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INTRODUCTIO0ON

This project was [aitiated to study the effects of impurity doping

and electron {rradiation on the mechanical and optical properties of alkali

halides. Our growp has concentrated its efforts on KC1l, which has been

shown to be the most promising material for use in CO2 laser windows. A

swignificant part of the Oklahoma State University project involves crystal

growth. This area may be separated into two broad aims: comparison of

mechanical and optical properties of single crystals grown from identical

starting material by both the Bridgman and pulling techniques; and comparison

of these properties for crystats grown in a pa: ticular apparatus using various

types of starting material.

A second major area of the project consists of determining changes {n
mechanical and optical properties of K(I doped with selected impurities,

irradiated with 1.5 MeV ¢lectrons or treated in one of several other ways.

Mechanical properties monitored include the flow stress and the Vickers

micro-hardness. The principal optical property investigated is the absorption

coefficient at 10.6um. The latter measurements are carried out in cooperation

with AFCRL and other laboratories.




IT. CRYSTAL GROWTH

A. Objectives

The crystal-growsh phase of this project has two main objectives: 1)
to provide single crystals for mechanical and optical measuvrements of pure,
doped, and irradiated KC1. 2) To provide crystals grown by both the Bridgman
and pulling techniques from different starting materials in order to determine
the effects of these factors. 3) To provide crystals to other laboratories.
B. Crystal CGrowth Equipment and Procedures

Two crystal pulling systems have been used in this project, and have
been previously described in detaii.(1) Both are sealed to ailow crystal
growth in an inert atmosphere which is free from contamination by impurities
in the laboratory. Model { utilizes a stainless steel growth chamber, an
internal graphlte heater, and a ceramic crucible. Model 1i, with an external
furnace, a siilca growth chamber, and a pyroltytic graphite crucibie should
reduce the possibilities of crystal contamination. Currently, the Model I
system is being used exclusively for growth of Sr-doped KC1, while Model 11
is used solelty for growth of undoped KC1.

Inftially, both the undoped KC1 and Sr doped KCI crystals were grown
from melts of untreated "Baker Analyzed Reagent" KC].+ These crystals had

OH concentrations of about 0.5ug OHu/g KC1 and absorption coefficients at

10.6um of about 4 x 10-3 (m-1 (2,3) Jhile these crytals were sufficiently

“pure” to study mechanical properties and radiation damage, their high
absorption at 10.6um ruled them out for CO2 aser applications. Hence, to

obtain more acceptable materials, a CC]A treatment system was installed to

process reagent grade KCl. In addition, KC1 ingots purified by HC1 and 012

+J. i

Baker Chemical Company, Phillipshurg, N.J.
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treatments were obtained from the University of Utab to use as starting
material.
C. Reactive-Atmosphere Processing

l. Equipment and Procedures

Recent work has shown that erystals grown from a KC1 melt which was in
contact with a halogen-bearing inert gas typically have lower 10.6um optical
absorption coefficients.(4,5) Pastor and Braunstein (6) have developed a
vechnique in which CCIA vapor in an Ar carrier gas passes past the melt in a
Bridgman crystal-growth system. This method, called Reactive-Atmosphere
Processing (RAP) yields crystals having 10.6um absorption coefficients in the
low 10-& cm-l range.(6,7) Their method also has the advantage of simplicity

over the more complex HC1/C1, treatment methods reviewed in detail by

2
Rosenberger. (8) Because crystal pullers generally are incompatible with the
reactive atmosphere, a modification for pretreatment of reagent grade material
has been introduced. Carbon tetrachloride vapor is bubbled through a charge of
molten KC1 in a separate silica system. Since the hubbling thoroughly mixes the
FCIA vapor and the molten KCl, the scrubbing reactions should be more complete.
When the treatment is cowmpleted, the solidified KC1 ingot is transferred to the
~rrystal growth system.

