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Formation of complex amorphous hydroxide at co-precipitation of zirconium and yt-
trium hydroxides has been investigated by X-ray phase analysis and thermal analysis. Its
thermal decomposition occurs in a single stage in the temperature interval 20-400°C and
results in formation of amorphous zirconia. Parameters of amorphous zirconia "halo” are
determined and absence of their dependence on the precursor compound and mass content
of yttrium oxide is established. Crystallization temperature of amorphous zirconia (500 to
600°C), average size of coherent-scattering region (28+3 nm) and crystal structure of the
phase obtained have been determined. The phase composition evolution depending on heat
treatment temperature has been traced in the sequence complex amorphous zirconium/yt-
trium hydroxide amorphous zirconia — tetragonal zirconia. In this case yttrium, while
not forming independent phases, is successively a component of complex amorphous
hydroxide, amorphous oxide and tetragonal zirconia.

HWccnenoBano GopMUPOBAHUE CJIOMKHOTO aMOP(HOr0 MAPOKCHUAA [IPU COBMECTHOM OCaKIe-
HUU T'UJPOKCUIOB IUPKOHUSI U UTTPUS METOLAMU PEHTTeHOBCKOro (pasoBOro M TEPMUUECKOTO
anajus3oB. Ero repmMuueckoe pasiosKeHUe MPOXOJUT B OJHY CTaAWUI0 B MHTEPBaje TeMIepaTyp
20-400°C u saBepmiaercs (HOpPpMHUPOBAHKMEM aMOP(@HOro oxcuza nupKoHua. OmnpemeaeHbl
napaMerpsl rajgo’ aMop(HOTO OKCHA NUPKOHUA M YyCTAHOBJIEHO OTCYTCTBHE MX 3aBHCHMOC-
T OT COEQUHEHWs-IIPENIIeCTBeHHNKAa ¥ MAaCCOBOr'O COAep:KaHusa oxcumga urrpus. Ompepere-
HBI TeMIlepaTypa Kpucrtaaiausanuu amopdroro okcuga (500—-600°C), cpeguuit pasmep obJsac-
Tell KOTepeHTHOTo paccedHUA (2813 HM) U CTPYKTypa HOJYUEHHOII KpUCTAJNINUecKoil (asbl.
B saBucumocTu OT TemMmepaTypsl TePMOOOPAOOTKU IIPOCIEKEeHa 9BOJIONUS (PAasoBOTO COCTaBa
B PAAY: CJIOMKHBINA aMOP(MHBIN I'HIAPOKCUJA IUPKOHUA/UTTPUA — aMOPMHBINA OKCHUL — TeTpa-
rOHAJBHBIA OKCHJ IUPKOHUs. IIpm aToM mTTpuii, He 00pasysi CAaMOCTOSITEIbHBLIX (Pas, Iocie-
IOBATEJIHHO BXOJIUT B COCTAB CJIOMKHOIO aMOP(HOI0 IHAPOKCHIA, aMOP(MHOro OKCHUIa U TeTpa-
TOHAJBLHOTO OKCHIA [[UPKOHMUSI.
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The application of stabilized zirconia as
constructional, thermobarrier, buffer, opti-
cal materials, fuel cells, catalysts and sub-
strates for them, ete. [1-6] is provided by
its high physical and mechanical properties.
Specialists of countries developing actively
the atomic engineering conduct intensive re-
seaarch on creation of matrices for isolation
of radioactive wastes [7], targets for acti-
nides transmutation [8] and matrix fuel [9]
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due to the high radiation and corrosion re-
sistance of that material.

These properties of zirconia are realized
most completely when using nanosized pow-
ders for production of ceramic materials.
The main property of nanosized powders is
increased sinterability at relatively low tem-
peratures. Among various of preparation
methods of nanosized powders, the "wet”
preparation methods of so-called "soft”
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Fig. 1. Dependences of zirconium/yttrium hy-
droxide precipitate mass on heat treatment
time at temperatures 100 °C (1), 150 °C (2),
200 °C (3), 300 °C (¢4), 400-500 °C (5,6).

powders (precipitation from solutions, hy-
drolysis, hydrothermal synthesis, sol-gel,
ete.) [1, 4, 10-12]. To produce the weakly
agglomerated nanosized powders, it is nec-
essary to insight into features of intermedi-
ate amorfous phases formation and of
tetragonal zirconia at the synthesis tem-
perature, because these phase transforma-
tions influence strongly the morphology,
compactibility, homogeneity, and monopha-
sicity of oxide powders. The purpose of this
work was to study the phase composition
evolution at heat treatment of co-precipi-
tated zirconium and yttrium hydroxides.

