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I. INTRODLCTION
The long-range gnal o7 the curreat program is to develop an intermediate
gain solid laser host material which exhibits a behavior between that of

neodymium-doped glass and yttrium aluminum garnet single crystal; i.e.,
suitable for generating high averdge power combined with high peak power.

In order to achieve this goal, experimental and theoretical work has been
done and is currently in progress to (1) develop improved powder preparation
and processing procedures to reproducibly fabricate YttraloxTM (composed of
a solid solution cf 89 mole % Y,03, 10% ThO, and 1% Nd,0;) with improved
optical quality, (2) understand the development of the microstructure and
the densification process with respect to the kinetics of porosity and grain
size changes, and (3) evaluate neodymium-doped and neodymium-free Yttralox
ceramic as a potential high-power intermediate gain laser and as a high-power
infrared window material, respectiveiy by means of optical measurements.

In a recent Annual Technical Report,! it was pointed out thit one or
more scattering mechanisms appears to be responsible for much of the atteruation
of laser radiation in neodymium-doped Yttralox (NDY) rods. Furthermore, it
was deduced that submicroscopic scattering centers mast likely exist in
NDY laser rods because (1) preliminary light scattering calculations showed
that the observed porosity cannot account for the high scattering losses
and (2) the active attenuation coefficient measured from lasing performance
data was influenced by the cooling cycle imposed on a laser rod. By a
fast cooling technique, for example, the active attenuavion coefficient for
one rod was reduced from about 4.9%/cm to 2.6%/cm.

In the past six months, the current research program was directed in
such a way as to attempt to minimize the formation of submicroscopic scattering
centers by assuming their most probable origin. In addition, various experimental
methods and tools were exmployed to attempt to detect such scattering
centers. There were two main plans of attack. It was assumed that the
most reasonable origins of submicroscopic scattering centers responsible for
the high scattering losses observed in NDY ceramic was "orange peel"
effects and/or extended defects which form in the solid solution matrix

TM = General Electric Trademark




during the cooling cycle. The orange peel problem involved attempts to
minimize chemical inhomogeneities in the starting powder by improved powder
preparation and processing techniques; extended firing times at high temp-
eratures has not been very effective in appreciably reducing orange peei.

A rapid cooling technique is currently being employed to retard the nucleation
and growth of extended defects because a second NDY laser rod prepared by
utilizing the rapid cooling process also showed improved lasing performance
when compared to that obtained from the same specimen having a slow cooling
treatment. Many of the experimenial results and problems encountered during
this investigation of methods to reduce or eliminate orange peel and extended
defects will be described for the solid solution material, Yttralox.

II. INFLUENCE OF PuWDER PREPARATION AND PROCESSING ON ORANGE PEEL, POROSITY,

AND SOLID SECOND PHASE
A. Experimental Procedures
The oxalate precipitation method! is an excellent source of high-purity,

fine-particle size (0.3 to 3 um) oxalate powder which has physical and
chemical properties that are favorable for a sintering approach. Unfortunately,
sintered NDY ceramic prepared from unmilied calcined powder produced by the
oxalate process contains "orange peel”, a point-to-point variation in refractive
index thrcughout tl.e material volume. Orange peel is thought to be related
to chemical inhomogeneities (Th**/Y3* ratio differences) formed in various
regions of the oxalate precipitate during powder preparation. This reasoning
is supported by the fact that orange peel is reduced by screening or ball-
milling the calcined powder before powder compaction. Both processing
steps have a tender:y to reduce compositional variations on a large scale in
the starting powder, thereby promoting a faster approach to chemical
equilibrium by interdiffusional processes during sintering at high temperatures.

Attempts were made to develop an improved powder preparation and
processing procedure to reproducibly fabricate Yttralox ceramic with reduced
orange peel. It was decided to make several changes in the oxalate precipitation
method and subsequent processing steps in order to more thoroughly explore
this method. Before describing these changes, the standard oxalate process
will be described for a comparative analysis.




The standard oxalate process involves the dripping of a salt solution
of an yttrium, thorium, and neodymium nitrates, in the proper proportion to
yield a composition 89 mole % Y203, 10% T:0,, and 1% Nd;0;, at a rate of about
60 drops/min. into an oxalic acid bath which was 80% saturated at room
temperature and contained 100% excess oxalic acid required to convert the
nitrates into oxalates. During precipitation at room temperature, the oxalic
acid bath is continuously stirred with a Teflun-coated, magnetic stirring
bar. After precipitation, the oxalate precipitate is washed with filtered
deionized water to remove residual acid, vacuum-filtered, dehydrated at 110°C
for 24 hours, and calcined for four hours at 850°C in flowing air (3SCFH).
The calcined powder can be either directly cold-pressed into shape or dry-
milled with 1 wt. % stearic acid in a rubber-lined ball mill (Vol. = 1.22)
that contains ThO,-doped Y,0; cylinders as a grinding medium. After ball-
milling for six hours, specimens are formed into shape by isostatic pressing
between 20,000 and 40,000 psi, given an oxidation treatment in air at
1100°C for two hours, sintered in dry H, (dew point ~-70°C) at 2170°C for
3C to 100 hours, and finally cooled to room temperature in about six hours
in wet H, (dew point ~25°C).

