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bnazooapa evicokum memnepamypam nnasenenus gocghamos, onu npeocmasaadm oco-
Ovlil uHmepec 03 02ZHEYNOPO8 U OPY2UX GblCOKOMEMNEPAMYPHBIX Mamepuanos. B kauecmee ces-
3YIOUWUX UCHOTIb3YIOM COOCMEEHHO hochopHble Kuciompl u pacmeopsl KUcavlx ghocghamos. Doc-
thamnvle céazku mozym Ovlms ROIYUEHBL HA OCHOBE XUMUYECKUX PEAZEHMO8, NPUPOOHBIX Mame-
PUAN06, MEXHOZEHHBIX RPOOYKM 08, A MAKICE NPUMEHEHDL 015 C6A3bIGAHUA MAMEPUAIOE PA3AUY-
HO020 cocmaea, 8 mom uucie u omxo006 npomviuinennocmu. bonvuwioit unmepec npedcmasnaom
aniomogocamupie c6A3Ku U UX RPOU3BOOHDBIE, PAZNUYHbIE CMeuianHble ceasylouue. Ilocneonue
nepcneKmueHbl mem, Ymo npu UX 8blCOKOMEMNEPAMYPHOU 00pAdoOmKe mozym 00pazoeamuvcs
WInUHEeU, CYUeCIEeHHO Yayuuiarouiue ceoiicmea Komnoumos. B pabome ucnonvzosanwt opycum-
antomopocpamnasn (bADC) — paznosudnocms mazHuiiaiomoochamuoii céa3Ku — u anomodop-
dochamuas (ABDC) ceazku 01sa noayueHus U UCC1e008AHUA CEOLICHE KOPYHO08020 OZHEYROP-
nozo komnosuma. Ilo oannvim penmeenoghazo6ozo ananusa, npu KOMHAmMHOU memnepamype 6
KOpYHOO-hochamubix cmecax HAdII00AIOmMca MHOZOUUCIeHHbLE pedhiieKchl 2udpoghochamos maz-
nusa Mg(H-POu); u antomunus AIH3(PO4)23H0. Ilpu nazpesanuu nociednue nepexoosam ¢ 2uo-
popocpam maznua MgHPQOs3H>0, zuoponupoghocham antomunua AIHP,O;, memanonugoc-
pam maznua MgH(PO3)s; Kpome mozo, cpasy noasnsemca opmogpocgpam antomunus AIPO.. Ilpu
6blCOKoIl memnepamype ocpamnasn paza npedcmasnena monvko opmogochpamamu Mgs(POs)2
u AIPO. Manoe xonuuecmeo nuxkos hochamos moricho, no-6uOUMOMY, C6A3AMb C UX NPeUMyUje-
cmeenno peumzenoamopuvim cocmoanuem. lllnunenv MgALO, nosensemcs npu 900 °C. Oo-
pazoeanue maznesuanvhou winuneau MgALO, ynyumaem mexanuueckue u mepmuyeckue ceoii-
cmea cneuennozo mamepuana. B npucymcmeuu bBA®C yoaemca noayuumo 601ee niommple (¢
OmKpovtmoil nopucmocmoio 26,3 emecmo 27,5 06.%) u npounvie oopazust (58 emecmo 49 MIla) no
cpasnenuto c AB®C. Ilocne mexanoakmusayuu Kopynoa éce XapaKmepucmuxy yayduaromcs, a
Paznuuua 6 ceolicmeax 00pazyoe pacxooamcea ewje 8 60IbULE CHENeH, YMo MONCHO C6A3AMb C
nO02cUmMenbHoll ponvio oopaszyiowelica winuneau. Tepmuueckue xapaxmepucmuxu (mepmo-
CMOUIKOCMb, TUHEIHbLIL KOIPPunyuenm mepmuiueckozo pacuiupenus) noayueHHbIX KOMRO3UMOG
Majo 3a6ucam om euoa 6blOPAHHOZ0 CEAZYIOULE20.
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Due to the high melting points of phosphates, they are of particular interest to refractories
and other high-temperature materials. Phosphoric acids and solutions of acid phosphates are used
as binders. Phosphate binders can be obtained from chemical reagents, natural materials, man-
made products, and used to bind materials of various compositions, including industrial waste. Of
great interest are alumina-phosphate binders and their derivatives, various mixed binders. The lat-
ter are promising in that during their high-temperature processing, spinels can form, significantly
improving the properties of composites. The work uses brucite-alumina-phosphate (BAPB) —a type
of magnesia-alumina-phosphate binder — and alumina-boron-phosphate (ABPB) binders to obtain
and study the properties of a corundum refractory composite. According to X-ray phase analysis,
at room temperature in corundum-phosphate mixtures, numerous reflexes of magnesium hydrogen
phosphates Mg(H2PQ.), and aluminum AlH3(PO.).-3H.0 are observed. When heated, the latter
pass into magnesium hydrogen phosphate MgHPO4-3H-0, aluminum hydrogen pyrophosphate
AIHP,07, magnesium meta-polyphosphate MgH(POs)s. In addition, aluminum orthophosphate
AIPO, immediately appears. At high temperature, the phosphate phase is represented only by or-
thophosphates Mgs(PO4), and AIPOa4. A small number of phosphate peaks can apparently be asso-
ciated with their predominantly X-ray amorphous state. Spinel MgAl.O, appears at 900 °C. The
formation of magnesia spinel MgAl.O. improves the mechanical and thermal properties of the sin-
tered material. In the presence of BAPB, it is possible to obtain denser (with an open porosity of
26.3 instead of 27.5 vol. %) and durable samples (58 instead of 49 MPa) compared to ABPB. After
the mechanical activation of corundum, all characteristics improve, and the differences in the prop-
erties of the samples diverge to an even greater extent, which can be associated with the positive
role of the resulting spinel. The thermal characteristics (heat resistance, linear coefficient of ther-
mal expansion) of the composites depend little on the type of binder chosen.

