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Microstructural developments in Mg-Ti-PSZ 
systems 
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The microstructure of titania-added Mg-partially-stabilized zirconia (PSZ) is dramatically 
influenced by thermal treatments. Effects of various sintering, heat-treatment and thermal 
shock cycling parameters on the microstructure of the Mg-Ti--PSZ system are described. 
Conditions favourable for the growth of needle-like Ti-rich reinforcements in highly thermal- 
shock-resistant Mg-Ti-PSZ ceramics are identified. TiO2 seems to play a catalytic role in the 
formation of Zr-rich networks during high-temperature (1700°C) sintering of the Mg-Ti-PSZ 
system, quite similar to those found in Mg-PSZ, heat-treated above 1300 °C. 

1. Introduct ion 
Among the various commonly known partially stabil- 
ized zirconia (PSZ), Mg-PSZ has attracted wide at- 
tention because of its tendency for microstructural 
adaptations, making it suitable for a variety of engin- 
eering applications. The sub-eutectoid decomposition 
of Mg-PSZ in the temperature range 800-1100°C, 
apart from imparting improvement in the thermo- 
mechanical properties [1, 2], has resulted in unusual 
microstructures. Degradation of material properties 
through "destabilization" occurring during the sub- 
eutectoid decomposition has long been a cause for con- 
cern in applications. Hannink and Garvie [1] report 
the occurrence of metastable intermediate compounds 
Mg2Zr5Ol2 (&phase) in Mg-PSZ, along with the 
development of fine tetragonal, monoclinic zirconia 
precipitates and MgO-rich regions responsible for 
enhanced thermal shock resistance. Farmer et al. [-2] 
describe the microstructure as consisting of decompo- 
sition products, mainly monoclinic ZrO2, forming a 
boundary phase around the cubic grains and the 
h-phase precipitates contained in the c-ZrO2 matrix. 
Heat treating Mg-PSZ above the eutectoid temper- 
ature (1300-1450 °C) has, on the other hand, resulted 
in microstructures consisting of many different pre- 
cipitate and phase formation sequences [3]. These 
consist of tetragonal and monoclinic zirconia pre- 
cipitates, invariably in lenticular shape; large, isolated 
or randomly oriented network shape; and/or second- 
ary/intermediate precipitate growth. 

Various sintering and heat-treatment schedules 
have been correlated with thermomechanical proper- 
ties by several workers to make Mg-PSZ suitable for 
industrial and engineering applications [4, 5]. 

An entirely different mechanism of destabilization 
and improvement in thermal-shock resistance has 
been reported [6, 7] employing TiO 2 additions to 
M~PSZ.  The improved thermal-shock resistance is 
attributed to the formation of needle-like Ti-rich whis- 

kers in Mg-Ti-PSZ ceramics during the up and down 
thermal shock cycling between 1150 and 25 °C (RT). 
The effects of heat treatment on the thermomechanical 
properties of these compositions have been reported 
elsewhere [8]. The microstructural features and pecu- 
liarities arising out of various sintering, heat-treat- 
ment and thermal shock-cycling schedules in the 
Mg-Ti-PSZ and Mg-PSZ systems are described. 

2. Experimental procedure 
2.1. Sample preparation 
Mg-PSZ material (Mlo) was prepared by wet ball 
milling ZrO 2 (Indian Rare Earths Ltd, Kerala; 
97.5% purity; average particle size, 2-3 ~m) and 
10 tool % MgO (Loba-Chemie Indo Austranal Co., 
Bombay; 98.5% purity; average particle size, 1-2 gm) 
in agate media. This was followed by oven drying, 
granulating with PVA and uniaxial pressing at 
400 kgcm -2 to form rectangular bars of 50x25 
x 8 mm. Addition of 4 and 6 mol % TiO2 (FERAK 
Laborat GMBH, Berlin; 99.9% purity; average par- 
ticle size, 1 2 gm) to the Mlo composition followed by 
the same processing techniques made the composi- 
tions in the Mg-Ti PSZ system (MloT 4 and MloT6). 
Two batches of these compositions were sintered at 
1500 and 1700 °C, respectively, in an electrical furnace 
for 4 h. The furnace was shut off at the end of 4 h 
soaking at the sintering temperature. 

