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Secondary phases in natural magnesite sintered
with addition of titania, ilmenite and zirconia
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The detail microstructures of sintered natural magnesite with addition of titania, zirconia
and ilmenite mineralisers were studied using scanning electron microscopy (SEM) with
special emphasis on energy dispersive X-ray analyses (EDXA). The study was directed
towards the determination of secondary phase composition in sintered magnesite with
different mineraliser addition. In order to evaluate the secondary phases with addition of
transition metal oxides, keeping titania (TiO,) as a reference mineraliser, a natural analog of
titania containing iron i.e., liImenite (Fe,O3-TiO;) and pure Zirconia (ZrO,) were added to
magnesite which was then sintered up to 1700°C. The relative behaviour of these pure and
mixed oxide mineralisers during the sintering of magnesite has been evaluated with
respect to their microstructure and secondary phase composition. The present paper
showed that titania addition to natural magnesites resulted in the formation of calcium
titanate in the secondary phase upon sintering. Zirconia, on the other hand, did not show
any reaction product in the secondary phase. The addition of titania in the form of mixed
oxide, ilmenite, also gave rise to calcium titanate formation, providing a similar
microstructure, specially with reference to spatial distribution of phases in the secondary
phase. © 1999 Kluwer Academic Publishers

1. Introduction pure and mixed oxide mineralisers during thesintering
In a previous paper [1], the microstructural character-of magnesite has been evaluated, and the microstruc-
istics of sintered natural Indian magnesites with titaniature and secondary phase compositions with reference
as amineraliser was reported. The study elucidated thao that containing titania is reported.
the addition of titania altered the secondary phase distri-
bution. That titania forms a crystalline reaction product .
with calcia impurity present in natural magnesite Wasz' Experlmental_procedure

2.1. Raw materials

based on coexistence of Ca and Ti in the intergranuIaA cryptocrystalline natural Indian magnesite from

region. This paper presents results that provide Conﬁr'SaIem (Tamil Nadu region, India) was used as the base
mation of formation of calcium titanate in sintered natu- '

ral magnesite with addition of titania is in directcontrastmaterial' Physical, chemical, petrographical and sin-
gnes ) L . tering characteristics of this magnesite were reported
to the earlier studies on magnesia sintering [2, 3].

?arlier [1, 9]. The three mineralisers used are listed be-

The evidence of calcium titanate as a reaction produclow_ Titania in anatase form, 99.9% pure, Q. mean
In titania added sm_tered magnesite alsc_> led to Stud'ef)’ar{icle size Zirconia, in mo’nociinic form’ 99.5% pure
with two other transition metal oxides which are knownf5 LM mean particle ’size limenite. in tet'ragc')nal form'

e e o s, T SAon S5 pure, mmean parte size afer vro-grnding
ture densification that appears to be proportional to thénatural mineral from Kishenganj, Bihar, India).

extent of solid solution and resulting vacancies [4-8].

In order to study the secondary phase due to transitio@.2. Sample preparation

metal oxides keeping titania as a reference mineraliseff he ilmenite was ground in a vibro-energy mill to the
anatural analog of titania containing iron, viz., ilmenite required fineness. The parent magnesite was mixed with
Fe,O3-TiO, and pure zirconia were added to magnesited.2 and 0.5% mineraliser with respect to the raw mag-
whichwas then sintered. The relative behaviour of thes@esite and pressed into pellets form (25 mm dia) at a
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specific pressure of 120 MPa. These pellets were fireg
in electrically heated furnace up to 170D and soaked
for one as well as two hours followed by natural cooling
in the furnace itself. Details of the sample are provided
elsewhere [9].

Thin and polished sections were characterised wit
the help of an optical microscope in reflected and tran
mitted modes. Back scattered electron images and el
mental mapping were used for microstructure analysig
In addition, an X-ray powder diffractometer utilising a
copper target with nickel filter was used for secondar
phase identification of the sintered magnesites. Cor - S — .
sidering such phase analysis of the sinter to be insulS472 " 3 T v, o
e . 20KV X3,3688 1@Mm WD 3

icient, a method was developed to leach out a major

portion of the magnesia (periclase) phase to reveal thegure 2 Backscattered electron image of S472 indicates 0.5 wt % tita-
secondary phases with greater clarity. Details of theniaadded Salem magnesite fired at 1700it shows unique neck growth
developed method are presented elsewhere [10]. Thand th_e isol_ated pockets of bright liquid phase confirming the presence
leach residue was subjected to powder X-ray diffrac-°f calclum titanate phase.
tion for phase identification.

tifies monticellite to be the major crystalline secondary
phase with minor amount of forsterite. The presence
f a hump in the diffraction pattern around°20 for
u-K, radiation indicates the presence of amorphous
hase (not shown in Fig. 1).