The precipitate of zirconium/yttrium hy-
droxide was obtained by co-precipitation
from mixture of aqueous solutions of zirco-
nium and yttrium nitrates. The precipita-
tion was realized using 25 % ammonium
hydroxide (NH,OH) solution. Yttrium ni-
trate was obtained by processing of yttrium
oxide (Y,03) with nitric acid, and zirconium
nitrate, by processing zirconium hydroxide
(obtained by hydrolysis of zirconium sul-
phate [Zr(SO,),-2H,0]) with nitric acid. The
precipitate was dried for 20-25 hours at
30-40°C. The zirconium and yttrium ni-
trates were taken in the ratio providing the
preparation of zirconia with 5.4 wt % yt-
trium oxide after thermal decomposition of
the precipitate. The heat treatment of co-
precipitated zirconium and yttrium hydrox-
ides was carried out at 100, 150, 200, 300,
400, 500 and 600°C for 0.25-1.25 h.

The phase composition of heat-treated pre-
cipitate was examined by X-ray phase analy-
sis (XPA) using a DRON-1.5 diffractometer
(Cu K, radiation, Ni filter), and average size
of coherent scattering region (CSR) was cal-
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Fig. 2. Parts of diffracion patterns for zirco-
nium/yttrium hydroxide precipitates heat-
treated at 30-40 (1) , 300 (2), 500 (3) and
600°C (4).

culated from width of the most intensive
(101) X-ray line at its half-height () [13].

The dependences of zirconium/yttrium
hydroxide precipitate mass on the heat
treatment duration at constant tempera-
tures 100, 150, 200, 300, 400, and 500°C
are presented in Fig. 1. The precipitate
mass at all heat treatment temperatures de-
creases and eventually takes a constant
value after a certain period. The constant
mass is attained at 100°C in 1.25 h and
amounts 94.3 wt. % of the initial one
(hereinafter, wt. per cent are indicated); at
150°C, in 1.25 h and 89.0%; at 200°C, in
1 h and 85 %; at 300°C, in 0.75 h and
82.1 %; and at 400°C, in 0.5 h and 79.6 %,
respectively. The mass of the sample heat-
treated at 500°C for 0.25 h is the as of that
treated at 400°C (79 % of the initial one).

Thus, it follows from the data presented in
Fig. 1 that the constant mass value attained
drops from 94.83 % to 79 % as the heat treat-
ment temperature increases from 100 to
400°C and then remains unchanged up to
500°C. Thus, the final mass loss makes 21 %.

The X-ray phase analysis of dried zirco-
nium/yttrium hydroxide precipitate has
shown that the diffraction pattern does not
contain lines typical of crystalline phases but
only "halos™ characteristic for amorphous
state. The first and second "halos™ are in the
20 intervals from 20° to 38° and 40° to 62°,
respectively (Fig. 2, curve 1). These "halos”
show distinet maxima at 26 31-82° and 48—
50°, respectively. The width of first "halo”™
at its half-height is 9.5°, that of second
one, 11°. Both "halos™ are asymmetrical
with respect to their maxima. The diffrac-
tion patterns of precipitated zirconium/yt-
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trium hydroxide heat-treated at 100, 150,
200, 300, and 400°C also contain only the
"halos™ within the same angular intervals
with maxima at the same angles as "halos”
of dried precipitate (Fig. 2, curve 2).

Heat treatment at 500°C results in a con-
siderable change in the diffraction pattern.
Broadened X-ray lines (Fig. 2, curve 3) are
observed against the "halo” background. Al-
though the angular interval of the "halo” is
somewhat decreased (22-37°) as compared
to that for the samples heat treated at lower
temperatures, the maximum position re-
mained unchanged (31-32°). The X-ray lines
indicate that the crystal phase is tetragonal
zirconia (ASTM No.42-1164 [14]).

Heat treatment of the precipitate at
600°C results in a further change in the
diffraction pattern. The "halo”™ is com-
pletely disappeared and broadened X-ray
lines of tetragonal zirconium oxide (Fig. 2,
curve 4) are observed. In Fig. 2, the inten-
sities of X-ray lines for that sample are
decreased by 4.5 times in comparison with
intensities of "halos™ for amorphous materi-
als. The size of coherent scattering region is
2843 nm.

The experimental results argue that the
precipitated zirconium/yttrium hydroxide is
an amorphous substance. The products of
the precipitate thermal decomposition at
temperatures from 100 to 400°C are also
amorphous. Crystallisation of the amor-
phous material with tetragonal zirconia for-
mation starts at 500°C and is over at 600°C.

