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bstract

wo different precipitation routes leading to (YbxY1−x)2O3 nano-particles (with x = 0; 0.027; and 0.31) were compared, namely, precipitation
f hydroxynitrate platelets and amorphous carbonate spherical particles. For both methods, the particle morphology was observed by scanning
lectron microscopy. X-ray diffraction studies of the unit cell, energy dispersive X-ray analysis and inductive coupled plasma spectroscopy were
sed to check the ytterbium distribution. The precipitation of amorphous carbonate was found to produce particles with uniform morphology

nd homogeneous distribution of ytterbium, while hydroxide precipitation favours the formation of hard and dense ytterbium-rich agglomerates.
hese differences are discussed in terms of precipitation, growth and agglomeration behaviour. The sinterability of both resulting powders is also
iscussed.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Ytterbium doped yttria (Yb:Y2O3) is a promising laser mate-
ial. Y2O3 has a thermal conductivity twice as large as that of
AG1 and Yb3+ is a very attractive dopant for efficient diode-
umped solid-state lasers. Yb3+ shows high quantum efficiency,
eak non-radiative transitions, large crystal-field splitting,
illisecond-lifetime of the metastable 2F5/2 state, and intense

nter-Stark 2F5/2 ↔ 2F7/2 transitions.2 However, Yb:Y2O3 sin-
le crystals are very difficult to grow. Recently, it has been
hown that polycrystalline Nd:YAG ceramic lasers could be
abricated with properties equalling those of Nd:YAG single-
rystal.3 Based on these observations, polycrystalline Yb:Y2O3
eramic appears to be a potential candidate for laser applications.

In order to manufacture a transparent polycrystalline ceramic
y sintering for laser application, the starting powder must meet
everal requirements. On one hand, a small particle size is nec-

ssary to enhance sintering activity, since the driving force for
intering can be considered to be, as a first approximation, the
eduction of the surface area of the porous compact. This will
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peed up material transport and enable the sintering to reach full
ensity more rapidly and far below the melting temperature of
he crystal. On the other hand, low agglomeration is desirable to
void density gradient that are responsible for differential sin-
ering, i.e. agglomerates with low-pore coordination numbers
hrink first and locally causing porous regions with high coordi-
ation number to develop between agglomerates. These highly
oordinated regions are then kinetically unlikely to disappear,
nless particle rearrangement occurs.4 Any remaining porosity
s unacceptable for optical applications, since it will cause light
cattering. Therefore, agglomeration in the starting powder must
e limited.

Purity is also an important issue to be controlled, both for the
intering process and for the future laser material. For instance,
t is well-known that only a few hundreds parts per million of

gO is responsible for alumina to sinter to full density and
ransparency.5 Thus, high purity of the raw materials is required
n order to be able to sinter in a controlled way, with or without
ddition of sintering aids. From the laser point of view, impuri-
ies are often responsible for energy transfers and modification

f the average crystal field strength.6 Impurities can also mod-
fy the point defect distribution of the ionic crystal leading to
iscoloration. All these phenomena are detrimental to the laser
roperties.

mailto:johmou@ltu.se
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.103


1 ean Ceramic Society 27 (2007) 1991–1998

d
p
t
o
c
b
i
c
s
f
p
m
f
b
i
s
c

o
a
t
t
m
fi
n
m
l
t

n
s
i
m

Table 1
Description of the different samples

Sample Synthesis Yb (at%)

0Yb:OH Yttrium hydroxynitrate platelets 0
2.7Yb:OH Yttrium hydroxynitrate platelets 2.7
31Yb:OH Yttrium hydroxynitrate platelets 31
0Yb:CO Amorphous yttrium carbonate 0
2.7Yb:CO Amorphous yttrium carbonate 2.7
31Yb:CO Amorphous yttrium carbonate 31
0Yb:HOX 0Yb:OH calcined at 1100 ◦C/4 h 0
2.7Yb:HOX 2.7Yb:OH calcined at 1100 ◦C/4 h 2.7
31Yb:HOX 31Yb:OH calcined at 1100 ◦C/4 h 31
0Yb:COX 0Yb:CO calcined at 1100 ◦C/4 h 0
2
3