An investigation was made to see if chemical segregation and particle
size and morpnology could be influenced by the temperature of oxalate precipita-
tion. (wo experimental changes introduced in the drip method of oxalate
powder preparation were (1) to drip hot (85°C) nitrate salt solution into a
cold (5°C) oxalic acid bath, and (2) to drip cold (5°C) nitrate salt solution
into a hot (9¢°C) oxalic acid bath.

An aerosol technique was also developed to decrease the droplet
size of the Y-Th-Nd salt solution from the millimeter size range (drip method)
to the micron size range so that a chemically homogeneous and fine particle
size powder would result. In this case, a brass aspirator was constructed
such that a high-velocity air stream passed between a .003-inch diameter

glass capillary (containing the nitrate salt solution) and a .040-inch ‘
diameter hole bored in a stainless steel disk used as an insert. The air
flow was about 60 SCFH through this gap and all experiments were carried out .

at room temperature. One experiment involved the positioning the tip of the
glass capillary about four inches above the surface of the stirred oxalic acid
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bath. Unless the aerosol was enclosed in a large flask, airborne nitrate
droplets were found condensed on the experimental appar:tus as weil as on the
walls, windows, and bench top in the working hood. A second experiment was
made by placing the tip of the glass capillary below the surface of the
stirred oxalic acid bath. Here, a considerable amount of back pressure
developed at the capillary tip, causing air bubbles to feed back through

the capillary into the reservoir of salt solution. This problem could be
largely overcome by repositioning of the capillary tip and by adjusting the
air flow. Again, a white condensate appeared on the top inner surface of

the glass flask containing the oxalic acid solution.

After stirring the resulting oxalate precipitate synthesized by the
experiments described above, the settling pehavior of the oxalate particles
was not appreciably different than that observed in the standard drip method
at room temperature. The one exception to this rule was found for the case
of oxalate particles formed by dripping the cold salt solution into the hot
oxalic acid bath. It was observed that the precipitate particles did not
settle to a uniform depth, as is the usual observation, but piled high in
the center of the beaker. Furthermore, the oxalate precipitate particles
felt gritty, like sand, when rubbed between the fingers.

Particle mocphology and size were studied by scanning electron micro-
scopy (SEM). Figures 1, 2, and 3a illustrate oxalate particles derived from
several met.iods of powder preparation. In all cases, the oxalate particles
are approximately parallelopipeds or plates with a size range between about
0.3 and 3 ym. Variations in powder preparation on the oxalate approach
yielded similar particle sizes and shapes except for the exception described
above. The state of agglomeration of the oxalate particles may at first
appear to be different for the various powder preparation techniques but
dispersing and settling effects introduced during specimen preparation for
the SEM may partly be responsible for this observation. Figure 3b is a
typical scannina electron micrograph uf calcined oxalate powder prepared
by dripping the hot nitrate salt solution into the cold oxalic acid bath.
Powder agglomerates are no doubt present after calcination at 850°C for four
hours.




Fig.1 SEM photomicrograph of NDY
oxalate powder prepared by the standard

oxalate method,

5,000X

Reproduced from
best available copy,
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Fig.2 SEM photomicrograph of NDY
oxalate powder prepared by dripping
hot nitrate solutions into cold oxalic
acid solution. 5,000X




(b)

Fig.3 SEM photomicrograph of
y (a) NDY oxalate powder pre-
parcd by the aerosol technique
(b) samne powder calcined for 4
hours at 850°C. 10,000%




Oxalate precipitate particles synthesized by dripping the cold
nitrate salt solution into the hot oxalic acid bath were as large as a
millimeter in size but after dehydration at 110°C for 12 hours, these coarse
particles disintegrated into micron-sized particles. It is believed that
under the experimental conditions, the hot oxalic acid bath permits excess
water of crystallization to be incorporated into the "oxalate-hydrate"
particles and permits the growth of iargé aggregates. Upon dehydration at
110°C, the excess water of crystallization is eliminated to form a more
stable form of the oxalate-hydrate. An extensive investigation of this powder
was not done because this powder produced sintered material having a considerable
degree of orange peel, porosity, and solid second phase.

One major processing change introduced in the oxalate process was the
dry-milling of the oxalate powder in the presence of 1 wt. % stearic acid
before the calcination step, not after it. If this processing step helped
to improve the optical quality; i.e., reduce residual orange peel, porosity,
and solid second phase of sintered NDY ceramic above that preduced by the
usual processing sequence, then it would be possible to eliminate the oxida-
tion treatment as a processing step. The consequences of this change in
powder processing is described in the subsequent sections.