3. Results and discussion
The secondary phase microstructure in sintered natur
Indian magnesite with and without titania addition has

been discussed previously [1, 9]. The grain growth and"& : . o
phase distributio% Was n())/t[ed tl be dgepenglent on the Fi9- 2 depicts a backscattered image of titania added

thermal history and mineraliser content; however, thé’nagnesr[e showing typical neck growth nature of mag-

secondary phases present were not totally evaluateElESia refractory fwithinhthe liquid phase. 'Lhe quu;d
The typical powder pattern of a magnesite sample sinPaS€ CONSISts oftwo phases; one Is grey phase and an-

tered at 1650C for 1 h is shown irFig. 1 as SO61. The other is bright phase indicating coexistence of two types
major phase evident is periclase with small quammesof.secon(_jary _phases. Titania addmo_n fo this magnesite
of monticellite (CaMgSiQ) and much lesser amount Prior to sintering leads to the formation of cglmum ti-
forsterite (M@SiO,). Clear identification of the sec- }anatg ?13 one;lof thg scié:;gda}%phases. T?'S was con-
ondary phase is difficult. The diffraction pattern of the fifmed through powder of the extract of a magne-

residue obtained upon extraction of a major portion 0fsite sample with 0.5% titania with respect to the original

MgO phase shown as SO061E in Fig. 1, positivel iden_magnes'ite,.sintered to 1650 Wit.h 1h SO?k’ marked as
gop g- P y S461E in Fig. 1. In addition, an interesting sequence of

crystalline secondary phases was observed comparedto
the parent S061 with no titania. The monticellite con-
tent reduced with direct formation of calcium titanate
and forsterite as evident in Fig. 1.
cT A digitised elemental map of the triple grain junction
F £ ina 0.5 wt % titania sample sintered at 1 7@with 2 h
¢ ofif o soak is shown in Fig. 3. The map shows a portion of the
0 WW} % o junction to be composed of Ca and Ti, while another to
SO6IE be Mg and Si. The later combination is also supported
from the XRD pattern of the leached residue (Fig. 1)
which shows the presence of crystalline magnesium sil-
0 © icate. Magnesium and Ti are mutually exclusive. Thus,
there are two typical regions within the same triple grain
junction. These results and the finding of XRD leads to
the conclusion that the presence of titania causes the
formation of a reactive liquid that operates during the

W sintering process in titania aided sintering of natural

INTENSITY

o
o

magnesite. The possible reaction in progress is as fol-
lows:

L i
50 40 30 20
20, degrees

2CaMgsSi TiO2 — 2MgO:-Si CaTi
Figure 1 XRD pattern of sintered Salem magnesite. S061 represents the 9 Q T 2 9 Oz + O

original; SO61E is the pattern after a portion of MgO has been extracted + CaSiQy 1)
from the original; S461E is the 0.5 wt % titania added magnesite after

MgO extraction. MgO extraction reveals crystalline secondary phases . . . . .
and presence of calcium titanate Omonticellite, CT= Calcium ti- | € magnesium silicate and calcium titanate reaction

tanate, F= forsterite, M= magnesia. products are evident in the XRD, with amorphous
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MgO and TiQ react [11] to form MgTiQ which, in
the presence of calcia, forms stable Cagand MgO.
The effect of this mechanism depends largely on the
amount of the liquid phase. When the amount of liquid
is smallin relation to the grain boundary and the poros-
ity is still preferentially situated at the multiple grain
junction, it may control the grain growth behaviour by
influencing the impeding factors. However, when the
amount of liquid secondary phase is relatively large so
that all the grains are completely enveloped, Ostwald
Ripening would govern the grain growth behaviour. Be-
sides, if there is a size difference between particles,
grain growth occurs by Ostwald Ripening during liquid
phase sintering by decreasing the solid-liquid interface
area [9]. Then pore-drag or precipitate drag would no
longer play a role in grain growth. Only impurity drag
Figure 3 EDXA_digitaI e_lemental image in 0.5% t_itania add_ed ;intered being govemed by diffusion within the crystal lattice
Salgm magnesite showing the existence of calcium and titanium at th%an remain in a modified state [13].
grain boundary. When ilmenite, which is a mixed oxide of Tigand
Fe0O3 was added to natural magnesite, it was antic-
ipated that both cations, viz. Fe and Ti, would con-
tribute to the sintering of magnesite. A large amount
of secondary liquid phase was found to be distributed
uniformly forming a silicate coating throughout the ma-
trix and periclase grains in the 0.2 wt % ilmenite added
Salem magnesite compacts. Itis interesting to note that
the titanate phase extends from one grain to another. As
in the case of pure titania mineraliser, a channel con-
taining Mg was also formed within the triple junction
region in case of ilmenite as seenin Fig. 5. Two types of
secondary phases, one titania rich and the other silica
rich were generally identified in the EDXA digitised
maps of the sample shown in Fig. 6. The Ti was again
b Wi . i - associated with Ca indicating presence of CaTild-
MEMTAFC=R-1: 1 terestingly, Ti and Si were mutually exclusive though
Ca was found to coexist with both.

