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Fine-grained powders of tetragonal zirconia have been obtained by joint precipitation
from aqueous zirconium and yttrium nitrate solutions followed by synthesis under thermal
decomposition of hydroxides. The powders show three ordering levels, namely, conglomer-
ates, agglomerates, and "primary” particles. The powder consists mainly of large ellipsoi-
dal conglomerates of 1.5 to 2 um size, the smaller agglomerates of 0.5 to 1 um size and
mostly irregular shape forming the minor fraction. Both conglomerates and agglomerates
consist of rounded or irregular "primary” particles of 30 to 60 nm size. The studied
tetragonal zirconia powders show a good compactibility providing the attainable high
relative density (48 %) under a reasonable compacting pressure (256 MPa).

BoicoKomuUCIIEPCHBIE IIOPOIIKKY TETPArOHAJBHOIO OKCHIA LUPKOHUA IIOJYYEHBl METOHOM
COBMECTHOI'O OCAMKIEHUS M3 CMECH BOJHBLIX PACTBOPOB A30THOKMCJLIX COJIe IUPKOHUSA U
UTTPHUS C [IOCJEAYIOIMM CHUHTE30M IIPY TEPMUYECKOM PasJIOKEeHHU I'MAPOOKCHI0B. IIopomKu
HMEIOT TPH YPOBHS OPTraHM3AIAN: KOHIJIOMEPATHI, arJOoMepaThl M ' IIePBUYHEIE YACTHIHI .
OcHOBHAA 4YAaCTh IIOPOIIKA IIPEACTABJEHA OOJBIIMMU KOHIVIOMEPATAMHU JJIIUIICOULAILHON
dopmber ¢ pasmepamu 1,5—2 MKM, MeHbIIAs 4YacTb — arjoMeparaMyu CPeSHMX pPasMepOB
0,5—-1 MKM B OCHOBHOM HEIPaBUJbHON (opmbl. KoHriomeparsl um arjomMeparhbl COCTOAT M3
"NepBUYHBLIX YACTHUI, OKPYIJOH MM HEIPaBUIAbHON (popmbl ¢ pasmepamu 30—60 mm. Mccae-
JOBAaHHbIE IIOPOIIKMY TETPArOHAJIBHOI'0 OKCHUAA LUPKOHMUA O6JaZal0T XOPOIIedl YILJIOTHSIEeMOC-
THIO, IIO3BOJISIONMIEN MOCTUIATh BBICOKYIO OTHOCHUTEJBbHYIO IIOTHOCTH (48 %) mpu mpuemue-
MOM maByieHuu mpeccoBanus (256 MIla).

© 2007 — Institute for Single Crystals

Yttrium stabilized zirconia find use in
various industrial fields as transformation-
hardened products, catalysts and catalyst
supports, fuel cells, thermal barriers, buff-
ering, optical coatings, etc. [1-9]. In coun-
tries where atomic power is used widely, the
matrix fuels [10], actinoid transmutation
targets [11], matrices for radioactive waste
insulation [12] based on zirconia are
searched for. The efforts of researchers are
directed to preparation of non-agglomer-
ated, highly dispersed, relatively inexpen-
sive powders with the particles of required
phase composition, homogeneous in size and
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shape. A great attention is given to so-
called "soft” powders prepared by “wet”
techniques (precipitation from solutions,
hydrolysis, hydrothermal synthesis, sol-gel
method, etc.). According to [2-6], such
powders show the coherent scattering re-
gions (CSR) size from 2 to 27 nm, “pri-
mary" particles from 10 to 70 nm, agglom-
erates and conglomerates from 180 nm to
10 um. The powders prepared by hydrother-
mal and solvothermal techniques exhibit
best morphologic characteristics, however,
those are relatively expensive and difficult
in realization. The joint precipitation tech-

187



S.V.Gabelkov et al. /| Synthesis, morphology, and ...

nique of poorly soluble compounds combines
a sufficiently high quality of the powders
being prepared and reasonable realization
costs. The purposes of this work were to
study the morphology and compactibility of
tetragonal zirconia powders synthesized
during thermal decomposition of zirconium
and yttrium hydroxides prepared by joint
precipitation from a corresponding mixture
of nitrate solutions.

