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ABSTRACT During firing, as well as operation, various chemical transformations occur in composite materials, which are
accompanied by volumetric changes that affect the physical, mechanical and operational characteristics of refractories. The paper
analyses the volumetric changes of composite materials based on the MgO — Al,O; — FeO — TiO, system during phase formation in
different temperature ranges. It was found that various volumetric changes occur in composite materials during temperature
changes. Sgnificant volumetric changes occur during the formation of spinels of different compositions. Also, when working with
materials that include tialite, significant volumetric changes should be taken into account. That is, to obtain a material of a certain
composition, it is necessary to take into account not only phase transitions and possible solid-phase reactions, but also volumetric
changes that occur in this case. The phase transformations that occur during firing and operation of periclase spinel refractories,
which in turn depends on the type and amount of raw materials, are considered in more detail. During operation, phase
transformations in a material become more complex due to the influence of mechanical loads, thermal fluctuations, chemical
reactions and microstructural changes. Constant heating and cooling change the phase equilibrium, causing the formation of new
structures or the degradation of existing ones. Diffusion processes, corrosion and oxidation can change the chemical composition of
the material, and recrystallization, grain growth and the separation of secondary phases affect its mechanical properties, which
makes it difficult to predict the behaviour of the material. Thus, in order to obtain a material of a certain composition and predict its
behaviour during operation, it is necessary to take into account not only phase transitions and possible solid-phase reactions, but
also the volume changes that occur in this case

Keywords: volume changes; phase formation; solid-state reactions; periclase; corundum; vuestite; anatase; rutile
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CUCTEMMU MgO - Al,03-FeO - TiO, I YAC ®PA30YTBOPEHHSI
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Kagedpa oxoporu npayi ma 6e3nexu HeummeoisnbHocmi, XapKiécoKuil HAYIOHATLHUL YHIBepcUumem MicbK02o 20CH00apcmed imeHi
O.M. bexemosa, m. Xapxis, VKPAIHA

AHOTALIA I1i0 uac eunamy ma eKCHaAyamayii KOMRO3UYIUHI Mamepiany 3a3HAiOmb DISHOMAHIMHUX XIMIYHUX 3MIH, WO
CYNPOBOONCYIOMBCA 3MIHOIO 00 €EMY, WO 6NIUBAE HA QI3UUHI, MEXAHIYHI MA eKCHIYAmayitiHi 1acmueocmi 6ozHempusgie. ¥ pobomi
NPOaHANi308aH0 00 €EMHI 3MIHU KOMRO3UYIHUX Mamepianié Ha ocrogi cucmemu MgO — Al,O; — FeO — TiO, nio uac ¢azoymeopenns 6
Pi3HUX dianasoHax memnepamyp. Bcmanogneno, wjo npu 3miHi memnepamypu KOMNRO3UMu 3a3Hailomy PisHOMAaHimuux 3min 06 'emy. Ilpu
hopmyeanni wnineneti pisnozo cknady i06ysaromuvcs 3HAUHI 3MiHU 00 'emy. Kpim mozo, npu pobomi 3 mamepianramu, wo Micmsamy
mianim, cuio eépaxosyeamu 3HauHi 3miHu 00 'emy. Tobmo, wob ompumamu Mmamepian ne6Ho20 CKIA0y, HeOOXIOHO 8paxoeyeami He
MInbKY  PA306I 3MIHU MaA MOJICIUG] MeepooghaszHi peakyii, ane il OOHOYACHI 3MiHu 00 °emy. [emanvHiwe posensnymo ¢azoei
nepemeopeHHs, Wo 6i00yealomsvCs 6 NEPUKIAZOUINIHENLHUX BOCHEMPUBAX NIO YAC BUNATY MA eKCHLYamayii, AKi 8 c010 Yepay 3anedxicamy
610 6UOY Ma KLIbKOCMI 8UXIOHOI cuposunu Onsi ix eupobHuymea. I1io yac excniyamayii gpazosi nepexoou 6 mamepianax cmaroms Oinbiu
CKAAOHUMU Hepe3 6NAUE MEXAHIYHO20 HABAHMAICEHHS, MEN0BUX KOJIUBAHb, XIMIUHUX pearyiu i MiKpocmpykmypHux 3min. Tpueane
HASPIBAHHA MA OXONOONCEHHS. MOJCe 3MIHUMU DigHosazy (as, wjo npuzso0ums 00 YMEOPeHHs HOUX cmpykmyp abo Oespadayii
icuytouux cmpykmyp. Ilpoyecu ougysii, Kopo3sis ma OKUCHEHHs 3MIHIOIOMb XIMIYHUL CKIA0 Mamepiany, a pekpucmanizayis, picm 3epHa
ma po3oinents 6mopuntoi Pasu enIuUearoms Ha U020 MexaniuHi e1aAcCMUBOCH, WO YCKIAOHIOE NPOSHO3Y8AHHS NOBEOIHKU Mamepiay.
Tomy Ons ompumanusa mamepiany neeHo20 CKiady ma nPoeHO3Y8anHs 1020 NOBeOiHKU N0 Yac eKxcniyamayii HeoOXiOHo 8paxogyeamu He
e pazosi 3MiHU Mma MOXHCIUGE meepooPasHi peaxyii, a ti 06 eMHI 3MIHU, WO BI00Y8AIOMbCS

