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Abstract

The Nd* cation diffusion into transparent polycrystalline YAG (Y3AlsO,,) was investigated as a function of temperature and silica content. Thin
neodymium oxide layers were deposited on sintered YAG substrates prior to annealing under air at temperatures from 1400 to 1600 °C. Bulk and
grain boundary neodymium diffusion coefficients were measured by secondary ion mass spectrometry. The experimental results show that silica
addition increases the diffusivity of Nd** by a factor 10 whatever the diffusion path, probably as a result of extrinsic point defects formation,
especially rare-earth vacancies.

The experimental diffusion data were used to elucidate the sintering mechanism of Nd:YAG ceramics in the temperature range 1450-1550°C.
Firstly, it appeared that the intermediate stage of solid-state sintering should be controlled by the rare-earth diffusion along the grain boundary
with an activation energy of about 600 kJ mol~'. Secondly, grain growth mechanism at the final stage of liquid-phase sintering was investigated
for silica-doped Nd: YAG samples. Thus, the grain growth should be limited by the reaction at interfaces at a temperature lower than 1500 °C, with
an activation energy of about 880kJ mol~'. At higher temperature, it seems to be limited by the ionic diffusion through the intergranular liquid

phase, with an activation energy of 250kJ mol~'.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Neodymium-doped yttrium aluminum garnet (i.e. Y3_,Nd,
Al501,) is widely used for laser applications. Since the first
demonstration of Nd:YAG ceramic laser oscillation in 1995 by
Ikesue et al.,' significant progress in transparent YAG ceram-
ics has been made. Nowadays, polycrystalline YAG lasers and
numerous other transparent ceramics are commercially available
with various shapes and doping levels. During the last decade,
YAG has proven to be a very good solid state laser host mate-
rial, in particular for power applications thanks to its good optical
and thermomechanical properties.> In comparison to single-
crystals, polycrystalline YAG made by a ceramic process shows
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numerous advantages. It requires a relatively low sintering tem-
perature (7> 1700 °C) and large parts can be manufactured in
reduced time by conventional processes leading to more and
more powerful lasers.>8

Otherwise, the sintering of ceramics as well as other kinetic
processes (creep, solid-state reaction, etc.) is usually gov-
erned by the matter transport which requires the motion of
the ionic species in the volume or along the grain boundaries
of polycrystals. In this context, the densification of ceramics
is usually controlled by the slowest ionic species in the bulk
or along the grain boundaries. In the case of the YAG sin-
tering, the rate-limiting diffusion step should be that of the
rare-earth element (Y3* or dopant as Yb>*, Nd3*, Dy3*, La3*)
because of its large cationic radius and mass.” The diffusion
of the rare-earth element (REE) into polycrystalline YAG has
been studied from diffusion concentration profiles which were
obtained by SIMS®!? or RBS techniques.!! From these stud-
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ies, it appeared that the volume diffusion coefficients for all the
rare-earth elements were quite similar, showing up the role of
REE as tracers for yttrium ion diffusion.®!%!? It was also con-
firmed that activation energies for the cation volume diffusion
(~500-600 kJ mol~!) were much higher than those reported for
oxygen (~300-350kJ mol~!) in the yttrium aluminum garnet
lattice.

From literature, no previous work has been reported concern-
ing the effect of silica addition on the rare-earth ion (e.g. Nd3*)
grain boundary or volume diffusion in YAG. Nevertheless, it is
well known that the use of sintering aids (SiOp, MgO)'31# is
required to reach fully dense and transparent YAG ceramics by
removing the microstructural heterogeneities such as pores and
secondary phases.'> According to several previous papers,'3~16
the effect of the sintering aids should be correlated to the
enhancement of the rare-earth grain boundary diffusion due to
the occurrence of secondary phases during sintering and/or the
decrease of the grain boundary energy. In this context, Sall¢ and
co-workers'” showed the presence of a liquid-phase sintering
when silica was introduced in the reactive oxides mixture. The
liquid phase results from the reaction between YAG and silica
and should have an eutectic composition in Y203-Al,03-Si0,
system.!” It has been also reported in the literature!® that the
effect of silica addition should be linked to a solid solution
formation by substitution of AI>* by Si** in tetrahedral sites:

. 5 X 1 X P 1 " 1
SiOs + ZAly, + =Yy — Siy, + 3V + —Y3Al5012

6 2 6 @

According to Eq. (1), one expects that the formation of
Y3* vacancies enhances the lattice diffusion coefficient and,
consequently, affects the YAG densification mechanism. How-
ever, Si** ions are slightly smaller than AI** (0.026 versus
0.039 nm'?) leading to elastic distortions in YAG lattice. As a
consequence, only a small quantity of silica can be expected to
dissolve in pure YAG during the sintering.

The present study is then focused on the role of the silica on
the Nd** grain boundary or volume diffusion during sintering.
The diffusion profiles were obtained by using the SIMS method
which made the diffusion analyses possible at low concentra-
tions of rare-earth element ions. The diffusion coefficients (Dy,
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Dgyp) determined during this work were compared to the kinetical
data deduced independently from the analysis of the densifica-
tion and the grain growth mechanism of YAG with or without
silica additions.

2. Experimental procedure
2.1. Preparation of NdyO3-coated YAG samples

The measurements of the neodymium diffusion were per-
formed from YAG dense substrates covered by thin and pure
neodymium oxide coatings. The corresponding experimental
procedure is summarized in Fig. 1.

At first, polycrystalline YAG substrates were manufactured
according to the following process. Submicrometer a-Al,O3
(purity >99.99%, Baikowski, France) and Y203 powders (purity
>99.99%, Alfa Aesar, Germany) were mixed together in sto-
ichiometric proportions to form Y3AlsOj>. Nanosized silica
(purity >99.8%, Alfa Aesar) was added in three different con-
centrations: 0, 0.05 and 0.3 wt.%. After uniaxial pressing and
calcination to remove organic residues, pellets nominally 20 mm
in diameter by 5 mm high were sintered under vacuum at 1700 °C
for 3 h to provide fully dense materials. The sintered YAG sam-
ples showed an average grain size ranging between 4 and 10 pm
as a function of the silica content. More particular, it appears that
the higher the silica content, the lower the grain size. The thin
substrates for the deposition step were prepared by cutting thin
slices with a diamond saw (1 mm thick by a section of 20 mm).
One side of these slices was then polished by using different
diamond sprays of 6, 3 and 1 pum.

At second, the deposition step of a neodymium oxide pre-
cursor was based on the polymeric precursor method (i.e. a
sol-gel process) which is widely used to obtain oxides thin
films.20 Hexahydrated neodymium nitrate (purity >99.9%, Alfa
Aesar) was mixed with monohydrated citric acid (purity >99%,
Fisher Chemicals, UK) and dissolved in a solvent containing
ethylene glycol (purity >99%, Fisher Chemicals) and deionized
water, with the molar ratio 1:1.67:10:5.55. This solution was
then stirred and heated at 90 °C for about 2 h. Neodymium citrate
was then formed by reaction between citric acid and neodymium

Y,0;, Al,Os, x%510;

[ Nd(NO;);.6H,0 ] [ Ethylene Glycol ] [ Citric acid J

[ Mixture of oxides powders ]

Sintering under vacuum
T=1700°C, t=3h

, Mixing at T=90°C

=]

Viscosity adjustment
y

[ Neodymium precursor solution ]

YAG substrate
(relative density>99%)
| Dip-coating ;
[ Wet film ]

ag Calcination at T=1023 K

[ Nd,O; thm filin ]

Fig. 1. Scheme of the dip-coating process leading to Nd,O3 thin films on YAG substrates.
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nitrate. Thanks to heating, neodymium-based citrates underwent
apolyesterification reaction in presence of ethylene glycol which
leads to a viscous gel. The gel viscosity was controlled by a shear
rate-controlled rheometer (Carri-Med CSL100, Dorking, UK)
and was fixed to 50 mPa s by water addition. The covering pro-
cess of YAG substrates was performed thanks to a dip-coating
device at a withdrawal rate of 0.2 mms~!. Samples were then
heat-treated in air at 800 °C for 1h. The heating rate and the
cooling rate were fixed to 1 °C and 4 °C.min~!, respectively.

