CORSCS2015 IOP Publishing
Journal of Physics: Conference Series 740 (2016) 012009 doi:10.1088/1742-6596/740/1/012009

High quality Y;Al;0,, doped transparent ceramics for laser
applications, role of sintering additives

AA Kaminskiil, VvV Balashovz, EA Cheshev3’4, YulL Kopylovz, AL
Koromyslov’, O N Krokhin®™*, V B Kravchenko?, K V Lopukhin®, V V Shemet’
and I M Tupitsyn*

! Shubnikov Crystalography Institute RAS, 59 Leninsky pr., 119333, Moscow, Russia
* Kotelnikov FIRE RAS, 1 Vvedensky Sq., 141120 Fryazino, Russia

? P.N. Lebedev Physical Institute of the RAS, 53Leninsky pr., 119991, Moscow,
Russia

* National Research Nuclear University MEPhI, 31 Kashirskoye shosse, 115409,
Moscow, Russia

E-mail: ylk215@yandex.ru, additional ylk215@ire216.msk.su

Abstract. SiO,, ZrO,, B,0O; and MgO oxides and their combinations were used as sintering
aids for preparation of yttrium aluminum garnet (YAG) ceramics doped by Nd,0s, Er,O3,
Ho,0;, Tm,03 and Yb,0s. The influence of these additives on optimal sintering temperature,
grain growth, volume of residual pores and optical quality of the ceramics were investigated.
The best combination of the sintering additives was found and high quality samples of
YAG:Nd (1 at.%) ceramics were obtained. The original method of laser optical quality
characterization of ceramics was developed and tested. The main laser parameters of YAG:Nd
(1 at.%) ceramics samples are measured and compared with the best well known laser
ceramics. The samples of YAG:RE (RE- Er,O;, H0,0;, Tm,O; and Yb,03) ceramics are
obtained, and their optical transmittance spectra are measured. Composite structures of
YAG:Yb (5 at%) — YAG were obtained by the simplest method of successive joint
compaction of different composition layers.

1. Introduction

The main problem of doped YAG ceramics production technology with laser level of samples quality
is elimination of residual pores. In the frames of solid state reactive sintering process a large number
of factors effects on residual porosity such as appropriate morphology and dispersivity of starting
oxide powders [1-4], stoichiometry of composition [5], conditions of compaction and sintering [6-10]
and the presence of sintering additives (SA). There are attempts to produce ceramics without any
(special) SA (see, for example, [11]). But practically all high quality ceramics were obtained with SA.
As a rule, SA for oxide ceramics are different oxides. The most traditional SA for YAG is SiO, [12-
15]. MgO and SiO, and MgO combinations were used in some very interesting and successful works
[16-18]. There is no significant difference in results with SiO, and MgO, but in case of B,0O; and
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combination of B,O; and SiO, as SA there is a sharp contrast [19]. It was interesting to expand the
research of application of the individual oxides and their possible combinations as sintering additives.

2. Experimental

High purity oxides Y,0s, Nd,O;, Er,O;, H0,03, Tm,O; and Yb,0s produced by Lanhit Ltd. and Al,Os
- AKP- 50 produced by Sumitomo Chem. Corp. and BMA 15 produced by Baikowski Corp. were used
as starting powder materials for ceramics samples preparation. SiO,, ZrO,, B,O; and MgO in different
combinations were used as SA for (Y, REx);Als01, (YAG:RE) compositions. The concentration
ranges of SA were the following: B,0;—(0.45 -1.5) mol.%; SiO,—(0.45-1.35) mol. %; MgO-(0.05-
0.45) mol. %; ZrO,- 0.2 mol.%. All additives were reagent grade. Powders were weighed in ratios
corresponding to the chemical composition and were mixed in planetary ball mill with anhydrous
isopropanol and alumina balls. After milling and drying, the powders were sieved through 200 mesh
sieve and mixed in the ball mill again with anhydrous isopropanol and PVB. After repeated drying and
sieving the powders were pressed uniaxially at 50 MPa. PVB was evaporated at 800°C and compacts
were finally pressed isostatically at 200-250 MPa. Compacts of YAG:RE compositions were vacuum
sintered at 1500-1780°C. The heating rate was about 0,3°C/min at the temperatures around the
maximum rate of shrinkage. Ceramics samples after sintering were annealed in air at 1100°C during
32 h. For crystallographic phase characterization the X-ray diffraction (XRD) machine DS
DISCOVER (Cu Kal,2 A = 1,542A) was used. Shrinkage investigations during the sintering —
thermomechanical analysis (TMA) were conducted with DIL402C, Netzsch and thermogravimetric
and scanning calorimetric analysis (TGA, DSC) with NETZSCH STA 449 machines respectively. For
pores contents measurement the light tomography method was used similar to the method described in
[20]. The special setup was developed and used for lasing experiments. The description of this method
is presented below.