Key words: phosphates, spinels, magnesium alumina-phosphate binder, brucite-alumina-phosphate
binder, corundum, refractory composites

aluminates (alumina cement), sodium silicates (liquid
glass), magnesia compositions, phosphoric acid and
phosphates, etc.

Since the 50s of the last century, astringents of
phosphate hardening have been rapidly developing.

INTRODUCTION

Today's high-temperature materials have ex-
acting requirements for strength, chemical and thermal
stability, corrosion resistance, including at high tem-

peratures. These requirements only increase over time.

In recent decades, an important part of ceramic
composites are chemically bound materials that ac-
quire primary strength under normal conditions or with
low-temperature processing, and during subsequent
firing are significantly strengthened due to sintering.
For this purpose, a variety of binders are used: calcium
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The first significant work on phosphate-bound refrac-
tories was the Kingery Review [1], which described the
interaction of silicates, metal oxides with phosphoric
acid, and reactions of metal phosphates with refractory
aggregates. Since then, astringents of phosphate hard-
ening have constantly attracted the attention of many
researchers both in the Soviet Union and then in Russia
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[2] and abroad [3-6]. Due to the high melting points of
phosphates, they are of particular interest to refracto-
ries and other high-temperature materials [1, 2-7].
Phosphoric acids and solutions of acidic phosphates
are used as binders.

The term of Chemically bonded phosphate ce-
ramics (CBPC) is widely used in recent years [4, 5, 7],
but it seems to us to be inaccurate, since the formed
ceramics are not essentially phosphates; in it, ceramic
grains are only bound with phosphates. Any phosphate
binding is chemical, as it involves the course of certain
reactions leading to the material hardening. It seems to
us more accurate and concise the name "phosphate-
bounded ceramics".