This modified RAP treatment f{s carried out in the system shown in Figure
1. First, a fused silica crucible containing the untreated reager t grade KC1
{s placed inside a silica chamber. The furnace surrounds the silica chamber
so that the KCl is exposed only to silica and CClA vapors in a helium carrier.
Dry helium gas passes through the system at about 15 cm3/min as the KC1 is
heated and cooled. The furnace temperature is increased 300 Co/h untii the
KC1l melts and is then held steady at 850 #* 25°¢C during the RAP run. When

the KC1 has melted, the silica transfer tube carrying the helium gas is

lowered into the melt. Simultaneously, the helium gas is diverted to
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Block Diagram of RAP Apparatus

Drying tube
Carbon tetrichloride
Empty container

Empty container
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4
bubble through liquid <C1°. Hence, (IC]4 vapors come into direct contact with

the molten KCI1, and the bubbling action of the carrier gas insures good mixing.
After the RAP treatment, the tube is pulled from the melt, and helium gas
without CC]A vapor is allowed to flow through the system until the KCI has
cooled to room temperature. The KC1 is held in the liquid state for about
15 minutes following the RAP treatment to cause some of the residual reaction
products to be carried off by the flowing helium, After the processed KCI
has cooled to room temperature, the crucible and KC1 are removed, and the
solidlited boule of KC1, which slips freely from the crucible, is sealed in
plastic for later use. The KCT boule often has a small, slightly yellow core
which is probably trapped 012 gas,

2. Results and Discussion

KCI crystals have been pulled from melts both of RAP-treated and un-
treated reagent grade “tarting matericl, and of H(!l/(ll2 treated material
purchased from the University of Utah. The hydroxyl content of a K(]) crystal
is ecasily determined optically and was chosen as the means by which the re-
moval of oxide impurities from the starting material could be monitored. The
hydroxyl content, COH' in ug, oW per g KC1, was found from the 204 nm optical

absorption band using the relation (9) where A is *he optical density at the

Cop = 1.31 A/t (1)

band peak, and t is the sample thickness in em. The concentration in molar
ppm can be found by changing the numerical constant to 5 75. This character-
ization has a sensitivity of 0.01 to 0.02 ng OH-/g KCl in a 5 cm long crystal.
The absorption coefficients at 10.61:m have been calorimecrically measured

for our crystals at other laboratories. For these measurements, the boule
ends were water polished flat, and rinsed with isopropyl alcohol. The entire
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brule was then soaked in concentrated HC1 and rinsed in acetone. Table ]
gives the OH concentraticas, the absorption coefficlent at 10.6um and the
treatment process for typical undoped KC1 crystals grown here. Also included
for comparison are results for high-purlty KCl crystals 020565 grown at Oak

Ridge Natlonal Laboratory.

i
TABLE 1. CRYSTAL CHARACTERISTICS

Boule No. Con(vﬂ/g) 110.6(Cm-]) (ref) Starting Material
0228713 0.5 0.0042 (3) untreated
111373 0.03 0.0028 (10) RAP (45 min)+
022374 not detected 0.0010 (10) RAP (3 hr)*
112073 0.02 0.001 (10) UTAH
020565 0.02 0.0008 (10) grown at ORNL

*Elapsod time for the RAP treatment process.

The data show that RAP treatment of starting material markedly lowers
the hydroxyl content of the resulting crystal. In fact, the hydroxyl con-
centration is invariably lowered by over an order of magnitude, to the
detectabllity timit, in about 1 hour of RAP. These results are consistent
with those found earlier by others for HCl/C]2 treatment of KC1 melts. (4,5)
Figure 2 shows the 10.6um absorption coefficient versus RAP treatment time.
The table and figure indicate that RAP pretreatment removes OH at a much
faster rate than it lowers the 10.6pm absorption. Thus, little, if any, of
the absorption at 10.6um is caused directly by hydroxyl as might be expected.
Figure 2 indicates, though, that at least part of this absorption must be
caused by one or more impurities which are removed by the RAP treatment.

Ion microprobe data presented by Deutsch (11) strongly indicate that an oxygen-

containing impurity is involved. The RAP process removes 02

and co; almost as

-5-
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Figure 2. The absorption coefficient, a, at 10.6 um is shown

as a function of the CCl4 treatment time of the KC1
starting naterial.




effectively as it does OH-, but some less common oxygen-containing molecular

species in the low ppm range could give rise to the observed absorption at
10.6um. Duthler (12) suggests that the most likely candidates, from the
standpoint of their fundamental infrared absorptions, are NO, , HC03-, SOAg,
and CrOAS. Lipson, Larkin, and Bendow (13) have suggested that either HC03-
I or C103- could be the principal absorbing agents, while Deutsch (11) suggests
that the C1-0 bond in C1OA- is responsible.

