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a b s t r a c t

1 at.% Nd:YAG transparent ceramics were fabricated by solid-state reaction and vacuum sintering method
using commercial Al2O3, Y2O3 and Nd2O3 as raw materials, TEOS, MgO and TEOS combined with MgO
were used as additives. When using TEOS or MgO as sintering aids separately, the optimum dosage is
0.5 and 0.2 wt%, respectively. But residual second phases in the grain boundaries and pores are easily
eywords:
d:YAG
ransparent ceramics
ompound additives
icrostructure

generated by adding excessive TEOS or MgO. The maximum transmittance at 1064 nm of the sintered
Nd:YAG ceramics is doped 0.4 wt% TEOS combined with 0.08 wt% MgO, nearly pore-free microstructure
with the average grain size of more than 30 �m was obtained in this highest transparent sample. All
samples sinter to near full density (>99.8%) at 1700 ◦C and the sample with 0.4 wt% TEOS combined with
0.08 wt% MgO has the highest densification rate. The excellent feature of using compound additives is
to make the intensified liquid sintering start at a lower temperature in vacuum sintering, promoting the

tainin
ensification densification rate and ob

. Introduction

The neodymium-doped yttrium aluminum garnet (YAG) single
rystal is the most widely used laser host materials nowadays [1].
ut Nd3+concentration is limited under 1.4 at.% as a result of the
egregation distribution coefficient (about 0.18 in YAG crystal lat-
ice), bringing about the difficulty in symmetrical homogeneities
nd highly doping by conventional Czochralski method, thus only
art of the fabricated monocrystals is available for the laser appli-
ation [2]. In order to overcome shortcomings of monocrystals and
eet requirements of novel high power solid-state lasers, Nd:YAG

ransparent ceramics have been rapidly developed since 1984 [3,4].
kesue et al. first demonstrated the possibility of obtaining laser
utput from Nd:YAG transparent ceramics with reasonable effi-
iency [3,4]. After that, with the development of powder preparing,
haping and vacuum sintering technology, the optical quality of
ransparent polycrystalline Nd:YAG is equivalent or even better
han monocrystal Nd:YAG reported by a lot of studies [5,6].

Many previous studies [7–10] have explained the beneficial role

nd function mechanism of SiO2 (usually from the pyrolysis of
EOS) as sintering aid. The beneficial role of silica in sintering kinet-
cs, which was linked to the solid solution formation by substitution
f Al3+ by Si4+ [11], has been reported for many times by an increase
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g the uncontaminated crystalline grains.
© 2010 Elsevier B.V. All rights reserved.

of the grain-boundary diffusion coefficient and the decrease of
grain-boundary surface energy in the presence of secondary phases
[8,10]. Simultaneously, the negative influence of the lattice expan-
sion caused by Nd3+, which has a larger ionic radius (0.112 nm)
than the replaced Y3+(0.102 nm), will be effectively eliminated by
introducing the Si4+, of which the ionic radius (0.04 nm) is smaller
than the replaced Al3+(0.054 nm). Meanwhile the positive effect of
adding MgO has also been studied [10,12]. MgO acts as sintering aid
and not only substitute Al3+ to form (Vo)• [13,8], but also segregate
at the grain boundaries to impede the continuous grain growth at
the final stage of vacuum sintering [12]. Though the advantageous
effects of SiO2 and MgO in sintering process have been proved def-
initely, no information has been reported so far on using both TEOS
and MgO together as the additives, of which the effect and action
mechanism are also unknown yet.

In the resent work, 1 at.% Nd:YAG polycrystalline ceramics were
obtained by solid-state reaction and vacuum sintering method, dif-
ferent quantity of TEOS alone, MgO alone as well as TEOS combined
with MgO were used as sintering aids. The optimum dosages of
the series of additives were provided and the through what action
mechanism the additives are efficient, especially the compound
additives, was analyzed.
2. Experimental

The commercial high-purity Y2O3 (Changchun Haipurui Chemical Co. Ltd.,
99.999%), Al2O3 (Dalian Rall Fine Ceramic Co. Ltd., 99.99%) and Nd2O3 (Changchun
Haipurui chenmical Co. Ltd., 99.9999%) powders were mixed according to the stoi-
chiometric Y2.97Nd0.03Al5O12 with different additives and ball milled in alcohol for

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:heavenliyukun@163.com
mailto:zhousm@siom.ac.cn
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Table 1
Samples with TEOS or MgO alone.

Sample number Additive types and content

Sample 1 No addtive
Sample 2 0.3 wt% TEOS
Sample 3 0.4 wt% TEOS
Sample 4 0.5 wt% TEOS
Sample 5 0.6 wt% TEOS
Sample 6 0.1 wt% MgO
sample 7 0.2 wt% MgO
Sample 8 0.3 wt% MgO
ig. 1. XRD patterns of Nd:YAG polycrystalline ceramics sample 1, the phase iden-
ified is: G(YAG, Y3Al5O12).