The simplest phosphate binder, long used to
produce high-temperature composite materials, is or-
thophosphoric acid (OPA) HsPO4 [2, 8]. To expand the
possibilities of phosphate binding, a variety of phos-
phate binders (PB) have been developed, which are, as
a rule, homogeneous systems obtained by neutralizing
OPA with hydroxides or metal oxides or dissolution
phosphates in water [2-7]. Partially neutralized OPA
solutions provide more opportunities to regulate the
rate of interaction with the solid phase.

The work [9] gives a classification of PB by
aggregate state, form of phosphate-anion, phase state.
Unlike [2], the classification includes PB not only in
the form of true or colloidal solutions, but also suspen-
sions, for example, a clay-phosphate binder. PB can be
obtained based on chemical reagents, natural materials,
technogenic products, as well as be used for binding
materials of various compositions, including industrial
waste [10-13]. Based on PB, it is possible to obtain
both dense and porous products.

Selection of the binder type, the degree of neu-
tralization, aggregate allows to vary the properties of
the final composite within wide limits and achieve the
desired result. Of great interest are alumina-phosphate
binders and their derivatives (for example, alumina-
chrome phosphate, alumina-boron-phosphate), magne-
sia-phosphate, various mixed binders (magnesia-alu-
mina-phosphate, etc.). [13-14]. They are characterized
by good binding capacity, high adhesive properties,
low curing temperature, which distinguish them from
OPA. For the synthesis of such PB, available compo-
nents are required, and the process of obtaining itself
does not cause difficulties. Mixed binders are also
promising, in addition, because during their high-tem-
perature processing, spinels can be formed that signif-
icantly improve the properties of composites [15-18].
For example, spinel MgAl.Os, distributed along the
boundaries of corundum crystals, prevents their growth
[15], which contributes to the formation of a better-
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quality sintered corundum product. Besides, MgAIl,O4
has a high melting point, high mechanical strength at
elevated temperatures, good chemical resistance;
products have increased resistance to temperature
changes [16].

We have previously synthesized a brucite-
phosphate binder (BPB) based on the natural mineral
brucite, mainly containing magnesium hydroxide
Mg(OH),, as a type of magnesia-phosphate bond [19],
as well as a brucite-alumina-phosphate binder [13].

The purpose of this work is to obtain and study
properties of corundum refractory composite using
BAPB.

Materials and methods of research

Corundum micro powder (CP, finely ground
electro corundum) with a specific surface of 150 m?%/kg,
TU 2-036-00224450-022-90, and synthesized brucite-
alumina-phosphate binder (BAPB) with a ratio of
MgO/Al,Os3 = 1:1 were used in the work. For compari-
son, we took alumina-boron-phosphate binder (ABPB),
TU 113-08-606-87.

X-ray phase analysis of a mixture of corundum
and BAPB at different temperatures was performed on
a DRON-6 diffractometer. For this purpose, the mix-
tures were prepared with an excess of binders to better
detect the reflexes of the formed phosphates and
spinels. To decipher, the PDF database was used, as
well as the data given in [17, 20].

Mechanical activation (MA) of the CP was
carried out in the planetary mill AGO-2 for 30 min.

The molding of dense corundum materials was
performed by the method of semi-dry two-stage press-
ing on a hydraulic press P-10. At the first stage, the
pressure was 15 MPa with a holding of 20 s, at the sec-
ond stage - 50 MPa with a holding of 30 s. Samples
were prepared in the form of cylinders with dimensions
of 29x29 mm. The samples were fired in an electric
furnace MP-2UM Ne 6497 and with inertial cooling.
The resulting products were determined by bulk den-
sity, porosity, strength according to standard methods
(GOST 2409-95, 4071.1-94).

The heat resistance of the obtained materials
was tested in accordance with GOST 7875.2-94 ac-
cording to a technique consisting in determining the
number of heat shifts which the tested sample pass be-
fore destruction at a temperature difference from 950° C
to the temperature of running water.