B. Orange Peel
The amount of orange peel in NDY ceramic is qualitatively evidenced

by the detection of an optical waviness inside of a polished specimen with
the unaided eye and by a "grainy texture" observed by viewing the specimen
slightly out of focus at low magnifications (=X60) with the optical micro-
scope using a pinhole source of transmitted white light. ior comparative
analyses, both methods for detection of orange peel give essentially the
same result. A quantitative definition of orange peel in NDY ceramics will
be obtained by the interpretation of optical interference patterns and is
already in progress.

In comparison to the amount of orange peel found in sintered
material prepared from unmilled powder produced by the conventional drip
method, less orange peel was observed when the oxalate precipitate was
produced by the aerosol technique or when the hot nitrate salt solution was
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dripped into the cold oxalic acid solution. If orange peel resulted from
selective precipitation of yttrium- and thorium-rich oxalate particles,

then a decreased size of the nitrate droplets or an increased surface area
of these droplets favor a higher reaction rate with the oxalic acid to

torm oxalate particles of more uniform composition and/or form a smailer
average particle size which promotes a better dispersion of the two major
components. In either case, the Y3*/Th*t ratio is reduced to a finer scale.
The drip method used for adding hot nitrate solution into cold oxalic acid
apparently achieves a simiiar result. It may be that chemical inhomogeneities
may be reduced for this method because the viscosity of the nitrate solution
is reduced enough to increase the flux of yttrium and thorium ionic complexes

reaching the interface between the nitrate droplet and the oxalic acid solution.

The aerosol technique, although more difficult to control, gave rise to
sintered material with less orange peel than that produced by the drip
method (hot nitrate into cold oxalic acid). However, the drip method

(cold nitrate into hot oxalic acid) gave rise to sintered material exhibiting
an unusually large amount of orange peel.

Orange peel can be reduced markedly by dr_-vall-milling oxalate powders
derived by any of the powder preparation methods described above. It is
found that ball-milling the oxalate powder in the presence of 1 wt. %
stearic acid before or after the calcination step gives rise to sintered
material with the best optical quality. Ball milling reduces the size of
the particles, mixes and disperses yttrium-rich and thorium-rich regions
more homogeneously throughout the starting powder, and comminutes powder
agglomerates that could result in compositional inhomogeneities and large
pores in the sintered product.

Additional evidence of orange peel in sintered NDY ceramic was
obtained by chemically etching a well-polished surface with boiling 1 part
Hcl + 1 part H,0 for 1 to 1.5 minutes. The amount of orange peel in NDY
ceramic was exaggerated to reveal subtle differences in the etching behavior
of different regions within the grains. Orange peel was exaggerated by
synthesizing a starting oxalate powder by a method in which the Y-Th-Nd
salt solution was poured slowly into a vigorously stirred oxalic acid
solution. A chemically etched, polished section of the sintered material

-9-
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made from unmiiled powder is shiown in Fig. 4. Note that a substructure is
clearly revealed in most grains in this specimen having an average grain size
of 10 um. Closer examination of the microstructure at magnifications up to
X1000 showed that virtually all grains coantained substructure. The revelation
of substructure was more apparent in some grains than in others and may be
related to the effect of grain orientation on chemical etching.

The substructure within the grains is characterized by irregularly
shaped .egions up to about 5 ym in size which, in several instances, appear
to interconnect from one grain to another without any regard for the grain
boundary. Apparently, these grains have nearly the same crystallographic
orientation and chemically-etch at about the same rate so as to reveal this
substructural appearance. On this basis, it seems that the origin of the
substructure occurred very early in the develcpment of the microstructure
and is probably related to the presence of chemical inhomogeneities in the
starting powder. In many cases, nearly sphericai regions about 1 or 2 um
in size are observed inside grains and could be the remnants of the original
powder particles having variable composition. It is sugge-ted that rapid
grain growth took place during the early stages of sintering and left
pehind the trails caused by chemical segregation. These small compositional
or impurity differences do not disappear even after prolonged firing times
at temperatures near 90% of the melting point. For example, Figure 5 shows
a chemically-etched microstructure of an Yttralex samplie which was prepared
from a milled powder, sintered for 38 hours at 2170°C, and then cooled
rapidly to room temperature. Specimens cooled slowly to room temperature
give rise to the same typ= c¢f microstructure. The substructure iS 2gain
pronounced in some grains but there is not as much coarseness to the
substructure as was evident in Fig. 4. It appears that the coarseness of
the substructure is related directly to orange peel which is caused by
chemical segregation of yttria and thoria in the starting powder. The
substructure is not composed of low angle grain boundaries, or subgrains,
because electron trantmission and diffraction results showed no evidence
of dislocation networks outlining subgrain boundaries or of any detectable
difference in crystallographic orientation with position inside a grain.

