces 
(Figs 4-6) was the change in fracture modes. In the 
case of monolithic MgO, the fracture mode was pre- 
dominantly intergranular, as seen in Figs 4a, 5a and 
6a. On the other hand, in the case of MgO-TiC 
composites, a significant portion of fracture occurred 
in the transgranular mode, as suggested by faceted 
grains in Figs 4b, 5b and 6b. Even in composites with 
considerable porosity, this behaviour was evident. The 
change of the fracture mode from intergranular to 
transgranular may have been due to the increased 
grain size, as suggested elsewhere [17]. Also, the frac- 
ture toughness improvement may have been related to 
the change in the fracture mode or to grain growth 
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upon TiC additions, or both. Toughening upon grain 
growth is well documented in the case of A1203 [18]. 

4. Conclusions 
The following were found from the present study: 
1. TiC reacted with MgO under the sintering condi- 
tions employed, yielding Mg2TiO4. Gaseous reaction 
products induced large pores during microwave 
heating of MgO-10TiC, but not in the case of slow 
heating. Large amounts (50 vol %) of TiC additions 
led to severe reaction and large pore formation even in 
the case of conventional sintering. 
2. Plasma sintering of MgO at relatively low temper- 
atures (1300 ~ and short times (4 min) did not pro- 
duce satisfactory densification. 
3. Ten vol % TiC addition increased the sinterability 
of MgO during conventional sintering in air. In con- 
trast, it decreased the sinterability of MgO under 
vacuum (plasma sintering) where less reaction occur- 
red. Improved sintering could be linked to the exist- 
ence of TiO 2 during air sintering. 
4. Microwave sintering of MgO was shown to be 
possible by indirect microwave heating. Microwave 
sintering of MgO yielded higher fractional densities 
compared to conventional sintering under the same 
sintering conditions. 
5. The mechanical properties of MgO were improved 
by the addition of small amounts of TiC. 
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