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ABSTRACT

Melting and solidification of a beryllium alloy containing 1,5% BeO by
weight in the weightless environment of space has produced a new material
not produced terrestrially, to our knowledge, namely cast beryllium with
a relatively uniform dispersion of BeO throughout. Examination of the cast
material shows that it is coarse grained, although the BeO is not heavily
agglomerated in the flight specimen, Ground based comparison experi-
ments show extreme agglomeration and segregation of BeO, resulting in
large zones which are practically free of the oxide, Several postulated
hypotheses for the failure to grain refine the beryllium have been formulated,
These are: (1) spherodization of the BeO particles during specimen prepar-
ation and during the molten phase of the experiment; (2) loss of nucleation
potency through aging in the molten phase; and (3) inability of BeO to act as
a grain refiner for beryllium, Further investigation with non-spherodized
particles and shorter dwell times molten may delineate which of these
hypotheses are valid, The results of this flight experiment indicate that the
weightless environment of space is an important asset in conducting research
to find grain refiners for beryllium and other metals for which cast dispersions
of grain refining agents cannot be prepared terrestrially due to gravitationally
driven settling and agglomeration.
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SUMMARY

This report describés preparatory gro‘und based research and a subse-
quent sounding rocket experimesnt wherein beryllium al.oy r1Ii?-50 was melted
and solidified in the weightless environment of space in the NASA Electromag-
netic Containerless Processing Payload on SPAR Iil, During that experiment,
successful melting and solidification was achieved, Although a stiff oxide
layer formed on the specimen due to the lack of a clean vacuum environment
for the specimen in this first containerless experiment, the technique allowed
rapid radiative cooling and solidification of the specimen and pyromstric
observation of the specimen surface without interference from a container or

hot oven walls,

Comparisons with ground based produced specimens show that the flight
specimen has a much more uniform distribution of BeO and is essentially
unagglomerated, Heavy agglomerationk and separation was produced in the
ground based reference experiments. The results of metallographic investi-

gations and scanning electron microscopy are presented below,

It was observed that while the BeO distribution was uniform and unagglom-
erated in the flight specimsn, grain refinement did not occur and the castings |
are coarse grained., Several hypotheses requiring further inx}estigation haVk'e‘
been formulated to explain the failure to produce a relatively fine grained
casting, These experiments would require a shorter dwell time while molten
and utilize makterialprepared’so that BeO particles with smooth facets with

sharp corners were present initially.

Whereas many potential grain refining agents for beryllium agglomerate

and segre ga’te from the melt terrestrially due to (1) Stokes collisions and (2)

: ykvelocity gradient collisions, this experiment indicates that the weightless

environment of space is an important asset for conducting research to assess

the potency of thesé agents as grain refiners. The results show that |



agglomsration and separation times are greatly extended in the weightless ’f

environment of space due to the reduction in collision fre quency through

-

gravity driven mechanisms such as Stokes Collisions and fluid motions
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SECTION 1
gy INTRODUCTION

Cast beryllium is coarse grained and, consequently, brittle. Subsequent hot
working is required to refine the grain structure before cast beryllium can be
used for most applications. Because of the problems in casting and subsequent
hot working the cast beryllium, powder metallurgy is resorted to. Beryllium
metal is principally produced in final form by consolidating a fine powder, usually
#200 or 300 mesh; i.e., 77 or 44 um, respectively, either by vacuum hot-pressing
or by hot-isopressing. Occasionally, standard cold pressing and sintering tech-
niques are used to produce some material. Soms cast metal is used after hot
working, particularly where its purity and cleanliness cannot be matched by the

powder metallurgical product,

The desirability of obtaining fine grained castings of beryllium with good
mechanical behavior has spurred research to find a suitable grain refining agent

for beryllium, Based on classical heterogeneous nucleation theory (Ref, 1), a

good grain refining agent should: (l)have a relatively high surface energy between
the particle and the melt; (2) have a low surface energy between tke solid and the
particle; '(3) be stable in the molten metal; (4) possess a maximum of surface
area; (5)have optimum surface character. Because of the lack of information

- {Ref. 1) about the majority of these parameters, attention has been mainly con-

: céntrated on lattice disre gistry between the nucleating particle material ’and the
solid, - The surface ener’gy between the solid and the particle should decrease with
decreasing lattice mismatch between particle and solid and with increasing

chemical affinity between particle and solid (Ref, 1), Empirically, then, the

search for grain refiners for casting has begun with lattice disregistry between

the pa'rticlé and the solid,

CoﬁSequently, for beryllium, one logical choice of a grain refining agent is

beryllia, BeO. Additionally it has been shown (Ref, 2) that the grain growth

- stabilization tempe,rature of beryllium can be raised by érn oxide dispersion, the

‘extent being inversely ?roportional to the particle size of the oxide dispersion.