The tetragonal zirconia was synthesized
during thermal decomposition of zirconium
and yttrium hydroxides prepared by joint
precipitation from a mixture of aqueous so-
lutions. Yttrium nitrate of thein salts was
obtained by nitric acid treatment of yttrium
oxide Y,05 and zirconium nitrate, by the
similar treatment of zirconium hydroxide
prepared by hydrolysis of zirconium sulfate
Zr(80,4)»:2H5,0. The zirconium and yttrium
nitrate solutions were mixed together and
the precipitation was carried out using
25 % ammonium hydroxide solution. The
precipitate was dried for 20 to 25 h at 30—
40°C and then ground in a ball mill at the
powder/milling balls weight ratio of 1/10.
The hydroxide precipitate was heat treated
at 500 and 600°C for 0.5 to 0.75 h. The
zirconium and yttrium nitrates were used in
a ration providing the obtaining of zirconia
comprising 5.5 wt. % yttria after the pre-
cipitate heat decomposition.

To study the processes occurring during
the precipitate heat treatment, the thermo-
gravimetric/differential thermal analysis
(TG/DTA) was applied using a Q-1500D
derivatograph in the temperature interval
20 to 1000°C at the heating rate of
12°C/min. The phase composition of the
heat-treated precipitate was determined by
X-ray phase analysis (XPA) using a DRON-
1.5 diffractometer (Cu K ) and the average
size of the CSR was calculated from the
half-height width () of the main X-ray line
[13]. The specimens were formed from the
powder by axial compaction. The sample ap-
parent density was measured by hydrostatic
weighing. The tetragonal zirconia powder
morphology was studied using a Tesla-BC-
613 transmission electron microscope
(100 kV accelerating voltage). The powders
dispersed in water were captured by an ace-
tyl cellulose film that was used as a sub-
strate. The local powder state (crystalline or
amorphous) was examined by micro-diffrac-
tion method.

The dried precipitate consisted of soft
porous formations of 15 to 30 mm size.
After the grinding, there was a fine white
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Fig. 1. TG/DTA results for a powdered mix-
ture of zirconium and yttrium hydroxides.

powder. The TG/DTA data on the powder
material are presented in Fig. 1. The DTA
curve shows two extremes corresponding to
one endothermic and one exothermic proc-
ess. An intense endothermic peak appears
within the 60 to 400°C temperature range
with a minimum at 175°C. The maximum
weight loss corresponding to the steeply
dropping section of the TG curve (Fig. 1) is
observed in the 100-300°C interval and cor-
responds to the endothermic DTA peak. An
inflection point is in the TG curve at 175°C
corresponding to the DTG curve extreme.
The weight loss decreases considerably in
the mildly sloping section of the TG curve
within the 800-450°C interval and is sub-
stantially over in the 450-1000°C range.
The exothermic effect in the DTA curve
within the 450-660°C interval peaked at
510°C is characterized by a substantially
constant sample weight (Fig. 1, TG curve).
No effects are observed in the DTA curve
above 660°C and in TG and DTG ones above
450°C.

The XPA examination of the dry precipi-
tate heat-treated at 500°C for 0.75 h shows
halos typical of amorphous state forming a
background for several widened X-ray lines.
The first high-intensity halo having an ap-
preciable maximum at 31-32° lies within
the 22—-87° angular range. The second halo
arranged within the 42-64° interval has a
low intensity and a weal maximum at 52—
53°. The halos have been established before
to correspond to amorphous zirconia formed
due to thermal decomposition of zirconium
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Fig. 2. Transmission electron microscopy of tetragonal zirconia powder: conglomerates and agglomer-

ates (a) and primary particles” (b).

hydroxide [14] and carbonate [15]. The X-ray
lines seen against the halo background cor-
respond to tetragonal zirconia. The diffrac-
tion pattern of dry precipitate heat treated
at 600°C for 0.5 h shows no halos and the
tetragonal zirconia lines observed in the
above-mentioned case show an increased in-
tensity. The CSR size is 2843 nm.

Thus, the precipitate heat treatment in
the 60 to 400°C range causes the hydroxide
decomposition and amorphous zirconia for-
mation. The crystallization of tetragonal
zirconia starts at 500°C and is completed at
600°C.