The data on weight loss of zirconium/yt-
trium hydroxide precipitates at heat treat-
ment (Fig. 1) coincide within the measure-
ment accuracy (0.5-0.7 %) with those con-
cerning the zirconium hydroxide precipitate
obtained before [2]. The precipitate of zirco-
nium/yttrium hydroxide pre-dried at 30—
40°C, loses 21 % of its mass (Fig. 1) at heat
treatment temperatures up to 500°C. The
calculated mass loss for zirconium hydrox-
ide Zr(OH), at thermal decomposition is
22.6 %. Thus, the presence of yttrium hy-
droxide does not influence essentially the
mass loss at thermal decomposition of zirco-
nium hydroxide.

Comparison of thermogravimetric/differ-
ential thermal analysis (TG/DTA) results
for precipitate of zirconium hydroxide [2]
and precipitate of zirconium/yttrium hy-
droxide [3] shows that the presence of yt-
trium hydroxide co-precipitated with zirco-
nium hydroxide causes a reduction of ther-
mal decomposition final temperature. The
dried zirconium/yttrium hydroxide precipi-
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tate contains only 5.2 % of yttrium hydrox-
ide, but its diffraction pattern (Fig. 2) dif-
fers from that of zirconium hydroxide [3].
While angular intervals of the "halos” dif-
fer only slightly (20°-38° and 17°-38°), po-
sitions of their maxima are different, 31°
and 28.5°, respectively. The difference in
the "halo™ parameters indicates difference
of structures belonging to different amor-
phous materials. The co-precipitation of zir-
conium hydroxide with yttrium hydroxide
results in formation of a complex amor-
phous hydroxide. Its structure differs from
that of amorphous zirconium hydroxide.

Comparison of the "halo” parameters of
zirconium/yttrium hydroxide precipitate
heat-treated at 300°C with those for amor-
phous zirconia [2] shows a good coincidence.
Therefore, the zirconium/yttrium hydroxide
precipitate after the heat treatment at
300°C is amorphous zirconia. The absence of
X-ray lines for yttrium hydroxides and/or
oxyhydroxides does not yet mean that those
are absent in the material. In the case of
small content of yttrium compounds as well
as in the case of their presence as nanosized
grains, X-ray lines with great broadening
and low intensity cannot be recorded reli-
ably. According to our estimates, if yttrium
hydroxides and/or oxyhydroxides are present
in the zirconium/yttrium hydroxide precipi-
tate heat-treated at 300°C, those must have a
CSR size no more than 2.5—5 nm.

The close values of "halo™ parameters in
diffraction patterns of complex =zirco-
nium/yttrium hydroxide (obtained by the
precipitate drying) and of amorphous zir-
conia evidences a structural similarity of
these amorphous materials, although the
thermal decomposition of the complex zirco-
nium/yttrium hydroxide into amorphous oxide
is accompanied by mass loss of 18 % (Fig. 1).

The "halo” parameters of zirconium/yt-
trium hydroxide precipitates heat-treated at
400 and 500°C coincide with those for amor-
phous zirconia. Taking into account that the
heat treatment results in the mass loss
(21 %) close to the calculated one (22.6 %),
i.e. thermal decomposition is essentially
complete, it is probable that yttrium oxide is
included into amorphous zirconia in the form
of solid solution. Since the crystallisation of
tetragonal zirconia as a single phase is fully
finished at 600°C and, according to DTA data
[2,3], zirconia does not transit in monoclinic
state at the subsequent temperature increase
up to 1000°C, this points unequivocally that
yttrium is in crystal lattice of that phase. The
fact that tetragonal zirconia starts to crystal-
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lize itself from amorphous one at 500°C,
confirms that yttrium oxide already was pre-
sent in amorphous zirconia.

It is known that yttrium hydroxide
Y(OH); is decomposed into oxyhydroxide
YO(OH) at 280°C and to yttrium oxide Y504
at 470°C [15]. Since the thermal decomposi-
tion of zirconium/yttrium hydroxide pre-
cipitate 1is already finished at 400°C
(Fig. 1), that makes us think that yttrium
hydroxide as a compound was not present in
the precipitate but formed a part of the
complex amorphous hydroxide.