-10-
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Fig.5 Substructure in sintered NDY ceramic prepared
from milled calcined powder derived from the standard
oxalate method. Sintering treatment 38 hours at 2170°C,
fast-cooled to room temperature chemically-etched for
1.5 min. in boiling 1 part H,O + 1 part HCI. 500X

-12-




C. Residval Porosity and Solid Second Phase

If NDY ceramic is made from unmilied calcined oxalate powder derived
by the conventional drip technique at room temperature, material sintered for
about 60 hours at 2170°C contains approximately 3.5 x 10-° porosity and no
solid second phase. The majority of pores have sizes between 0.5 and 5 um
and are distributed randomly throughout the specimen (Fig. 6). Between 10*
and 10° pores/cm® are found for 0.6 um intervals for pore sizes <5 ym. In
addition, pore density decreases with pore size as expected; but an occasional
pore as large as 200 um (not indicated on the frequency curve) can be
observed in these sintered specimens. In several cases, a few isolated pore
clusters are visible under transmitted light.

Pore density as a function of pore size is illustrated in Fig. 7
for sintered material prepared from oxalate powder derived by the aerosol
technique. Again, the majority of pores have sizes between 0.5 and 5 um
and appear to be randomly distributed, except in a few cases. Between 103
and 10* pores/cm? are observed for 0.6 um intervals for pore sizes <5 um.
A comparison of the total pore density between 0.5 and 5 um found in sintered
material made by the standard drip method and the aerosol technique shows
that the latter material has more than two orders of magnitude fewer pores
in this pore size range and also fewer larger pores. Large pores contribute
greatly to pore voluma and, as a result, the residual porosity in sintered
material made by the aerosol technique (1.7 x 10~°) is only about a factor
of 2 lower than that found in material derived by the standard drip method.

Most small pores less than 10 um in size are located usually inside
grains in these large grein-size ceramics. The entrapment of pores inside
growing grains is strong evidence of ineffective inhibition of rapid grain
growth. It has been previously demonstrated? that the addition of 10 mole
% ThO, to Y,03; inhibits discontinuous grain growth during densification,
thereby permitting most pores to remain on grain boundaries and eventually
to sk.ink and disappear. A high level of pore elimination is predicted
when the Th), has a small particle size (=<1 uym) and is uniformly dispersed
throughout the starting calcined powder and/or the ThO, is completely dissolved
in the mall Y,0; particles. The aerosol technique of synthesizing the
oxal powder apparently achieves an excellent dispersion of ThO, in the

-13-
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starting powder so that the average grain boundary mobility is reduced
during the early stages of grain growth.

Oxalate powder derived by the addition of hot nitrate salt solution
into the cold oxalic acid solution also gave rise to sintered material
containing lower pore densities for pores less than 5 um in size than that
prepared from the standard drip method but not quite as low as that prepared
by the aerosol technique. Oxalate powder derived by the addition of cold
nitrate solution into hot oxalic acid solution produced sintered material
containing unusually high pore densities for pores less than 5 um in size
and also a high density of pore clusters (Fig. 8). A complex oxalate-
hydratc reaction during oxalate precipitation created millimeter size
agglomerates, as described above, and the high pore densities and large
amount of orange peel associated with the resulting sintered material suggests
that there is a large amount of chemical inhomogeneities in this starting
powder.

It has been generally found that by bail-milling calcined oxalate
powder in a rubber-lined mill, the pore density for a given pore size in
sintered material is smaller than if the calcined powder received no milling
treatment. Many of the large pores found in sintered material made from
milled powder were thought to originate from rubber particles initially
incorporated into the powder compact; i.e., the sequence of processing
steps were oxalate powder, calcination, ball-milling oxide powder, powder
compaction, oxidation treatment, and sintering. A way to eliminate large
pores created by the presence of rubber particles in the powder compact was
to ball-mill the oxalate powder and then calcine it to decompose the rubber
particles. This experiment was carried out for oxalate powder derived by
the aerosol technique. There were no observable irregularities in the milled
powder; but after calcination, much of the powder was in the form of
spherical agglomerates, some of which did not disintegrate completely when
squeezed between the fingers. Pore frequencies are compared in Fig. 9 for
sintered material made from unmilled and milied powder. Sintered material
made from milled oxalate powder contained approximately 20% fewer pores for
pore sizes less than 6 um but, surprisingly, contained about 60% more pores
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Fiz.8 Iligh pore density observed in NDY ceramic prepared from
oxalate powrer derived from dripping cold Y-Th-Nd nitrate solution
into hot oxalic acid solution., Sintcring treatment 40 hours at 2170°C,
Transmitted light, 374X
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greater than 6 ym. In fact, the porosity in sintered material made from
milled powder was about three times higher than that made from unmilled

powder. The appearance of a bimodai distribution in Fig. 9B in which the e

is an additional peak in the pore density frequency curve at 10 um suggested
that these pores originated probably from "hard" agglomerates which may or

may not have a porous core. If the agglomerates were highly dense, then the
formation of pores approximately 10 pm in size may have resulted from
microstructural inhomogeneities consisting of large pores created by the
bridging of aggiomerates or from differential shrinkage rates between particles
located in a dense agglomerate and those in a more porous matrix.