2.2. Thermal shock  testing 
The up and down thermal-shock test consisted of 
introducing the sample into an electrical furnace 
maintained at 1150 °C, holding for 1 h and quenching 
in water at 25 °C (RT). 
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2.3. M i c r o s c o p y  
Microstructural and microchemical analyses were car- 
ried out by scanning electron microscope (SEM) and 
energy dispersive X-ray analysis (EDXA). 

Figure 1 SEM fractographs of samples sintered at 1500 °C for 4 h: 
(a) Mlo; (b) MloT4; (c) MloT 6. 

3. Results and discussion 
3.1. Specimens sintered at 1500°C 
3.1.1. SEM fractography 
Fractographs of M~o, M~oT 4 and MloT 6 specimens 
sintered at 1500°C for 4 h are shown in Fig. 1. Uni- 
formly distributed polyhedral grains form the salient 
features of both Mg-PSZ and Mg-Ti PSZ specimens. 
While the grain size of the Mlo composition (Fig. la) 
is about 3-6 gin, those of M~oT ~ and MloT 6 are 
about 2-3 lain (Fig. lb, c). Some of the pores with 
regular geometrical shapes can be attributed to grain 
pull-out in the fractured specimen. Furthermore, uni- 
form distribution of pores in an otherwise featureless 
microstructure is also seen. Titania, although a 
sintering aid, appears to act as a grain growth in- 
hibitor in Mg-PSZ, as seen in these micrographs. 

3. 1.2. Thermally quenched specimens--SEM 
fractography 

Fractographs of Mlo failed after 42 thermal-shock 
cycles, and MIoT4 and MloT 6 fractured (not failed) 
after 50 thermal-shock cycles, are presented in Fig. 2. 
Thermal shock treatment (Mlo, 42 cycles) seems to 
result in the development of inter- and intragranular 
crack networks. Apart from this, the treatment does 

Figure 2 SEM fractographs of sintered samples after thermal 
quench cycles between 1150 °C and water at 25 °C (RT). (a) Mlo (42 
cycles--F); (b) M loT 4 (50 cycles--NF); (c) M~oT 6 (50 cycles-NF); F, 
failed; NF, not failed. 
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not appear to have brought about any significant 
microstructural changes in the M10 composition (Fig. 
2a). In contrast, the MloT 4 (Fig. 2b) and MloT 6 (Fig. 
2c) thermal-shock-treated samples reveal interesting 
microstructural changes compared to the as-sintered 
specimens. Partial spherodization of grains and initia- 
tion of fibrous features on the grain surfaces are 
evident in the MloT 4 fractographs. A much higher 
degree of spherodization of grains and clusters of 
fibrous networks, apart from needle-like whiskers, are 
clearly seen in the MloT 6 fractograph. Fig. 2b 
(MloT4) represents the intermediate stage of develop- 
ment of microstructural features in the Mg-Ti-PSZ 
system. 

3. 1.3. Thermafly quenched specimens-- 
microchemical analysis 

Hannink [5] and others [2, 9] have reported the 
occurrence of decomposition of Mg PSZ containing 
8.1 and higher mol % MgO when heat-treated (aged 
and furnace cooled) in the sub-eutectoid temperature 
regime around 1100 °C. They report the occurrence of 
the classical form (m-ZrO2) of decomposition within 
the grain boundary regions around the c-ZrO2 matrix 
seen in optical micrographs. TEM analyses of the 
grain boundary precipitate are reported to consist of 
the following: 

(i) Polygonized regions of m-ZrO 2 ( ~ 2.5 pm) with 
m-subgrains ( ~ 0.1 pm); 

(ii) MgO pipes 0.1 gm thick and 1 ~tm long, forming 
the boundaries between the polygonized m- 
regions; 

(iii) Microcrack networks due to thermal expansion 
differences between various m-ZrO 2 orientations 
and extensive crack MgO pipe interaction. 