A Bridgman system is now being installed in which the RAP treatment
will be carried out continuously during the week-long crystal-growth run.
Experience of others (13,14) using similar systems indicates that the 10.6um
absorption should be very nearly that expected for the pure bulk lattice.(14)

The authors would like to thank James Harrington for the 10.6um

absorption measurements.
ITI. MECHANICAL PWOPERTIES

A. Overview

Because of its low optical absorption in the infrared, KCl is a prime

candidate for CO2 laser windows. However, window applications require
material with greater mechanical strength than that possessed by mono-
crystalline KC1; hence, it is desirable to develop techniques which increase
the yield strength of monocrystalline KC1 (Te = ZHN/mZ) while maintaining a
low infrared absorption. Promising hardening mechanisms include: monovalent
solid-solution hardening, L T 20MN/m2 (15); fine grain boundary hardening,
LI 30MN/m2 (16,17); and tetragonal defect hardening, Y win 10MN/m2 (18).
During the past year, hardening brought about by the tetragonal defects

introduced by radiation was investigated as a supplement to other hardening

mechanisms. Radiation damage appears to increase the yield strength most
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effectively for the monovalent solid solution and press forged materials.

Yield stres<es of monovalent, solid solution KCl alloys and press-forged,

polycrystalline KC1 typically increase from their unirradiated values of
ZOMN/m2 and 25MN/m2, respectively, to 28MN/m2 and AOMN/m2 with defect con-
centrations of 50 molar ppm. Radiation damage is less effective in strength-
ening divalently doped KCl. The additional vacancies apparentiy trap some
of the C1° ions which ordinarily would have been interstitiats. The yield
stress of a KCl crystal containing about 100 ppm Sr increases from its
unirradiated value of A.SMN/m2 to 9.8MN/m2 with a defect concentration of

50 molar ppm. This section describes radiation hardening of a series of

KBryCI single crystals and forged polycrystalline KCIl.

1-x
B. Radiation Hardening of KBrx(Ill_x
Tetragonal defects such as divalent impurity ion-vacancy pairs or
radiation induced interstitials increase the mechanical flow stress of alkali
halide crystals. Fleischer (19) has shown that the interaction between dis-

locations moving along the slip plane and isolated defects increases the

resolved flow stress, Vet The increase is given by

1
s = —L cf (2)
r n

where G is the shear modulus, C is the mole fraction defect concentration,
and n is a number which depicts the hardening effectiveaess of the particular
type of defect. Fleischer found approximate n values of 10 and 100 for

interstitials and divacancies, respectively. Early radiation hardening studies

1
of a number of alkali halides (20,21,22) show a c? dependence of the flow

strese on F center concentration. However, the F centers alone are not the

cause of the change in flow stress (22,23). The strengthening of the irradiated
alkali halides is due to the halogen interstitials produced in the radiation
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damage process.

Recent electrun microscope studies of irradiated alkali halide foils
by Hobbs, Hughes, and Pooley (24) indicate that interstitials produced during
room temperature irradiation either externally with 400 %~V electrons or in the
100 keV microscope beam cluster as prismatic dislocatior loops. Hence, the
hardening is not due to interactions of dislocations and individual inter-
stitials but rather to the interactions of dislocations and interstitial
clusters. Their results indicate that the interstitial clusters in KC1
are in the form of long needle-like dipole loops which lengthen w.th increased
radiation dosage, the interstitizl clusters in KI are rounded and grow
radially with increased dosage, and the clusters in KBr are elongated
ellipsoids. Hobbs and Howitt (25) have shown th:oretically that for the
eloncated dipole loops in KC1 the increase in flow stress is still propor-
tional to C%:

2 !

AT c? (3)
(ad)!5

r 3k

where b, the Burgers vector, equals a/2 <110>, k = 4 for the dislocation-
dipole loop interactions, a is the lattice constant, and d is the dipole
width. For KC1 they found that the dipole width remained constant for the

radiation doses investigated. For systems which form rounded dislocation

loops, Arr is expected to be proportional to C%, and Hobbs and Howitt (25)

observed this to be the case in KI. The case of KBr should be somewhat
intermediate to KC1 and KI.

In this work the flow stress for the KBr-KCl alloy system has been
measured as a function of radiation dose. These measurements should provide
information on the hardening by interstitial clusters in the transition
region between the long, narrow loops in KCl and the elongated, but wider,
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loops in KBr.