y
c
h

s
t

2

t
p
p
i

992 J. Mouzon et al. / Journal of the Europ

Another requirement is that dopant has to be as well
istributed as possible in the host-matrix. Although the sim-
le energy state of Yb3+ prevent self-quenching, it is bet-
er to avoid clustering and promote random distribution to
btain homogenous bulk properties. Regarding ceramic pro-
essing, it is often better to start with a powder with a distri-
ution of doping elements similar to the desired distribution
n the final material. Doping by addition of foreign particles
ontaining the dopant and subsequent solid-state interdiffu-
ion under heating will inevitably influence sintering if per-
ormed simultaneously. If doping is performed in a thermal
re-treatment, grain growth is usually required to achieve good
ixing, which reduces the sinterability of the powder. There-

ore, in order to be able to control sintering, it is preferable to
egin with a non-agglomerated powder, in which the dopant
s homogeneously distributed directly during powder synthe-
is. Co-precipitation appears as a candidate to fulfil all these
riteria.

Recently, two new precipitation methods have been devel-
ped leading to nano-sized particles of yttria with a limited
mount of agglomeration. The first method consists in syn-
hesising open networks of platelets,7 nano-rods,8 or foams9

hat decompose upon heating into spherical nano-particles. This
ethod presents two advantages. It avoids agglomeration of the
nal powder, since the original morphology of the precursor is
ot retained after calcination. In addition, since the two former
ethods involve crystallisation of the precursor, impurities are

eft or rejected in the solution, thereby improving the purity of
he powder.

The second approach involves the synthesis of carbonate

ano-particles. Carbonate precursor are considered to be less
ensitive to the formation of hard agglomerates during dewater-
ng, because they do not form hydrogen bonds with water.10 This

ethod has been shown to be very successful to co-precipitate

B
s
t
s

Fig. 1. Flow chart of two different routes
.7Yb:COX 2.7Yb:CO calcined at 1100 ◦C/4 h 2.7
1Yb:COX 31Yb:CO calcined at 1100 ◦C/4 h 31

ttrium and aluminium,11,12 especially when an amorphous pre-
ursor was obtained. Specifically, it resulted in better cation
omogeneity.

In this paper, we investigate the ability of both methods to
ynthesise Yb:Y2O3 nano-particles in terms of dopant distribu-
ion and purity.

. Experimental

A precursor of each concept was chosen in literature and
heir synthesis were repeated, namely: yttrium hydroxynitrate
latelets with transient morphology7 and spherical amorphous
articles of yttrium carbonate precursor.8 For the sake of clar-
ty, flow charts presenting both procedures are shown in Fig. 1.

oth methods were carried out without ytterbium and by sub-

tituting 2.7 and 31 at% of the nominal yttrium concentra-
ion by ytterbium (see Table 1 for details of the different
amples).

leading to nano-particles of Y2O3.



ean C

2

R
(
3
p
t
t
o
T
t
b
d
f

2

a
u
h
t
d
w
t
m

2

d
m
m
a
3
p
h
a
p
l
r

2

m
o
d
c

s
(
s
t
s
o

e
a
d
c
t
p
t
d
A
w
t
w
t
p
l

w
e
w

3

c
i
t
g
a
c
t
F
t
d
c
b

i
d
a
t
V
2
m
t
i
of 0.34% for the corresponding interplanar spacing indicating
solid solution. The formation of a solid solution by substitution
is not surprising, since both yttrium and ytterbium hydroxyni-
trates with close compositions of those precipitated in this work

Table 2
Interplanar distance calculated from the peak around 28.6◦ for both doped and
J. Mouzon et al. / Journal of the Europ

.1. Hydroxynitrate route

A 0.185 mol/l mother solution of yttrium nitrate (99.99%
hodia) was prepared by dissolution with ion-exchanged water

resistivity >6 M� cm). When doping was performed, 2.7 and
1 at% of yttrium was substituted by ytterbium (ytterbium nitrate
entahydrate, 99.9% Aldrich). A 2 mol/l ammonia water solu-
ion (Suprapur®, Merck) was used as a precipitant. A 50 ml of
he precipitant was dripped at a rate of 1.25 ml/min into 100 ml
f the mother solution, which was held at a temperature of 10 ◦C.
he precipitate was then left to age for 3 h at the same tempera-

ure and then recovered by suction filtration. In order to reduce
y-products of the reaction to a minimum level in the precipitate,
ispersion in ion-exchanged water and filtration were repeated
our times.