Spherodization of grains was not observed in any of 
the above cases. Spherodization, interwoven networks 
of fibrous features and growth of needle-like features 
under thermal shock are peculiar to Mg-Ti-PSZ 
compositions, and are not found in the Mg-PSZ 
system, pointing to the presence of TiO 2 as being 
responsible for these unusual features. However, in 
order to understand if these needle-like features and 
networks are similar to the sub-eutectoid decomposi- 
tion products [2, 5, 9], both as-sintered and thermally 
shocked specimens were further studied using quali- 
tative microchemical analysis techniques (EDXA) 
(Figs 3 and 4). From Fig. 3a, it is clear that as-sintered 
grains of Mlo consist of Zr and small amounts of Mg, 
while those of MloT~ (Fig. 3b) and MloT 6 (Fig. 3c) 
consist of Zr and small amounts of Ti and Mg. The 
microstructure and microchemical analysis of ther- 
mally shocked MloT 4 and MloT6 warrant more de- 
tailed discussion. 

From Fig. 2b, it is seen that MloT4, after having 
undergone 50 thermal quench cycles, consists of (a) 
partially spherodized and smooth grains; and (b) par- 
tially spherodized grains with fibrous features on the 
surface. From the EDX analysis of M loT 4 after 50 
thermal-quench cycles (Fig. 4a), it is seen that the 
smooth grains consist of Zr and small amounts of Mg 
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Figure 3 EDX analysis of grains in as sintered samples at 1500 °C 
for 4 h: (a) Mlo; (b) MloT4; (c) MloT 6. 

and Ti, similar to those of as-sintered grains (Fig. 3b). 
However, the microchemical area analysis of the 
grains with fibrous features (Fig. 4b) shows a different 
chemical constitution from that of smooth grains. 
These grains consist of predominant phases of Ti and 
Zr, and a small amount of Mg. The fractograph of 
MloT 6 after undergoing 50thermal shock cycles, 
shown in Fig. 2c, reveals the following features: (i) 
spherodized and smooth grains with chemical consti- 
tution similar to as sintered grains; (ii) spherodized 
grains with fibrous features on the surface consisting 
of Ti- and Zr-rich phases with a small amount of Mg; 
(iii) clusters of fibrous features forming a network and 
needle-like features ,,~ 10-12 lam long and 1-2 txm 
thick. 
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Figure 4 EDX analysis of grains in MloT 4 samples after thermal 
quench cycles (50 times between 1150°C and water at 25°C). 
(a) Normal grains; (b) grains with fibrous features. 

The network and needle-like features, however, con- 
sist of an entirely different chemical composition. 
These features consist of a phase rich in Ti, with small 
amounts of Zr and Mg (Fig. 5). Absence of visible 
MgO-rich regions in both SEM micrographs and 
microchemical EDX area analyses rules out the pos- 
sibility of the growth of MgO-rich pipe-like structures, 
beyond 1 lam or so, in the Mg-Ti-PSZ system during 
thermal-shock treatment. 
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Figure 5 EDX analysis of needle-network in MloT 6 samples after 
thermal-quench cycles (50 times between 1150°C and water at 
25 ~c) 

