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The mechanisms of the solid-state sintering of pure Nd:YAG and of the liquid-phase sintering of silica-
doped Nd:YAG ceramics have been studied during the present work.

On one hand, the densification mechanism of undoped Nd:YAG ceramics which obeys to a solid-state
sintering has been investigated. It appeared from the kinetical tests performed under isothermal condi-
tions (between 1723 and 1823 K) that densification is a thermally activated process during the interme-
diate stage of solid-state sintering. The activation energy so-determined (600 kJ mol�1) was attributed to
densification controlled by the grain boundary diffusion of rare-earth elements.

On the other hand, the kinetical analysis of the liquid-phase sintering of silica-doped Nd:YAG materials
has been carried out for temperature ranging between 1723 and 1823 K, i.e., for any temperature higher
than the melting point (1660 K) of the silica-rich secondary phase which adopts the eutectic composition
in SiO2–Al2O3–Y2O3 system. Densification rate increases versus increasing liquid content and sintering
temperature. The activation energies ranged from 1145 to 986 kJ mol�1 over the relative density range
of 70% to 90%, respectively. The high activation energies have been correlated to the solution-precipita-
tion stage of sintering for which the interface reaction would be the rate-controlling step.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

YAG (Yttrium Aluminum Garnet–Y3Al5O12) belongs to the fam-
ily of the attractive materials to which attention is paid in view of
applications in the field of high energy lasers. Appropriate rare
earth dopants (mainly Nd3+) are added in small proportions to
the matrix due to their luminescent properties. They enter into so-
lid solution within the garnet crystallographic lattice where they
substitute Y3+ ions species owing to size and electric charge criteria.

Low duration and low cost of manufacturing, absence of severe
limitation in size and geometry make the Nd:YAG ceramics attrac-
tive with comparison to single crystals [1–3]. Ikesue et al. [4] were
the first to demonstrate the possibility of elaborating transparent
Nd:YAG ceramics with the required optical properties. In term of
laser application, recent works [5,6] have shown that transparent
polycrystalline Nd:YAG ceramics are equivalent or even better
than single crystals grown by the Czochralski method. Neverthe-
less, the ceramic route which rests on the sintering of mixtures
of reactive oxides (Al2O3, Y2O3 and Nd2O3) requires the control of
each step during the elaboration process.

The reaction sequence of the ‘‘pure” Nd:YAG sintering (i.e. with-
out silica) from Al2O3/Y2O3/Nd2O3 mixtures prepared to the stoi-
ll rights reserved.
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chiometric proportions has been reported in literature [2,7,8].
Three successive reactions occur between 1173 and 1673 K. The
first corresponds to the Y4Al2O9 phase formation. The second
transformation leads to the YAP formation (YAlO3–perovskite
structure) and finally residual Al2O3 reacts with the YAP phase to
form YAG. For upper temperatures, shrinkage is observed due to
the densification of YAG [7]. From literature, it is well known that
the use of sintering aids (e.g. MgO or SiO2) [9,10] is necessary to
reach fully dense and transparent Nd:YAG ceramics. Recently, Sallé
et al. [7] pointed out that small additions of silica enhance densi-
fication kinetics and inhibit the abnormal grain growth at the final
stage of sintering. The formation of the liquid phase which appears
at around 1660 K would result from the solid–solid reaction
between silica and YAG particles. The chemical composition of
the liquid phase so-formed was reported to belong to the eutectic
compound in SiO2–Al2O3–Y2O3 pseudo-ternary diagram [11–13].
Previous studies [14–16] have already reported the same benefi-
cial role of silica additions upon sintering by suggesting the
increase of grain boundary (GB) diffusion coefficient or the
decrease of GB surface energy in presence of secondary phases.
Based on structural considerations, Kuklja [17] proposed that the
silica effect is also correlated to a solid solution formation by sub-
stitution of Al3+ by Si4+ in tetrahedral sites. This transformation
leads to the formation of Y3+ vacancies which would enhance the
lattice diffusion coefficient, and consequently, improve the YAG
densification kinetics.
08), doi:10.1016/j.optmat.2008.04.005
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Under the hypothesis of a liquid-phase sintering mechanism for
silica-doped Nd:YAG ceramics, the effectiveness of a liquid phase
during sintering cannot be properly identified unless the rate-con-
trolling mechanism responsible for densification is known. Conse-
quently, the purpose of the present study is firstly to undertake the
kinetic analysis under isothermal conditions of the intermediate-
stage of the densification during the liquid-phase or the solid-state
sintering of Nd:YAG ceramics (i.e. with or without silica additions,
respectively). Such quantitative information, correlated to micro-
structural evolution during sintering, will yield insight into the role
of silica in the improvement of densification kinetics of Nd:YAG
ceramics.
Fig. 1. Sintering map of Nd:YAG ceramics containing 0.3 wt.% SiO2 (closed symbols)
or silica free (open symbols). Sintering temperature and dwelling time ranging,
respectively, from 1723 K to 1973 K and 15 min to 4 h. Sintering trajectories for
samples with or without silica were reported as full and dotted lines, respectively.
2. Experimental

2.1. Powder preparation for sintering

The manufacturing process used during this work is similar to
that reported by Rabinovitch et al. [18].