.2. Normal carbonate route

A 0.37 mol/l mother solution of yttrium nitrate and a 2.5 mol/l
mmonium hydrogen carbonate (AHC) solution (99.5%, Fluka)
sed as precipitant were prepared by dissolution. Similar to the
ydroxynitrate route, 2.7 and 31 at% ytterbium was also substi-
uted to yttrium nitrate for doping. 28 ml of the precipitant was
ripped at a rate of 0.7 ml/min into 70 ml of the mother solution,
hich was held at a temperature of 25 ◦C. The precipitate was

hen left to age for 1 h. It was recovered and washed in the same
anner as the hydroxynitrate precursor.

.3. Drying, calcination and sintering

During filtration all precursors formed cakes which were
ried at 110 ◦C in an oven equipped with a fan to enhance
ass transport. Drying was considered to be ended when no
ore weight loss could be observed. Calcination was performed

t 1100 ◦C in a flowing oxygen atmosphere. A heating rate of
00 ◦C/h and a dwell period of 4 h were used. The calcined yttria
owders doped with 31 at% ytterbium were sintered in order to
omogenise the distribution of ytterbium by increasing diffusion
nd grain growth at high temperatures. Pellets were uniaxially
ressed in a 14-mm-diameter die under 10 MPa. This was fol-
owed by cold isostatic pressing under 200 MPa pressure. The
esulting pellets were sintered at 1600 ◦C for 7 h in air.

.4. Characterisation

Particle morphology was observed by scanning electron
icroscopy (SEM, JSM 6460lv, JEOL, Japan). A small quantity

f powder was dispersed by ultrasonication in methanol and one
rop was deposited on an aluminium substrate. Samples were
oated by a thin layer of gold to minimise charging.

Distribution of the dopant was checked by using back-
cattered electron imaging and energy-dispersive X-ray analysis
Oxford Instruments, United Kingdom). In order to obtain a flat

urface, powder was mixed with epoxy resin and hardener, and
hen cast into a cylindrical mould. After hardening, the mounted
ample was polished using diamonds with an averaged grain size
f 1/4 �m in the final step.
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X-ray diffractometry (XRD) with a Philips X’pert system
quipped with a secondary monochromater and Cu K� radi-
tion was used for phase identification and lattice parameter
etermination. Silicon powder (99% purity) was mixed with the
alcinated powders and used as calibrant in order to obtain quan-
itative lattice parameter information. The sintered powders were
ulverised using agate mortar in order to release residual stresses
hat might have affected the measurements. Commercial pow-
ers of pure yttrium and ytterbium oxides (99.99% REacton,
lfa Aesar) were also used as reference samples. Peak positions
ere determined by least square fitting Gaussian functions to

he 222 and 400 diffraction lines of yttria. The same procedure
as used to check if Y and Yb had formed solid solutions in

he case of the platelet-like precursors. In this case, a zirconium
owder (98% purity) was used as calibrant to determine the peak
ocations.

Chemical analysis to assess doping content and purity level
as performed using both ICP-AES and HR-ICP-MS. Trace

lements were analysed by 50 scans over the whole mass region,
hich corresponds to a total measuring time of 300 s.

