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Ilpeocmaenenvr pesynomameol cunmesa u QU3UKO-XUMUUECKO20 UCCAE008AHUL MAZHUTI-
docpammnoii ceaszku, ucxoon uz npupoonozo o6pycuma Kynvoypckozo mecmoposcoenus, cocmoauiezo
6 ocnoeHom u3 zudpoxcuoa maznua Mg(OH)2, u 60 % pacmeopa H3POs. Ilo oannvim mepmozpagu-
Mempuu YyCMAHOGUU, YMO 6Ce NOMeEPU MACCbl OMHOCUIUCL K MHOZOCHYHEHYAMOMY YOanaeHUI)
600ub1. /lo 140 °C yoananace Kpucmannozuopamuas eénaza. B oanvneiiviem oonozameuwiennutii 2uopo-
docgham maznun npespawganca ¢ MgH-P-.O7 u Mg-P1015, umo ne npomugopeuum numepamypusvim
oannwvim. Ilpu nazpeeanuu opycumeocghamnoii ceazku (b®C) oezudpamayus conpoeoricoanacs Ix-
oomepmuueckumu Ihpexmamu. B unmepeane 450-575 °C naonrwooanca cnaowlii IxzomepmuyecKuil
Ighghexm, Komopwiii Moz 6blmb CEA3AH C REPECMPOUIKOL CMPYKMYPbl (WUKIU3AUUell) nePEUYHbIX Me-
macgpochpamoe maznus u/unu Kpucmanauzayuei 6€3600HbIX YUKIOPOCHamos uz nepeutHo evloeus-
weiica amopuoiu pazwl, Hecéazannoii ¢ uzmenenuem maccol. Ilpu 500-1000 °C ghazoewtii cocmas
0Cmaganca HeuIMeHHbIM, YMmo XOPOwio CO2NACYenca ¢ OGHHLIMU, NOJIYYEHHBIMU OPYZUMU MEmo-
oamu. C nomouivto HK cnekmpockonuu noomeepicoeno Hanuuue 6 CmpyKkmype Wukios us gocgop-
KUciopoouvix mempaliopos. bBC oocmamouno ycmoiuuga; epems ryxcugyuecmu He menee 2ooa. /lns
onpeodenenusa KUHemu4ecKux napamempos cnexkanusa nepukiaza ¢ bOC dvina ucnonv3oeana mooenn,
YUUMBIEAIOWAsA POJIb (PUUUECKO20 YHIIOMHEHUA U XUMUYUECKOZ0 C8A3bIGAHUSA 8 NPUCYMCIEUU C85l-
3yrouezo 6 npouecce Hazpesanusa. Ananuz napamempos nOKA3al, YMo NPOYHOCHb KOHZIOMepama
obecneuuesanacsy KaK 3a cuem cOOCMEEHHO CHEKAHUs, MAK U 3d cUem OeliCEUs C8A3YIOUiez0; npu
IMOM NPeOnonaAzaemulii 6Ka1A0 XUMUYECKO20 (aKmopa MaKCumMaien npu HU3KUX memnepamypax.
Ilpu oanvueituem nazpesanuu oughghyzuonnsie npoyeccol AKMUBUIUPYIOMCA, U COOCHBEHHO ChneKa-
Hue axmueuzupyemcsa. Onpedenunu Iphexmugnyro nepzuio aKmueayuu CneKanus nepuKIasa:
E,=255%8 K/[oic/monn, komopas coenadaem c IHepzueil akmusayuu ouggyzuu kucaopooa ¢ MgO
(252,05 k/[rrc/mons).

