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Correlation between the in-line optical transmittance and residual porosity of Y,O4
nanoceramics formed by high-pressure low-temperature sintering has been established. In
the limit case, when the pore diameter is much smaller than the wavelength a formula for
estimating the porosity at the known wvalue of linear transmittance was obtained. For
investigated samples of nanograin composite ceramics with average grain size of 10-
20 nm, the pore size of 12 nm and linear transmittance of 50 % at wavelength of 900 nm
the calculated value of residual porosity was 0.27 %. Phase composition of Y,05 nano-
ceramics may be taken into account by varying refractive index of the composite ceramics
containing both cubic and monoclinic yttria.

VceTanoBIeHa KOPPeISIus MeXAy JUHEeHHLIM ONTUYECKHM IPONYyCKAHMEM M OCTATOUHOM
nopucTocThio HaHOKepaMuK Y,0Os, (POPMHPYeMBIX MeTOZOM CIIeKaHMS IIPU BBICOKMX JaBJe-
HUAX. B mpemeipHOM ciaydae, KOrjga IUaMeTD IIOP MHOIO MEHbINE IJIUH BOJH, B PaMKax
Teopun Mu moayuena Gopmysa IJisd OLEHKH IIOPUCTOCTH IIPY M3BECTHOM 3HAUEHUU JIUHEITHO-
ro mpomnyckanas. Huas uccaenyeMblx o0pasioB KOMIIOBUTHON HAHOBEPEHHON KepaMUKU CO
cpegauM pasmepom sepHa 10—-20 mM, pasmepom mop 12 HM u JuHeHHBIM KoadduimeHrom
onTuueckoro npouyckanus 50 % ma mgiaume posnesl 900 HM pacuerHOe SHaUYeHHE OCTATOUHON
nopucroctu cocrasuio 0,27 % . PasoBbIl COCTAB KEPAMUKH MOMKET OBITh YUTEH IIyTE€M Ba-
puanuy moKasareisd HPeJOMJIEHNS KOMIIO3UTHON HAHOKEPAMUKM, COAepIKaIleil Kak Kyduuec-
KYI0, TaK ¥ MOHOKJHHHYI Mosuduranuio Y,0s.

Poscianna ceimna 3aruwrkosumu nopamu y nanosepennii xepamiyi Y,05 P.I1.Aseys-
rkuil, OJl.IInuauucexa, B.M.Baymep, A.I'[Jopowenxo, O.B.Toamawes, I.A.Ilempyuwia,
B.3.Typresuu.

BeTranoBsieHO KOpenAIiio MiK JIHIHHMM ONTUYHUM TPOMTYCKAHHAM Ta 3aJUITKOBOIO ITO-
pucricrio HaHOKepamirm Y,03, AKa cHOPMOBAHA METOLOM CIIIKAHHA IPY BUCOKMX THCKaX. ¥
rPAaHUYHOMY BHIIQAKY, KOJHK AiaMeTp I[IOp 3HAYHO MEHIIe NOBXKHH XBWJIb, B PaMKax Teopii
Mi omep:xamo GopmMyay OJjs OUIHKK IIOPUCTOCTI IPM BimomMoMmy 3HAUeHHi JiHifiHoro mpoiryc-
KaHHA. g gocaijyKeHMX SpasKiB KOMIIOSMTHOI HAHO3E€PEHHOI KepaMiKu 3 cepelHiM posmi-
pom sepua 10—20 um, posmipom mop 12 HM Ta JgiHiiHEM Koedilli€HTOM OIITHYHOIO IIPOIIyC-
kaaad 50 % ma goemxumi xBuai 900 mM pospaxoBaHe 3HAUEHHS 3aJIUIIKOBOI IIOPUCTOCTI
crkaamae 0,27 % . @azoBuil cKiag KepaMikm Moske GyTHM BPaxXOBAaHO MIIAXOM Bapiaiii moxas-
HYKAa 3aJIOMJIEHHS KOMIIO3UTHOI HaHOKEpaMiKu, II0 MiCTUTh SK KyOiuHy, Tak i MOHOKJIIHHY
mozpudikanio Y,04.
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1. Introduction