A small number density of solid second phase particles were observed
by transmitted 1ight microscopy in sintered material made from unmilled powder
produced by the aerosol technique. In sintered material produced by dripping
hot nitrate solution into cold oxalic acid solution, no solid second phase
inclusions could be observed at magnification as high as X625. A typical
transmitted 1ight photomicrograph of a second phase inclusion containing a
considerable amount of porosity is shown in Figure 10. The large porous
inc Tusion, about €9 um in size, was in fact polycrystalline because grain
boundaries could be observed at the particle/matrix interface. Sintered
material prepared by the aerosol technique contained, on the average, about
1 solid second phase particle per mm® which ranged in size from 5 to 100 um.
By using the Becke 1ine method, the refractive index of the second phase
particles was determined to be higher than that of the Yttralex matrix
(R.I. = 1.92 at the Na wavelength). The second phase particle is believed to
be thoria-rich because pure Th0, has a refractive index =2.2 at the sodium
wavelength. Further evidence that the second phase particle has a composition
largely different than that of the m=2trix can be obtained by observing the same
particle as shown in Fig. 10 but with crossed polarizing elements (Fig. 11).
Note that there is a strain field surrounding the particle which reveals
many grain boundaries of the matrix phase. Stresses generating this strain
are most likely caused by thermal expansion differences between the inclusion
and matrix phases.
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Fig.11 Porous, second phase inclusion in NDY ceramic prepared from un-

milled powder.

Polarized light using crossed nicols. 440X

Reproduced from
bef\ available copy.
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The origin and elimination of second phase particles is of utmost
importance since their presence gives rise to optical birefringence and
residual porosity. The second phase particles are a source of residual
porosity because as the particle continues to dissolve into the matrix by
an interdiffusional process, pores located initially inside the particle
will eventually be found in the solid solution matrix. Under this condition,
pores as large a3 3C um (see Fig. 10) will be found in the sintered material.
Pores appreciably larger than 30 um may be observed if pore coalescence occurs
during particle dissolution. The origin of second phase particles in the
sintered product is caused probably by the reaction between dried Y-Th nitrate
crystals that developed on the upper walls of the beaker containing the
oxalic acid solution, and the vigorously stirred oxalic acid soluticn.
Selective precipitation probably occurred during this reaction and yielded
Th-rich and Y-rich oxalate agglomerates. The absence of second phase
particles in sintered material produced by the standard drip method further
supports this reasoning. Numerous dry ball-milling experiments show that
regardless of the method used to prepare the oxalate powder, ball milling
can completely eliminate solid second phase particles in the cintered
material.

I1I. ATTEMPTS TO IDENTIFY SUBMICROSCOPIC SCATTERING CENTERS

The substructure (Fig. 5) revealed by the chemical etching technique
arises most probably from Y3*/Th** variations in the resulting microstructure.
These fluctuations in cemposition may originate from chemical differences
in the starting powder and from che ical segregation during cooling from the
sintering temperature. In the latter case, we shall call these compositional
fluctuations extended defects. A critical experiment showed that the laser
threshold and the active attenuation coefficient of an NDY laser rod decreased
when the rod was fast-cooled instead of slow-cooled from the sintering
temperature. This experiment suggested strongly that extended defect
formation is occurring during cooling. The Y,0,-ThO, phase diagram® shows
that the solubility of ThO, in Y.0; decreases from approximately 13 mole %
at 2200°C to 6 mole % at 1400°C. Since there is about 10 mole % ThO, in
NDY ceramic (neglecting the Nd,0; concentration), this solid solution crosses
the solvus curve upon cooling from the sintering temperature of 2170°C.
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It is conceivable that discrete submicroscopic precipitate particles
and/or coherent regions caused by sclute clustering xuv form in the solid
solution matrix and represent changes in structure and composition which
can produce fluctuations in local refractive index and scatter light.

The remainder of this section of the text is devoted to describing experi-
mental results obtained in trying to identify submicroscopic precipitates
or other particles, and extended defects, a more general term used to
describe Guinier-Preston zones or Hadsley shear structures.