To prepare the powders for pressing, submicron alpha alumina
(Baïkowski, purity > 99.99%), yttria (Alfa Aesar, purity > 99.99%)
and neodymium oxide (Alfa Aesar, purity > 99.99%) were mixed
to reach the composition Y2.94Nd0.06Al5O12 after thermal treat-
ment. For silica-doped samples, nanosized silica particles (Alfa Ae-
sar, purity > 99.8%), used as sintering aid, were added in contents
ranging from 0 wt.% to 0.3 wt.%. After ball milling in a solvent
(water + binder), the powder was uniaxially pressed at 200 MPa
in a steel die to make pellets nominally 17 mm in diameter by 5
mm high. Prior to sintering, the organics were completely removed
by heating the samples in air.

2.2. Sintering

Sintering was conducted under isothermal conditions and vac-
uum (PT 610�2 Pa) between 1723 and 1923 K with various soaking
times and cooled down to room temperature. The specimens were
placed in an alumina crucible. A heating rate of 15 K min�1 (i.e. in
the upper range accessible with the present tungsten mesh-heated
furnace) was used. Therefore, these sintering temperatures were
chosen to yield equilibrium liquid phases with Nd:YAG when silica
was introduced [7].

In parallel, further dilatometric experiments were carried out to
establish the kinetics of densification for Nd:YAG with or without
silica. So, the shrinkage was followed as a function of time and
temperature by dilatometry (Thermal Mechanical Analyzer, TMA
92, SetaramTM, France). These thermal treatments were achieved un-
der vacuum with a heating rate of 20 K min�1 up to temperatures
ranging between 1723 and 1823 K.

2.3. Density measurement and microstructural observations

Relative densities of Nd:YAG samples after sintering were
measured by using either geometrical or the Archimedes method.
The theoretical density of fully dense YAG was taken as 4.55
g cm�3.

After cooling, the sintered samples were polished and ther-
mally etched under air at 100 K below the sintering temperature
to investigate the microstructure by Scanning Electron Micros-
copy (SEM, PhilipsTM XL30 and FEG-SEM, JEOLTM 7400). The mean
grain size of etched samples was determined, thanks to image
analysis software (Scion software, Scion Corp., USA). The equiva-
lent disc diameter was chosen as a parameter for size evaluation.
For each sample, average grain size measurements done over 300
grains (i.e. from at least 5 images) lead to an error of about
2.5%.
Please cite this article in press as: R. Boulesteix et al., Opt. Mater. (20
3. Results and discussion

3.1. Sintering map of Nd:YAG ceramics

The experimental data (grain size, relative density) issued from
the sintering attempts which were performed between 1723 and
1923 K have been reported in the corresponding sintering map
(Fig. 1). The observation of the grain size (G) versus relative density
(q) trajectories for undoped and silica-doped Nd:YAG specimens
allow to establish correlation between densification and micro-
structure evolution and to discuss the influence of silica on micro-
structure development.

From Fig. 1, it is interesting to notice that three types of micro-
structures are obtained depending on the experimental parameters
(whatever the silica content): porous materials (open porosity, rel-
ative density between 60% and 90%) with submicrometer grain size
(around 500 nm), dense ceramics (closed porosity, relative density
(q) between 90% and 97%) with a micrometer grain size (around 2
lm) and fully dense material with an average grain size larger than
3 lm. It is well known that the grain size-density trajectory is a
function of the relative ratio of the densification rate to the grain
growth rate. So, at the final stage of densification (q > 97%), the flat-
tening of the G-q trajectories that is observed in the silica-doped
Nd:YAG materials reflect the fact that the doping enhances the
densification rate relative to the grain-growth rate. At 1973 K,
the average grain size of silica-doped material remains around 5
lm while it increases up to 11 lm for pure Nd:YAG. Consequently,
silica seems to inhibit exaggerated grain growth and leads to a
suitable homogeneous microstructure to obtain transparent
ceramics.

In the next part, the densification mechanisms during the inter-
mediate stage of solid-state and liquid-phase sintering of Nd:YAG
ceramics (i.e. for relative density ranging between 70% and 95%)
have been investigated.