Recently optical ceramies containing neg-
ligible concentration of residual pores have
been actively studied as a new class of func-
tional materials for photonics, laser, scintil-
lation techniques, etc. [1]. Properties of ce-
ramics as an optical medium are determined
mainly by their microstructure, namely the
presence of impurity phases, grain size,
grain boundary width, pore size and concen-
tration. Utilization of advanced ceramic
technologies allows one to form the phase-
pure ceramics with narrow grain boundaries
(1 nm), in which residual pores serve as the
main scattering centers. Nanograined ce-
ramics attract considerable attention not
only due to better mechanical properties
compared with coarse-grained analogues,
but also owing to potentially improved
transparency because of lower light scatter-
ing on pores with a size much smaller than
the visible light wavelength [2]. According
to [3, 4] even relatively low dense MgAl,O,
nanograined ceramics with p = 98-99 %
may achieve high transparency (T = 80 %).
At the same time to obtain the transparency
comparable to single crystals micron-sized
ceramics have to be at least 99.985 % dense
[6, 6]. Obviously, the decrease in pore size
from submicron to nanometer range at fixed
porosity value is responsible for higher
transparency of nanoceramics, but even the
nanoscale pores have a significant effect on
their optical transmission [7]. Therefore, es-
tablishing quantitative relationships be-
tween porosity and transmittance is an im-
portant problem that will allow optimizing
the manufacturing technology of the optical
nanoceramics.

Evaluation of porosity of the mnano-
ceramics by experimental methods is a diffi-
cult and time consuming task. Some studies
estimate the porosity by analyzing mi-
crographs of pores plane sections [8]. Deter-
mination of the porosity by pores plane sec-
tions can be done using stereological meth-
ods [9]. However, it seems, these methods
are unacceptable to investigate nanograined
ceramics due to the nonuniform distribution
of the pores throughout the sample volume
and higher concentration in the bulk in
comparison with the surface [10]. Conse-
quently, different cross sections may have
different pore distribution law, while the
analysis of the mechanisms of pore forma-
tion can not provide adequate hypothesis
about the distribution of the pore centers.
However, hypothesis that the pores have a
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shape close to spherical, and their centers
are located at distances much longer than
wavelengths are in good agreement with the
experimental data. In the case of monodis-
persed pores with the spherical shape, and
assuming that pore diameter and the dis-
tance between their centers is much smaller
than wavelengths the porosity can be evalu-
ated by certain transparency. Recently
transmission of Al,Og, ZrO, nanograined ce-
ramics depending on the pore sizes has been
studied in the framework of the Mie,
Rayleigh and Rayleigh-Gans-Debye light
scattering models [7, 11-18]. This work is de-
voted to assessment of porosity of Y,O3 nano-
ceramics, a promising material for solid-state
lasers and transparent phosphors [14], by
analyzing their in-line transmission.

2. Experimental

Y,05; nanograined ceramics were fabri-
cated by transformation-assisted consolida-
tion of 125 nm discrete nanospheres under
high-pressure according to [15]. Briefly,
cubic yttria nanopowder with specific sur-
face of 17 m2/g and average crystallite size
of dypp =40 nm were used as a starting
material. After being compacted under the
pressure of 250 MPa the green bodies were
placed in the toroid-type high pressure cell
and sintered under 8 GPa pressure at tem-
peratures within 25-500°C range for 30—
300 s in a high-pressure apparatus. Phase
identification was performed via X-ray dif-
fraction (XRD) method on SIEMENS D-500
X-ray diffractometer (CuKo radiation,
graphite monochromator) on the powdered
ceramic samples. The phases were identified
using JCPDS PDF-1 card file and EVA re-
trieval system included in the diffractome-
ter software. The Rietveld refinement was
performed with FullProf program. The ce-
ramics microstructure was studied by high-
resolution analytical transmission electron
microscopy (HR TEM) on JEM-2100F
(JEOL) microscope. The samples for the HR
TEM were prepared by ion thinning. Optical
measurements were performed on 1 mm
thick ceramic plates with polished surfaces.
In-line optical transmission of the samples
was  determined wusing  Perkin-Elmer
"LAMBDA-35" spectrophotometer in 200-
1000 nm wavelength range. Porosity of the
samples obtained was evaluated in the ex-
treme case of Mie scattering theory.
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3. Results and discussion

3.1. Theoretical research

Theoretical dependency of transmission
on wavelength can be described by the Beer-
Lambert law

T = (1 — R)%exp(—Cy,, - 1), (1)

where R = (m-1)2/(m+1)2 — reflectivity,
m = Ngir/Nmeas Mmeq — Tefractive index of
the media, n,;,, — refractive index of the
air, C,,, — effective scattering coefficient,
t — sample thickness.