© e e



Thus beryllia might act both as a grain refining agent to produce fine grained
beryllium and to stabilize the graiﬁs i‘o;roduced, preventing excessive grain growth

at high temperatures after solidification.

Attempts to produce castings of beryllium with a uniform dispersion of
beryllia, (BeO), terrestrially, have not been successful due to agglomeration in
the liquid state of the oxide particles and subsequent segregation of BeO from the
melt., Agglomeration may occur due to: (1) Stokes Collisions, which arise when-
ever larger particles rising or setitling through the melt collect smaller particles
and (2) Gradient Collisions, arising when particles are swept together by fluid
flow, Stokes Collisions require the presence of a gravity field, while Gradient
Collisions may originate from gravity induced fluid flows such as convection but
may also originate from other sources of fluid flow, A discussion of these
mechanisms has been presented by Lindborg and Torssell (Ref, 3). NASA
Contract No, NAS8-29748 has also considered these collision mechanisms in

respect to agglomeration in immiscible liquid systems.

In the weightless environment of space, the reduced gravity should consider-

ably reduce the agglomeration due to Stokes Collisions and through reduction in

gravity driven convection may also reduce agglomeration due to Gradient Collisions,

although other sources of fluid motion such as Marangoni convection and stirring
must be considered. Thus in the weightless environment of space, a uniform dis-
persion of beryllia might be obtained in cast beryllium. In light of these consider-

ations, a sounding rocket experiment was flown on the NASA SPAR III sounding

rocket, The experiment and the results of the experimsnt are discussed below.

1.1 EXPERIMENT OBJECTIVES

The experiment objectives were: (1) To "p're‘_par_e cast_bérylliu:m,with enhanced

service properties through utilization of dispersed oxide, BeO, as a grain re,fini’ng»'

‘agenty:.. ‘Obtaining a finer grained casting of beryllium with a uniform dispersion of

oxide throughout would produce a cast beryllium with énhanced room



temperature ductility, coupled with high temperature strength, This would
eliminate the present problems in subsequent hot Wbrking of the coarse grained
castings presently produced to refine the cast structure. This goal has not

been achievable in the terrestrial environment because of the unavoidable
agglomsration and separation of beryllia, as well as other potential grain re-

fining agents from the melt, (2) To improve the microstructure of cast beryllium,
Achievement of a uniformly dispersed oxide phase in ingot beryllium may lead to
enhancement of some service properties of beryllium even if grain refinement is
not achieved, provided that grain sizes do not exceed perhaps 100 ym and do not
grow when the material is worked, Obtaining a uniformly dispersed oxide phase

of submicron sized particles may produce dispersion strengthened cast beryllium
and (Ref, 2) stabilize against further grain growth at high temperatures. Achieve-
ment of a uniform dispersion of oxide can also demonstrate the feasibility of casting
beryllium with additions other than BeO, e.g., titanium, tungsten, etc., as possible

grain refining agents, in the weightless environment of space.

1,1,1 MINIMUM CRITERIA FOR SUCCESS

To measure the success of the experiment in terms of the experiment objectiw)es
discussed above, a set of minimum criteria for success was established, These
were: (1) Satisfactory melting and solidification (minimum contamination from
atmosphere, no contamination by contact, proper shape of casting). (2a) Improved
cast microstructure - presence of a vdiSPersed oxide phase in ingot beryllium,
This will also indicate feasibility of using additions other than BeO, e.g., Ti, W
(impossible in conventional melting), (2b) Improved cast microstructure - finer

cast grain size, (3) Improved service properties,

1.2 GENERAL EXPERIMENT DESCRIPTION

The experimental program followed, leading up to the flight experime,nt; :

accomplished the necessary preliininaries to the flight experiment, including:

(1) The selection of the flight specimen composition, ‘(2)‘ The /e:sta{.b'lishment of
cleanliness requirements during the melting and'solidificatidn,,-pa,rfiCuiarly with

respect to water ‘Vap‘or and oxygen. (3)  Ground based reference r'expe,riments,



representing the best attempt to simulate, terrestrially, the conditions of melting,
cooling, and solidification occurring during the flight, The specimens obtained
from the ground based reference experiments are the basis of comparison between
the results of the flight experiment in the weightless environment of space and
what can be achieved terrestrially., The results obtained in these ground based
reference experiments were compared with previous experiments conducted in
beryllium casting at KBI and also with the results of experimsnts conducted on

NASA Contract No, NAS8-29626 (Ref., 4).