A. X-ray Diffraction Results
X-ray diffraction analysis using the diffractometer and Debye-
Scherrer techniques was made on NDY powder that was slow-cooled and rapidly
cooled from 2170°C to room temperature. The slow-cooled powder was cooled
to room temperature in 26 hours, whereas the rapidly cooled specimen was
cooled in about 15 minutes. The powders were lightly around in an agate

mortar and pestle and were passed through a -325 mesh nylon screer. Powder
diffraction patterns were nbtained on these samples using Cu and Cr
radiation. Dehye-Scher.or lines were somewnat spotty on a dark background
caused by Nd fluorescence. An additional grinding treatment heiped to
eliminst= the spotty patterns. There were no unidentified reflection

planas cis2rved for the body-centered-cubic lattice of NDY ceramic that

was slow- and fas*-cooled from 2170°C. A tabulation of d-spacings and
relative intensities {peak heignts) was made from diffractometer traces.

No measurable differences could be detected in line positions; hence,

both specimens had approximately the same lattice parameter, 10.6496 : 0.0007A.
A few of the relative intensities were out of line, but this could be due to
preferred orientation effects.

Diffractometer traces were obtained at slow speeds (0.25°20/min) in
in various parts of the 20 range to detect relative amounts of residual
strain or clustering effects in both samples. There was no clear evidence
of X-ray line broadening caused by strain in either of the large particle
size powders. In addition, a low-angle diffractometer scan from 1° to 8° 20
showed only a smooth drop to the normal background level. Fer the slow-
cooled sample, this level was reached at about 2.5° 20 whereas for the fest-
cooled sample, the scattered radiation extended to at least 3° 20.

-23-




Although this experimental evidence may be indicative of solute clustering
effects, the expected scattering behavior should have beer reversed.

It is apparent that X-ray diffraction analysis of slow and fast-
cooled powders of KDY ceramic shows very little difference in the unit-cell
of both materials. Furthermore, if extended defects (ord.red zores) or a
metastable transition lattice (metastable precipitate) were formed in the
super-saturated solid solution during ceoling, large coherency strains
that often stabilize these structures should have been detected in the
<low-cooled specimen. If ccherency strains are present, they are small
in magnitude and are difficult to detect with conventional techniques of
X-ray diffraction.

B. Electron Microscope Results
Slow-cooled and fast-cooied samples of NDY ceramic were examined
by direct electron transmission and electron diffraction. The sampies
were thinned with an ion micromiliing instrument in which an ionized Ar
beam bombards opposite surfaces of the sample which is rotated. The
sample was thinned at a rate of about 1 micron per hour. Samples were

coated with a thin conducting layer of carbon and then observed in trans-
mission. Thin chips fractured from large NDY samples were also observed
in transmission and diffraction.

A typical electron transmission photomicrograph of NDY ceramic
having ar average grain size of 150 ym is shown in Fig. 12. The triple
point is caused by three intersecting grain bourdaries, while the hole is
a consequence of complete specimen removai -y sputtering. In addition to
tnickness fringes observed in thin portions of the specimen, there is a
mottled structure caused by micromilling because thin chips of the same
specimen did not exhibit this mottled appearance. The grain boundaries
appeared t~ be smcoth and narrow and free of small second-phase inclusions
and substructure., Regardless of wnether the specimen was slow or fast-
cooled, no substructure could be detected in regions of the specimen far
removed from grain boundaries.
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Selected area diffraction (SAD) psotomicrographs were obtained
from various regions within a given grain. Reciprocal lattice patterns,
which could be indexed on the large b.c.c. lattice cell, did not appear
to be obviously different from one region to another. Perhans a more
extensive investigation using SAD should be made on NDY ceramic cooled at
difrerent rates or isothermally aged at low temperatures.

C. Ultremicroscopy

An ultramicroscope is an optical arrangement in which a very
intense beam of light is directed onto the object at right angles to the
microscope optical axis. By making use of scattered lignt, it is possible
to observe particles well below the resolving power of the microscope. It
is generally believed that particles as small as 0.005 ym can be observed
but not exactly measured with ultramicroscopy if properly employed.*

The number of scattering centers, such as pores less than 0.5 ym
in size, were determined in a given solid volume with the help of ultra-
microscopy. Here the sintered HDY rod, having a polished flat parallel
to the longitudinal axis of the rod, was illuminated by an intense beam
of He-Ne laser light (1 mW output, A = 63283) at 90° to the microscope
optical axis. A typical photomicrograpn taken at a low magnification
(X10) is shown in Fig. 13. Distinct scattering centers and a visible
background haze are evident. By focusing the microscope through the
polished flat, second-phase particles appeared as bright spots of scattered
light against a nearly dark fieid. The total number density of distinct
microscopic and submicroscopic scattering centers was determined by counting
bright spots while scanning through a known s0lid volume at a magnification
of X460. The number density of distinct submicroscopic scattering centers
in the rod was calculated by subtracting the number density of microscopic
pores (30.5 um in size) measured by transmitted-light microscopy from the
total number density of distinct scattering centers measured by ultramicroscopy.
It was found that only about 20% of the total number of observed scattering
centers were smaller than 0.5 um in size.
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Fig.13 Ultramicroscope photomicrograph of scattering
centers in a NDY ceramic rod. 10X

Reproduced from
best available copy.