2. Experimental Procedure

The KBer}I_x and KC1 samples were cleaved from Czochralski grown
boules. The KBr samples were cleaved from material purchased from Harshaw.
Since "as grown" mixed KBr-Cl crystals are very brittle, the alloyed boules
were annealed for 24 hours at 650°C and cooled to room temperature at a rate
oft 3§ Co/h before testing. Six sets of samples were cleaved from each boule
to prepare for {rradiation. Eacl set consisted of one plate (6 mm x b mm x 2 mm)
which was used for the optical absorption Measurements, and six <100~ parallel-
opipeds (1.5 mm x 1.5 mm x 8 mm) which were used for the flow stress measure-
ments. In order to e¢liminate any possible bleaching effects each set was
wrapped in a single layer of aluminum foi],and‘thcn was irradiated on both
side for various lengths of time in the Oklahoma State University Van De Graaff
facility with 1.5 MeVv electrons. A beam current density of approximately 1.5
X 1013 c]ectron/s-cm2 was used.

The flow strevs of each of the six bars from each set was measured
under compression on an Instron testing machine. The samples were compressed
along the <100> direction at a crossnead speed of 0.05 ecm/win. This ~or-
responds to a strain rate of about 10—3/s. Some tests were made on unirradiated
samples at a crosshead speed of 0.005 cm/min; this slower speed gave the same
flow stress result. The engineering flow stress, To» Was taken to be the
stress value at the intersection of the tangents to the elastic and first
plastic flow portions of the curve. The indivilual flow stresses were
averaged to obtain the value reoported for each set. 1In order to compare the
results with theory, the resolved flow stress, Tos the component of the flow
stress parallel to the primary slip direction, is needed. For the alkali

halides 1 = k47 ,
r e
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The radiation dose for each set was determined by measuring the F
center concentration, found from the F band optical absorption of the
plate sampte, with a Cary 14 spectrophotometer.  The change in wavetength
of the F bank absorpticn peak with changing composition (0< x < 1) was in
good agreement with the data reported by Smakula, Maynard, and Repucci (26).
In agreement with Still and Pooley (27), the coloration rate of the mixed
crystals was found to be considerably less than that for either KCl or KBr.

3. Results and Discussion

The resolved flow stress, Qoo versus the square root of the molar F
center concentration, C, for the Kerdll-x system i¢ shown in Figure 3. The
resolved flow stress for all compositions is directly proportional to the
square root of the F center concentration. However, in some of the materials,
a slight softening was obnerved for low radiation doses. A similar observa-
tion was made by Nadeau (22) for a few of the pure alkali halides. The
softening occurs during early stage coloration where few stable iuterstitials
are thought to be produced.

Since the flow stress increases as the square root of the F center
concentration for all compositions, the interstitial clusters must retain

the elongated shape as x varies from 0 to 1 in the KBerI system. The

1-x
widths of the clusters may be estimated from Equation 3 and the slopes of

!
of the T, versus ¢? curves. For the alkali halide's slip system

L

o 3 5
G = | (c Cyy)] (4)

1
2 Gy (€4

where the C '

i

s are the elastic constants. No published elastic constants

for the mixed alkali halides are known to exist; therefore, a weigliced average
of the G's (calculated from tabulated elastic constants) for pure KC1 and

pure KBr was used. Table Ii lists the shear moduli and the estimated cluster

-10-




Figure 3. The recolved flow stress, “r» 1s shown as a function

of the square root of the molar F center concentra-
tion for irradiated KBerII—x crystals.




widths., The estimated cluster width for KBr is 5 to 4 times that for KCl.
This is in reasonable agreement with tle electron microscope results (24).
Since the mixed crystals are probably somewhat inhomogenous, the d's listed
in Table Il are not precise; hence, the fact that there {s not a smooth
transition from KCl to KBr is understandable. However, the general trend
of the data is for decreasing cluster widths as x varies from ! to 0 (KBr
to KC1),

4, Summary

The hardening of the mixed crystal system KBerII-x has been measured
as a function of radiation dose. The resolved flow stress increases as the
square root of the F center concentration for all samples in this system.
This result indicates that the interstitial clusters observed by Hobbs,
Hughes, and Pooley (24) retain cheir elongated character as the alloy system
gces from KC1 to KBr and, furthermore, that the lengths of the clusters grow
with increased radiation dosage.
C. Radiation Hardening of Polycrystalline KCI1

1. Introduction

Since crystals deform by the motion of dislocations they may be
strengthened by defects which block the motion of dislocations. The flow
stress of polycrystalline alkali halides increases as the grain size becomes
progressively finer. (16,17) The individual grains of polycrystalline
material each have different effective yield strengths and differently
oriented slip systems. Because they must remain fitted together during a

deformat ion of the entire sample, the grains must defoim nonuniformly. (28)