KaroueBblie cioBa: Marauiidocdarnas cBszka, opycurdocdarsas csizka, Opycut, Gocdarsl MarHus,
TEPMHUYECKUH aHAIIN3, IEPHKIIa3, CTICKaHWe, KHHETHKA
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Some results on magnesium phosphate binder obtained from natural brucite (mainly
Mg(OH),) and HsPO. were discussed. Hereafter, it was named brucite phosphate (BPB). This
binder then was used to the sintering of MgO (periclase). MgO is one of the most high-refractory
materials and chemically stable to various aggressive mediums, so the aim was presented as actual.
To determine the phase composition data on sample weight loss in different temperature intervals
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were compared. All weight losses were related to the multistage water moving away. Up to 140 °C
it was the removal of crystalline hydrate water. Then monosubstituted magnesium hydrophosphate
transformed into MgH.P-0; and Mg.P4013, that in principle was in accordance with literature data.
Dehydration was accompanied with appropriate endothermal effects. There was a slight exother-
mal effect which could relate to a structure rearrangement (cyclization) of primary magnesium
metaphosphates and/or some crystallization of anhydrous cyclophosphates from primarily obtained
amorphous phase non-connected with a weight loss in the interval of 450-575 °C. At 500-1000 °C
the phase composition remained constant that was in a good accordance with data obtained by
other methods. By means of IR-spectroscopy, it was confirmed the formation of structure cycles
composed from oxygen-phosphor tetrahedrons. To determine kinetics parameters of periclase sin-
tering with BPB it was used a model being proposed that took the role of a physical consolidation
and a chemical binding in the presence of binder into account under heating. The obtained param-
eters analysis showed that the forming conglomerate strength was provided with the sintering
properly as well as with binder action; an estimated chemical factor contribution was maximal at
low temperatures (1100-1200 °C). The activation energy value was practically identical to the acti-
vation energy of oxygen diffusion in MgO.

Key words: magnesium phosphate binder, brucite phosphate binder, brucite, magnesium phosphates,

thermal analysis, periclase, sintering, kinetics
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INTRODUCTION

The bonding properties of metal phosphates
are recognized for numerous years [1]. Phosphate sub-
stances are of interest due to high melting points, hard-
ening of many compositions at ambient temperatures
and considerable strength. Phosphate systems are ex-
ploited as dental cements [1], refractories [2], coatings
[3], etc. Early works on phosphate materials were re-
viewed [4]. Many compositions of cold and thermal
setting and hardening have been worked out. In recent
years the interest to phosphate cements and binder be-
came stronger because of application field enhance-
ment. One of key position among them is taken by
magnesium phosphates-based materials. They are the
most readily available, harden rapidly, have a little
shrinkage, high early strength at ambient temperatures
that considerably increases under heating. These ad-
vantages have rendered magnesium phosphates ce-
ments (MPCs) popular in various applications includ-
ing fast-repair of civil structures [5], in refractories and
coatings [6,7]. Several cements are used as biological
material including orthopedic [8], dental [9], antibac-
terial preparations [10], for porous and foamed con-
cretes fabrication [11]. The important direction of
MPCs applications is stabilization/solidification of
hazardous substances, nuclear and wood wastes
[12,13]. Recently, some new ways of MPCs use have
been formed, such as thermal energy storage [14], 3D
printing [15], etc.
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At present, magnesia is often mixed with one
of hydrogen salts: ammonium NHsH;PO4 [16] or po-
tassium KH2PO4 [17, 18] instead of phosphoric acid. It
allows decreasing the intensity of components interac-
tion and in some cases avoiding the necessity of MgO
activity reduction to diminish heat release that hinders
the strength structure forming. Itis not a problem under
a liquid binder preparation, as a binder is prepared in
advance and used in the form of metastable solution of
acid salts [1, 19]. Besides, an exothermic reaction al-
lows obtaining of a binder without heat.

Whereas compositions, structure and proper-
ties of MPCs depending on many factors have been
elaborated, it would not say about magnesium phos-
phate binders (MPBs). Since MPBs for the most part
are used in refractories and high-temperature coatings,
the presence of NH4*, K*, Na* ions is not desirable. An
ammonium salt decomposes under heating and re-
leases unpleasant ammonia which aerates a green prod-
uct and restricts its outdoor applications. Alkaline ions
are active fusing agents that reduce the refractoriness
of a sintered material.

Earlier thermal transformations of several
phosphates have been investigated [20,21]. MgO s
also of interest from the point of view of its reactivity [22].

MPBS are obtained on the base of reactive
MgO or a technical product: caustic magnesite or per-
iclase. However, it is known [1], that binders could be
also synthesized using any raw material of a natural
origin (talc, mica, kaolin, etc.).
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In the present work, we discuss some results
on magnesium phosphate binder obtained on the base
of natural brucite (mainly Mg(OH)2) and phosphoric
acid. Hereafter, it was named brucite phosphate (BPB).
This binder then was used to the sintering of MgO (per-
iclase). As MgO is one of the most high-refractory ma-
terials and stable to various aggressive mediums, the
aim was presented as actual.