The "halo” parameters of amorphous zir-
conium hydroxide obtained by us [2] agree
well with data from foreign sources [4, 16—
18] in spite of the fact that the precipita-
tion was carried out from solutions of vari-
ous salts (oxychloride, nitrate or alkoxide
of zirconium) using various precipitants
(ammonium or sodium hydroxides). The co-
incidence of results is observed also for the
"halo” parameters of of zirconium/yttrium
hydroxide precipitates [5, 12, 19]. The ob-
tained TG/DTA data [3] for the zirco-
nium/yttrium hydroxide precipitate coin-
cide with results from [10] both in the tem-
perature of endothermic maximum and in
crystallisation temperature, although in
[10] the temperature interval of exothermic
effect is somewhat less. In that work, zirco-
nium hydroxide, yttrium hydroxide and co-
precipitated zirconium/yttrium hydroxide
have been studied by infrared spectroscopy.
The authors have shown convineingly that
the precipitate obtained by co-precipitation
is not a mechanical mixture of zirconium and
yttrium hydroxides but is a product of com-
plex composition. Our TG/DTA and XPA re-
sults confirm the foregoing conclusion.

The "halo™ parameters of amorphous zir-
conia obtained by us both with yttrium
oxide and without it [2, 6, 20] by thermal
decomposition both of basic carbonate [6,
20] and hydroxide [20], coincide essentially
with data from foreign publications [1, 5,
11, 12, 17-19, 21-23]. The structure of
amorphous zirconia does not depend on the
precursor compound (hydroxide, basic car-
bonate, oxycarbonate, alkoxide or oxalate),
that forms amorphous zirconia under ther-
mal decomposition. It is important to note
that the yttrium oxide content also does not
influence the structure of amorphous zir-
conia. In all cases, amorphous zirconia is
crystallised at 400-450°C with formation of
tetragonal oxide having average CSR size of
15-40 nm. Tetragonal oxide does not tran-
sit in monoclinic at further temperature in-
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crease only in the presence of not less than
3.5 % of yttrium oxide.

To conclude, it has been confirmed that
the zirconium/yttrium hydroxide precipi-
tate obtained from mixed solutions of corre-
sponding nitrate salts by precipitation with
ammonium hydroxide, according to data of
X-ray phase and TG/DTA, is a complex
amorphous hydroxide but not a mechanical
mixture. It has been established that heat
treatment in the temperature range of 20 to
400°C results in thermal decomposition of
the hydroxide and formation of amorphous
zirconia. The complex hydroxide diffraction
data (angular interval, shape of "halos™ and
position of their maxima) coincide with
those for amorphous zirconia obtained by
other authors using thermal decomposition
of hydroxide, carbonate, alkoxide, or ox-
alate and do not depend on yttrium oxide
content. The crystallisation of amorphous
zirconia occurs within temperature interval
of 500-600°C with formation only of
tetragonal phase having the coherent scat-
tering region size of 2813 nm. It has been
shown that independent phases of yttrium
are absent during phases evolution from
complex amorphous hydroxide to tetragonal
zirconia. Yttrium is a part of complex
amorphous hydroxide, amorphous oxide,
and tetragonal zirconia. The study has es-
tablished that with increasing heat treat-
ment temperature of complex amorphous
zirconium/yttrium hydroxide, evolution of
phase composition takes place according to the
following scheme: amorphous Zr(Y)(OH),., —

amorphous Zr(Y)O, — t-Zr(Y)O,.
References

1. CW.Kuo, Y.H.Lee, I.M.Hung et al., J.Alloys
& Compound, 453, 470 (2008).

2. S.V.Gabelkov, R.V.Tarasov, M.S.Poltavtsev et
al., Fizika i Khimiya Tverdogo Tila, 9, 809
(2008).

3. S.V.Gabelkov, R.V.Tarasov, N.S.Poltavtsev et
al., Functional Materials, 14, 187 (2007).

4. V.V.Popov, V.F.Petrunin, Ogneupory i Tekhn.
Keramika, 8, 8 (2007).

5. A.A.Bukaemskiy, D.Barrier, G.Modolo, J. Eur.
Ceram. Soc., 26, 1507 (2006).

6. G.N.Shabanova, S.V.Gabelkov, R.V.Tarasov et
al., Ogneupory i Tekhn. Keramica, 8, 2 (2005).

7. M.Streit, W.Wiesenack, T.Tverberg et al., J.
Nucl. Mat., 352, 349 (2006).

8. C.Nastren, A.Fernander, D.Haas et al., J.
Nucl. Mat., 362, 350 (2007).

9. N.Nitani, K.Kuramoto, Y.Nakano et al., J.
Nucl. Mat., 376, 88 (2008).

Functional materials, 16, 2, 2009



S.V.Gabelkov et al. /| Phase composition evolution of ...