. Results and discussion

Fig. 2 shows the powder morphology both before and after
alcination of the two different precursors, namely, the hydrox-
de and carbonate powders. No obvious difference between
he undoped and heavily doped precursors could be distin-
uished for both methods. In the case of the precipitation by
mmonia water, platelets can be observed (Fig. 2(a)). During
alcination, the platelets decompose into small rounded par-
icles more or less bonded to one another as can be seen in
ig. 2(c). On the other hand, the carbonate precursors precipi-

ated by AHC are composed of spherical particles that formed
uring precipitation. Fig. 2(b and d) show that these parti-
les remain even after calcination with some slight degree of
ridging.

All precursors precipitated by ammonia water exhibit nearly
dentical diffractograms as the one depicted in Fig. 3(a). This
iffractogram resembles those of Y2(OH)5.14(NO3)0.86·H2O
nd Y2(OH)5(NO3).1.5H2O.13 The platelets are of poor crys-
alline quality and it is the reason for the high background level.
alues of the interplanar spacing from the peak located at around
8.6◦ for all hydroxide precursors are given in Table 2. The for-
ation of a solid solution cannot be established by comparing

he cases of 0 and 2.7 at% ytterbium doping. However, a dop-
ng of 31 at% ytterbium results in a relative linear shrinkage
ndoped hydroxynitrate precursors

b0 (at%) 0 2.7 31

(Å) 3.1103 ± 0.0004 3.1104 ± 0.0003 3.0985 ± 0.0003
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Fig. 2. Typical scanning electron micrographs of the precursors: (a) 0Yb

ave been found to crystallise in orthorhombic structures under
ydrothermal conditions.14

The diffractogram of the doped precursors precipitated by
HC is shown in Fig. 3(b). The high background level and the

ack of diffraction lines indicate an amorphous structure. In the
ase of the undoped sample (not shown here), weak diffraction
ines could be distinguished that are consistent with yttrium nor-

al carbonate Y2(CO3)3·2H2O.15

The X-ray diffractograms of all the calcinated powders
not shown here) are consistent with yttria,16 although shifted

owards higher 2θ values for the doped samples. Full solubility
s expected for mixture of yttrium and ytterbium oxides, since
oth oxides crystallise in the bixbyite structure (space group

Fig. 3. X-ray diffractograms of: (a) 31Yb:OH; (b) 31Yb:CO.

o
l
o
c
p
e

(b) 31Yb:CO and the respective oxides: (c) 0Yb:HOX, (d) 31Yb:COX.

a(T 7
h ) with Z = 16) and yttrium and ytterbium have very close

onic radii (87 and 90 pm, respectively).
Table 3 presents the unit cell parameters of the different syn-

hesised oxides, as well as for the Y2O3 and Yb2O3 reference
amples. The unit cell parameters are also plotted in Fig. 4. The
alues found for the undoped samples are quite constant with
n average value of 10.605 Å. This compares favourably with a
alue of 10.604 found in literature.16 Table 3 contains also the
pparent content of ytterbium, Yba, which was calculated based
n the measured unit cell parameters and Panitz and Vegard’s
aw.17 Dimensions of 10.605 Å and 10.435 Å for the unit cells

f yttrium and ytterbium oxides, respectively, were used for the
alculations. The Yba values obtained for the carbonate-derived
owders agree well with the nominal compositions, Yb0. How-
ver, calculations of Yba for the hydroxynitrate-derived powders

Fig. 4. Unit cell parameters of the different powders with error bars.



J. Mouzon et al. / Journal of the European Ceramic Society 27 (2007) 1991–1998 1995

Table 3
Unit cell dimensions of the synthesized oxides according to X-ray powder diffraction

Yb0 (at%) Platelets with transient morphology
synthesis

Amorphous carbonate synthesis Y2O3 Ref. sample Yb2O3 Ref. sample

a222 (Å) a400 (Å) Yba (at%) YbICP (at%) a222 (Å) a400 (Å) Yba (at%) YbICP (at%) a222 (Å) a400 (Å) a222 (Å) a400 (Å)

0 10.606 10.605 10.604 10.605 10.605 10.605 10.435 10.436
2.7 10.602 10.603 1.5 2.8 10.600 10.601 2.8 2.7

31 10.564 10.562 24.9 10.553 10.554 30.5
31a 10.560 10.562 26.1 10.552 10.554 30.8