X-ray diffraction analysis (D5000 Siemens, CuKa radiation,
Germany) was carried out from the powder obtained after cal-
cination in air at 800 °C and grinding in an agate mortar. The
scanning time and the angular step were fixed to 2h and 0.04°,
respectively. The cross-section of the NdyO3-coated YAG sam-
ple was observed by means of scanning electron microscopy
(FEG-SEM, JEOL, JSM-7400F, France) and the surface by
atomic force microscopy in taping mode (AFM PicoLE, Molec-
ular Imaging Co., Scientec, France).

2.2. SIMS analyses

The diffusion annealings were achieved in air between 1400
and 1600 °C. The annealing time varied between 2 and 145h as a
function of the temperature. Neodymium concentration profiles
were determined by secondary ion mass spectrometry (SIM-
SLAB, VG Instruments, UK). Cs* ions (8 kV, 80 nA) were used
as primary ion beam. To limit charging effects, an electron flood
gun was coupled to the primary beam and samples were pre-
viously covered by sputtering with a thin layer of gold. The
final crater depth was measured using a profilometer (DEK-
TAK, Sloan, US) with a 5 nm resolution. Crater area and depth
were fixed to 500 pm x 500 pm and 2.5 pm, respectively. The
analyzed zone was only 30% of the crater surface to avoid edge
effects. Secondary ions (i.e. Nd*, Al* or Y*) were detected with
an electron multiplier and the Nd*/Al* intensity ratio was con-
verted as a function of depth using the sputtering time, the final
crater depth and assuming a constant sputtering rate. The aver-
age grain size of annealed specimens was determined by using
optical or scanning electron microscopy (SEM) and image anal-
ysis (Scion software, Scion Corp., USA). The equivalent disc
diameter was chosen as a parameter for size evaluation. For
each sample, average grain size measurement was done over
300 grains which lead to an error of about 2.5%.

3. Results and discussion
3.1. Nd>* diffusion in pure YAG specimens

The presence of the Nd, O3 phase in the calcinated powder of
neodymium precursor (JCPDS 01-074-2139 file) was evidenced
from the X-ray diffraction pattern (Fig. 2). FEG-SEM obser-
vations revealed that the dip-coating process led to a 100 nm
thick layer (Fig. 3a). This coating appeared to be homogeneous,
dense and nanostructured as shown by AFM characterizations
(Fig. 3b). From these experiments, it can be deduced that the
Nd; O3 oxide film should be sufficiently thin and homogeneous
to make the diffusion experiments possible.

= Neodymium oxide: Nd,O,
JCPDS 01-074-2139

Intensity (a.u.)

25 35 55 65

45
2 Theta (°)

Fig. 2. XRD pattern of the Nd,O3 powder issued from the grinding and the
calcination treatment of gel at 800 °C for 1 h in air.

Assuming that the analyzed area (300 pwm x 300 wm) by
SIMS is much larger than the grain size (5-20 wm), the sig-
nal intensity was assumed to be proportional to the average
neodymium concentration at a given depth. Fig. 4 presents a
typical diffusion profile for neodymium into a “pure” polycrys-
talline YAG sample (i.e. prepared without silica addition). This
diffusion profile was obtained after annealing in air at 1450 °C
for 44 h.

(a)

YAG

Fig. 3. SEM observation of the cross-section (a) and AFM image of the surface
(b) of a NdyO3 coating on YAG substrate after calcination at 800 °C for 1 h in
air.
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Fig. 4. SIMS diffusion profile of neodymium in “pure” YAG polycrystal treated
at 1450 °C for 44 h (a), with experimental and calculated profiles reported for
volume diffusion in region 1 (b) and grain boundary diffusion in region 2 (c).