RESULTS AND DISCUSSION

To establish the phase composition of corun-
dum-phosphate mixtures at different temperatures, X-
ray phase analysis was performed (fig. 1). Strong co-
rundum peaks, which do not change during heat treat-
ment, are clearly visible. At room temperature (r.t.),
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numerous reflexes of magnesium hydrogen phosphates
Mg(H2PO4), and aluminum Alz(PO.),-3H,0O are ob-
served. When heated, the latter turn into magnesium
hydrogen phosphate MgHPO,-3H,0, aluminum hy-
drogen pyrophosphate AIHP,O;, magnesium meta-
polyphosphate MgH(POs)s; in addition, aluminum or-
thophosphate AIPO, immediately appears. At high
temperature, the phosphate phase is represented only
by Mgs(PO4). and AIPO, orthophosphates. A small
number of phosphate peaks can, apparently, be associ-
ated with their predominantly X-ray amorphous state.
Spinel MgAl,O, appears at 900 °C.

The optimal number of binders for the most
dense and durable composite formation was deter-
mined (Table 1).

Table 1
The effect of the amount of introduced BAPB and
ABPB* on the properties of corundum materials. Firing
temperature is 1300 °C
Taonuya 1. Baussaue xkoandectsa BBoauMoii BA®C un
AB®C* Ha cBOliCTBa KOPYH/IOBBIX MaTepHAaJIOB.
Temnepartypa obxura 1300 °C

20
Fig. 1. Diffractograms of corundum + BAPB mixtures. Notation:
C — corundum, S — spinel, A1 — AlH3(PQO4)2-3H20,
A2 — AIHP207, A3 — AIPO4, M1 — Mg(H2PO4)2,

M2 — MgHPO4-3H20, M3 — MgH(POs3)3, M4 — Mgs(POa4)2
Puc. 1. Indpakrorpammer cmeceit kopyaaa 1 BADC. O6o3Haue-
nust: C — kopyHi, S — mmuHess, Al — AlH3(PO4)2-3H20,

A2 — AIHP207, A3 — AIPOs, M1 — Mg(H2PO4)z2,

M2 — MgHPO4-3H20, M3 — MgH(POz3)3, M4 — Mgs(PO4)2

In our opinion, a matrix saturated with spinel
new formation in a corundum composite can be repre-
sented in the form of fig. 2.

*. QocdartHan pasa
4 WnuHens

O MNopa
Fig. 2. Diagram of matrix formation between aggregate grains
Puc. 2. Cxema GpopMHpOBaHUS MaTPHUIIEI MEX/Iy 3€pPHAMH 3aIl0J-
HUTCIIA
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Preparation The content of Open Compressive
method the binder, porosity, strength, MPa
wt. % vol. % '
7 31.440.6 33+2
30.6+0.5 30+1
Simple mix- 8 28.0+0.6 4744
ing with a 28.6+0.3 4145
bundle 10 26.3+0.3 5843
27.5+0.2 49+2
12 28.1+0.4 5445
28.0+0.4 47+6
7 29.1+0.5 6745
30.7+0.5 60+4
Mechanical 8 27.410.4 80+6
activation of 27.6+0.3 7443
corundum 24.310.1 98+8
with a binder 10 26.7+0.6 8445
12 26.6+0.6 96+7
28.0+0.5 93+7
) 26.6+0.3 80+10
Mechanical ! 29.540.3 7943
agg‘r’art]'g”n?f . 24.0+0.4 96+8
wi th: bitr’] o 27.7+0.5 8846
pretreated at 10 23.1+0.5 122410
180 °C 23.140.3 11545
12 23.710.7 11647
24.240.3 110+3

Note: The numerator shows the data obtained for samples
based on BAPB, and the denominator - for ABPB
[Ipumeuanue: * B gucnurene npuBeaeHB JaHHBIC, OTyYEH-
HBIE U1 00pa3noB Ha ocHOBe BADC, a B 3HaMeHaTene — st
ABDC