3.1.4. Ti-rich reinforcements--conditions for 
growth 

Our attention is now focused on the conditions of 
formation of Ti-rich interwoven network of fibrous 
and needle-like features which act as reinforcements 
[6] in the Mg-Ti-PSZ ceramic system. In order to 
understand the significant effects, if any, of temper- 
ature on the formation of these features, M10T 6 was 
thermally shocked and cycled between 1000 °C and 
water at 25 °C while maintaining the hold time of 1 h 
in between the cycles, similar to the previous ex- 
periments. The tests were stopped at the end of 50 
cycles. Based on reports of tests conducted as labora- 
tory experiments [11] it is understood that such ther- 
mal-shock-cycling tests are generally stopped after 
about 25 cycles, to classify a material as possessing 
good resistance to thermal shock. Further, the micro- 
structural development in PSZ systems similar to ours 
is known to occur by ageing or other heat treatment 
within 8 or 10h [1]. The thermal-shock treatment in 
the present work has been conducted for 50 long (1 h) 
cycles to ensure complete development of microstruc- 
tural features. Fig. 6 shows the fractograph of an 
M10T 6 specimen after having undergone 50 thermal 
quench cycles between 1000°C and water at 25 *C 
(RT). The absence of any visible changes from that of 
an as-sintered microstructure (Fig. lc) indicates that a 
temperature of 1000°C is not high enough to bring 
about the spherodization of the grains or formation of 
needle network features in this system while retaining 
the polyhedral grain shape. 

Figure 7 shows a fractograph of M 1 oT6 heat-treated 
(furnace hold 50 h and furnace cool) at 1150°C for 
50 h. A similar microstructure was observed when the 
M10T6 specimen was held at 1150°C for 50h and 
quenched in water at 25 °C (figure not given). Sphero- 
dization in the presence of only isolated network 
features and needles similar to those seen in Fig. 2c 
(50 1 h thermal quench cycles 1150-25 °C) suggests 
the necessity of thermal quenching for the growth of 
Ti-rich reinforcements associated with a high-temper- 
ature differential of > 1000°C, perhaps l l00°C. 
Thermal quench cycling between 1200°C and water 
has also resulted in the formation of similar needle- 
like features. 

10 ~rn 

Figure 6 SEM micrograph of fractured MloT 6 surface after 50 
thermal-quench cycles between 1000 °C and water at 25 °C. 
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Figure 7 SEM micrograph of fractured M loT6 surface after 50 h of 
continuous hold at 1150 °C and furnace cooling (heat treatment). 

Fig. 8 shows the fractograph of an MioT 6 specimen 
after having undergone 23 thermal-quench cycles be- 
tween 1150 and 25°C (RT). Initiation of network 
feature formation is seen. Such initiation was absent in 
samples having undergone about ten such thermal- 
quench cycles (not shown). This indicates the possibil- 
ity of a requirement of a minimum number of quench 
cycles for the growth of network features. This also 
suggests that these features are fully developed when 
the specimens are thermally quenched between 1150 
and 25 *C, 25 or more times. It may also be noted that 
these needle-network features are formed when the 
specimens are quenched from 1150 °C to either water 
or air at about 25 °C (RT). 

Experiments with MloT 4 and MioT 6 specimens 
employing short-duration thermal quench cycles 
(1150°C, 5 min and water quench at 25°C) did not 
reveal any fibrous features or whisker formations even 
after 100 short cycles. 

Thus the necessary conditions for the formation of 
Ti-rich reinforcements in the Mg-Ti -PSZ system are 
derived as (i) a minimum hold temperature 
( ~  l l00°C); (ii) a minimum hold time at the hold 
temperature; (iii) quenching between the hold temper- 
ature and RT; and (iv) a minimum number of such 
thermal quenches. 

treatment schedules in order to make the material 
suitable for a variety of industrial and engineering 
applications. They are generally sintered and solution 
treated in the range of 1700 1800°C followed by 
ageing either at ~ 1400 or about 1100 °C. 

The effect on microstructure of sintering Mg-PSZ 
(Mlo) and Mg-Ti -PSZ (MloT4 and MioT6) at 
1700 °C is seen in Fig. 9. Polyhedral grains of about 
20 lam with uniformly distributed porosity form the 
salient feature (Fig. 9a) of Mlo composition. Grain 
sizes of about 60 ~tm have been reported [5] for 
similar compositions sintered at 1750°C. It is to be 
noted that our compositions have not been solution 
annealed at any temperature in order to cater to grain 
growth or precipitation. 