10.

11.

12.

13.

14.
15.

A.G.Belous, E.P.Pashkov, A.N.Makarenko,
Nanosistemy, Nanomaterialy, Nanotekhnolo-
gii, 1, 85 (2003).

Ch.Laberty-Robert, F.Ansart, C.Deloget et al.,
Mat. Res. Bull., 36, 2083 (2001).

X.Bokhimi, A.Garcia-Ruiz, T.D.Xiao et al., J.
Sol. Stat. Chem., 142, 409 (1999).

Ya.S.Umansky, Yu.A.Skakov, A.N.Ivanov,
L.N.Rastorguev, Crystallography, Roentgenog-
raphy and Electronic Microscopy, Metallurgia,
Moskow (1982) [in Russian].

G.Teufer, Acta Crystallogr., 15, 1187 (1962).

V.P.Chalyj, Hydroxides of Metals, Regularity
of Formation, Composition, Structure and
Properties, Naukova Dumka, Kiev (1972) [in
Russian].

16

17

18.

19.

20.

21.

22.

28.

. M.M.Rashad, H.M.Baioumy, J. Mat. Proc. Techn.,
195, 178 (2008).
. R.Ramamoorthy, D.Sundararaman, S.Ramasamy,
J.Eur.Ceram. Soc., 19, 1827 (1999).
M.Z.C.Hu, R.D.Hunt, E.A.Payzant, C.R.Hub-
bard, J.Am.Ceram. Soc., 82, 2313 (1999).
C.Barrera-Solano, L.Esquivias, M.Pinero, <J.
Eur.Ceram. Soc., 18, 1429 (1998).
S.V.Gabelkov, R.V.Tarasov, N.S.Poltavtsev et
al., VANT, Ser. FRP & RM, 3(85), 116 (2004).
A.Mondal, S.Ram, Ceram.Intern., 30, 239
(2004).
0O.Vasylkiv, Y.Sakka, H.Borodians’ka, J.Amer.
Ceram. Soc., 84, 2484 (2001).

B.Djuricic, S.Pickering, D.McGarry et al.,
Ceram. Intern., 21, 195 (1995).

EBouarmonia ¢a3oBoro ckiaay mpu TepmiuHii o0pooOIri
CIHiBOCA/IKEeHUX TiAPOKCHIIB IIMPKOHIIO Ta iTpiio

C.B.'abenkos, P.B.Tapacoe, H.C.Ilonmaéyes, ®.B.Benkun

@DopmyBaHHS CKJIATHOTO aMOP(HOIO TiAPOKCHUAY IPU CIiJIBHOMY OCAa:KEeHHi rigpoxcuais
HUPKOHII0O Ta iTpilo [gocaigKeHO MeTomaMU PEHTreHiBChKOro (pasoBoro Ta TepMiuHOro
apamisis. Moro repmiunmil POSKIaL IPOXOAWTH B OXHY CTamilo B iHTepBaii Temmeparyp
20-400°C i saBepmryerbcsa (POpMYyBaHHAM aMOP(HOTO OKCHUAY IUPKOHi0. BusHauenHo mapa-
MeTpu rajo’ aMop(HOTO OKCHUAY IIMPKOHII0 Ta4 BCTAHOBJIEHO BiJICyTHICTH iX 3ajledKHOCTI Bif
CIIOJIYKHU-TIOTIEPeJHUKA Ta MacoOBOT'O BMicCTy OKcHAy iTpiro. BusnaueHo TemIiepaTypy KpHUC-
raaisamii amopduoro oxkcuny (500—600°C), cepexnuiii posmip obsacreil KOrepeHTHOrO PoO3cito-
BauHA (2813 HM) i cTpyKTYpy oTpuMaHOi Kpucramiuuoi dasu. ¥V s3ameskHOCTi Bim Temmepary-
PU TepMOOOPOOKU IIPOCTEKEHO €BOJIIOIiI0 (hasoBOro CKJIALy y HUSBI: CKJIAZHUHE aMopdHNit
riIpoxkcus IIMPKOHiI0 Ta iTpito — amMopdHUN OKCUA — TeTPAaroHaJbHUHN OKCHUJ IIMPKOHIiIO.
ITpm mwomy iTpiii, He yTBOPIOIYM CAMOCTIMHUX (Pas, MOCTiJOBHO BXOAUTH OO CKJIAJZHOTO
aMop(HOTO TiIPOKCUIY, aMOP(HOr0 OKCHUAY Ta TETPATOHAJIBHOTO OKCHUAY IIUPKOHIIO.
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