The concentration profile derived from the SIMS pattern was
fitted with analytical models to determine the volume (Dy) and
the grain boundary diffusion coefficients (Dgp). For this study,
the diffusion process was analyzed with a one-dimensional dif-
fusion model. From Fig. 4a, it is evident that the penetration
profile of neodymium in polycrystalline YAG can be divided in
two parts:

- one near the sample surface (penetration depth x<0.6 pm)
which corresponds to a rapid decrease of the neodymium
concentration. This region, marked 1 in Fig. 4a, is usually
attributed to the volume diffusion;

- one away from the surface (x> 0.6 pm) which is associated to
a linear part. The Nd>* concentration slowly decreases in this
region marked as region 2 in Fig. 4a and is linked to the grain
boundary diffusion regime.

The bulk diffusion coefficient Dy was determined from the
first part of the concentration profiles using the thin-film solution
of the Fick’s one dimension second law?!:

I(Nd™) o x2 i @
= €X _——
IAY) ~ JanDu P | Tapy| T

where « is a constant proportional to the initial amount of dif-
fusing ions in the Nd;Oj3 thin film, ¢ the annealing time, x the
penetration depth and [, the background intensity. The dark line
in Fig. 4b is the theoretical concentration profile computed from
Eq. (2). The calculation of the volume diffusion coefficient from
Eq. (2) shows that the grain boundary transport occurred in the
so-called type B kinetic regime (105 < (Dy)'? <G/10), where
G is the grain size. Therefore, the grain boundary diffusion
coefficients Dy, were obtained from linear parts of the pene-
tration profiles (region 2 in Fig. 4a) and the thin films solution
established by Le Claire?*:

+ +y1-5/3
P =58Dgp = omﬁ {_ An(I(NdT)/I(AIT)) 5

9x6/5

where the Le Claire parameter P depends on the segregation
coefficient s of neodymium into YAG and the grain boundary
thickness 6. The segregation coefficient is classically reported
equal to 1 for self-diffusion.?! Since both the neodymium coat-
ing was thin (i.e. the neodymium quantity remained low) and
its solubility in YAG was found to be as high as 20at.% at
1500°C,?? it was supposed that no neodymium segregation
occurred (i.e. s=1) during diffusion annealing. For calcula-
tions of Dy}, coefficient, a grain boundary width 6 of 1 nm was
assumed. This latter value is commonly in use for polycrystalline
YAG 210 Using the Le Claire solution, it was checked that the
experimental data plotted versus x*° yielded a straight line (see
Fig. 4¢).

A similar procedure was carried out to extract the lattice and
grain boundary diffusivities for all the annealing times and tem-
peratures. The whole set of useful diffusion data was reported
in Table 1 with relevant details. From these experiments, it was
checked that no time dependence occurs in the calculation of Dy
parameter. In fact, similar values of (Dy)/? were determined for
0.05 wt.% Si0;-doped samples treated at 1600 °C for different
soaking times. Also are presented in Table 1 the final densi-
ties and grain sizes. From the comparison of the average grain
size for the shortest and the longest diffusion annealing times at
different temperatures, it was checked that no significant grain
growth occurred.

At first, we have performed diffusion experiments on YAG
undoped single-crystals (R60-S grade, FEE GmbH, Germany)
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Table 1

Data for calculating bulk and grain boundary diffusion coefficients.

Silica content (wt.%)  Temperature (°C) ~ Time(s)  Density (gem™)  Grainsize (um) Dy (m?s™))  /Dyf (nm)  d/10 (nm)  Dgp (m?s™!)
0 1400 522000 453 10.4 176 x 10720 96 1044 9.89 x 10710
0 1450 158400 4.53 11.0 6.47x10720 101 1102 5.10 x 10~13
0 1500 72000 4.53 11.1 239%x 10719 131 1112 1.30 x 1014
0 1450 158400 4.55 Single-crystal L.11x 10719 133 - -

0 1550 10800 455 Single-crystal 1.12x107'% 110 - -

0 1600 7200 4.55 Single-crystal 259 % 10718 137 - -

0.05 1400 522000 4.55 9.4 458 x 10720 155 943 3.17x 1071
0.05 1450 158400 4.55 11.7 8.13x 10720 113 1170 231 x 10714
0.05 1500 72000 4.55 8.3 3.70x 10712 163 826 3.58 x 10714
0.05 1550 10800 4.55 12.5 144 x 10718 125 1245 2.89 x 10713
0.05 1600 3600 455 9.8 3.55x 10718 113 980 -