After establishing the necessary preliminary data, the flight specimen com-
position was selected (HIP-50 KBI alloy) to be a hot isostatically pressed beryllium
alloy containing 1.5% BeO by weight, The flight experiment consisted of melting
and solidification of a specimen of this composition in the NASA Electromagnetic
Containerless Processing Payload (ECPP) developed for the SPAR vorogram. The
results of this experiment were then compared with that obtained from the ground

based reference experiments performsad,

1.2.1 GROUND BASED EXPERIMENT DESCRIPTION AND APPARATUS
Experiments in the terrestrial environment were perform=d in either a hot
wall furnace at KBI or in the General Electric Breadboard Apparatus at KBI. The
hot wall furnace was used to prepare a range of compositions of specimens by |
melting and solidifying a range of compositions of hot isostatically pressed
beryllium alloys. The BeO content was varied from 0, 6’% BeO to 4.5% BeO by
weight., Melting and cooling curves were obtained by‘dptical pyrometrjro, As the
thermal time constant is lé.rge in this fﬁrnace, ‘the rapid heating andkcoioling
capabﬂity of the Electrbmagrietic Containerless Processing Payload (ECPP) cannot
be duplicatéd with this furnace. Thus in no way were these initial furnace experi-
ments intended to servé as the ground based reference experiment. They did
enable the grain size, agglomeration of beryllia, and Vhbmogenei’cy;‘of product as
functions of the initial composition and slower temperature-tims kinetics to be

studied, The matallographic studies of these specimesns, reported below, enabled



the flight specimen composition to be chosen, 1.5% BeO by weight (KBI HIP-50
alloy) on the basis of smallest particle size obtained. All of these meltings were

conducted with laboratory grade argon as the gaseous environment,

The General Electric Breadboard Apparatus was used to conduct the ground
based reference experiments for melting and solidification of the HIP-50 beryl-
lium alloy. The Breadboard Chamber contains a duplicate of the cusp coil and
r,f. tank circuit used in the flight chamber., This apparatus is (as it is named)
a breadboard of the ECPP, with a somewhat larger levitation chamber., The
chamber can be evacuated to 10_6 torr and filled with high purity argon through
a small vacuum/gas supply system designed for this purpose, A mass spec-
trometer such as the VEECO GA-4 Residual Gas Analyzer, may be coupled into
the chamber to study the residual gases present in the chamber prior to and

after filling with high purity argon.

Two ground based reference experimsnts, duplicating insofar as is possible
terrestrially the flight experiments, were performed in this apparatus, heating,
mszlting, and solidifying a specimen of the KBI HIP-50 beryllium alloy in the
presence of high purity, research grade argon. These experiments were per-
formed at KBI' s laboratory in Reading, Pa. in a safe facility for beryllium,

utilizing the Breadboard Apparatus, The specimens (0, 922 cm in diameter

spheroids of HIP-50 alloy) were sting mounted on a tungsten sting in the cusp

coil, The specimens are heated and melted as in the flight apparatus by the r.f.

induction field of the coil. Because beryllium is a light metal (density 1, 848 gms/
cm3) enough levitation force is provided by the coil to support the specimens and

they do not flow down the sting or fall when mslted. Temperature is obs__e_rved with

,P the breadboard pyrometer, which is a duplicate of the flight pyrorr.éter, and a dis-
‘L appearing filarnent pyi:ometer looking throvgh the observation port down onto the

,,: ‘specimen through the mirror system provided in the chamber for this purpo‘se.

M[ - The performance and results of these exﬁpériments are described below,

O auatin o LA



1,2,2 FLIGHT EXPERIMENT DESCRIPTION AND APPARATUS

The flight experiment consisted‘of melting and resolidification, under 18 psi
of research grade argon, a 0, 922 centimeter diameter, spheroidal specimen of
KBI HIP-50 beryllium alloy, containing 1.5% BeO by weight, in the weightless
environment of space. The experiment was performed in the NASA Electromag-
netic Containerless Processing Payload (ECPP) flown on NASA SPAR III., A
schematic of the ECPP is shown in Figure 1., Figures 2 and 3 show photographs
of the ECPP and the levitation chamber respectively,

The specimen is suspended in the electromagnetic field of the cusp coil and
heated and melted by induction heating from the electromagnetic field of the coil.
The cusp coil consists of adjacent coils having opposing alternating rnagnetic
fields. The potential well in which the specimsn is confined is symmetrical about
the vertical axis and roughly shaped as shown in Figure 4. An active servo
positioning system is utilized to maintain the specimen in the center of the coil
system against accelerations during the flight and to damé out oscillations of the
specimen in the coil system, During the low power mode, aftér heating and

melting, the specimen solidifies with very little stirring,

The rocket-borne apparatus is described in the End Item Specification, SSL-
ECPP-001, prepared under NASA Contract NAS8-307 97, - Drawings of the apparatus
are referenced in this document., Mechanical, electrical and functional interfaces 7
with the rocket and pre-launch check-out equipment are detailed in the Final Inter-
face Control Docum=nt, SSL-ECPP-009, Further information on the rocket-borne
apparatus may be found in the final report for NASA Contract NAS8-30797 and thé
Experiment Implementation Plan for Coatainerless Processing of Beryllium,

prepared for NASA Contract NAS8-31963,

The processing chamber was glzaned, evacuated and baked out for two days
at 180°F, Mass spectrometric analysis of the residual gas showed less than 50
parts per million of water vapor and oxygen present after evacuation before fﬂling

with research grade argon. The research gradé argon used contains less than



RFJ?Vf‘iii"."‘ﬂﬁ?{

s ]

o

L2530 ahadls

ORIGINAL PAGE IS
OF POOR QUALITY

)

£

£ i

i £%

...-—_.

