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Functional Properties of Nd:YAG Polycrystalline Ceramics Processed by
High-Pressure Spark Plasma Sintering (HPSPS)
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High-pressure spark plasma sintering (HPSPS) was employed
to fabricate polycrystalline Nd:YAG specimens with desired
functional properties. Specimens fabricated under a uniaxial
pressure of 300 MPa at 1300°C at a heating rate of S0°C/min
and holding time of 60 min displayed submicrometer
microstructure and elevated mechanical properties, including
resistance to thermal shock. Optical properties (i.e., spectral
transmittance, fluorescence emission spectra and fluorescence
lifetime) of the HPSPS-processed specimens were close to
those obtained with specimens fabricated by conventional sin-
tering procedure. Specifically, remarkable differences in thresh-
old power and laser slope efficiency were found and attributed
to the variance in Nd concentration in the specimens tested.
The results of this study indicate that the low cost and timesav-
ing HPSPS process allows for the fabrication of polycrys-
talline Nd:YAG specimens with optical properties suitable for
laser applications.

I. Introduction

N D:YAG-BASED lasers are used in a wide range of appli-
cations in medicine, dentistry, metal manufacturing,
and in military hardware.! The methods of fabrication and
optical properties of transparent polycrystalline ceramics
have been widely studied and discussed in the literature.>
Fully dense Nd:YAG ceramics with optical properties identi-
cal to those of single-crystal Nd:YAG were fabricated by
pressureless sintering at temperatures above 1700°C using sil-
ica as a sintering additive.”® Spark plasma sintering (SPS)
has also been examined for the fabrication of transparent
polycrystalline YAG and Nd:YAG.”'" It was reported that
starting from YAG and Nd:YAG nanosized powders doped
with 0.25 wt% LiF additive, it was possible to obtain ceram-
ics with transparency close to the theoretical limit at signifi-
cantly lower sintering temperatures (<1400°C).

The successful use of the SPS technique for the fabrication
of transparent ceramics entails optimization of SPS process-
ing parameters, namely temperature, heating rate, holding
time, and applied pressure. The effects of temperature, heat-
ing rate, and holding time on the functional properties of
SPS-processed Nd:YAG were discussed in our previous con-
tributions.”'"!> Applied pressure in the 63-100 MPa range
(see the review of Rubat du Merac et al.'?) affects neither the
transparency nor the mechanical properties of SPS-processed
specimens. Nevertheless, in the recent paper of R. Chaim
et al.,'* differences in sintering behavior under pressures of 2
and 100 MPa were clearly detected. Positive effects of pres-
sure applied in the 200-500 MPa range on the transmittance
of SPS-processed pure alumina,'> MgO-doped alumina',
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and MgO (pure and Ca-doped)'” have also been observed.
Recently, we discussed the effects of applied pressure up to
400 MPa on the densification of magnesium aluminate spi-
nel. It was noted that the high-pressure spark plasma sinter-
ing (HPSPS) process allowed fabrication of fully dense
transparent ceramic with a unique combination of hardness
(about 1650 HV) and transparency (82.7% at a wavelength
of 550 nm, A) at a sintering temperature of 1200°C.'® HPSPS
was also recently employed for the fabrication of fully dense
non-oxide ceramic, such as tungsten carbide.!” Such sinter-
ing, when performed under an applied pressure of 300 MPa
as opposed to 80 MPa, allowed for a lowering of the temper-
ature required for full densification of tungsten carbide by
400°C-500°C. To the best of our knowledge, the effects of
applying pressures higher than 100 MPa during SPS consoli-
dation of Nd:YAG powder have not been discussed in the
literature. Accordingly, the following report describes the
effects of such treatment.

II.