The material loss (atteruation) coefficient determined by active
(1asing) measurements was found to be approximately 5.4% cm-! for the KDY
rod examined by ultramicroscopy. Scattering appeared to be the mechanism
responsible for most of this optical attenuation because when an He-Ne
laser beam passed through the rod, the path of light was clearly visible
on all sides and, as a result, the rod appeared bright in a dark background.
If it is assumed that absorption effects are much smaller than scattering
effects and that pores are the major scattering centers, then the
attenuation coefficient in the solid medium at the lasing wavelength can
be calculated from light scattering theory assuming spherical, nonabsorbing
pores which act as single scattering centers. Scattering losses per unit
length (- %%E) can be described by

-‘_Ii%{f=7=§"ici (M

where I = beam intensity (joules/sec. cm?) at a given value of 2 and wavelength,
y is the active attenuation coefficient, n; = number density of pores in a
given size range (i) and C; = the total scattering cross section over that

size range. By using theoreticai equations> of Ci for pores both small and
large compared to the wavelength of light in the NDY laser rod; i.e.,

A = 5,680R, hypothetical plots cf log Ci versus log di’ where di is the

average pore size over the size range (i), showed that pores greater than

about 0.3 um followed scattering behavior expected for large particles.

This means that for di> 0.3 ym, C.

i
cross section.> An error of about 10% is introduced if 2 is taken as the

is simply equal to twice the geometric

scattering efficiency factor. uJnder the above assumptions, and using Equation
1, a theoretical y-value of about 0.22% cm~! was calculated for the pore

size distribution observed microscopically in the laser rod. The calculated
value of y was approximately a factor of 25 lower than the experimentally
determined value of 5.4% cm-!.

The experiment using microscopy showed that only about 20% of the
total number of scattering centers observed were smaller than 0.5 ym in size,
and such a small number of submicroscopic pores or solid second phase
particles cannot account for the attenuation coefficient measured
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experimentally. i addition to the presence of distinct submicroscopic scatter-
ing centers observed as points of light under the ultramicroscope, a
bzckground haze was visible in the beam path traversing the specimen and
suggested that the scattered light is weak and may be caused by submicroscepic
scattering centers having . vefractive index which is not very different

from that of the matrix. If the visible haze is indeed real, then the

origin of submicroscopic scattering centers in NDY ceramics may be

caused by orange peel and extenced defects. The scattering of light by

arain boundaries in optically isotropic NDY ceramics is predicted to be

almost negligible compared to other scattering effects because a grain
boundary free of gross segregation and a solid second phase has a very small
scattering cross-section due to its small width compared to the lasing
wavelength and its small difference in refractive index from that of the

grain interior. In addition, these NDY ceramics have large grain sizes

(5130 um) which give rise to small grain boundary volume available for
scattering.

It is emphasized that if the assumptions introduced above are valid,
then ThO,-doped Y.0; represents a polycrystalline laser host in which
Forosity is no longer the major scattering defect when the residual
porosity is equal to or less than 107°. The principa! cause of light
scattering in NDY ceramics is related to the presence of unidentified
submicroscopic scattering centers having a refractive index which differs
little from that of the matrix. The separation of absorption and scattering
losses from 'he total optical loss can shed more light on these experimental
and theoreti. 1 results and is currently under investigation.

IV. OPTICAL MEASuRtALWTS
A. Lasing Measurements
Pecently, it was discovered' that the cooling cycle influences the

optical quaiivy and, tnerefore, the lasing performance of an NDY ceramic

rod. There was a large improvement in the lasing performance by fast-cooling,
rather than by slow-cooling the same rod from the sintering temperature.

In order to see i¥ reproducibility could be acnieved, a second NDY rod

was given the following heat treatment. First, the rod was slow-cooled
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from 2170°C to about 8C0°C in 5.5 hours. After measuring the lasing
thresholZ, active loss coefficient and lasing slope efficiency, the

same rod was heated to 2170°C for two hours to equilibrate the sample and
then cooled rapidly to about 800°C in one hour. Below 800°C, no structural
changes are thought to occur because ionic mobilities are probably very
small.