4 e =
i =
ehiiitn
-FEE et
R Ay A
T E R
s (B A
i _..“.m
St v CY y oy

e BT e e e

- Ne Y u WS

a A AEm— .
s WA itmmt ™ S w e

Ve e s
L L N e )

NASA BC RETE-1602(10

Simrv e e e

- -

-
e
-

12.2.75

Electromagnetic Levitation Furnace

Figure 1,



ORIGINAL PAGE IS
OF POOR QUALITY

-

-

-

-

|

<3

- e B vl &

ey Seg Mg

Electromagnetic Containerless Processing Package
(Outer skin removed)

Figure 2,



Figure 3. Work Coil and Matching Transformer
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2 parts per million of oxygen and 3 parts per million of water vapor and was dried
by passing through a cold trap with liquid nitrogen as the coolant, Thus the water
vapor and oxygen content of the gas was sufficiently low enoigh to prevent excessive

oxidation of the specimen,

The experiment sequence is controlled by a timsr, which switches full power
on 50 seconds after launch of the sounding rocket, when weightlessness i'as beéen
established, and then into a low powered mode about 160 seconds after launch, sko
that the specimen may solidify, The ECPP is fully automatic in operation when
the timer sequence is initiated. A movie camera records the heating, mslting,
and solidification on film and a solid state, silicon detector records temperature
data acting as a photometer. A full record of visual and temperature data is thus
obtained. The performance and results of the flight experiment are described

in Section 2,

11/12
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SECTION 2
EXPERIMENT RESULTS

2.1 GROUND BASED EXPERIMENT RESULTS: BASIC METALLURGICAL
STUDIES

Ground experiments performed were: (1) basic m=tallurgical studies and (2)
ground based referencé .experiments., The basic metallurgical studies were per-
formed in a hot wall furnace at KBI in commercial grade argon, With this furnace,
the fastest cooling rate attained was 85°¢C per minute and cooling rates varied 45°C
per minute to 85°C per minute. Beryllium, with compositions of 0. 6% BeO, 1.5%
BeOand 2% BeO by weight, was melted and solidified in this furnace. The 0,6%
and 1.5% BeO alloys were high purity while the 2% BreO alloy was commercial
purity. All of the alloys considered were prepared by hot isostatic pressing of

powders and are standard KBI alloys,

Castings of these compositions were made of 0, 922; centimeter diamester
spheroidal specimsns on a ceramic plaque (BeO) in the hot wall furnace. The
basic metallurgical studies established: (1) a gravity effect on the BeO, showing
agglomzration and settling, with the highest concentration of BeO at fhe bottom of

each solidified specimen; (2) some retained BeO in the castings; (3) graiﬁ sizes of

' the'io:rd‘er of 500 pm,. The best castings with highest retained BeO and smallest

grain size were with the 1.5% BeO by weight composition (HIP-50 alloy). Con-~
sequently this composition was selected to be the flight specimen composition, ‘

The agglomeration and settling observed were expected as this has been the

“previous result of terrestrial casting experiments. Retained oxide in the castings,

however, was encouraging. As these experiments were preliminary to the ground.
based reference experiments, no detailed SEM analysis was made of the oxide

distribution, Smaller grain sizes were found at the surfaces of these castings

not in contact with the ceramic plaque, where the specimen cooled fastest by

radiation. They were not small enough, howréver,'-'/to be of significance‘ (less

than 100 ym would be sign’ific’ant).

-
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2.2 GROUND BASED REFERENCE EXPERIMENTS