3. Results and discussion

The temperature range of maximum rate of shrinkage during the sintering process for YAG: RE
compositions depends strongly on the type and the combination of SA. The most remarkable
combinations of SA investigated can be divided in to three groups: “1”- B,0; (0.9)+Si0,(0.9); “2”-
B,05(1,5)+S10,(0.9)+Zr0,(0.2); “37- Si0,(1.35)+MgO(x). The results of TMA investigation for these
groups are shown in figure 1.
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Figure 1. Temperature dependence of shrinkage (1,2,3) and rate of
shrinkage (1d,2d,3d) for three groups of YAG: Nd (lat.%)
ceramics.



CORSCS2015 IOP Publishing
Journal of Physics: Conference Series 740 (2016) 012009 doi:10.1088/1742-6596/740/1/012009

Generally, the increase the SA concentration, especially B,O;, shifts the maximum of shrinkage
rate to lower temperatures. It was found, that it is possible to increase significantly B,O; and SiO,
contents without the deterioration of optical quality of the ceramic samples. At the same time the
increase of ZrO, and MgO contents for more than 0.2 mol % results in increasing of residual porosity,
and as a result the optical transmittance of ceramics drops down dramatically. XRD diagrams show
that for B,O; and/or SiO, contents above 0.6 mol % (that is for groups 1 and 2 in figure 1) the
formation of garnet structure during the sintering was completed below 1550°C. In the contrast about 7
% of Y,Al;09 and YAIO; phases remained for group 3 at 1500°C temperature, and the final
formation of YAG phase was completed after 1550-1600°C. The difference of aluminate phases
formation in groups 1 and 2 are demonstrated by general XRD diagrams presented in figure 2.
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Figure 2. XRD diagrams of YAG samples sintered in dilatometer at
1550°C . Samples of 1 and 3 groups (a). samples of group1(b).

In shrinkage curves for all samples with content B,O; there is a temperature range where shrinkage
rate is near to zero. It is most pronounced for samples of group ‘“2”. It can be explained by the
reorientations of powder particles in presence of liquid phase created by SA. As was shown in [20-22]
this reorientation range in presence of liquid phase comes really before shrinkage. The shift of
maximum rate of shrinkage to lower temperatures increases the grain size and optical transmittance at
every sintering temperature and decreases the residual porosity, as shown in figure 3 a, b and c.
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Figure 3. Characteristics of three groups (1,2,3) ceramic samples vs sintering temperature. a) Optical
transmittance at A-1063 nm. b) Residual pores concentration. c¢) Grain size.

The optical transmission reaches almost the theoretical level for group 1 before 1500°C and for
group 3 before 1700°C. For group 2 transmittance drops down near 1700°C (see figure 3 a). These data
are in reasonable correlation with concentration of the residual porosity (see figure 3 b).
Unfortunately, at the same time the optical transmittance is growing together with increasing of grain
size (compare the ratio between transmittance, porosity, figure 3 a, b) and grain size figure 3 ¢)).
When a compromise between the grain size and optical transparency is found, it is possible to obtain
the ceramics with high optical transparency for YAG: Nd (or Yb) samples with appropriate
combination of SA. Examples of such ceramics and spectra of optical transmittance are presented in
figure 4 for samples of YAG:Nd (1at.%).
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Figure 4. Optical inline transmittance of ceramics samples from group “2” (a) and general view of

these ceramics (b). Insertion in a) is the sintering temperatures. Diameter of samples in b) is equal to
21 mm.

Dramatical decrease of transmittance and increase of the residual porosity for group 2 of samples at
the sintering temperature can be explained probably by the presence of heterovalent zirconium cations.

The original method for measurement of lasing threshold at the longitudinal diode pumping nearly
transverse mode locking was used for testing of lasing properties of the produced samples. The details
of this method are described in detail elsewhere [23-25]. For the measurement procedure, the cavity
length L of resonator is changed and power of the lasing threshold is automatically measured. The
pumping of the sample is not uniform, and the transverse mode locking takes place at some values of
length, L. Conditions of transverse mode locking can be determined by the following equation—
condition of transverse mode locking for empty cavity [26]:

arccos(,9,0,) =7 .
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where 1/s — proper fraction which characterize the degeneration [26], g;,= 1- L/R;, cavity stability
parameter, L — cavity length, R — radius of mirrors.

At every L, near transverse mode locking, the pumping power value of lasing threshold decreases
dramatically, and the value of threshold power at these conditions is very sensitive to any small optical
heterogeneity of the laser media. Using the Konoshima Chemical corp. ceramic sample as etalon the
spectra of pumping power value of lasing threshold were measured for four samples of our YAG: Nd
(lat. %) ceramics with different concentration of residual pores. Results of these measurements are
presented in figure 5.
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Figure 5. The pumping power corresponding to lasing threshold as
a function of cavity length near the L value, where the proper
fraction 1/s is equal to 1/4 for Konoshima ceramic YAG:Nd (1 at.%)
sample and for two groups of ceramic YAG:Nd (1 at.%) samples
with 20 and 60 ppm pores volume fractions.