Knrouogi cnosa: 06 ’emui 3minu; ghazoymeopenns; meepoodasui peaxyii; nepukias, KOpyHo; 6IOCMUm,; aHamas, pymu

Introduction The four-component system MgO — Al,O; — FeO -

TiO, includes spinels of various compositions,

During firing and operation, various chemical magnesium titanates and iron titanates. Particular
transformations occur in composite materials, which are  gtention in this system is paid to spinel phases: MgAl,O,
accompanied by volumetric changes that affect their  (magnesium-alumino spindl), FeAlL,O, (hercynite),
physical, mechanical, and operational characteristics. Fe,TiO, (ulvospinel), Mg,TiO, (quandilite), since the
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introduction of synthesized spinel into the composition of
the charge or the synthesis of spinel during firing or
operation improves the thermal and physica and
mechanical properties of composite materials [1-4].
Microcracks form around the spinel as the material cools,
which  dampen stresses and prevent  crack
propagation during therma shocks, which alows such
compositions to be used a elevated operating
temperatures [5,6].

In the MgO — Al,O; — TiO, — FeO system, it is
possible to predict the compositions of composite
materials taking into account periclase or corundum with
different combinations of spinels. These materials will
have high heat resistance and specified performance
characteristics. In the reference literature and scientific
articles, no information was found on the structure of the
four-component phase diagram of the MgO — Al,Oz —
FeO — TiO, system; partia elements of its structure are
given only as part of multicomponent systems [7,8]. Only
Berezhnoy A.S. in his work [9], in accordance with
thermodynamic considerations, accepted that MgAl,O,
coexists with iron oxide titanates, and FeAl,O,
does not coexist with magnesium titanates. In
fact, MgO and FeO are distributed between
continuous rows of solid spinels, ilmenites, and
pseudobrookites.  The  conditional  tetrahedration
of the system is presented in Fig. 1. Solid solutions
in this system occupy exceptionally large concentration
regions.

Fig. 1 - Conditional elementary tetrahedra of the system
MgO — AI203 —FeO - T|02 [9]

The authors [10-12] conducted a thermodynamic
analysis of the MgO — Al,O; — FeO — TiO, system and
found that phase changes in this system occur in six
temperature intervals (fig. 2): | — 800 — 1141 K, 1l — 1141
— 1413 K, Il — 1413 - 1537 K, IV — 1537 - 1630 K, V —
1630 - 2076 K, VI — above 2076 K.

Pur pose of work

The purpose of the work is to analyse the
volumetric changes of composite materials based on the
MgO — Al,O; — FeO — TiO, system during phase
formation in different temperature ranges.

e
Fig. 2 — Subsolidus structure of the MgO — Al,Os; — FeO —
TiO, system in the temperature range:

a-800- 1141 K, b—1141- 1413 K, c— 1413 - 1537 K,
d- 1537 - 1630 K, e— 1630 - 2076 K [11]
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— Al,O; — FeO - TiO, system, was carried out, the data
for the calculation are givenin Table 1.