The ground based reference experimeants, performed in the General Electric
Breadboard Facility constitute the best attempt, terrestrially,to duplicate the
flight experiment, These experiments were performed with spheroidal specimens
of the KBI HIP-50 éﬂoy, approximately 0, 922 centimeter in diameter at a pressure
of 1 torr of research grade argon. The results of these experiments constitute
the reference comparison between what can be achieved terrestrially and what can
be achieved in the weightless environment of space, utilizing apparatus identical

in essential aspects to the flight experiment apparatus,

Figure 5 shows the heating and cooling curve as observed by a disappea.ring
filament pyrometer during the experiment. The specimen was sting mounted upon
a tungsten-rhenium thermocouple. Temperature-time data was recorded from
the breadboard pyrometer and the thermocouple. However, the breadboard
pyrometer saturated before m_elting and the thermocouple data was not reliable
due to poor contact between thermocouple and specimen. The disappearing
filament pyrometer data is reliable however and, consequently, is the data pre-

sented,

2.2.1 GRAIN SIZE AND MORPHOLOGY

Pféliminary experiments, conducted by induction meslting in a glove box,
small beryllium samples of a mass about equal to thev flight specimen geoms=try, |
were characterized by microstructure evaluation, These specimens 'cﬁnsisted of
berylliurn alloys with from 0. 6% to 4.5% BeO by weight, The variables investigated
were: (1) a‘.mounﬁ df BeO; (2) purify;_ (3) atmosphere (argon or vacuum); (4) dwell

time in the molten state; (5) surface condition.

Heatmg and coollng rates were meaSured by optlcal pyrom'étry.' The maximum
: coolmg rate observed was 85 C/mm. - This is attrlbuted to the relatively large ,’
mass of the furnace, susceptor, and crucible used, Superheat obtained was 70 to

100 C Recalescence was observed on freez:.ng of all mblts w1th the exceptlon of
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one at an apparent freezing temperature of 1200 to 1220°C, It was also observed \ ;
that an approximately 2 ym BeO surface layer formed on all pieces regardless of '

purity and BeO content.

All specimens produced were large grained with average grain size of 500 um., .
Voids were left where low melting impurity phases had meslted out, Figure 6, |
taken with polarized light, shows the typical microstructure produced. Figure 7,
taken in bright field, shows the voids present. From these studies, two compo-

- sitions were selected and these were 0.6% BeO by weight and 1,5% BeO by weight,
High purity specimens of these compositions were solidified in the above mentioned
facility with cooling rates of about 65 to 80°C/minute and examined metallographically,
The 1,5% BeO material showed the smallest grain size observed in the interior of

the specimen. In contrast, the 0.6% BeO specimen shovred a relatively fine grain

eize near the surface and extremely large grains in the interior, Therefore, the

high purity 1.5% BeO material was chosen as the flight speC1men material,

The flight and ground based experim—ents were conducted on material cut
from a single pressing., Table I shows the mechanical properties based on an
average of six tests,- and Table II shows the grain size and chemistry, Two melts
~were made from the flight material using the above facility;, Measured cooling rate
for both melts was 6OOC/min° Figure 8 shows the starting pressed micro-

structure and Figure 9 the microstructure after melting and solidification,

Two experimental melts were ma,de‘ 1n the General Electric breadboard
facility, de scribed above, u81ng ﬂ1ght spec1men materlal machmed 1nto 0. 922
centimeter diameter spheres. Mrcrostructure evaluation confirmed results of
the previous work which was a relatively large 'grain size (though somewhat
,,’srnalle'r than previously found) and developm«=nt of porosity. Flgure 10 (polarlzed

light) and - Flgure 11 (brlght field) show the typical grain size and shape and the

voids re—spectlvely. These two expernnents constltuted the ground based reference

experlments for comparlson with the ﬂlght spec1men mlcrostructure.
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Mechanical Properties of HIP-50 Alloy Billet,

Table I,
Grain
Size
{ym)
3.6
Based on
Metallo -
graphic
Measurei—
ments
Table II,
BeO
C
Fe
Al
Si -
Mg
Ni

Billet Number 75044A

Ultimate

Tensile Yield

Strength Strength
(KSI) (KS1I)
88,2 66,2

Based on o '.Based on

Average Average

of 6 Tests of 6 Tests

Elongation

(%)

4,2

Based on
Average

of 6 Tests

Chemical Purity of Billet Number 75044A

(HIP-50 Alloy)

1.59% by Weight

390 ppm
450 ppm
85 ppm
33 ppm
, 21 ppm

88 ppm-
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Figure 6, Typical microstructure prodﬁced from preliminary furnace

experiments with HIP-50 alloy. Magnification is 100X,
Taken with polarized light,

Figure 7, Bright field micrograph showing voids produced from pre-
liminary furnace experiments with HIP-50 alloy.
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Figure 8,

Figure 9.