N ) and ICP-MS elemental analysis (YbICP).
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ominal composition (Yb0) is compared with ytterbium apparent content (Yba
a Sintered at 1600 ◦C for 7 h, then pulverised.

how lower values than the nominal compositions. The nominal
ompositions of 2.7Yb:COX and 2.7Yb:HOX were confirmed
y ICP measurements (YbICP, Table 3). Thus, no ytterbium was
ost during synthesis and ytterbium loss cannot be responsible
or the larger unit cell parameter found for 2.7Yb:HOX and
1Yb:HOX in comparison with those found for 2.7Yb:COX and
1Yb:COX.

Fig. 5 shows two scanning electron micrographs of the
1Yb:OH and 31Yb:CO precursors. In Fig. 5(a), in addition
o the dark agglomerates of platelets that represents most of the
owder, bright chip-like particles can be observed, thereby indi-
ating the presence of a second phase. The size of these chip-like
articles ranges from 2 to 200 �m in length. Bright chip-like par-
icles can also be observed in the powder after calcination (not
hown here) and contain only yttrium and ytterbium apart from
xygen. Higher ytterbium content was found by EDX analysis in
he bright regions in comparison with the dark regions, as shown
n Table 4. Since ytterbium has an atomic number almost twice
s large as yttrium it will give rise to Z-contrast in the micro-
raphs and the brighter areas will contain a higher ytterbium
ontent than the nominal composition and vice versa for the
arker regions. The X-ray diffractograms from this microstruc-
ure will give rise to convoluted peaks containing information
rom both types of regions. This explains the lower theoretical
tterbium contents found in Table 3 for the 2.7Yb:HOX and
1Yb:HOX samples, since they were inferred from the peak
ocations. On the other hand, the appearance of the 31Yb:CO
ample by backscattered electron imaging is homogenous, as it
an be seen in Fig. 5(b). Constant ytterbium content close to the
ominal composition was found by EDX analysis both in the as-
ynthesised and calcinated powders (31Yb:CO and 31Yb:COX
n Table 4). This indicates an excellent mixing of both rare-earth

ations directly in the precipitated particles.

All observed bright chip-like particles appear to be dense
nd to be covered by platelets on one side and by more equiaxed
ut irregular particles on the other side (Fig. 6(a)), these latter

t
l
p
a

able 4
tterbium content determined by EDX spot analysis in dark and bright regions for al

ample 31Yb:OH 31Yb:HOX

bdark (at%) 19.7 ± 3.1 (9) 19.8 ± 5.6 (
bbright (at%) 51.6 ± 8.4 (13) 55.5 ± 4.3 (

n brackets, number of analysed spots.
ig. 5. Scanning electron micrographs recorded in backscattered electron mode
f powder particles embedded in epoxy resin: (a) 31Yb:OH and (b) 31Yb:CO.

eing richer in ytterbium than the former as they appear brighter
n Fig. 6(b). The layer of platelets seems to be tightly bonded

o the chip-like particle and was found to extend from a single
ayer up to 100 �m. Fig. 6(c) shows a crack in a bright chip-like
article revealing that it consists of equiaxed grains with sizes
round 300 nm and below, as indicated by the arrows.

l samples initially doped with 31 at%

31Yb:CO 31Yb:COX

27) 30.2 ± 4.3 (34) 30.1 ± 2.0 (30)
9)
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F f a bright chip-like particle in 31Yb:OH (secondary electrons), (b) a bright chip-like
p ht chip-like particle in 31Yb:OH (secondary electrons).
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ig. 6. Scanning electron micrographs showing: (a) the structure on both sides o
article in 31Yb:HOX (backscattered electrons), and (c) a crack in another brig