4 h. Then the mixture of powders was dried at 110 ◦C for 20 h and sieved through
00-mesh stainless steel screen. After that, the powders were pressed with 10 MPa
ressure into disks and cold isostatic pressing consolidated at 300 MPa for 5 min. Pre-
intering of the green body was conducted at 1100 ◦C under air to remove organic
astes. Subsequently, the Nd:YAG polycrystalline ceramics were obtained through

intering under vacuum (1 × 10−3 Pa) at 1750 ◦C with the soaking time of 20 h. Even-
ually, the specimens were annealed at 1450 ◦C for 10 h in air and mirror polished
n both surfaces.

The phase structures of the obtained Nd:YAG ceramic samples were indexed
y X-ray diffraction (XRD) using a ultima-IV apparatus (Rigaku, Japan). The surface
orphologies of the samples were by a JSM6360LA scanning electron microscope

JEOL, Japan) and the elemental compositions were analyzed by EDX attached to the
EM. The optical transmittance spectra including light scattering and absorption
pectra were measured with a V-570 UV IS/NIR spectrophotometer (JASCO, Japan).
he relative densities were measured by the Archimedes method.

. Results and discussion

Table 1 shows the samples with the TEOS or MgO alone as addi-
ives and Fig. 1 shows the XRD patterns of sample 1. It is seen
hat the peaks of sample 1 can be well indexed as the cubic garnet
tructure of YAG (YAG, JCPDS: 88-2048) and the same results were
btained in all the other samples. It indicates that, based on prelim-
nary estimate, full transformation to YAG occurred during vacuum
intering despite the introduction of neodymium and additives.
Fig. 2 shows the optical transmittance spectra of the samples
ith different quantity of TEOS, all the samples are 1.4 mm thick.

he transmittance of the samples in this group increases with the
ncreasing TEOS except sample 5 and the optimum amount of TEOS
s 0.5 wt%, which is in consistent with other literatures [14–17].

Fig. 3. Surface morphologies of thermal-etched Nd:YAG polycryst
Fig. 2. Optical transmittance spectra (400–1500 nm) of Nd:YAG polycrystalline
ceramics sample 1, sample 2, sample 3, sample 4 and sample 5.

The transmittance of sample 4 reaches 80.80% at the wavelength
of 1064 nm, and meanwhile a dense and pore-free microstructure
is observed in Fig. 3(b), but there are still a few second phases
segregated in the grains, the grain boundaries are clean and the
average grain size is about 5 �m. The transmittance of sample 5 at
1064 nm is only a little lower compared to sample 4 but decreasing
sharply as the wavelength shifts toward the UV range, going down
to only 47.95% at 400 nm. Due to the no additive for sample 1, the
abnormal grain growth happened as confirmed by the observation
of heterogeneous microstructures and the large diameter of the
grains as shown in Fig. 3(a). According to the literatures [16,18], a
liquid phase which means the beginning of intensified liquid sinter-

ing, will be formed from the direct reaction between SiO2 and YAG
round 1380 ◦C. As seen in Fig. 4 in YAG–SiO2 phase diagram given
by O. Fabrichnaya [19], if only introducing a trace amount of SiO2,
the more SiO2 is, the more liquid will be formed. The proper liquid is
beneficial to the intensified liquid sintering, whereas the overmuch

alline ceramic sample 1: (a), sample 4: (b) and sample 5: (c).
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Fig. 4. YAG–SiO2 phase diagram [19].
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Fig. 5. Nd2O3–SiO2 phase diagram [20].

iquid has an opposite effect. As seen in Fig. 3(c), the excessive SiO2

ill lead to residual second phases caused by the grain-boundary

egregation, especially at the triple points. Furthermore, while the
ass ratio of TEOS changes from 0.5 to 0.6%, according to the molec-

lar weight, the mole ratio of SiO2 to Nd2O3 changes from about 1 to

Fig. 7. Surface morphologies of thermal-etched Nd:YAG polycrysta
Fig. 6. Optical transmittance spectra (400–1500 nm) of Nd:YAG polycrystalline
ceramics sample 1, sample 6, sample 7 and sample 8.

1.2. The augmentative SiO2 will increase the amount of the present
liquid phase as seen in Fig. 5 in the Nd2O3–SiO2 systems given by
Miller and Rase [20]. This is also a probable reason that sample
5 has a worse transparency than sample 4, because the excessive
liquid is hard to evaporate totally, finally becoming the scatter-
ing particles as the residue. Consequently, the obvious decreasing
transmittance toward the UV range for sample 5 is contributed to
the intake of excessive TEOS and the variation tendency can be
explained according to Mie scattering theory [21].