Starting pressed microstructure of HIP-50 alloy, Mag-
nification is 800X,

Microstructure produced from preliminary furnace
experiment with HIP-50 alloy material cut from flight
billet. Magnification is 100X, Taken with polarized

light,

ORIGINAL PAGE 15
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Figure 10, Microstructure produced from Ground Based Reference
Experiment Number 2, Magnification is 100X, Taken
with polarized light,

Figure 11, Bright field micrograph showing voids produced from
Ground Based Reference Experiment Number 2,
Magnification is 100X,
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2,2.2 OXIDE PARTICLE DISTRIBUTIONS

Using scanning electron microscopy, the oxide particle distributions in the
ground based reference specimens were characterized., Figure 12 is a montage
of one of the specimens made up from 30X SEM micrographs after sectioning
and metallographic preparation. It is the result of the experimsant duplicating
insofar as possible the flight experiment, terrestrially, It is observed that
gross agglomeration and segregation of BeO havev occurred, The dark areas are
virtually cleared out of oxide whereas the white areas contain heavy agglomerations
of oxide. Ground based reference specimen #2, which was melted and solidified
at a slower rate, exhibits the same behavior showing gross agglomeration and

segregation of BeO.

Detailed SEM studies to magnifications of 30, 000X were made of the various
regions comprising each specimsn, An overlay was made for each specimen and
the regions labeled alphabetically, Figures 13 through 16 show region A of
Ground Based specimen #1 with magnifications 1000X, 3000X, 10, 000X and
30, 000X respectiveiy. This is a region of moderately heavy oxide concentra-
tion, having a volume fraction of 2%, détermined by Quantimet Analysis, for the
1000X micrograph. As can be seen in the 30, 000X micrograph, the oxide networks

are composed of agglomerates of small oxide particles ranging in size from 0, 02

pum to 1,3 um,

Figures 17 through 20 show region B of Ground Based specimen #1, with
magnifications 1000X, 3000X, 10,000X and 30., 000X respectively. This is a

region almost devoid of oxide, having a volume- f'ravction of 0.002% for the 1000X

| micrograph, determined by'Quantimet Analysis, Figvuv,vres 21 through 24 show

regior}"I of Ground Based specimen #1, This region is one of heavily agglomerated

oxide., Ground Based reference sPécimen #2 is similarly made up of region‘s of

heavy oxide agglomszration and regions devoid of such agglomeration.

Fig{urérs 25 and 26 are plots of the oxide volume fraction dctermhied by

Quantimet Analysis of identified regions of Ground Based refe’fe’ﬁce specimen

2L



22

Figure 12,

-1 "
e

Montage of 30X SEM micrographs of Ground Based Reference
Specimen No, 1, reduced to size for reproduction, White
regions are heavily agglomerated regions, Dark areas are
cleared out regions,
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Figure 15 Figure 16

SEM micrographs of Region A from 1000X to 30, 000X magnification,
Region is not heavily agglomerated.
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Figure 18

Figure 19 Figure 20

SEM micrographs of Region B from 1000X to 30, 000X magnification,
Region is virtually void of all oxide but one composite particle composed
of oxide particles collected by collisions,
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Figure 23

SEM micrographs of Region I from 1000X to 30, 000X magnification
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Heavy agglomerated region,

Figure 24
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' VOLUME FRACTION (%) CONTAINING OXIDE (1000X)

L — HIP-50

REFERENCE

SPECIMEN

#1
0.1 =
0,01 —
0,001 —
A B C D E F G T Gt :

- Figure 25,

REGION OF SPECIMEN SAMPLED
Oxide Volume Fraction produced from Quantimet Analysis of
1000X SEM micrographs for Ground Based Reference Specimen
No. 1 after normalization to total volume fraction occupied by
each type of BeO structure exhibited and to the initial distri-
bution before meltmg.
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Figure 26.

A B C D E F G I ‘
REGION OF‘SPECIMEN SAMPLED

Ox1de Volume Fraction produced from Quantlmet Analysis of
3000X SEM micrographs for Ground Based Reference Specimen

No. 1 after normalization to total volume fraction occupied by

butlon before melting,

each type of BeO structure exhibited-and to the initial distri-
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#1 for 1000X and 3000X micrographs. Figures 27 and 28 are corresponding
plots for Ground Based reference specimen #2, The fluctuations observed in
volume fraction are indicative of the gross segregation of oxide observed in the
terrestrial experiments., The differences are so large that four decade semilog

paper were required to display the plots of volumsz fraction per region. The plots

were normalized by volume fraction of region occupied by the type of BeO structure

exhibited and to the initial BeO distribution before melting.

2.3 FLIGHT EXPERIMENT RESULTS

The flight experiment, vﬂown on December 14, 1976 from White Sands Missile
Range, performed the melting and solidification of a 0, 922 centimeter diameter
spheroidal specimen of HIP-50 beryllium alloy containing 1,5% BeO, under 18 psi
of research grade argon, in the weightless environment of space, Table III shows
the Major Event Record constructed from the telemetry records, Despite the
failure of one of the power amplifiers 139, 4 seconds after launch, the experiment
operation proceeded as pla,nnéd. The amplifier failure reduced the amount of
supérheating obtained. The major variable in the experiment was the weight-
less environment of space versus the terrestrial one gravity environment.