(1) Raw Materials and Sintering
Commercial neodymium-doped (1 at.%) yttrium aluminum
garnet powder (Nanocerox) was used for the HPSPS experi-
ments. The powder had an average particle size of 50 nm,
with a specific surface of 28 m?/g, and total impurities of
50 ppm. For fabrication of LiF-doped specimens, the Nd:
YAG powder was premixed with 0.25 wt% LiF (99.98%,
Alfa-Aesar, Heysham, Lancashire, UK). The mixing proce-
dure was reported in our previous contributions.”'?
Consolidation experiments were performed using an SPS
apparatus (FCT Systems, Rauensein, Germany). The SPS
parameters varied as follows: Sintering temperature from
1200°C-1300°C, heating rate from 2°C/min—100°C/min,
holding time at the sintering temperature from 2-90 min,
and applied pressure from 200-400 MPa. An example of the
SPS regimes for sintering temperature 1300°C, heating rate
of 50°C/min, holding time 20 min, and applied pressure
300 MPa together with relative punch displacement (RPD)
curve is presented in Fig. 1. To achieve high pressure during
the sintering process, a hybrid tool composed of silicon
carbide and graphite was used. The precise description of the
tooling set up was presented elsewhere.'®

Experimental Procedures

(2) Mechanical Properties and Microstructural
Characterization

Samples were mounded and polished to an optical level. The
final thickness after polishing was about 1 mm. Microstruc-
ture was analyzed by using a high-resolution scanning elec-
tron microscope (JSM-7400; JEOL, Tokyo, Japan). For
microstructure characterization, the samples were thermally
etched at 1350°C for 1-2 min under ambient atmosphere.
Grain size distribution was determined from SEM micro-
graphs using Thixomet image analysis software.?*' The den-
sity of the sintered specimens was determined by the
Archimedes technique. Bending strength was determined by
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Fig. 1. The temperature and pressure regimes together with the
relative punch displacement during the course of the spark plasma
sintering (SPS) treatment.

a three-point test using a LRXPlus tensile tester (Lloyd
Instruments, Fareham, U.K.). Hardness measurements were
obtained under a 2000 g load using a Buehler Micromet
2010 apparatus. The elastic modulus was determined by the
“pulse echo” method. Thermal conductivity was measured in
a temperature region spanning from room temperature to
125°C by the flash diffusivity method (LFA 457, NETZSCH
GmbH, Selb, Bavaria, Germany). The thermal expansion
coefficient was measured under a stream of argon at a heat-
ing rate of 2°C/min using a Unitherm 1252 dilatometer
(Thermal Expansion System, Anter). Thermal shock resis-
tance was calculated using the expression:

Ry =<2V (M)

where k is thermal conductivity in W/mk, o is strength in
Pa, v is the passion ratio, o is the thermal expansion coeffi-
cient in °C~", and E is the elastic modulus in Pa.

(3) Optical Properties Characterization

A number of spectroscopic properties are of prime impor-
tance in considering a material as a laser cavity material. The
following relevant properties were tested in the present
manuscript: (i) spectral transmittance or absorption that
characterizes the opacity of the material to the pumped and
emitted radiations; (ii) fluorescence emission spectra, which
relate to the gain coefficient and saturation fluence; (iii) fluo-
rescence lifetime, which determines stored energy density;
and (iv) laser performance.

Spectral transmittance was measured in the 400-1100 nm
range. An incandescent 250 W tungsten halogen lamp served
as light source. The light beam was chopped at 140 Hz and a
monochromator (HORIBA Ltd., Kyoto, Japan) with
1.2 nm/mm spectral dispersion provided spectral separation.
Signals were measured with a Si photodetector and amplified
by a lock-in amplifier (Signal Recovery, 1265 DSP).

Emission spectra were measured at room temperature
using an 808 nm diode laser (CNI Optoelectronics Tech,
Changchun, China) as excitation source. The florescence
signal was treated with the same method as described for the
spectral transmittance measurements, above.

Neodymium fluorescence lifetime was determined using a
nitrogen laser (Stanford Research Systems, Sunnyvale, CA)
by exciting the sample at a A equal to 337.1 nm with 3.5 nsec
pulse duration. Emission was collected with a silicon-ampli-
fied detector equipped with a 1064 nm wavelength filter
(Thorlabs).