0.05 1600 7200 4.55 10.6 1.82x 10718 114 1062 -

0.3 1400 522000 451 3.8 8.26x 10720 208 381 8.32x 1071
0.3 1450 158400 4.51 3.8 397 x 10719 251 378 571 x 10714
0.3 1500 72000 451 42 9.82x 1071 266 418 1.61 x 10~13
0.3 1550 5400 4.51 42 236x10720 113 420 -

which were Nd>Os3-coated in the same way than YAG polycrys-
tals. Experimental diffusion results were reported in Table 1 and
Fig. 5. Thus, a good agreement was obtained between diffusion
profiles for single and polycrystalline YAG samples as shown
in Fig. 5. Only the tail of the curve (x> 0.5 wm) differs due to
the effect of grain boundary diffusion in polycrystalline YAG.
Moreover, the experimental diffusion profile for single-crystal
fits well the calculated curve for the volume diffusion in poly-
crystal, what suggests that the bulk consists in the sole diffusion
path for single-crystal.

For the neodymium diffusion in “pure” YAG polycrystal, the
calculated values of Dy and Dy, were reported as a function of
reciprocal temperature in Fig. 6a. From this plot, the diffusivities
were obtained in the form D = Dy exp(—Q/RT) where Dy is the
frequency factor, Q the activation energy and R the gas constant:

DN = 2.0 exp(—643 = 11 kI mol~!/RT) [m? s~ ] )

B YAG single-crystal

& YAG polyerystal

-1
- i = Calculated curve for the volume
= diffusion in polycrystal
o
o
< 107
Ve
= AAA dﬁ
E B %AA%%AM
10
107
0 0.5 1 1.5
x (um)

Fig. 5. Experimental diffusion curves for single (closed symbols) and poly-
crystalline (open symbols) YAG. Theoretical volume diffusion profile was
calculated from polycrystalline YAG data (dark line). Samples were Nd;O3-
coated and annealed at 1450 °C for 44 h in air.

Dy = 3.5 x 10%exp(—637 = 90kJ mol ' /RT)[m*s '] (5)

Also are reported in Fig. 6a diffusion data for undoped
YAG single-crystal. From these results, it can be noticed that
the volume diffusion data obtained for YAG single-crystals
and polycrystals exhibit fairly good agreement in terms of
activation energy. The slight discrepancy between D, values
could be inferred to different amounts of extrinsic defects
(dislocations, vacancies, interstitials, etc.) which would result
from the synthesis way used for single and polycrystals. Since
the activation energies are similar for YAG single- and poly-
crystals (643 +11kImol~! for polycrystalline YAG versus
561 & 33 kI mol~! for single-crystal), it can be concluded that
the same mechanism governs the bulk diffusion of neodymium
in both single-crystal and polycrystalline YAG. Therefore,
Cherniak'! reported the same value (Qy =567 & 15kJ mol~!)in
YAG single-crystals from Nd concentration profiles determined
by means of RBS technique.

As reported in literature for ytterbium®!? and neodymium,
the bulk diffusion coefficient of the rare-earth element in poly-
crystalline YAG is about five orders of magnitude smaller
than grain boundary diffusion coefficient. This trend is usually
observed for polycrystalline materials. On the contrary, it is not
usual to have similar activation energies for the bulk and grain
boundary diffusion: indeed, the Qgp/Qy ratio is generally close
to 0.8 in ceramics.!? In this context, the difference between the
neodymium grain boundary and bulk diffusivities should be cor-
related to the variations of the Dy pre-exponential term in the
Arrhenius law (see Egs. (4) and (5)). This phenomenon could be
explained by considering the grain boundaries as defects hosts,
i.e. the zone where the formation or the segregation of cation
(e.g. AIP*, Y3* or Nd>*) vacancies could be favoured.?>-?® Thus,
the increase of the point defects concentration along the YAG
grain boundary could be linked to that of the D¢ term in the Dy,
expression (Eq. (9)).