- The equipmesnt oper"a‘tiron is fully discussed in the final report for NASA Contract
No. NAS8-30797, whiéh was the hardwere contract for construction and delivery
to NASA of the ECPP. Only the pertinent aspects of equipment operation as

regards to the experiment will be discussed herein,

-~ Figure 29 is a macrograph of the specimen after solidification, As it was
' épherbidal before melting, there has been consideré,ble‘ sha?g-cha_nge induced by
the electromagnetic field configuration of the cﬁép coil. The specimen has

assumed the "equatorial bulge' shape characteristic of the cusp field as discussed

above. The stiff oxide layer prevented the specimen from assui'ning the spherical -

shape dictated by ‘surfa,;ce»' tension while molten when the power is tﬁri;ed down to

initiatesolidification".' The cracks normal to the surface about the equatorial

- ridge are evident in this photograph and in the view shown in Figuré 31, Figures .
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Table III
Major Event Record

t t -50.5 Event
0 0 Launch signal
50,5 0 Power on, specimén oscillations noted
85.9 35,4 First reading from solid state pyrometer
94 43,5 Solid state pyrometer reaches asymbtotlc,
reading nearly in saturation :
121. 3 70,8 Shape oscillation s1gna], completion of
melting
139. 4 88. 9 Power reduction signal (33%), battery
: voltage increase
159.7 109.2 Initiation of low powered positioning mode
169 118,5 Attainment of low powéred mode
261 210,5 Loss of telemestry signals
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Figure 29, Specimen side view
after recovery showing equatorial
and polar bulge and surface pene-
tration of shrinkage cavity
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Figure 30, Specimen end view
with shrinkage cavity

Figure 31, Oblique view from
approximate angle of view
by movie camera
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30 and 31 are other views of the specimen, Possible explanations for the cracks

are shrinkage or mechanical stresses supplied or a combination of the two,

Some of the external markings on the specimen apparent in Figures 30

and 31 may be indentations caused by the r.f, work coil, It is obvious from both
the telemetry data and the movie record that the specimen did not contact the

coil until after it had cooled below a dull red heat, except, possibly, at the instant
of sudden shape change, at the moment of complete melting, The stiff oxide
coating would have retained these markings. After the specimen had cooled below
the self-luminescence temperature, during re-entry, forces between the specimen
and the coil would not have been sufficient to cause such indentations, because the
only available force would have been the inertia of the specimen which could have

reached only about 70 grams under an assumed 70 g rocket impact,

Durihg the experiment a record of the events were recorded on film by the
rhotion picture camera provided and temperature-tifne data was recorded by
telemetry signal from the flight pyrometer. Since the pyrometer temperature
range was not sufficiently broad to include the superheat region, this portion of
the record was not obtained. The measured melting interval and cooling curve

will be discussed in a later section (Appendix A),

Telemsetry and motion picture records show that the ECPP performad well
the task of heating, melting, and positioning the specimen, - This is discussed in
detailin the NASA Contract No. NAS8-30797 final repokrt. Aside from possible
initial contact with the coil during the shape change upon melting, the specimen
was not at any other time in contact with fhe coils and was stably positioned while
rholten, The experimsnt proceeded in all essential aspects as planned. The

results are discussed below.

2.3.1 GRAIN SIZE AND MORPHOLOGY

In addition to the surface shape and markings described elsewhere in this

~report, macro study revealed the presenc,e of a single shrink hole and many
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surface cracks (Figure 29). Study of the microstructure (Figures 32 and 33)
revealed a relatively large average grain size of 700 um, porosity, and twinning
and cracking. Although twinning can be induced during sectioning, it is most
unusual that of the 17 large grain sized specimens sectioned, the flight specimen

was the only one cracked and twinned,

With the very large grain size evident in the flight specimen, neither grain
refinement of the beryllium nor retardation of grain growth was obtained, although
detailed analysis of the dispersion of BeO (Section 2, 3,2) showed that the BeO was
unagglomerated and uniformly dispersed throughout the melt, This will be dis-
cussed in a later section., It mustbe concluded, in light of the above results, that
the beryllia did not act to refine the grain structure and that minimum criterion
(2b), that of improvéd microstructure through obtaining a fine grained casting

(grain size less than 100 pm was not obtained. This is discussed below,

2,3.2 OXIDE PARTICLE DISTRIBUTION

 Figure 34 is a montage of 30X scanning electron microscopy micrographs of
the flight specimen after sectioning and metallographic preparation. It is evidenf
that there are no cleared out regions devoid of oxide in the flight specimen. There
is a darker band with less oxide present but Quantimst Analysis shows that there
- is still considerable oxide present in this region. Figures 35 to 38 show the oxide
distribution at magnifications of 1000X, 3000X, 10, 000X, 30, 000X respectively in
the lighter region and Figures 39 tb 42 that in the darker rebgion,’ Plots of the
volume of oxide for different regions at 1 000X and 3000X re spectively obtained by
Quantimet Analysis are shown in Figures 49 and 50, It is evident that even in the
darkei i‘égion, the oxide level is high although below that of the I—IJ’P-SObpowyd»er

metallurgy starting material.