The optical transmittance spectra of Nd:YAG ceramics for the
different concentration of MgO are illustrated in Fig. 6, all the sam-
ples are 1.4 mm thick. At normal temperatures, it is more difficult
for the solid-state MgO to disperse uniformly in YAG than the liq-
uidus TEOS, but the improving of transparency is obvious as long
as the mass fraction of the introducing MgO under 0.2%. In theory,
Mg2+ will dissolve into Al2O3 to replace Al3+, forming the (Vo)• and
boosting the grain-boundary diffusion coefficient [12]. Moreover,
MgO will react with YAG to form liquid phase that leads to intensi-
fied liquid phase sintering, but at the higher temperature compared
to TEOS [12]. It is clearly seen in Fig. 7 that MgO is a useful additive at
controlling grain growth and that means, with the increasing MgO
the grain sizes of the sintered samples show a distinct decreasing
trend. While the dosage of MgO reaches 0.3 wt%, apparent pores,
even closed pores will be abundantly formed as shown in Fig. 7(c).

The porosity has a dramatic negative impact on light transmission
because of the refractive index difference between pores and the
surrounding ceramic matrix [22], so the amount of MgO should be
carefully controlled.

lline ceramic sample 6: (a), sample 7: (b) and sample 8: (c).
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Table 2
Samples with compound additives.

Sample number Additive types and content

Sample 9 0.4 wt% TEOS + 0.1 wt% MgO
Sample 10 0.5 wt% TEOS + 0.1 wt% MgO
Sample 11 0.5 wt% TEOS + 0.2 wt% MgO
Sample 12 0.3 wt% TEOS + 0.2 wt% MgO
Sample 13 0.4 wt% TEOS + 0.08 wt% MgO
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ig. 8. Optical transmittance spectra (400–1500 nm) of Nd:YAG polycrystalline
eramics sample 9, sample 10, sample 11, sample 12 and sample 13.

Table 2 shows the samples with compound additives, of which
he optical transmittance spectra are demonstrated in Fig. 8, all the
amples are 1.4 mm thick. It is seen that the transmittance of sam-
le 11 and 12 is very low whatever the wavelength. By contrast,
ample 13 owns the best transparency of all. Fig. 9 shows the EDX
nalysis of sample 4 and 13, the denoted points include the YAG
atrix and the segregated second phases. The element composition

f Si and Mg are given in Table 3 (0.5 wt% TEOS is equal to 0.14 wt%
iO2 calculated by the molecular weight). In the zone denoted 1(a)
he mass fraction of SiO2 is 0.46%, which is much higher than
he contrivable concentration. It could be explained considering
he progressive dissolution of the residual silica into the previous
utectic liquid phase while heat treatment is maintained [18]. And
n the YAG matrix denoted 1(b), there is still a small amount of
ilica, which should disappear above 1700 ◦C but still exist in the
rains. EDX analyze in the zone denoted 2(b) reveals the inexistence
f other elements except the YAG matrix. It is supposed that the
ompound additive is beneficial to obtain the “clean” grains during
intering.

It is interesting to notice in Fig. 8 that the transparency of the

ample with 0.4 wt% TEOS combined with 0.1 wt% MgO is bet-
er than that with 0.4 wt% TEOS or 0.1 wt% MgO separately. It is
educed that there would be another mechanism in sintering while
sing compound additives. As shown in Fig. 10 in MgSiO3 sys-

able 3
lement abundance of Si and Mg in the zone denoted in Fig. 12.

Zone (seen in Fig. 12) Elements abundance (mass%)

Si (SiO2) Mg (MgO)

1(a) 0.22 (0.46) 0
1(b) 0.04 (0.10) 0
2(a) 0.07 (0.15) 0.05 (0.07)
2(b) 0 0
pounds 502 (2010) 225–230

tem given by Boyd [24], at the condition of very low pressure, a
liquid phase appears at the temperature of lower than 1380 ◦C.
Considering the nano-sized starting materials and their high spe-
cific surface areas, the SiO2–MgO liquid would be formed even
at a lower temperature, this low-melt-point compound will lead
to a higher densification rate. As compared with the YAG for-
mation, the SiO2–YAG reaction and the MgO–YAG reaction, the
reaction between MgO and SiO2 is posterior to the former but
prior to the latter two and that means, the eutectic composi-
tion in Y2O3–Al2O3–SiO2 or in Y2O3–Al2O3–MgO system will be
replaced by the low-melt-point composition in MgO–SiO2 system,
which also can activate the densification as the fusible silica-based
phase or the magnesia-based phase during sintering but disappear
at a lower temperature. This characteristic of compound addi-
tives is advantageous to transparency boosting. As seen in Table 2,
when the dosage of MgO was adjusted from 0.1 to 0.08 wt% as
well as keeping the dosage of TEOS 0.4 wt% to make the mole
ratio of SiO2 to MgO more approximately matches MgSiO3, the
result in Fig. 8 shows the transmittance of this designed sample
reaches as high as 81.47% at 1064 nm, even a little higher than
sample 4.