In order to homogenise the distribution of ytterbium, pellets
f the 31Yb:COX and 31Yb:HOX powders were pressed and
intered at 1600 ◦C for 7 h. In the case of 31Yb:HOX, Fig. 7(a)
hows that bright regions of different sizes are still present after
ong heat treatment at high temperature. After sintering, Yba

ncreases from 24.9 to 26.1 at% (Table 3). However, this is still
elow the expected value when ytterbium is homogeneously
ispersed, i.e. nominal composition. Very long thermal treat-
ents would be required to distribute ytterbium throughout the

ample.
Moreover, numerous flaws as the ones shown in Fig. 7(b)

an be observed in the sintered 31Yb:HOX sample. These flaws
ppear to be elongated and probably formed alongside chip-like
articles. Since they are dense and hard, the chip-like particles
revent achieving homogeneous compaction densities around
hem. Low-density regions therefore undergo high shrinkage and
evelopment of porosity during sintering. The fact that porosity
onstantly develops only on one side of the chip-like particles is
onsistent with the asymmetric layers on each side. The layer of
latelets observed to form on one side is already bonded to the
hip-like particle before compaction. Thus, it should give rise to
high density during pressing in comparison with the opposite

ide.
On the other hand, sintering of the 31Yb:COX powder pro-

uces a final sample with homogeneous distribution of ytter-
ium, as indicating by the Yba value close to nominal composi-
ion in Table 3. Furthermore, fewer and smaller flaws developed

n the material, thereby resulting in higher densities. This is cer-
ainly due to fewer hard agglomerates in the powder.

How the chip-like particles formed is unclear and requires fur-
her investigation. Nevertheless, the chip-like particles consist of

Fig. 7. Scanning electron micrographs showing: (a) the presence of ytterbium-
rich regions on the polished surface of the 31Yb:HOX sample sintered at 1600 ◦C
for 7 h, (b) a typical flaw induced by an ytterbium-rich aggregate and observed
in the same sample on a fracture surface.
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Fig. 8. pH curve of 2.7Yb:OH in function of reactant feed mole ratio.

quiaxed subunits of 100 nm or less. The size of these subunits is
imilar to the hydroxide particles obtained in gels precipitated at
igh supersaturation levels. Precipitation by ammonia water of
ll precursors occurred at a relatively constant pH of 7 (Fig. 8).
owever, supersaturation decreases all along when ammonia
ater is added into the nitrate solution, since yttrium, hydroxide

nd nitrate ions deplete, as they take part to the formation of
he insoluble precipitate. Therefore, the chip-like particles are
ikely to have formed in the beginning of the precipitation run.

oreover, particles rich in ytterbium are also likely to precip-
tate in the beginning, since ytterbium becomes supersaturated
rst compared to yttrium when pH increases,18 as shown in
ig. 9. Precipitation of the chip-like particles first is also consis-

ent with the layer of platelets closely bonded to their surface. In
act, platelets can be thought as to have nucleated subsequently
n the chip-like particles.
Chemical analysis results of trace elements obtained by
CP showed that both powders exhibit purities ≥ 99.9%. Both
ethods have therefore the ability to produce high purity

owders.

ig. 9. Solubility of Y(OH)3 (a) and Yb(OH)3 (b) in function of pH. Nominal
oncentration of Y3+ (c) and Yb3+ (d). Solubility products were calculated from
ef.18.
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. Conclusion

Precipitation of amorphous carbonate from yttrium and ytter-
ium nitrates enables to synthesise particles with uniform mor-
hology and with an excellent distribution of ytterbium. This
eature is attributed to the intimate mixing of the rare-earth
ations in the amorphous particles as synthesised. This kind of
ynthesis can be therefore called a real co-precipitation.

However, in the investigated set of conditions, precipitation
f yttrium and ytterbium nitrates by ammonia water leads to the
ormation of hydroxynitrate platelets, but also of ytterbium-rich
articles with chip-like morphology. The chip-like particles are
icher in ytterbium than the platelets, causing inhomogeneous
istribution of ytterbium. Ytterbium gradients were still present
fter sintering in air at 1600 ◦C for 7 h.

The chip-like particles consist in dense agglomerates made
f equiaxed hydroxide-based particles. The hard nature of these
gglomerates prevents achieving good compaction densities dur-
ng pressing, which leads to the formation of flaws during sin-
ering.
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