The morphology of the tetragonal zir-
conia powder so obtained was examined
using transmission electron microscopy
(TEM). The material is a powder consisting
mainly of large ellipsoidal conglomerates of
1.5 to 2 um size (Fig. 2a). The minor frac-
tion is presented by medium size (0.5 to
1 um) agglomerates of predominantly ir-
regular shape. Both conglomerates and ag-
glomerates consist of "primary particles™ of
30 to 60 nm size (Fig. 2b). The “primary
particles” show a rounded or irregular
shape and consist of one or more crystals.
Thus, the CSR size is close to that of the
smallest "primary particles”. The synthe-
sized material is thus a finely dispersed
powder characterized by at least three or-
dering levels (conglomerates, agglomerates,
and "primary particles”).

The compactibility is among the impor-
tant characteristics of powders defining the
practical use thereof. In Fig. 3, the depend-
ence of relative density on the uniaxial cold
compaction pressure for tetragonal zirconia
powders is presented. As the compaction
pressure increases from 64 to 256 MPa, the
relative density goes up from 42 to 48 %.
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Fig. 3. Relative density of samples prepared
from tetragonal zirconia powder as a function
of uniaxial cold compaction pressure.

The dependence is described well enough by
the equation [8]

Prer = MInP + py,

where p,,; is the relative density, per cent;
P, the uniaxial cold compaction pressure,
MPa; m and pg, constants. Similarly to [8, 9],
it has been found that as the compaction
pressure increases, the specimens volume de-
crease due to partial disruption of the powder
conglomerates and likely agglomerates.

In [1], zirconium and yttrium hydroxides
were co-precipitated by aqueous ammonia
from mixed zirconium oxychloride and yt-
trium nitrate solutions. Despite of differ-
ence in the initial salts, the results obtained
are somewhat similar to our ones. Accord-
ing to the TG/DTA data, the position of the
endothermic peak corresponding to thermal
decomposition of hydroxides is substantially
identical with that found by us. The maxi-
mum weight loss corresponds to that ex-
treme, too. However, the inflection point in
the TG curve is observed at 140°C. The
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weight loss continues up to 1000°C. The
exothermic effect in the DTA curve corre-
sponding to crystallization lies within 450
to 525°C range and is peaked at 475°C. The
TG/DTA results being similar, the powder
phase composition differs considerably.
After the heat treatment at 600°C, the pow-
der contains 15 to 18 vol. % of monoclinic
zirconia along with cubic and tetragonal
modifications. In our case, the powder is
obtained that contains no monoclinic oxide.
The powders obtained in [1] are easy to dis-
ruption, similar to our ones, that is, show a
"friability effect”. The "primary particles”
are 20 to 60 nm in diameter, that is close
to our results.

The tetragonal zirconia powders obtained
by joint precipitation in [2] had the CSR
size of 22 to 27 nm that substantially coin-
cides with our results within the measure-
ment accuracy. Some authors report smaller
CSR sizes amounting 8 to 13 nm [3-5] and
2 to 4 nm [6] for tetragonal zirconia pow-
ders prepared by hydrothermal and
solvothermal methods, i.e., using more ex-
pensive and complicated techniques. The
"primary particles” of powders obtained
both by joint precipitation [1, 2] and by hy-
drothermal technique [5] are of 20 to 70 nm
size. The "primary particles” of tetragonal
zirconia prepared in this work fall in that
range. The more complicated hydrothermal
technique provides the "primary particles”
having the size at the level of 10 to 15 nm
[4]. The zirconia powder preparation pa-
rameters effect decisively the conglomerate
and agglomerate size. In the powders ob-
tained by joint precipitation, the size is of
200 nm [1] to 10 pm [2] while in those pre-
pared by hydrothermal technique, up to
180 nm [5]. As mentioned above, the pow-
ders studied in this work show the conglom-
erate size of 1.5 to 2 um and the agglomer-

ate one of 0.5 to 1 um, that is comparable
with data from [1].