Fig. 11 shows the relative densities of some representative sam-
ples as a function of sintering temperature with the soaking time
of 6 h. All the samples except sample 13 are still in the initial stage
of sintering before 1400 ◦C as proved by their relative densities,
which are under 70% of the theoretical value at 1400 ◦C. For sample
1, relative density increases from 55.7 to 93.8% between 1400 and
1600 ◦C, approaching 99.8% around 1700 ◦C. By comparing with rel-
ative density curves of sample 1, sample 4 and sample 7, the rapid
densification process, which is caused by the intensified liquid sin-
tering, is observed in the latter two. What the difference is, sample
4’s starting time of rapid densification process is earlier than sample
7’s probably for the reason that the reaction temperature between
SiO2 and YAG is lower than that between MgO and YAG. In addition,
SiO2 will increase the diffusivity of Nd3+, accelerating the interme-
diate stage of solid-state sintering [23]. Particularly, sample 13 has
the highest densification rate and the lowest rapid densification
starting temperature among all samples. This from the side proves
that a liquid phase appears at a temperature lower than that of
SiO2–YAG. Maybe the slightly lower transmittance of sample 13
than sample 4 at the visible-light region can be explained by that
the chemical composition of the compound additives is not in con-
formity with the exact stoichiometric ratio of the formed liquid in
MgSiO3 system. Consequently, the direct roles of compound addi-
tives are to form the liquid formation through SiO2–MgO but not
SiO2–YAG, MgO–YAG reaction in sintering, lower the liquid forma-
tion temperature, let the intensified liquid sintering start earlier
and boost the densification rate.

As seen in Fig. 12, sample 13 has very clean boundaries and
the second phases tend to have disappeared totally whatever the
zone examined. But unlike other samples with high transparency,
such as sample 4 and sample 6, the sample 13 has a much larger
average grain size of more than 30 �m, the sample is pore free
and there is no evidence of abnormal grain growth. In the final
stage sintering (above 1700 ◦C), there is no second phase locat-
ing at the boundaries to prevent the grain growth, so abnormal
grain growth would potentially happen in this situation, that is also
the reason why sample 13 behaved a relatively larger grain size.
According to previous papers [25,26], the grain growth to a criti-
cal size relative to the pore size is essential to remove the larger
pores, if the sintering is carefully and suitably controlled, that grain

growth is an important process to remove the final large pores and
to achieve a higher transparency. The best transparent sample at
1064 nm reported up to now is with the average grain size of about
50 �m [25]. For sample 13, relatively density approaches nearly
100% around 1600 ◦C, this open up the possibility to investigate
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Fig. 9. EDX spectra of denoted zone of sample 4: (a) and (b), and sample 13: (c) and (d).
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Fig. 10. Temperature–pressure phase diagram of MgSiO3 system [24].

Fig. 11. Relative densities of Nd:YAG ceramics sample 1, sample 4, sample 7 and
sample 13 as a function of vacuum sintering temperature.

Fig. 12. Surface morphology of thermal-etched Nd:YAG polycrystalline ceramic
sample 13.
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the low temperature, short-time sintering for samples with com-
pound additives, achieving full density as well as preventing the
abnormal grain growth. The aim of future work is to research the
“low temperature, short-time” sintering with compound additives
and find out in detail the specific action mechanism of compound
additives.

4. Conclusion

1 at.% Nd: YAG transparent ceramics were fabricated by solid-
state reaction and vacuum sintering method, TEOS, MgO and
compound additives (TEOS + MgO) were used as sintering aids
respectively. The sample with 0.4 wt% TEOS combined with
0.08 wt% MgO behaved the best transparency at 1064 nm and was
possessed of the most densification rate among the all samples.
Within a certain range both TEOS and MgO have the positive
effect on limiting the abnormal grain growth and promoting trans-
parency, but the excessive TEOS will lead to the residual second
phases and the pores are easily formed by adding redundant
MgO. The formation and the disappearance temperature of the
liquid is a key factor in the vacuum sintering process, the lower
liquid formation temperature would lead to the high densifi-
cation rate and the lower liquid disappearance temperature is
beneficial to obtain the large grain size and the uncontaminated
grains.
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