Moreover, the examination of the data reported in literature
for Yb3* diffusion in YAG polycrystals® reveals that these results
are in accordance with those obtained during the present study

24
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Fig. 6. (a) Arrhenius plot of Nd** volume and grain boundary diffusion coef-
ficients (DY and ng, respectively) for “pure” YAG polycrystals and volume
diffusion coefficients for YAG single-crystal (D). Comparison with the volume
diffusion data issued from Ref. [11]. Lattice (b) and grain boundary diffusivities
(c) of Nd** in Si0,-doped YAG versus reciprocal temperature.

for Nd** diffusion over the same temperature range. Never-
theless, a slight difference not larger than a factor of 10 was
measured between the diffusivities of both cations (Yb3* and
Nd3*). Itis well known that the diffusivity scales with the inverse
of the square root of mass.2! As a consequence, the difference of
the atomic mass between ytterbium and neodymium would lead
to a difference in diffusivities by a factor of about 1.1 which
remains within the experimental uncertainties. Otherwise, the
valence state and size of the Yb>* cations (ryp, = 0.098 nm) which
are similar to those of the Nd>* cations (rng=0.112 nm)!® do not
allow to explain the discrepancy between diffusivities. Finally,
the significant difference in average grain size for the starting
sintered YAG samples (10 wm for the present study and 2 pm in
Ref. [9]) could be responsible for the higher values of rare-earth
cations diffusivities given by Jimenez-Melendo et al. in Ref. [9]
compared to those reported in the present work.

3.2. The effect of silica addition

Fig. 6b shows the variation of neodymium lattice diffusion in
YAG versus reciprocal temperature for different silica contents.
The corresponding frequency factors Dy and activation energies
Q are also given. All the diffusion data obtained are reported
in Table 1. From these results, it can be noted that similar acti-
vation energies for the bulk diffusion are determined whatever
the silica content. However, the difference between the diffu-
sivities reported in Fig. 6b appears to result from the frequency
factor Dy rather than from the activation energy term. From
literature, 82730 it is usually admitted that the preponderant
intrinsic defects in the YAG lattice are the rare-earth cations
and oxygen vacancies (Vgp, Vo®*) or antisites (Y4;). It was
also inferred that silicon cation would be mainly present on alu-
minum sites and not on yttrium ones because of the smaller size
mismatch between Si** (0.026 nm) and AI** (0.039 nm). !8:1-3!1
Therefore, according to previous works,3? the silicon solubil-
ity remains low in YAG and for instance it should not exceed
1.5at.% at 1550°C. The charge defects introduced by Si**
tetravalent cations would be then compensated by the formation
of yttrium vacancies (V}") according to Eq. (1).!326-31 Other-
wise, it has been suggested?? that the rare-earth cation migration
in YAG lattice is controlled by the mechanism of the REE cation
jumping on Y3* vacancies. As a consequence, the higher the sil-
ica content, the higher is the concentration of extrinsic cation
vacancies and the higher is the neodymium cation diffusivity in
the YAG host lattice.

The neodymium grain boundary diffusion coefficients deter-
mined for silica-doped YAG materials are reported in Fig. 6¢
and Table 1. Whatever the silica content, it can be seen that the
grain boundary diffusivities of Nd3* are about five orders of
magnitude higher than the respective lattice diffusivities. This
result highlights the grain boundaries as preferential paths for
the rare-earth diffusion. Furthermore, the calculated activation
energies were found to be comparable for both volume and grain
boundary diffusion of Nd** in YAG whatever the silica content
(see Fig. 6b and c). This result suggests that the same diffusion
process for Nd** cation diffusion occurs when silica additions
range between 0.05 and 0.3 wt.% in YAG.
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Fig. 7. TEM observation of an intergranular inclusion at triple point in YAG
sample doped with 0.3 wt.% SiO; and sintered at 1700 °C for 15 min.