Petch (29) has shown that if dislocation mction is blocked by a grain

boundary, the yield strength increase is inversely proportional to the square

=11=




TABLE I1

Shear Moduli, G, and Cluster Widths, d, for KBerII_x

2 60103 My/m) d )

8.5 18
0. 8.95 18
0. 9.13 8
0.5 9.4

0.0 (KC1)




root of the average grain size, d; that is,

)
t =1 + kd ° (5)
0
where is the yield stress, 1 is the yield stress of the single crystal,

(¥}

and k is a property of the material. Equation 5 snggests that if 1, were
increased, that is, if the original single erystal material were strengthened,
then the polyverystalline sample would be strengthened a: eqnivalent amonnt.
Tetragonal defects such s impurity ion-vacancy palrs of radiation induced

interstitial clusters have been found to significantly increase the single

crvstal flow stress of alkali halides. Chin, et al.(30,31) and Sibley #l il
T 3 o B

(18) have found that KC1 crystals doped with Sr have a flcw stress pro-

pertional to the squnare root of the Sr concentration. This is in agreement

with Fleischer's theary (19) for hardening due to tetragonal defects.

Interstitial clusters produced by ionizing radiation also strengthen
alkali halide single crystals.(21,22) Sibley and Sonder (21,32) have
verified that the radiation damage in alkali halides occurs through an
efficient photochemical process. Tonizing radiation removes an electron ]

from a C1~ which then forms as excited Cl1. molecule with a neighbor. This

2 1
molecule dissoclates and initiates a <110> replacement cascade which results |
in a Cl vacancy with a trapped electron and a i interstitial some distance i
away. The vacancy and trapped eclectron is known as the F center, which has }
an cptica. ibsorption near 560nm in KCl. The F absorption band can be used
to determine the F center concentration and, therefore, the interstitial
concentration. As mentioned earlier recent electron microscope studies of
irradiated alkali halide foils by Hobbs, Hughes, and Pooley (24) indicate
that interstitials produced during room temperature irradiation either externally i

with 400 keV electrons or in the 100 keV microscope beam cluster in the form

of prismatic dislocation loops and thus, the harder.ing is not due to interactions
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between dislocations and individual interstitials, but rather to the inter-
action between dislocations and these loops. Hobbs and Howitt (25) have
shown theoretically that for the clongated loops in KC1, the increase in
flow stress is stitl proportional to CB

Gb 2 !

At = = C
3k (ad)?

r

(3)

where b, the Burgers vector, equatls % <110> k * 4 for the dislocation-

dipole toop interactions, and d is the dipole width. For KCl, they found

that the width remains constant for the radiation doses investigated. Hopkins
et al. (33) have found that Equation 3 holds for radiation hardening of KBr-KCl
mixed crystals. For systems which form rounded locps, ATr is expected to be
proportional to Ch; Hobbs and Howitt observed this result in KI.

Recently, Becher et al. (34) have found that forged KCI:3r2+ samples
show significantly greater yield strengths and that the Petch relation,
Equation 5 holds with an increased o They also found, for some samples,
that the slope k, was increased. Because of the possibility of a similar
additive hardening due to radiation damage of forged KCl and because of the
possibility that the already deformed material may alter the inierstitial
cluster formatior we have investigated the radiation hardening of Polytran
polycrystalline KC! from the Harshaw Chemical Company.

2. Experimental Procedure

The polycrystalline KC1 used was "Polytran" material supplied by the
Harshaw Chemical Company. The average grain size was about 25um, as deter-
mined from photomicrographs of a water-etched surface. Several sets of samples
were cut from the original boule using a diamcnd saw. Each set consisted
of 10 parallelopipeds (1.5 x 1.5 x 7.0 mm) which were used for flow stress
measurements, and ove plate (7 x 5 x 0.3 mm) whic) was used for optical

=13




absorption measurements. The plates were thinned by water polishing ~fter

cutting and then polished by immersion in concentrated HCl. Each set was
wrapped in a single layer of atuminum foil to eliminate any possible bleaching
effects, and irradiated on both sides. The radiation facility used for this
experiment was the Oklahoma State University Van De Graaff accelerator. This
acceleritor supplied electrons of energy 1.5 MeV and a beam current density
of 1.5 x 1013 GlcthaﬁS/S-ch.