Presentation of the main material

An analysis of volumetric changes, according to
the method [9], occurring in materials based on the MgO

Table 1 — Unit cell parameters of the phases of the MgO — Al,O; — FeO — TiO, system [9]

No Phase Unit cell parameters
a, A bo, A Co, A Vo, A3 Vu, cm*/mol
1 MgO (periclase) 4211 - - 74.7 11.26
2 Al,03 (corundum) 4.753 - 12.991 254.8 25.55
3 FeO (vuestite) 4.307 - - 79.9 12.06
4 TiO, (anatase) 3.785 - 9.514 136.3 19.73
5 TiO, (rutile) 4,593 - 2.959 62.4 18.98
6 | MOAIO. (magnesium- 8.086 - - 528.7 30,59
aumino spinel)
7 B-Al,TiOs (tialite) 3.557 9.436 9.648 323.8 49.02
8 FeAl,O, (hercynite) 8.119 - - 535.2 39.59
9 Fe, TiO, (ulvospinel) 8.517 - - 617.8 46.38
10 FeTiO;s (ilmenite) 5.09 - 14.07 315.3 31.58
11 | FeTi,Os (pseudobrookite) 9.798 10.041 3.741 368.0 54.89
12 MgTi,Os (karroite) 3.62 9.69 9.58 336.0 55.13
13 MgTiOs (haekelite) 5.086 - 14.093 315.3 31.39
14 Mg, TiO, (quandilite) 8.41 - - 594.8 45.47
15 Fe,O; (hematite) 5.025 - 13.735 300.0 30.47

First of all, we determine the volume changes
during the formation of two-component oxide compounds
of the system (volume changes are indicated in
parentheses):

1) MgO + A|203 - MgA|204 (+14600 %),

2) FeO + A|203 —> FeA|204 (+12579 0/0),

3) MgO + TiO, (anatase) —» MgTiOs (+1.274 %),

4) MgO + 2TiO, (anatase) — MTi,0s (+7.999 %),

5) 2MgO + TiO, (anatase) — Mg, TiO, (+7.082 %),

6) FeO + TiO, (anatase) — FeTiO; (-0.665 %),

7) 2FeO + TiO, (anatase) —» Fe, TiO, (+3.126 %),

8) 8931373 K:

TiO, (anatase) — TiO; (rutile) (-3.952),

9) FeO + 2TiO, (rutile) —» (1413 K) FeTi,Os (+8.872 %),
10) AL,O; + TiO, (rutile) — (1537 K) Al,TiOs (+9.160 %).

Ulvospinel disproportionates at a temperature of
773-973K:

11) Fe, TiO4 — FeO + FeTiO3 (-6.279 %).

Tialite disproportionates below 1537 K:

The following calculations of volume changes of
reactions in the system MgO — Al,O; — FeO — TiO, for
the reactions:
13)upto 1115 K:

2M gT|O3 + Fe2T|O4 - MggT|O4 + 2FeT|03 (+O487 %),
13.1) above 1115K:

2M(gTiO; + Fe;TiO, —> Mg, TiO4 + 2FeTiO3 (-0.488 %),
14) 2MgO + Fe;TiO4 — M@, TiO, + 2FeO (+0.990),

15) upto 1141 K:

FeO + MgAIl,O, — MgO + FeAl,04 (-1.573 %),

15.1) above 1141 K:

FeO + MgAIl,O, — MgO + FeAl,04 (+1.529 %),

16) FeAl, O, + TiO, (anatase) — Al,Os + FeTiO; (-3.833 %),
17) Fe,TiO4 + Al,O3 — FeTiO3 + FeAl O, (-1.068 %),
18) up to 1400 K:

MgAI,O, + 2TiO, (anaase) — MgTi,0s + Al,O5 (+2.020 %),
18.1) above 1400 K:

MgAI0, + 2TiO, (anatase) — MgTi,Os + Al,O3 (-2.062 %),
19) up to 1400 K:

MgAI,O, + TiO, (anatase) — MgTiOs + Al,O3 (-4.180 %),
19.1) above 1400 K:

MgAIl,0, + TiO, (anatase) — MTiOs + Al,O5 (+4.012 %),
20) Al,03 + M@, TiO; — MgAILO, + MgTiOs (-0.056 %),
21) 2MgAlLO, + F&;TiO, — M@,TiO, + 2FeAlL0, (-0.730 %),
22) MgAl,0,4 + FeTiO3; — FeAl,O, + MgTiOs (-0.268 %),
23) above 1413 K:

MgTiO3 + FeTi,05 — MgTi,0s + FeTiO5 (+0.495 %),
24) Al,03 + FeTiOz; — FeAl,O4 + TiO, (rutile) (+2.459 %),
25) 2A1,05 + Fe;TiO; — 2FeAlL 04 + TiO, (rutile) (+0.693 %),
26) above 1413 K:

Al,O3 + FeTi,05 — FeAlLO4 + 2TiO;, (rutile) (-3.727 %),
27) 1413-1630 K:

Al,O3 + 2F€TiO; — FeAl,0,4 + FeTi,0s (+6.107 %),
27.1) above 1630 K:

Al,O3 + 2F€TiO; — FeAl,0,4 + FeTi,0s (-6.504 %),

28) above 1413 K:

MgAI,04 + FeTi,05 — FeAl,O4 + MgTi,0s (+0.253 %),
29) above 1537 K:
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MgAIL,0, + 2TiO, (rutile) — MgTiOs + AL, TiOs (+3557 %),
30) above 1537 K:

MgA|204 + A|2T|O5 —> 2A|203 + MgT|03 ('7455 0/0),

31) above 1537 K:

Al,Oz + MgT|205 — AlLTiOs + MgT|03 ('0336 %),

32) above 1537 K: 6MgALO, + 13TiO, (rutile) —>
MgT1205 + 6A12TIO5 + 5MgT103 (+4330 %),

33) above 1537 K: 2AL,TiOs + Mg2T104 + MgA1204 -
3A1,05 + 3MgTiO; (-7.189 %),

34) above 1537 K: AlL,TiOs + MgT1205 + 2MgA1204 -
3A1,05 + 3MgTiO; (-7.323 %),

35) above 1537 K:

Al;TiOs + FeTi,05 — FeALO, + 3TiO, (rutile) (-7.640%),

36) above 1537 K:

A|2T|O5 + FeT|O3 - FeA|204 + 2T|Og (rutlle) (-3933 %),
37) above 1537 K:

2A|2T|05 + FezT|O4 —> 2F6A|204 + 3T|02 (rutlle) (-6098 %)

According to the calculations, various volumetric
changes occur in the MgO — Al:Os — FeO — TiO: system
when the temperature increases. Significant changes are
observed during the formation of spinels of different
compositions (reactions 1, 2, 5). Also, when working with
materials containing tialite, one should take into account
significant volumetric changes in phase formation
(reactions 29-37). Therefore, to obtain a material of a
given composition, it is necessary to take into account not
only phase transitions and possible solid-phase reactions,
but also the accompanying volume changes.

Discussion of results

Let us consider in more detall the phase
transformations that occur during the firing and operation
of periclase spinel refractories, which in turn depends on
the type and quantity of raw materials.

During the firing of refractory to a temperature of
1600 °C, the following transformations may occur in the
material:

- free Al,O3; and periclase MgO react to form
magnesium-alumina spinel and increase the volume by
14.6 % (reaction 1), which contributes to the densification
of the refractory structure, but the amount of spinel
formed leads to uncontrolled loosening of the structure
and, as a result, to a decrease in the strength of the
product. Thus, the content of free Al,O3; should be clearly
regulated;

- if the composition includes free FeO, then the
formation of hercynite is possible by reaction 2 with an
increase in volume by 12.6%. The combination of
magnesium-alumina  spinel and hercynite in the
composition of the charge contributes to the intensive
formation of a uniform web-like microporous structure,
but the number of spinelsformed is clearly regulated;

- the formation of ulvospinel and quandilite is also
possible, which also occurs with a dight increase in
volume (reactions 5 and 7);

- if the composition of the charge contains free
TiO, in the polymorphic modification of anatase, then the

phase transition according to reaction 8, which occurs
with a decrease in volume, should be taken into account;

- various other phase transformations are possible
according to reactions 13 — 28, which occur with minor
changesin volume.

During operation, phase transformations in the
material become more complex. During operation,
intensive oxidation of spinel grains occurs, followed by
its possible decomposition into its original components
with a decrease in volume:

38) MgAl,0, — MgO + Al,O; (-7.552 %),
39) FeAl204 — FeO + Al,O; (-5.265 %).

Free FeO is oxidized with a significant increase in
volume:

40) 4FeO + 30, > 2Fe,0, (+20.840 %),

and accompanied by the destruction of the integrity of the
meateria structure.

To prevent intensive oxidation of spinels, alloying
additives (for example, titanium-containing additives) are
introduced into the charge, which protect spinel crystals
from oxidation and contribute to the densification of the
synthesized spinel.

An important condition for reliable operation of
periclase spind lining is the formation of a protective
layer — a garnish (coating) at the contact of the refractory
with cement clinker, which prevents the penetration of the
melt from the clinker into it and the destruction of the
lining.