The addition of ZrQ to natural magnesite indicated
yet another type of behaviour. The back scattered elec-
S __tronimage in Fig. 7a of a sample of 0.5 wt % zirconia
glassy phase. The eIen”_nen.taI dls_trlbut!on in the titanigyearing magnesite sintered at 1680with 4 h soak
added sintered magnesite is depicted in Fig. 4. The alshows the angular grain shape and distribution of sec-
thors postulate that the addition of titania to magnesit%ndary phase in the triple grain junction region and in

results in the formation of reactive liquid that promotestne grain boundary. A magnified image of triple grain
sintering and grain growth in natural Indian magne-

site. It is possible that the monticellite reaction given
in Equation 1 in the grain boundary provides a fast dif-
fusion path for Mg, thus enhancing densification and
grain growth. No evidence of a precursor Mg-Ti phase
was observed as in the case of studies by Cetsal.

[11]. The additive ion Ti® and Tit* in the magne-
site grain interfaces can substitute gons and form
cation vacancies resulting in solid solution at the grain
boundaries. Titanium is generally strongly attracted tc
the oxide interface and concentrates there because of i
high chemical reactivity with oxygen [4]. Itis suggested
that the presence of titania in the interstitial matrix in-
creases the flux, giving rise to a transport mechanisn
of Flux Growth [12] represented by dissolution from S1564 B
one grain, diffusion through the liquid secondary phase
and epitaxial growth on the other grain. In this case

.Figure 5 Backscattered electron image of SI564 indicates 0.5% ilmenite

the sintering and grain grOWth may have been Intens‘lédded Salem magnesite, fired at 1860for 4 h. Two secondary phases

fied dU(.-:‘ to the presence of a liquid phase in the systefere found. Light phase (2) is secondary silicate (forsterite) phase and
MgO-TiOs. bright phase (1) is the calcium titanate phase.

Figure 4 Elemental distribution of titania added sintered magnesite.
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Figure 6 Coexistence of calcium and titanium at the grain boundary of
sintered Salem magnesite with 0.5% ilmenite; EDXA digitised image. Figyre g Digital image of zirconia added sintered magnesite showing

isolation of zirconia phase in the grain boundary while other elements
coexist with each other.

INTENSITY

‘ . o 50 40 30 20
Figure 7 Secondary and backscattered electron images of SZ564 indi- 20, degrees

cates 0.5% zirconia added Salem magnesite fired at A6506r 4 h:
(a) Showing the distribution of secondary phases in triple grain junc-Figure 9 XRD powder patterns of sintered Salem magnesites with zir-
tions; (b) an illustration of the dynamic state of Zr@xsolution (1) in  conia (marked SZ) and ilmenite addition (SI) showing zirconia phase in
“suspended animation”. the former, and calcium titanate and magnesioferrite phases in the latter.

O = monticellite, CT= Calcium titanate, & forsterite, M= magnesia,

Z = zirconia, MF= magnesioferrite. The sample (SO) does not contain
region is shown in Fig. 7b. the bright circular and oblateany zirconia.
regions are zirconia. The rounded nature of these pre-
cipitates is typical of zirconia precipitation in compos- X-ray powder diffraction of ilmenite and zirconia
ites such as alumina-zirconia ceramics [13]. The figureadded sintered magnesia sample is shown in Fig. 9 as
also describes the Zgegions in the process of coa- Sl and SZ. The powder XRD pattern of ilmenite bear-
lescence. It is proposed that ZrPrecipitates not only  ing sintered magnesite reproduced as Sl in Fig. 9 shows
intensified the secondary liquid formation, but also pro-the presence of forsterite, monticellite, calcium titanate
moted diffusion through the limited liquid within the and magnesioferrite as the major crystalline secondary
system. The circular and oblate precipitates of ZrO phases together with amorphous phase. Thus, the sin-
suggests mass transportation during liquid phase sirtering mechanism inilmenite bearing samples is similar
tering through solution precipitation route, possibly byto the titania based samples, with some enhanced sur-
forming solid solution with the parent material, and face diffusion due to the presence of Fe which reacts to
promoting sintering through vacancy creation. This fig-form magnesioferrite. Similarly when zirconia added
ure illustrates the dynamic state of Zr@xsolution in  sample is compared with SO, which contains no ZrO
“suspended animation” and it remains as isolated,ZrOit is clear that ZrQ is present as cubic zirconia in the
phase as shown in Fig. 8 digitised image. Segregatioformer sample. Under equilibrium condition the binary
of the liquid may have given rise to more direct bond-system MgO-Zr@ shows the co-existence of cubic zir-
ing observed in these magnesites after sintering, butonia up to 2070C [14]. The present sample was fired
segregation also led to the loosened texture observedat 1700°C for 2 h where c-ZrQ@is seen to be present.
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