Laser performance and lasing slope efficiency were evalu-
ated using an optical resonator pumped by an 808 nm laser
diode. The laser resonator was based on a flat high reflection
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mirror containing a 1 m convex mirror with 96% reflection
at a 1064 nm wavelength. The sample was oriented at
Brewster’s angle from the optical axis of the resonator. The
laser emission was measured by a powermeter (Coherent
FieldMax-TO laser power-meter). No antireflection coating
was applied to the samples.

A commercial polycrystalline Nd:YAG (1 at.%) ceramic
(1 mm thickness) fabricated by conventional sintering proce-
dure (Photonik Singapore), marked below as reference
sample, was also examined. The obtained properties were
compared to those of the HPSPS-processed specimen.

III. Results and Discussion

Specimens sintered at temperatures below 1300°C, regardless
of the pressure in 200400 MPa range applied, were translu-
cent (level of transparency of about 50%) only due to resid-
ual porosity. Thus, only specimens sintered at 1300°C with
various heating rates, holding times, and applied pressures
are discussed below.

It was reported that optical transparency of SPS-processed
(under pressure of 50-100 MPa) polycrystalline ceramics
depended on the heating rate, with better transparency being
achieved at a heating rate of 2-5°C/min.'*?> The same
results were obtained in this study for nondoped specimens,
with transmittance increasing with a decrease in heating rate
(Fig. 2). Nevertheless, the transparency of the nondoped
specimens was relatively low. The transparency of LiF-doped
specimens was significantly higher and monotonically
increased with the heating rate. Maximal transparency was
achieved with a heating rate of about 50°C/min.

Prolonged sintering duration led to decreased transparency
for both doped and nondoped specimens (Fig. 3), likely due
to the formation of a large number of oxygen vacancies and
color centers under the reducing atmosphere within the SPS
apparatus.22

Increasing applied pressure from 200 to 300 MPa led to a
significant increase in transparency (Fig. 4), whereas trans-
parency of samples sintered under 400 MPa pressure was
almost the same as samples sintered under 300 MPa pres-
sure.

Based on these results, we concluded that the optimal
parameters of HPSPS of LiF-doped Nd:YAG powder to be
a sintering temperature of 1300°C, a holding time of 60 min
and an applied pressure of 300 MPa.

SEM images of the microstructure of doped and non-
doped HPSPS-processed specimens, along with microstruc-
tural images of specimens fabricated under 60 MPa pressure
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Fig. 2. The effect of heating rates on the transparency of Nd:YAG
processed at 1300°C under 300 MPa for 60 min.
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Fig. 5. High-resolution scanning electron microscope (SEM) images of the microstructure of: (a) 60 MPa LiF-doped, (b) 300 MPa LiF-doped,
(c) 60 MPa nondoped, (d) 300 MPa nondoped samples, and (¢) a sample prepared by the conventional sintering procedure (reference sample).
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at 1400°C and by conventional sintering procedure (reference
sample) are presented in Fig. 5. Both doped and non-doped
HPSPS-processed specimens displayed fine microstructure,
with grains sized smaller than those detected in specimens
fabricated under 60 MPa pressure. The average grain size of
the reference sample was significantly larger, namely 26 vs
1.2 um. The mechanical properties of the specimens (Table I)
reflect the microstructural features.

The specimens fabricated under 300 MPa pressure had
finer microstructure and displayed higher bending strength,
hardness, and resistance to thermal shock. The reference
sample fabricated by the conventional sintering procedure at
high temperature displayed coarse microstructure and much
lower mechanical properties.

Transmittance spectra of specimens fabricated under opti-
mal conditions, along with the reference sample, are pre-
sented in Fig. 6. Absorption in the 780-840 wavelength
region was calculated using Eq. (2) and is shown in Fig. 7.

The absorption peaks corresponded to the Nd dopant and
were similar for both samples. Transparency of the reference
sample was slightly higher and the adsorption was directly
related to the transmittance (Fig. 6). However, the difference
in real absorption coefficients calculated by taking into
account the background (internal losses) of the samples
[Fig. 7(b)] could be attributed to variances in the Nd ion
concentration.