Solid solutions based on spinel during the
operation of periclase-spinel refractories in cement kilns
are partially disproportionates to the original components
and react with the components of cement clinker with the
formation of a protective layer (garnish) on the surface of
the refractories):

41) 4Ca0 + A|203 + 2FeO + 1/202 = 4Ca0-Al,03-Fe,04
(brownmillerite) (+9.674 %),

42) 2Ca0 + FeO + 1/20, = 2Ca0O-Fe,0O3 (dicalcium
ferrite) (+33.470 %).

During sudden cooling, volumetric changes in the
material are inhibited for kinetic reasons ("frozen"
structure, which remains at normal temperature amost the
same as at high temperatures), so they can be ignored.

During slow cooling (including during emergency
stops of the rotary kiln), volumetric changes occurring in
the material must be taken into account:

43) 2MgO + Fe,TiO, < Mg,TiO, + 2FeO (-1.001 %),

44) FAlLO, + TiO, (anatass) < AlL,Os + FeTiO; (+3.692 %),
45) Fe,TiO, + AlLO; < FETiO; + FeAl,0, (+1.057 %),
46) AlLO; + M@, TiO, < MgAI,O, + MgTiOj (+0.056 %),
47) 2MgA 1,0, + FeTiO, < Mg,TiO, + 2FeAlL,0, (+0.725 %),
48) MgAl,0, + FETiO; < FeAl,O, + MgTiO; (+0.267 %),
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49) MgTiO; + FeTi,0s < (41413 K) MgTi,Os + FeTiO;
(-0.498 %), below 1413 K FeTi,Os disproportionates:
FeTi,0s — FeO + 2TiO, (-6.514 %),

50) Al,O; + FETiO5 < FeAl, 0, + TiO, (rutile) (-2.521 %),
51) 2AL,0; + FesTiO, < 2FeAl, 0, + TiO, (rutile) (-0.698 %),
52) Al,O; + FeTi,0s « (V1413 K) FeALO, + 2TiO,
(rutile) (+3.593 %), below 1413 K FeTi,Os
disproportionates,

53) Al,O; + 2FeTiO; « (1413 — 1630 K) FeAlL,O, +
FeTi205 (-6504 %),

54) MgAl,O, + FeTi,0s « (Y1413 K) FeAl,O, +
MgT|205 ('0254 %), below 1413 K FeTi,Og
disproportionates,

55) MgAl,O, + 2TiO, (rutile) « (1537 K) MgTiO; +
Al,TiOs (-3.688 %),

56) MgAl,O, + Al,TiOs « (¥1537 K) 2A1,05 + MgTiOs
(+6.938), tiaite disproportionates below 1537 K:
A|2T|O5 —> A|203 + T|Og (rutlle) (-10083 %),

57) AlLO; + MdTiOs < (41537 K) ALTiOs + MgTiO;
(+0.335 %)),

58) 6MgAl,04 + 13TiO, (rutile) « (¥1537 K) MgTi,0s +
59) 2ALTiOs + Mg, TiO, + MgALO, « (11537 K)
3A1,05 + 3MgTiO3 (+7.188 %), tidite disproportionates
below 1537 K,

60) ALTiOs + MgTi,Os + 2MgALO, « ($1537 K)
3Al1,0; + 3MgTiO; (+6.824 %), tidite disproportionates
below 1537 K,

61) Al,TiOs + FeTi,Os « (1537 K) FeALO, + 3TiO,
(rutile) (+7.102 %), tidite disproportionates below 1537 K,
62) Al,TiOs + FeTiO; (rutile) « (I 1537 K) FeALO, +
2TiO, (+3.784 %), tidite disproportionates below 1537 K,
63) 2Al,TiOs + Fe,TiO, « (¥ 1537 K) 2FeAl, O, + 3TiO,
(rutile) (+5.747 %), tialite disproportionates below 1537 K.

Conclusions

The volume changes that occur during firing and
operation of materials based on the MgO — Al,O3 — FeO —
TiO, system have been calculated. These changes must
be taken into account when selecting the phase
composition of a specific material depending on the
temperature conditions and the type of working gas
environment. It was found that significant volume
changes occur during the formation of spinels of different
compositions. When using materials containing tialite,
significant volume changes during phase formation must
be taken into account. This means that in order to produce
materials of a specific composition, not only phase
transitions and possible solid-phase reactions must be
taken into account, but also the volume changes that occur.
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