The dependences of open porosity and strength
of materials on the content of both binders contain co-
inciding extrema: compressive strength has the highest
values at a binder content of ~10%, while open poros-
ity reaches a minimum of 28-23%. An increase in
strength with an increase in the amount of binder is be-
cause during firing a phosphate phase is formed, which
combines corundum particles into a single conglomer-
ate with sufficient strength. In the presence of BAPB,
it is possible to obtain denser (with an open porosity of
26.3 instead of 27.5 vol. %) and stronger samples (58
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instead of 49 MPa) compared to ABPB. After mechan-
ical activation of corundum, all characteristics im-
prove, and the differences in the properties of the sam-
ples diverge even more, which can be associated with
the positive role of the resulting spinel. The greatest
increase in the strength corresponded to a 30-min me-
chanical treatment.

Of interest is the fact that the preliminary heat
treatment of binders at 180 °C plays a positive role,
probably due to the appearance of active hydrogen
phosphates, primarily Al(H-PO4)3-3H20 [2]:

2AIH,(PO, ), -3H,0—2%2¢

_150200C_, AJ(H,PO, ), -3H,0 + AIPO, + 6H,0

The formation of this compound can be con-
firmed by the detection of accompanying Al ortho-
phosphate in the diffraction pattern.

Acid phosphate interacts with the surface of
corundum and improves its adhesive properties,
thereby increasing the sample strength.

In addition, the MA of the totality of solid
phases is more efficient compared to the processing of
a mixture of solid and liquid components. However, it
is difficult to evenly distribute the water introduced
into the mixture after MA to ensure its formability, and
hence to ensure a stable quality of the material. Obtain-
ing and subsequent application of a heat-treated binder
is a laborious process, because with an increase in tem-
perature, it sticks to the walls of the vessel and grinds
poorly. In this regard, the use of a phosphate binder in
this form is hardly advisable.

Important characteristics of refractory prod-
ucts are the linear coefficient of thermal expansion
(LCTE) and the ability to withstand standard sudden
temperature changes (thermal resistance) without de-
struction, even though GOST 24704-2015 "Refractory
corundum and high alumina products. Technical con-
ditions" is not normalizing them. LCTE values calcu-
lated from dilatometric curves and thermal stability
(difference 950 °C — water) for mechanically activated
samples are given in table 2.

As the data show, there is no significant
change in the thermal characteristics of corundum
composites when replacing one phosphate binder with
another. Both preheat-treated phosphate components
contribute to better properties: less thermal expansion
and greater thermal stability. Since, ultimately, the re-
fractory composites synthesized under optimal condi-
tions have a sufficiently high porosity, but acceptable
by the standards, with a sharp temperature drop, the re-
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sulting harmful stresses dissipate in the pores, thereby
having a small destructive effect. In practice, refracto-
ries are prepared from a mixture of corundum grains of
different grades and a powder that fills the pores, so the
selection of the appropriate granulometric compaosition
of the aggregate will further reduce the open porosity.

Table 2
Thermal stability and LCTE of corundum materials
with ABPB and BAPB
Taonuya 2. Tepmuyeckasn croiikocts u JIKTP
KOpYHIOBbIX MaTepuaioB Ha AB®C u BA®C

Thermal ?tablllty, LCTE o105, K-
Sample cycles
for for for for
ABPB | BAPB | ABPB | BAPB
CP + binder
(10%) 18 17 7.95 7.86
CP + heat-treated
binder (12%) | 2* 21 765 | 7.57
CONCLUSION

The expediency of using a magnesium alu-
mina-phosphate binder in the form of a brucite-alu-
mina-phosphate binder to produce sintered corundum
composites has been established. It is shown that the
formation of magnesia spinel MgAIl>,O,4 during heat
treatment contributes to an increase in the strength of
samples by 17-18% and a decrease in open porosity by
4.4-9% compared to the alumina-boron-phosphate
binder. The values of the linear coefficient of thermal
expansion and thermal stability are practically inde-
pendent of the type of binder.
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