The presented results show clearly that this method is really sensitive for defect detection in
ceramic samples especially in the case of small concentration of residual pores. These data correspond
to results obtained in work [27] by direct measuring output power of laser with ceramic samples which
have different residual porosity. As it is seen in figure 5 the increasing of volume pores concentration
from 1-2 ppm (for Konoshima ceramics) to 20 ppm and from 20 to 60 ppm increases the lasing
threshold power by 10 and 20 times respectively. The comparative spectra for Konoshima’s samples
and our high quality samples like shown in figure 4 are presented in figure 6.
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Figure 6. Pumping power corresponding to the lasing threshold as a
function of cavity length for two YAG:Nd(1at. %) ceramic samples
measured at the same conditions. w, is radius of pumping beam,
T=4% is reflectivity of output mirror.

Results for both types of samples are very close each to other. Some main laser characteristics were
also measured for these high quality samples, and the results of these measurements are shown in
figure 7. The data in figure 7 a) were obtained at the conditions when the pumping power was
absorbed completely along the sample length. The slope efficiency determined from these
measurements is 72 and 55 % for Konoshima samples and our ceramics respectively. The pulse
duration is identical for both ceramics samples (see figure 7 b). The same quality ratio between the
tested ceramic samples was found for such parameters as pulse power (figure 7 d), average output
power (figure 7 ¢) and pulse duration (figure 7 c) as a function of output mirror reflectivity.
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Figure 7. The main lasing characteristics of produced YAG:Nd(1at.%) ceramics in comparison with
Konoshima etalon. Output power vs input power (a); impulse duration and shape (b), impulse length
(c), impulse power (d) and average output power (e) as a function of output mirror transmission.
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BMA-15 powder was used as Al,Os; source for manufacturing of samples YAG:RE, where
RE=Yb,0;, Er,0;, Ho,03;, Tm,0;. Unfortunately, for samples of YAG with BMA-15 we did not
achieve the same optical quality as in the case of AKP-50 powder. In these samples the residual pores
in concentration about 20 ppm are existing. Probably it is due to not optimal milling condition for this
powder. In figure 8 a, b the optical transmittance spectra and general view of (Y91 Tmy09)AlsO15;
(Y285 Ybo.15)Als012; (Y2085 H0o.015)AlsO12; (Y2085 Ero.015)AlsOq, ceramics samples are presented.
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Figure 8. Optlcal in-line transmittance of (Y2,91 Tmo’og)Alsolz; (Yz’gs Ybo’ls)Alsolz; (Y2’985
Ho,015)AlsO012; (Y2085 Erg015)AlsOy, ceramics samples (a) and general view of the samples (b).
Diameter of all samples in the photo is 21mm.

For YAG doped by Yb’" the most attractive design of laser active elements is disk type. In this
case, because the disc is thin enough, the composite structure with thick passive part is most
profitable. Composite element must combine in monolithic ceramic body active (doped) and not active
(not doped) parts. The simple method was used for preparation of the composite. In the metallic die
the layer of YAG powder doped with Yb was pressed at 15-20 MPa, then the die was filled by non-
doped YAG powder and pressed again at 50 MPa. The preformed compact was CIPed at 230 MPa and
sintered by the method described early. The general view of the produced composite is shown in
figure 9 a and b. After vacuum sintering Yb in YAG is in Yb>" valence and has a green color. It is very
comfortable for measurements of Yb>" ions distribution by probe laser beam (A-630 nm) scanning.
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Figure 9. YAG:Yb(5 at.%) / YAG composite ceramics. In both photos in inserts (a, b) ceramic
samples are as vacuum sintered and therefore Yb is as Yb", that is green color. Distribution of Yb*"
near the border of two parts of the composite (a) which is measured as transmittance of light at A-630
nm. Optical transmittance of doped and un-doped parts of the composite (b).
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The results of these scanning measurements are shown in figure 9 b. It was found from these
measurements that the width of transient region between two parts of the composite is about a hundred
microns. It is a big value, and probably it can be explained by availability of intergrain fast diffusion.
The optical transmission spectra of doped and undoped parts of YAG:Yb (5 at.%) - YAG composite
are presented.

4. Conclusions

The role of sintering additives chosen from the group of SiO,, ZrO,, B,O; and Mg in high quality
YAG ceramics production was investigated. When contents of SiO, and especially B,0O; is growing
up the grain size is increased, but the residual porosity decreased and the sintering temperature at
which the optical transmittance achieves the theoretical values also decreased. The compromise
between the grain size and residual porosity (optical transmittance) was found. The original method
for estimation of ceramics optical quality was developed and tested on ceramics samples. Some of the
main laser characteristics of produced ceramics YAG:Nd(1 at.%) were measured and compared with
the best-known laser ceramics. The quality of the produced ceramics is comparable with the etalon.
Composite structures of YAG:YDb (5 at.%) — YAG were obtained, and it was shown that consistent
compaction of layers of different composition can be used as simple method for composite structures
formation.
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