3.2.2. Microchemical analysis of the 
needle-network 

The microstructure of as-sintered fractured specimen 
Mlo displaying smooth extended petal-like features is 
evidence for local plastic flow and the degree of ductile 

3.2. Specimens sintered at 1700°C 
3.2. 1. SEM fractography 
Commercially available Mg-PSZ ceramics are norm- 
ally processed by adopting careful sintering and heat- 

Figure8 SEM micrograph of fractured MioT 6 surface after 23 
thermal quench cycles between 1150°C and water at 25 °C (RT). 
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Figure 9 SEM micrograph of samples sintered at 1700°C for 4 h: 
(a) Mlo; (b) M1oT4; (c) MloT6. 



nature of fracture in the specimen (Fig. 9a). Such 
features were not observed in the specimens sintered 
at lower temperatures (compare Fig. la). In contrast, 
the fractographs of M10T 4 (Fig. 9b) and M10T 6 (Fig. 
%) specimens show more defined polyhedral grain 
features and also indicate a much lesser degree of 
ductile fracture. Comparing with the fractographs of 
these specimens sintered at 1500°C, we observe a 
certain extent of smudginess. Detail of this feature at 
higher magnification is presented in Fig. 10a, where 
the intergranular cracks are clearly visible. The indi- 
vidual grains or grain clusters are covered with a 
fabric of needle-networks which are referred to as 
smudgy features in Fig. 9c. This possibly forms the 
intergranular precipitate region. 

Microchemical area analysis of the network features 
in Fig. 10a reveal very clearly that the chemical com- 
position of the needle-network phase is very similar to 
the grains of MloT 6 sintered at 1500 °C, i.e. a Zr-rich 
phase with a small amount of Ti and Mg (Fig. 10b). 
The Ti-rich phase is seen to be absent in these mater- 
ials. 

Buykx and Swain [12] report the formation of 
similar microstructural networks or features in aged 
Mg PSZ, the temperatures for sintering and ageing 
being about 1800 and 1320-1400°C 8 h 1, respect- 
ively. These network features consisting of monoclinic 
precipitates have been attributed to overageing at 
temperatures above 1300 °C. Taking a clue from this, 
the formation of a Zr-rich network in MloT 6 sintered 

at 1700 °C may be ascribed to the TiO2 phase acting 
as a catalyst in overageing the monoclinic grains or 
precipitates during the process of sintering itself. The 
thermomechanical properties and microstructural fea- 
tures ef these ceramic compositions will be the subject 
of future reports. 

4. Conclusions 
The role of YiOz in the microstructural development 
of the Mg Ti-PSZ system may be summarized as 
follows. 

1. TiO2 additions generally inhibit grain growth dur- 
ing sintering. 

2. The formation of peculiar fibrous features on the 
sintered ZrO2 grains either during sintering or 
during a thermal quench treatment is attributable 
to the presence of TiO 2 in the system. 

3. The Ti-rich fibrous phase with small amount of Zr 
and Mg on the grains appears to precipitate and 
grow as separate whisker- or needle-networks in 
specimens sintered at 1500 °C on thermal quench 
cycling. 

4. Essential conditions for the formation of the Ti-rich 
whisker-reinforcement phase in specimens sintered 
at 1500 °C are found to be (i) hold at a temperature 
of 1100-1150°C; (ii) hold duration of ~ l h in 
between cycling; (iii) quench between the hold tem- 
perature and 25 °C (RT); and (iv) perform a min- 
imum number of thermal quenches. 

5. The presence of Ti appears to catalyse the forma- 
tion of Zr-rich needle-networks while sintering at 
1700 °C. 
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Figure lO (a) SEM micrograph of M loT  6 sintered at 1700°C, for 
4 h showing network features. (b) EDX analysis of the network 
features shown in (a). 
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