The flow stress of each of the 10 hars from each set was measured
under compression on an Instron testing machine. Sample: were compressed
along the long axis at a crosshead speed of 0.05 cm/min. This corresponds to a
strain rate of l0-3/>. The engincering flow stress, Tar Was taken to be
the stress value at the intersection of the tangents to the elastic and first
ptastic flow porticns of the curve. Typical stress versus strain curves for
polycrystattine and monocrystalline KCl are shown in Figure 4. Individual
flow stresses were averaged to obtain the value reported for each set.

The radiation dose for each set was determined by measuring the F
center concentration, found from the F band optical absorp-lon of the
plate sample, with a Cary Model 14 spectrophotometer.

3. Results and Discussion

The engineering flow stress, Te, versus the square root of the molar
F center concentration, C, for irradiated monocrystalline KC1 (29) and
polycrystalline KC1 is shown in Figure 5. These results show that the
radiation hardening is independent of the grain boundary hardening, and
that the hardening mechanism is not altered by the deformation caused by the
forging process. The radiation hardening is additive for the defect con-

1
centrations studied. Since the slope of the T, versus c? curve for poly-

crystalline KC1 is the same as that of the monocrystalline KC1l, the widths
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Figure 5.
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The engineering flow stress for polycrystalline KC1
is given on the left hand scale and the engineering
flow stress for single crystal KCl is given on the
right. Both are shown as a function of the square
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of the interstitial clusters apparent ly remain constrant and cluster formatien

is not altered by the polycrystalline rature of the sample. Hobbs, et al.(27)
found that the cluster length increased but that the cluster width and density
remained constant with increased radiation dose. Their data indicate that
the average distance between clusters is -« 0.1um and that, for an F center
concentration of 5 x 1017/cm3, the cluster lengths are less than 0.1lum.
T'» fact that our studies demonstrated no grain boundary-interstitial cluster
interactions, i.e., that the radiation hardening mechanism was unaltered by
the polycrystalline nature of the material, is not surprising, since the
average grain size for the measured polycrystalline KC1 was 25um. It would
be interesting to investigate the effects of ionizing radiation in poly-
crystalline materials having average grain size - lum to see if grain boundary-
interstitial cluster interactions could be observed.

The authors would like to thank the Harshaw Chemical Company for

supplying the Polytran KCl1 material.
V. SUMMARY

Two crystal pullers of different design are in full operation, and a
modified Bridgman apparatus is nearing completion. A Reactive-Atmosphere
Processing apparatus suitable for use with crystal pullers has been con-
structed. Hydroxyl concentrations of crystals grown from material treated
by this apparatus are significantly reduced with approximately a one-hour
RAP treatment. However, infrared calorimetric measurements indicate that
significantly longer RAP times are necessary to remove impurities responsible
for the 10.6um absorption.

Radiation hardening of materials already hardened by other mechanisms

has been studied. An interstitial concentration of 50 molar ppm in crystals
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of the solid solution KC10.33Br0.67 increased the engineering yield stress
froman unirradiated value of 20 to 28MN/m2. The same interstitial concen-
tration in press-forged polycrystalline KC1 from a value of 26 to a value

of AOMN/mz. For a crystal containing 200,g Sr++ per g KCl, the corresponding
values of the engineering yield stress were 4.5 and 9.8MN/m2 for a 50 molar

ppm interstitial concentration.
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Boule No.

051673
053073
061373
062073
062573
062773
062973
070673
071373
071773
072873
082473
20473
090673
091373
093073
100273
100973
101673
102273
102473

111373

111573

VI. APPENDIX

KCl Crystals Grown During this Period

Doggg;

Sin

Starting Material

Reagent

Rosenberger

-19-

Use

stock

thermal conductivity

1

AFCRL (absorption test)
mechanical test
mechanical test

stock

seeds

stock

Honeywell Corp. Res. Center
stock

Honeywell Corp. Res. Center
AFCRL (absorption test)
stock

1

mechanical tests

U. of Alabama-Huntsville
(absorption test)

stock




112073

112673
112973
120673
121073

121273

121473
011974
013074
020474
020874
021874
022274

022374

031474
031874

041874

042074

Rosenberger

RAP

Reagent

RAP

Rosenberger

U. of Alabama-Huntsville
(absorption test)

stock

[ ]

stock

AFCRL (absorption test)

U. of Alabama-Huntsville
(absorption test)

stock

thermal conductivity
stock
stock

U. of Alabama-Huntsgville
(absorption test)

stock

U. of Alabama-Huntsville
(absorption test)