3.2. Sintering mechanisms

3.2.1. Solid-state sintering of Nd:YAG ceramics
Fig. 2 depicts the relative density as a function of sintering time

at temperatures ranging between 1723 and 1823 K for ‘‘pure”
Nd:YAG samples. These data have been obtained from shrinkage
measurements thanks to the dilatometry device. The shrinkage is
considered isotropic during the present work. Then the relative
density is calculated from the following expression:
08), doi:10.1016/j.optmat.2008.04.005
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Fig. 2. Densification curves of undoped Nd:YAG samples as a function of sintering
time at different soaking temperatures. Heating rate was 15 K min�1.
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Fig. 3. Size-compensated densification rate versus reciprocal temperature with m =
4 for undoped Nd:YAG specimens at various relative densities (70% and 80%).
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Fig. 4. Densification curves of silica-doped Nd:YAG samples as a function of sint-
ering time at different soaking temperatures. Heating rate was 15 K min�1.

Table 1
Densification rates ((1/q) � (dq/dt)) for different silica-doped Nd:YAG samples at
1773 K and for a given relative density (75%)

Silica content (wt.%) Densification rate (10�6 s�1)

0 3.6
0.05 14
0.3 330
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q ¼ q0

1� DL
L0

� �h i3 ð1Þ

where q denotes the relative density at instant t, q0 the initial rela-
tive density, DL the shrinkage at the same soaking time t, and L0 the
initial length of the specimen. Under these conditions, the relative
density increases from 60% to 80%, an interval which corresponds
to the intermediate stage of densification of the Nd:YAG samples.
From Fig. 2, it is observed that the densification process is thermally
activated: the higher the sintering temperature, the faster the den-
sification occurs during sintering.

The densification data reported in Fig. 2 were analyzed accord-
ing to a conventional sintering mechanism governed by either lat-
tice diffusion or grain-boundary diffusion. The rate equation for
these mechanisms is usually written as [19,20]:

1
q

dq
dt
¼ f ðqÞ

kTGm D0 exp � Ea

RT

� �
ð2Þ

where q is the relative density, t is time, T is the absolute tempera-
ture, f(q) is function only of the relative density, G is the mean grain
size, D0 is the pre-exponential coefficient of diffusion, R is the gas
constant and Ea is the apparent activation energy. For volume diffu-
sion, D0 = (Dv)0 and m = 3; for grain boundary diffusion, D0 = (dDb)0

where d is the grain boundary thickness and m = 4.
With the case of a polynomial fit of the data files representing

the evolution of the relative density versus firing time at different
soaking temperatures, it is possible to have access to the variation

of the densification rate 1
q�

dq
dt

� �� �
as a function of sintering time.

Then TGm 1
q

dq
dt

� �� �
function is plotted versus reciprocal tempera-

ture (1/T) at a given relative density (q) using the particle-size data
determined for the same samples. This procedure has been fol-
lowed for two relative densities (70% and 80%). As shown in
Fig. 3, a straight line fit of all the data can be obtained by assuming
m = 4 whatever the relative density value. The activation energy
implied by this plot is 595 ± 70 kJ mol�1 which may be identified
to the activation energy of grain boundary diffusion. Therefore, this
latter value should be consistent with the activation energy for the
grain-boundary diffusion of the rare-earth element (i.e. Y3+: Ea =
565 ± 85 kJ mol�1 [21] and Nd3+: Ea = 637 ± 90 kJ mol�1 [22]) in
Nd:YAG specimens. It is worth to notice that these grain boundary
diffusion coefficients were determined (in Ref. [21] and [22])
thanks to rare-earth concentration profiles determined by Second-
ary Ion Mass Spectrometry (SIMS) techniques from annealing be-
tween 1673 and 1873 K of rare-earth oxides thin films deposited
on YAG substrates. From sintering and diffusion experiment re-
sults, it is then concluded that densification during the intermedi-
Please cite this article in press as: R. Boulesteix et al., Opt. Mater. (20
ate stage of solid-state sintering of the undoped Nd:YAG specimens
is controlled by the rare-earth grain boundary diffusion.

3.2.2. Effect of silica on densification mechanism
The densification kinetics has been followed as a function of the

two process variables: silica content and temperature.
Data presenting the dependence of densification rate on the

starting silica content from 0 wt.% to 0.3 wt.% at 1773 K are shown
in Fig. 4. Clearly, the densification rate increases significantly with
increasing liquid volume content: indeed, for a given relative den-
sity, the densification rate obtained with 0.3 wt.% SiO2 increases by
two orders of magnitude with respect to those observed without
any silica addition (see Table 1). These results confirm the effec-
tiveness of the silica addition for liquid-phase sintering of Nd:YAG
samples.