Effective scattering coefficient depends
on many factors especially on geometry and
ceramics pore size. Next we will consider
that the diameter of all pores is constant
and small comparing with the wavelength.
We also suppose that the distance between
pore centers is much more than the wave-
length and pores have got sphere shape.
Within the frameworks of the made hy-
potheses the scattering efficiency is con-
nected with pore diameter d, porosity V.

ore
and scattering efficiency @ for one p}é)re
in the following way [13]:

_3-V (2)

pore
Csea = 2.d " Qseqr

sca

Using formula (1) for scattering coeffi-
cient in the equation we can get dependency
of transmission on the efficiency coefficient

and porosity:
3-V (3)
T=@1- R)Zex{_ﬁQsca . t}

For calculating scattering efficiency the
Mie scattering theory can be used. Accord-
ing to this theory the scattering efficiency
can be represented by integration of the am-
plitude functions S(6,9)[16]

Znn|se |2 (4)
qw=ff—%§me&mQ
00

Fig. 1 illustrates the dependence of scat-
tering efficiency on wavelength for the
sphere-shaped pores of different diameters.
The scattering efficiency calculations were
conducted using the Mie theory according to
the standard algorithms described in [16].
As can be seen, the residual porosity has
great influence on the transmission. Fig. 2
describes the dependence of transmission at
400, 600 and 800 nm wavelength on pore
size assuming different porosity level. One
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Fig. 1. Dependence of scattering efficiency on
wavelength for spherical-shaped pore with diame-
ters of 12 nm (1), 40 nm (2) and 100 nm (3).

can conclude that decrease of the porosity
level results in improved transmission.

In general case of the Mie theory the
scattering efficiency is expressed by the
Bessel functions. If the pore diameters are
small as compared to wavelength, approxi-
mation up to terms of x% order is acceptable

2
m2 -1

_dT Ny, (5)
m2 + 1 ’

b X = }\I

8
Qsca=§'x4"

where A is wavelength. In this case by add-
ing to the formula (3) an explicit expression
for @, from the relation (5) we can get the
dependency of transmission on charac-
teristic parameters of the nanoceramics.

T= , (6)
4-dm-n, )t 2
— _ 2 e 1
=(1-R) exp[— M’" .Z2+1 Vporel|"
2
_ 3 4., |m=1
Let C=4-d°(m-n,»)*t 21

We should note that if A >>C -V, the
exponent in (6) is quite different from O, in
this limit case the transmission is T = (1 — R)2.
Let consider another limit case when
A << C: Vo On such wavelengths the ex-
ponent C - Vpore/k4 is increasing without
limit, so the transmission T on such wave-
length is tending to 0. In the A=C -V,
wavelength range the transmission is
greatly influenced by the porosity that can
be expressed as follows (assuming that x
have small values):

3 d - (m2+ 2)2 1-R| (7)
Vpore_2.x4.t.(m2_1)2'1n T |’
_d-n-nmed
e
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Fig. 2. Transmission at 400 (a), 600 (b) and
800 nm (c) wavelength depending on pore ra-
dius assuming the porosity of 0.01 % (1),
0.05 % (2) and 0.1 % (3).

Thus, when the pore dimensions are sig-
nificantly less than the wave length the po-
rosity can be evaluated according to (7).

3.2. Obtaining and
characterization of Y,04
nanoceramics

Transformation-assisted consolidation of

yttria nanopowders under high pressure
which is considered as one of the most
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Fig. 3. 1 mm-thick Y,05 nanograined ceram-
ics obtained at P =8 GPa, T = 300°C, t =30 s
(a) and HR TEM image of Y,05 nanoceramics
(b), arrow indicate a pore.

promising approaches to retain nanostruc-
ture of materials was used to manufacture
Y505 optical nanograined ceramics. Accord-
ing to XRD data Y,05 ceramics sintered
under P=8 GPa, T = 300°C and ¢ =30 s is
biphasic and contains yttria in cubic (C) and
monoclinic modification (B) with C/B = 1:3.
Obtained composite ceramics was characterized
by the following lattice parameters: C-Y,04:
a = 10.6091(7) A, V = 1194.08(15) A3;
d = 18 nm; B-Y,05:a=13.8625(14),
b = 3.5107(3), c = 8.6097(9) A, B = 100.151(7)°,
V =412.45(7) A3, d =9 nm. The deter-
mined lattice parameters were found to be
in a good agreement with the calculated
data [17, 18]. High nucleation rate of mono-
clinic phase inside the volume of parent
cubic yttrium oxide stabilizes the unprece-
dented low crystallite size even smaller than
that of the initial nanopowders, while rear-
rangement of the crystal lattice during
C — B phase transformation reduces the re-
sistance of plasticity and provides effective
densification. As a result, the sintered ce-
ramics achieves near theoretical density of
99+1 % within the measurement method
error. Fig. 3 shows photograph of the ce-
ramics obtained under optimized conditions
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Fig. 4. Experimental (3), calculated (2) and
theoretical (1) in-line optical transmission of
Y,05 nanograined ceramics.