The fluorescence spectra of the HPSPS-processed and
reference specimens are presented in Fig. 8(a). The samples
showed a consistent fluorescence spectrum profile. The line
shape for the most intense transition could be accurately fit-
ted by a Gaussian function with a FWHM of 0.946 and
1.005 nm for the HPSPS sample and for the reference cera-
mic, respectively. The measured fluorescence decay times
[Fig. 8(b)] were slightly different and indicated that the speci-
mens did not share the same Nd concentration.?
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Nd:YAG samples are presented in the insert.
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Table I. Mechanical Properties of Polycrystalline Nd:YAG
Bending Thermal
strength, Vickers Shear Young shock
MPa hardness, modulus, modulus, resistance,
Sample (£12)  HV (£15 GPa(xl) GPa(£2)  Wm™'
Single 200 1320 113 284 761
crystal
60 MPa, 420 1570 114 285 1582
undoped
60 MPa, 310 1460 114 286 1294
doped
300 MPa, 510 1610 114 285 1859
undoped
300 MPa, 350 1510 114 286 1448
doped
Reference 300 1100 114 285 1084
sample

The laser oscillation characteristics (slope efficiency, SE,
and threshold powder, Py,) of the specimen sintered by
the HPSPS method relative to those of the commercial
sample sintered by conventional method are presented
in Fig. 9. The absorbed power was calculated
byPabs = Ppump fOL exp(—0tapsX)dx, where Ppymp is pumping
power, o, is the absorption coefficient at A = 808 nm, and
x is the path length of the beam which varies from 0 up to
the sample thickness, L.

According to the measurements of the two samples, differ-
ences in SE and Py, exist. Taking into account that the refer-
ence sample displayed slightly higher transmittance and
consequently, a smaller absorption coefficient, these differ-
ences could be attributed to variances in the Nd concentra-
tion of the investigated samples. The true concentration of
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Fig. 9. Laser oscillation characteristics of Nd:YAG ceramics.

Nd can be estimated from the lifetime (t) measurements pre-
sented above (Fig. 8 insert) and from the correlation
[Eq. (2)] between Nd concentration (Nng, at.%) and t
obtained from reported experimental data.**

T=259.281 — 4.769Nng — 29.41TNZ, + 5.348N,  (2)

Calculated Nd concentrations were equal to 0.863 and
0.783 at.% for the SPS-processed and reference samples,
respectively. In addition, the ratio of Nd concentration in the
investigated samples could be estimated using the relation
Olabs = NOong, Where N is the number of Nd ions and ong 1S
the Nd absorption cross section. Assuming that ong is con-
stant and using oyps values (Fig. 7), the real Nd concentra-
tion in the HPSPS-processed sample was calculated to be
about 20% higher than in the reference sample. The esti-
mated values of the Nd concentrations support our sugges-
tion regarding differences in the laser performance of the
investigated samples.

The results of this study indicate that the low cost and
timesaving HPSPS process allows for the fabrication of poly-
crystalline Nd:YAG specimens with optical properties suit-
able for laser applications.

IV. Conclusions

The effects of HPSPS parameters on microstructure, and
mechanical and optical properties were investigated. It was
established that optimal HPSPS parameters for the sintering
of LiF-doped Nd:YAG powder were a heating rate of

Time (psec)

(a) Emission spectra of Nd:YAG ceramics at room temperature in the 1040-1090 nm range, (b) normalized decay profiles of the

50°C/min, a sintering temperature of 1300°C, a holding time
of 60 min, and an applied pressure of 300 MPa. Fully dense
polycrystalline Nd:YAG specimens with fine microstructure
and elevated mechanical properties were fabricated and their
optical properties were tested. Optical properties, such as spec-
tral transmittance and fluorescence emission spectra, of the
HPSPS-processed specimens were close to those of specimens
fabricated by conventional sintering, although differences were
found in slope efficiency and threshold power. These differ-
ences were attributed to the difference in the true Nd concen-
tration in the investigated samples. Effective laser oscillation of
the HPSPS-processed sample, comparable to that of the same
specimen fabricated by conventional sintering, was successfully
achieved for the first time using a low cost and timesaving
approach.
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