To explain the difference of the grain boundary diffusivities
between undoped and silica-doped samples, one should con-
sider the occurrence of intergranular inclusions at higher silica
content (see Fig. 7). From further scanning transmission elec-
tron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDXS) analyses, these inclusions were analyzed
as silica-rich secondary phases and were attributed to some
residues from the liquid phase that forms at temperature higher
than 1400 °C.17 After sintering at 1700 °C for 3 h, no continuous
thin film of interphase was evidenced from TEM investigations.
Nevertheless, glassy pockets were detected at some triple points
as shown in Fig. 7. This result is in fair agreement with a previ-
ous study>* which showed that no distinct amorphous film could
be identified by TEM imaging of such interfaces. However, the
interface seemed to be highly perturbed and from both high-
resolution electron microscopy (HREM) imaging coupled with
EDXS analyses of such interfaces, these authors suggested that
silicon segregates at YAG boundaries.

Otherwise, it can be worth to consider the effect of the grain
size which depends on the silica content (see Table 1) on the Nd3*
grain boundary diffusion. It can be supposed that the increase of
the silica content could enhance the grain boundary diffusion by
rising the short-circuits concentration as reported in the literature
for other systems.ﬂ’26 To conclude, the silica addition allows
improving the kinetic of the Nd** migration either by decreasing
the average grain size of sintered YAG materials or by leading
to the appearance of a silica-enriched liquid phase at the grain
boundary.

4. Implications for Nd:YAG sintering

4.1. Densification mechanism for silica-free Nd:YAG
samples

In a previous study, a generalized model with a single equa-
tion of the instantaneous densification rate has been employed
to quantify the solid-state sintering of the undoped Nd: YAG as
a continuous process from the beginning to the end. The analyt-
ical treatment of the densification data obtained between 1450

and 1550 °C for the intermediate stage of the Nd: YAG sintering
allowed to suppose that the densification should be controlled
by the grain boundary diffusion.

In this context, the data obtained during the rare-earth
cation diffusion experiments have significant implications to
elucidate properly the densification mechanism of undoped
Nd:YAG. Indeed, the activation energy of densification should
be comparable with the activation energy for the grain-boundary
diffusion of Nd** (637+90kJmol~! (this study) or Y3*
(530 + 190kJ mol—1).? Since the activation energy of the grain
boundary diffusion for the other ionic species in YAG (AI’* and
0?7) s significantly lower (2400 kJ mol~1),!1-36 it is concluded
that the densification mechanism during the intermediate stage
of solid-state sintering of Nd:YAG is controlled by the grain
boundary diffusion of the rare-earth cation (Y>* or Nd3*).

4.2. Grain growth mechanism for silica-doped Nd:YAG
samples

During the intermediate or the final stage of the liquid-phase
sintering (e.g. for the sintering of SiO, doped Nd:YAG speci-
mens), densification slows down and microstructural coarsening
by the Ostwald ripening-mechanism can become the dominant
process.>” According to the Lifshitz, Slyozov, Wagner (LSW)
theory, the growth of the average grain size G with time ¢ is given
by Eq. (6):

G" — Gb =kt (6)

where Gy is the initial value of grain size, k is a temperature
dependent parameter and the exponent n is dependent on the
rate-controlling mechanism: n=3 when diffusion through the
liquid is the rate-limiting step, and n =2 for rate control by the
interface reaction.

A systematic study of the grain growth for silica-doped
Nd:YAG ceramics was made while varying the temperature and
the holding time. A previous study!” has clearly reported that the
liquid-phase sintering of Nd: YAG ceramics is operative between
1400 and 1550°C. Consequently, the present 0.3 wt.% SiO»
doped Nd:YAG specimens were sintered at different temper-
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Fig. 8. Evolution of average grain size G versus soaking time for 0.3 wt.%
silica-doped Nd: YAG samples between 1450 and 1525 °C.
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Fig. 9. Plot of G" — Gy function versus soaking time and straight line fits with n=2 (open symbol) or n=3 (closed symbol) for 0.3 wt.% silica-doped Nd:YAG

samples at 1450 °C (a), 1475 °C (b), 1500 °C (c) and 1525 °C (d).

atures ranging between 1450 and 1525 °C and for dwell times
varying between 15 min and 6 h. These thermal treatments can
be correlated to the final stage of the Nd: YAG liquid-phase sin-
tering with regards to the high relative density values (>92% for
the whole set of sintered samples).