In [7], samples of zirconia with the rela-
tive density 43 % of the theoretical one
were prepared from tetragonal zirconia
powders obtained hydrothermal technique
using the slip casting. The relative density
was increased up to 48.8 % after cold
isostatic compaction at 400 MPa. The speci-
mens formed by uniaxial compaction at
256 MPa from the powders obtained in this
work by joint precipitation show the rela-
tive density 48 % . Thus, those powders are
more "soft” than those obtained in [7],
since the same relative density can be ob-
tained under the uniaxial compaction at al-
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most halved pressure. In [8], the specimens
having the relative density 48 % were ob-
tained from two kinds of jointly precipi-
tated powders only under 350 and 400 MPa
pressure. In [9], the specimens compacted
from two jointly precipitated zirconia pow-
ders at 200 MPa had the relative density
only 45 % and 39 %.

In spite of similar morphology (conglom-
erate, agglomerate, and "primary particle”
size and shape), the powder prepared using
the method described in this work has an
best compactibility and exceeds some ana-
logs from abroad in that sense. This seems
to be due to a lower strength of conglomer-
ates and agglomerates as compared to the
powders obtained in [7-9]. In contrast to
the powders prepared in [7], our powder
contains no other phases in addition to
tetragonal one.

To conclude, single-phase tetragonal zir-
conia powders have been prepared by joint
precipitation from a mixture of zirconium
and yttrium nitrate aqueous solutions fol-
lowed by thermal decomposition of hydrox-
ides at 600°C for 1 h. According to electron
microscopy data, the powders consist
mainly of large ellipsoidal conglomerates of
1.5 to 2 um size, the minor fraction being
presented by medium size (0.5 to 1 um) ag-
glomerates of predominantly irregular
shape. Both conglomerates and agglomer-
ates consist of "primary particles” of 30 to
60 nm size. That is, the finely dispersed
powder is characterized by at least three
ordering levels (conglomerates, agglomer-
ates, and "primary particles”). The coherent
scattering region size is 28+3 nm, as deter-
mined using the main X-ray line widening.
The powders show an best compactibility as
compared to some analogs from abroad,
thus providing a high relative density
(48 % of theoretical one) at lower compac-
tion pressures (256 MPa) and technological
advantages in production of ceramic pro-
duce.
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Cunres, mopgooria i ymiJbHEeHIiCTh HAHOMOPOUIKIB
TETPAroHaJbHOTO OKCHAY IMPKOHiIO

C.B.'abenkos, P.B.Tapacoeé, M.C.Ilonmaéyes, M.II.Cmaponam,
H.D.Anodpieecvrka, A.I''Muponoea, O.I'.J/Iedoécvka,
J.M.JITumeunenxo, M.0.0deltivyx, ©.B.Benkin

BucokogucrepcHi IIOpPOIIKH TeTParoHaJbHOI'O OKCHUAY IIMPKOHII0O OTPMMAaHO METOHO0M
CYMICHOro OCAQ/KeHHS i3 cyMmimii BOgHHMX PO3UMHIB a30THOKMCJIHX COJiell MUPKOHIiIO Ta iTpito
3 HACTYIHHM CHHTE30M IIPM TepMiuHoMy po3KJagaHHi rigpooxkcuais. Ilopoimku maioTh Tpu

piBHi opramisamii: KoHrmomepatm, araoMepaTH Ta  IHEPBUHHI 4acTKH .

OcHOBHA yYacTHHA

IOPOIIIKY I[IPEeACTAaBJEeHA BEJIMKMMH KOHIJIOMEparaMu eJjincoimanbHol (GopMu 3 po3mipamu
1,5—2 MKM, MEHIIIa 4acTHHA — arjomMeparaMu cepesHix posmipiB 0,5—1 MKM B OCHOBHOMY
HenpaBuabHOI (popmm. KoHrmomeparm i arioMepaTH CKJIAZAIOTLCS 3 INEPBUHHUX YaCTOK'
oKpyrioi abo HempaBuibHOI Gopmu 3 posmipamu 30—60 mm. ocaimkeni mopomrku terparo-
HaJIbHOT'O OKCHAY IIMPKOHiI0 MAOTh AOOPY VIIiJIbHEHICTh, AKa MLO3BOJISIE IOCSATaTH BHCOKY
BimmocHy ryctuny (48 %) npu npuiimsTHOMY THCKY mpecyBanus (256 MIIa).
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