A comparison of the lasing data obtained for the slow-cooled (12-1B)
and fast-cooled (12-1A) NDY rod is shown in Figs. 14 and 15. The laser
threshold value using a 95% reflectivity output mirror is 21 joules for
the slow-cooled specimen and 17 joules for the fast-cooled specimen. By
plotting E%EZ as a function of threshold energy on a semilogarithmic
scale (Fig. 14) and extrapolating to zero pump energy or threshold energy,
the intercept along the ordinate gives

m,&,g = - y2e (2)

where R; and R, are the mirror reflectivities. The active attenuation
coefficients for the slow-cooled and fast-cooled NDY rod were 5.4% cm™!

and 4.5% cm™1, respectively. Laser output using laser glass as a reference
material, was measured as a function of input energy (Fig. 15). The

NDY rod was smaller in diameter than the glass rod and, consequently,

the data plotted in Fig. 15 were normalized with respect to the diameter

of the glass rod because large rod diameters give rise to increased

surface area available for capturing of flashlamp radiation. The lasing
slope efficiencies for a rod that was slow-cooled and fast-cooled from the
sintering temperature were 0.10% and 0.16%, respectively. These lasing
measurements show that an NDY laser rod has an improved lasing performance
by a fast-cooling treatment from the sintering temperature. However, there
is a limit to how fast an NDY rod can be cooled without specimen fracture
caused by thermal stresses. It is believed that the rapid cooling treatment
helps to retain the high-temperature, disordered solid solution and retards
nucleation and growth cf extended defects at lower temperatures.
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Fig. 15 Energy output versus energy mput for the same rod that was
fast-cooled (12-1A) and slow-cooled (12 iB) from the sintering temperature
of 2170°C, laser glass (OI - ED-2) was used as a reference material.
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Laser threshold measurements can determine readily the degree of
optical perfection displayed by a given laser rod. In this way, the
influence of powder preparatio: and processing on the optical quality of a
sintered rod can be measured and evaluated. A laser rod was produced by
the aerosol technique of powder preparation combined with dry-milling the
oxalate powder to see if NDY ceramic could be made with an improved laser
performence. Tne lasing threshold was determined to be 21.6 joules at 95%
R, (output mirror reflectivity) and was essentially the same as that
determined for 12-1B rod which was made by a combination of the drip
method and dry-milling the caicined oxides before sintering. It is
concluded that it is very difficult to drastically improve the lasing
behavior of NDY ceramic by using the oxalate approach combined with a
milling operation.

B. Laser Damage Threshold

A true measure of the lasing capabilities of Nd-doped Yttralox
ceramic is to compare its lasing performance to that of glass:Nd under
Q-switching conditions. Under normal-mode lasing conditions, the best
NDY laser rod has a lasing slope efficiency 43% that of a glass:Nd rod.
In Q-switching operations, however, NDY lasers may achieve higher average
power output than glass:Nd lasers because the thermal conductivity of
NDY ceramic is about five times higher.

Laser damage threshold tests on NDY rods have beer iritiated recently,
and these results will be reported in the next technical summa-y. Laser
rods will be tested for laser damage with the help of Q-switching techniques.
In order to detect laser damage threshold, the energy will be increased
slowly until damage sites can be detected by optical methods.

Preliminary lasing results show that for the laser cavity employed,
it is necessciry to use an RTV seal between the Schott yellow filter glass
and the pump cavity to eliminate discoloration of the NDY rods. Discoloration
or radiation darkening is caused by the abscrption of ultraviolet radiation
from the flashlamp output. If discoloration did occur, a low-temperature
anneal at 250 to 300°C was able to clear the rod.
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C. Influence of Stoichiometry on Transparency of Yttralox

The development of polycrystalline NDY ceramics with high optical
quality has been previously shown to depend on improved powder preparation
and processing techniques and on controlled porosity, grain size, impurities,
and variation in chemical composition in the sintered material. An additicnal
requirement has been shown recently to be controlled stoichiometry. Controlled
oxidation of neodymium-free Yttralox ceramic at high temperatures can generate
a pronounced middle infrared pass filter or a visible-to-middle infrared

pass filter.

Spectral transmittance of Yttralox ceramic (90 mole = Y O + 10°% ThC )
sintered in wet H,(Po, =~ 10-% atm) and in dry H,(Po, = 10-!° atm) at 2170°C
were measured with Cary Model 14 and Perkin-Elmer Model 521 spectrophotometers.
For a 1 mm thick plate, the short and long wavelength cutoffs ars 0.25
and 9.5 um for material fired in wet H, and 1 and 8 ym for material fired
in dry H, at 2170°C. The color of Yttralox fired in wet H, is water-white,
whereas that of material fired in dry H, is black. Both clear and black
materials are cubic single phases, as ascertained by X-ray diffraction
analyses using the Debye Scherrer method, and have lattice parameters of
10.6496 + 0.0007A and 10.6475 + 0,00053, respectiveiy. The black color
and smaller unit-cell associated with this yttria base solid solution fired
in low Po, atmospheres are related probably to the removal of a considerable
number of oxygen ions from the lattice, causing possible F-center formation
in which oxygen vacancies trap electrons.
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