EXPERIMENTAL PART

A commercially available brucite of Kuldur
mine (Jewish Autonomous Region) was used. Its
chemical analysis reported MgO 96.7 wt%, CaO
1.95%, SiO; 0.80%, Fe,O3; 0.10%, loss on ignition
32.4. When brucite powder was added to HsPO4, an ex-
othermic reaction was observed. The brucite powder
was stirred in a 60 wt% thermal phosphoric acid (Rus-
sian National State Standard 10678) solution. The
weight ratio of MgO and HsPO4 ensured the acid neu-
tralization to monosubstituted Mg(H.PO.),-nH,O for-
mation (with 50% excess of H3PO,):

MgO + 2H3PO,4 + (n-l)HzO - Mg(HzPO4)2'nH20.

Magnesium dihydrophosphate is a water-solu-
ble compound. The obtained binder contained undis-
solved suspended solids was filtered through a ceramic
filter, and then was kept in a tightly closing vessel.

Differential thermal analysis (DTA) and ther-
mogravimetry (TG) were recorded usinga METTLER
TOLEDO STAR® System TGA/SDTA851e/LF/1600.
In these tests, samples were heated up to 900 °C at a
rate of 5 °C/min under an atmosphere of flowing air
(50 mL/min) with a-alumina as reference substance.
Infrared (IR) spectroscopy was conducted on KBr us-
ing Avatar 360-FT-IR.

Sintered periclase (China) for high-tempera-
ture treatment with BPB was refractory grade; 70% of
particles had a particle size 15-50 um. Samples were
cold-pressed under 200 MPa into tablets and were sub-
mitted to a thermal treatment 15-150 min at 1100-1600 °C
in electric furnace in air atmosphere.

RESULTS AND DISCUSSION

TG and DTA were conducted for BPB samples
partially pre-dried in a vacuum drying chamber (Fig. 1).
To determine the phase composition experimental and
calculated data on sample weight loss in different tem-
perature intervals were compared (Table 1). All weight
losses were related to the multistage water moving
away. Up to 140 °C it was the removal of crystalline
hydrate water.

Then monosubstituted magnesium hydrophos-
phate transformed into MgH,P,07; and Mg,P401,. De-
hydration was accompanied with appropriate endother-
mal effects. There was a slight exothermal effect which
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could relate to a structure rearrangement (cyclization)
of primary magnesium metaphosphates and/or some
crystallization anhydrous cyclophosphates from pri-
marily obtained amorphous phase non-connected with
a weight loss in the interval of 450-575 °C. At 500-
1000 °C the phase composition remained constant that
was in a good accordance with data obtained by other
methods. It is well-known [20], that cyclotetraphos-
phates (CTPs) of different metals are stable in a wide
temperature interval. At high temperature (> 1000 °C)
P,Os gradually removed, and magnesium pyro- and or-
thophosphate were formed.

100 +

0 2
1 527,93
222,33 301,23 388,78
119.33 :

100 200 360 460 560 660 760 860 960
t,°C
Fig. 1. TG (1) and DTA (2) curves of brucite phosphate binder
Puc. 1 Kpussie TT" (1) u ITA (2) ans 6pycutdocdaTHoit CBI3KH

Table 1
Phase transformations of BPB under heating
Tabnuya 1. ®a3zosbie npespamenuss b®C npu Harpe-

BaHUHU
Temper- Weight loss, %
ature in- Decomposition stage Experi- |Calcu-
terval, °C mental | lated
Mg(H2PO4)z'2H20 -
<140 Mg(H2POs), + 2H,0 138 142
180-260 | MI(HoPOw)2 &> MgH:P07 +1 79 1 74
H,O
260-330 | MOH2P207 > M@oPiO1 HO| - 59 | 35
+ H,0
360-450 [M92P«012H20 > M@:PO #1535 | 35
H.0
Sum 29.1 28.3

As an amorphous phase was presented in all
temperature interval, and it was predominant at high
and low temperatures, X-ray diffraction was not ar in-
fallible method for the phase constitution definition.
So, X-ray pictures for the binder were not presented.
We used IR-spectroscopy to confirm the BPB compo-
sition. After BPB burning at 900 °C and 1000 °C spec-
tra were practically identical, and magnesium CTP pre-
sented the only phase (Fig. 2).