as well as its morphology at nanoscale. The
ceramics is transparent and the text is
clearly seen through it. The grain size, as
determined from the micrograph in Fig. 3b
lies within 10-20 nm range, which agrees
well with average crystallite size deter-
mined by XRD method (about 10 nm for the
monoclinic and 20 nm for the cubic modifi-
cation). According to HR TEM the samples
of nanoceramics virtually does not contain
micron and submicron pores, but has uni-
formly distributed pores with a charac-
teristic size of about 12 nm (Fig. 3b,
arrow). The average pore size of Y,05 nano-
ceramics formed by the consolidation of
nanopowders under high pressures is of the
same order of magnitude as that for other
consolidated nanomaterials obtained by high
pressure sintering [19, 20].

Fig. 4 demonstrates the estimated and
experimental real in-line transmission spec-
tra of synthesized Y,0; nanoceramics for
the fixed sample thickness of 1 mm. The
experimental curve of optical transmission
is practically monotonically increasing and
reaches 50 % at 900 nm wavelength (Fig. 4
curve 3). This value achieves 60 % from
the theoretical value of transmission of
non-porous Y505 (82.8 %, Fig. 4 curve I),
that was calculated using data on disper-
sion of refraction index [21]. Red shift of
the fundamental absorption edge of yttria
nanoceramics +from 250 nm [22] to about
300 nm may be related to the presence of
color centers generated by reducing condi-
tions during high-pressure sintering [23] or
to light scattering by residual nanometeric
pores [7].

To estimate the porosity according to
the transmission curve 895-570 nm wave-
length range with the strongest transmis-
sion growth was selected. According to Fig. 1
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Fig. 5. Porosity of Y,05 nanoceramics esti-
mated in accordance with the in-line optical
transmission (a) and influence of the refrac-
tion coefficient on porosity of Y,05 composite
ceramics (b).

the transmission efficiency curve Q,.,(A) for
d =12 nm is decreasing with the wave-
length increase. So such pores have a great-
est impact on scattering at the smaller
wavelength. This means that for the sample
analyzed we should estimate the porosity at
the beginning of the selected interval. For
Y,03 nanoceamics studied 2nn,,,r/A ratio
is changing within the limits of 0.39+0.42
in the 895-420 nm wavelength range.
Therefore this ratio can be considered as a
small one that allows us to use equation (7)
for the porosity assessment. Fig. 5a pre-
sents a curve calculated using formula (7).
According to the obtained dependency we
can conclude that the sample porosity is
about 0.27 %. The transmission curve in
Fig. 5b was calculated for estimated poros-
ity value taking into account the foregoing
suggestions about the pore sizes and dis-
tances between their centers. The little dif-
ference between experimental and theoreti-
cal curves may come due to the fact that
generally the pore diameter is random vari-
able.
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Since the ceramics consist of cubic and
monoclinic phases having different refrac-
tive indices the additional light losses
occur due to birefringence. The refraction
coefficient of the monoclinic modification
is unknown due to the difficulties of
growing high-quality single crystals [24].
However, yttrium oxide thin films con-
taining both cubic and monoclinic modifi-
cations have higher refractive index com-
pared with the cubic yttrium oxide films.
Consequently, the refractive index of the
composite ceramics increases compared
with single-phase cubic Y,O5 [25]. Fig. 5b
shows the dependence of the porosity on
the refractive index calculated according
to (7). Refractive index increase results in
lower residual porosity of the mnano-
ceramics. Thus, using n for cubic Y505
nanoceramics gives an upper estimate of
the residual porosity. The residual poros-
ity value lies within 0.256-0.260 % range
when n,,;=1.95-1.96 typical for (C +
B)Y,05 system [25] is applied.

4. Conclusion

Composite Y,05 nanograined ceramics
containing cubic and monoclinic phases has
been obtained by transformation-assisted
sintering of nanopowders under 8 GPa. The
nanoceramics is characterized by in-line op-
tical transmission of 50 % at 900 nm
achieving 60 % from the theoretical value,
and the average pore size of about 12 nm.
In the framework of the Mie scattering the-
ory using the Beer-Lambert low a formula
to estimate the residual porosity using
measured optical transmission has been de-
duced. According to (7) calculation value of
porosity for the synthesized yttria nano-
ceramics was found to be 0.27 %. Phase
composition of the ceramics can be taking
into account by variation of the refractive
index.
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