Fig. 5 depicts the densification kinetics of Nd:YAG ceramics con-
taining 0.3 wt.% SiO2 during firing at 1723, 1773, 1798 and 1823 K.
These curves demonstrate that the liquid-phase Nd:YAG sintering
08), doi:10.1016/j.optmat.2008.04.005
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Fig. 5. Densification curves of Nd:YAG doped with 0.3 wt.% SiO2 as a function of
time at different sintering temperatures with a heating rate of 15 K min�1.

Fig. 7. SEM observation of Nd:YAG doped with 0.3 wt.% SiO2, sintered under vac-
uum at 1800 K for 15 minutes, then etched 20 minutes at 1700 K under air.
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is thermally activated. However, at higher firing temperature (i.e.
1823 K), the relative density maximum is followed by slight deden-
sification at longer sintering times. The dedensification effect could
be explained from different hypotheses:

(i) The vaporization of silica rich-secondary phases at high sin-
tering temperature involving the formation of porosities.
Indeed, it is well admitted in literature [23] for low oxygen
partial pressure (PO2 < 10�3 Pa) that weight loss becomes
appreciable in Si-O system at temperature higher than
1800 K due to the formation of gaseous species such as
SiO(g).

(ii) The final stage of the liquid-phase sintering of Nd:YAG spec-
imens which would be preferentially reached at high soak-
ing temperature could be accompanied by the coarsening
of microstructure [24]. If the possibility of the Ostwald rip-
ening presence is retained, it can be supposed that the resid-
ual pores would become larger leading to compact swelling.

The Arrhenius plot of the densification rate versus 1/T (see
Fig. 6) provides a means for determining whether the process
occurs by diffusion or interface-reaction controlled mechanism.
Indeed, if densification is limited by diffusion of ionic species
through the liquid phase, the activation energy of densification
should be consistent with the activation energy for diffusion in
liquid of such species. Besides, activation energies for the diffusion
of Rare-Earth, Al3+ or O2�, in aluminosilicate glasses reported in lit-
erature did not exceed 350 kJ mol�1 [25,26]. Therefore, if the disso-
lution rate of the solid–liquid interface represents the rate-limiting
step of the Nd:YAG densification, the activation energy of densifi-
cation should be in a good agreement with the activation energy
for dissolution of YAG or the rare-earth element in glass. From
Fig. 6, the measured activation energies are 1145 ± 90 and
Ea= 986 kJ.mol-1
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Fig. 6. Activation energy measurements for solution-precipitation stage during the
liquid-phase sintering of silica-doped Nd:YAG ceramics.

Please cite this article in press as: R. Boulesteix et al., Opt. Mater. (20
986 ± 50 kJ mol�1 for 0.05 wt.% and 0.3 wt.% SiO2, respectively.
So, the large activation energies measured during this study sug-
gests that the diffusion process is not the limiting process. Further-
more, the activation energies for the dissolution of rare-earth
element oxides [27] (i.e. » 1000 kJ mol�1) are comparable with
the present values of activation energies of densification.

The examination of the microstructural changes during the
intermediate stage of liquid-phase sintering of Nd:YAG ceramics
reported in Fig. 7 reveals that the particles contacts are flattened
substantially, thus extensive solution-precipitation mechanism
was operative. It is believed that Fig. 7 is the first microstructural
evidence of contact point flattening by solution-precipitation pro-
cess during the sintering of Nd:YAG specimens with silica.

4. Conclusion

The role of silica on the densification mechanism of Nd:YAG has
been studied in isothermal conditions and under vacuum for tem-
peratures ranging between 1773 and 1873 K. These temperatures
were chosen because they lead to the formation of a liquid phase
which results from the reaction between Nd:YAG and silica.

Instantaneous densification rates were analyzed with a conven-
tional solid-state sintering model for undoped Nd:YAG ceramics.
The mechanism controlling the densification during the intermedi-
ate stage of the solid-state sintering (70% 6 q 6 90%) has been
determined. The grain boundary diffusion of the rare-earth ele-
ment (Y3+, Nd3+) would be responsible for the densification of
undoped Nd:YAG specimens.

In the same way, isothermal experiments have been performed
to elucidate the mechanism of Nd:YAG liquid-phase sintering. It is
observed that the densification rate increases with increasing
amount of silica as a result of both the decreased fractional
solid–solid contact area and the enhancement of the kinetic of
mass transport by diffusion through the liquid phase. The values
of activation energies were determined to be around 1000
kJ mol�1. It is concluded that the densification during the liquid-
phase sintering of Nd:YAG ceramics is controlled by the interface
reaction.
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