121



N.F. Kosenko, N.V. Filatova, M.A. Glazkov

T, %

773,18 ~_
=
720,23

746,61

"1355,98
402,85

51821

3500

3000 2500

2000 1500 1000 500

v, cm-1
Fig. 2. IR spectrum of brucite phosphate binder burned at 900 °C
Puc. 2. UK-cnekrp OpycurdocdarHoii cBsi3kH, oboxokeHHo# npu 900 °C

In the wave number field of 1000-1200 and
400-550 sm™ a strong absorption was observed, be-
sides, bands had sufficiently complicated contour.
Many CTP bands relate to the structure complexity
[23]. Each of four valence vibration groups (Vasu vs O
PO and vas u vs POP) give two vibrations that are active
in IR-spectra: vas O'PO™ — three bands in the interval of
1300-1400 sm?, v¢ OPO- — several joined bands at
1000-1200 sm™, vs POP — three bands in the field of
700-780 sm™. Besides, cycles P4O1, have the sym-
metry S4 in crystal; it complicates additionally the
character of particle vibrations [23]. The characteristic
bands at 700-770 sm related to structure cycles com-
posed from bounded oxygen-phosphor tetrahedrons.

Brucite phosphate binder was rather sable; its
time of liveness was not less than 1 year, that was con-
venient for its use.

Further, periclase sintering with BPB was
studied. Earlier [24] a model for corundum materials

sintering kinetics had been proposed; it took the role of
a physical consolidation and a chemical binding in the
presence of alumina-boron-phosphate binder into ac-
count under heating:
Odestr = k1" + XTmy

where ogestr IS destruction strength (ultimate compres-
sive strength); k is an effective sintering rate constant,
T is time, n is coefficient characterizing the sintering
mechanism; y u m are coefficients, defining a chemical
factor contribution into strengthening of sintering ma-
terial (not are constants of chemical reaction).

In this work, an attempt of treatment of exper-
imental data obtained for periclase strengthening in the
presence of BPB using this model has been done. Com-
puter simulation was carried out by means of program
package MathCad. Experimental and calculated pa-
rameters are given in Table 2.

Table 2
Sintering parameters of periclase with BPS
Tabnuya 2. IlapameTpsl ciekanus nepukJiaza ¢ b@C
N Burning temperature, °C
Strength and Kinetics parameters 1100 1200 1300 1400 1500 1600
Compressive strength after burning | 1.9, 3 | 36.6+0.6 |53.9+0.7 | 70.8+ 0.9 | 949+ 0.3 | 1062
(150 min) 6150, MPa

Effective rate constant k 4.06-10° 1.87-10% | 5.78:10* | 1.49-10% | 5.17-10° |1.02-107?

Chemical factor contribution xt™, % 70.2 35.5 21.7 11.0 7.3 5.1

The obtained parameters analysis showed that
the forming conglomerate strength was provided with
the sintering properly as well as with binder action; an
estimated chemical factor contribution was maximal at
low temperatures (1100-1200 °C), as it could be ex-
pected. Under further heating, diffusive processes were
activated, and sintering properly intensified. In MgO,
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diffusion coefficient of oxygen ions is considerably
less than that for magnesium ions, so their diffusion
was the limiting stage of the sintering. Arrhenius plot
(Fig. 3) of periclase sintering with brucite phosphate
binder (coefficient of linear approximation 0.997) al-
lowed determination of the effective activation energy,
that was equal to (255+8) kJ/mole.
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Fig. 3. Arrhenius plot of periclase sintering with brucite phos-
phate binder
Puc. 3. 3aBucuMoCTb B KOOpIUHATAX YpaBHEHUS AppeHHyCa s
CIEKaHUs MepUKIa3a ¢ OpycuTdochaTHON CBIZKOU

T
0,00055

This value was practically identical to the
activation energy of oxygen diffusion in MgO
(252,05 kJ/mole [25]). Comparing obtained activa-
tion energy values, the MgO sintering could be consid-
ered from the position of dislocation-viscous flow [26].
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Thus, the selected mathematic model described ade-
quately processes under periclase sintering with bru-
cite-phosphate binder.

CONCLUSION

Magnesium phosphate bonding agent based on
a natural brucite (mainly Mg(OH)2) was synthesized
by means of the brucite dissolution in 60% phosphoric
acid solution. Obtained binder had a time of liveness
was not less than 1 year.

A physicochemical investigation (thermal
analysis, IR spectroscopy) allowed to determine the
phase composition based on sample weight loss in dif-
ferent temperature intervals. Some kinetics parameters
(effective rate constants, activation energy) on peri-
clase sintering with brucite phosphate binder have been
obtained.
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