The grain growth kinetics were established from the average
grain size measurements as a function of soaking time and tem-
perature and were reported in Fig. 8. It can be noticed the drastic
increase of the average grain size with temperature at a given
soaking time. Then, the G" — G{j function was plotted versus
time (Fig. 9) for each soaking temperature and n=2 (open sym-
bols and dotted lines) or n=3 (closed symbols and full lines).
Go was chosen as being equal to 0.25 pm which corresponds to
the mean grain size of YAG particles at 1400 °C (i.e. just after
the reaction leading to the YAG phase and just before the forma-
tion of liquid phase!”). Table 2 displays the R? coefficient values

Table 2
Linear regression coefficient (R2) determined from the grain growth data for
different n exponent values.

Temperature (°C) Linear regression coefficient (R2)

n=2 n=3
1450 0.937 0.856
1475 0.959 0.917
1500 0.974 0.981
1525 0.927 0.998

corresponding to a straight line fit, at different soaking tempera-
tures and for the different n exponent values. From data reported
in Table 2, it seems that the best straight line fit is obtained by
assuming n =2 at low temperature (7'< 1500 °C). At higher tem-
perature, the determination of the appropriate n value appears to
be more complex because the R? coefficient values for both fits
(n=2 and n=3) are very close (see Table 2). Nevertheless, the
hypothesis of n equal to 3 could be retained especially when the
sintering temperature would reach 1525 °C. Consequently, these
results would suggest that the diffusion-controlled coarsening
could become commonly active at higher temperature whereas
the interface reaction could be the rate-limiting step at lower
temperature.

Otherwise, the k parameter values determined from the plots
of Fig. 9 were reported as a function of reciprocal temperature.
From this Arrhenius diagram (Fig. 10), the apparent activa-
tion energies E, of the grain growth are equivalent to 880 and
250kJ mol~! at low and high temperature, respectively. First, it
can be noticed that these latter values are not in accordance with
the apparent activation energy determined for the REE grain
boundary and bulk diffusion at the same temperature. So, the
reaction at the liquid/grain interface would govern the grain
growth kinetic at the lower temperature, as supported by the good
agreement between the present E, values with those reported
in literature for the enthalpy of solution of rare-earth oxides.>®
Moreover, E, value at higher temperature (i.e. 250kJmol~!)
seems to be consistent with the aluminum and REE cations dif-
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Fig. 10. Arrhenius plot of the (k) kinetical constant values for the grain growth
determined from Fig. 9.

fusion (Nd**, Y3* or AI’*) in aluminosilicate or yttriosilicate

glasses which activation energies have been reported inferior to
350 kJ mol~! .39

5. Conclusion

The neodymium lattice and grain boundary diffusion coeffi-
cients were determined by a dip-coating method coupled with
SIMS analyses, as a function of the annealing temperature and
silica content. For the undoped Nd:YAG polycrystalline speci-
mens, all the data so-obtained are consistent with the hypothesis
that the Nd>* diffusion should be controlled by the diffusion of
yttrium cation (Y3*) via a vacancy mechanism in YAG. Even
if the diffusion mechanism seems to be invariant whatever the
Si0, content in Nd: YAG, silica addition was found to enhance
neodymium diffusivity by a factor 10. This effect could be
explained through the formation of extrinsic defects as rare-
earth vacancies (i.e. V') resulting from the silicon solubility in
the YAG lattice.

By using the kinetic data issued from the diffusion experi-
ments, the mechanisms of the densification and the grain growth
have been investigated during the intermediate or the final stage
of the sintering for undoped or silica-doped Nd: YAG ceramics.
It appeared that the densification process during the intermedi-
ate stage of the solid-state sintering of the undoped Nd: YAG
is controlled by the rare-earth grain boundary diffusion with an
activation energy of 595 kJ mol~!. Therefore, the grain growth
kinetics during the final stage of the Nd:YAG liquid-phase
sintering (i.e. with silica additions) obey to an Ostwald ripening-
mechanism. It was observed that the rate-limiting step of the
grain growth depends on the soaking temperature: at low tem-
perature (<1500 °C), the interface reaction could be considered
as the rate-controlling process whereas at higher temperature,
the coarsening mechanism should be governed by the REE or
aluminum cations diffusion through the liquid phase.
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