It can be seen that the oxide netvﬁ)orks are made up of oxide parficles in size
i'angi.ng from 0,02 um to l,b3 ;.eri. Figures 43 to 46 show the oxide distribution
tyi)ical to the HIP powder inetallurgy material at magnifications 1000X, 3000X,
10, 000X and 30, OOQX respectively, It is evide’nt that the oxide networks in the

34
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Figure 32, Typical microstructure exhibited in flight specimen,
Taken with polarized light,

Figure 33, Bright field micrograph of flight specimen showing a
crack running in from surface and voids produced,
Magnification 100X,
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Figure 34,

Montage of 30X SEM micrographs of flight specimen,
reduced to size for reproduction, Dark region at left is
silver paint used for SEM analysis, Specimen exhibits
a lighter and darker region but no heavily agglomerated
region or ''cleared out' region,



Figure 37 Figure 38

SEM micrographs of lighter region of flight specimen
from 1000X to 30, 000X
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Figure 39
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Figure 42

Figure 41

SEM micrographs of darker region of flight specimen
from 1000X to 30, 000X
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Figure 46

Figure 45

SEM micrographs of initial oxide distribution before melting in
HIP-50 alloy from 1000X to 30, 000X

ORIGINAD PAGE IS
OF POOR QUALITY
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darker region of the flight specimen are most like those of the starting material,
even though the flight specimen is coarse grained and the powder metallurgy
material very fine grained., This is a very encouraging result as in this re gion,

the oxide network structure did not change much, even though the specimen was

molten, It will be observed that the volume fraction results obtained by Quantimet

could be plotted on linear graph paper. There are no cleared out areas devoid of
oxide, There are also no very white areas with heavily agglomsrated oxide. In
every region of the specimen there is appreciable oxide content and no gross

agglomeration and separation are evident.

It was d,eterrhined by microprobe analysis (SEM microprobe attachment)
that silver flakes are present in the specimen surface oxide coating and there
are silver inclusions on the sectioned surface of the flight specimen., These are
shown in Figures 47 and 48 respectively. It was determined that the silver
inclusions were a polishing artifact on the following basis: (1) The silver
particles are sharp faceted. Had they been present in the molten beryllium,

they would have either gone into solution in the beryllium or been spherodized;

(2) a transverse section to the section where they are present did not reveal any

silver inclusions in the specimen. The silver on the specimen surface oxide
coating is not a polishing artifact but also had to be deposited after sohdlflca.tlon.

Otherwise it would have dissolved in the berylllum or spherodized on the surface

(silver melts at 961 C). Most of the solder used in the ECPP contams s:lver and,

while still hot but solid, the spec1men rattled around in the coils and the ECPP
was shaken considerab.y durmg the re-entry and 1mpact with the ground. The
511ver in the form of flakes was depos1ted on the specimen dur1ng thls period and
was not present durlng the exper1ment and is believed to have had no effect on the

expe riment,
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Figure 47, Silver flakes on surface oxide coating of specimen,
Magnification 300X

Figure 48, Silver inclusions in specimen,
Magnification 2000X,
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| w SECTION 3
I _ ANALYSIS OF EXPERIMENTAL RESULTS

e Examination and cornparison with each other of the Quantimet plots of
volume fraction of BeO for different regions of the ground based specimens and

the flight specimen (Vlgures 27, 28, 29, 30, 49, 50) show the flight specimen

is much more uniform in oxide distribution from the ground based specimens,
The flight specimen has no regions devoid of oxide or regions filled with oxide

as has both ground based reference specimens, The reason for this is postulated
to be the Weightless environment of space, where the g-level has been reduced to
lO"4 g, during the melting and solidification, The Stokes Collisions (see Appen-

dix B) are reduced for a given distribution of particle sizes directly in proportion

to the reduction in g-level and the separation time is inversely proportional to the
g-level. Hence on the basis of Stokes Collisions alone, the time for agglomeration
and separation to occur should be greatly extended in the weightless environment

of space,

Collisions due to fluid motion (Gradient Collisions) which may arise due to
stirring, gravity driven convection, or Marangoni convection (surface tension
driven convection) act to speed up agglomseration angi separation, In the weight-
less environment of space ‘gravity driven convection is greatly reduced but th:e

| - other sources of fluid motion are not. What this experiment indicates, is that
5 . the major mechanism for agglome: ation and separation of BeO from the melt may

be Stokes COlllSlonS as the stirring 1corces and Marangonl convection are essentially "

Rtz dard

the same in the ground based and flight experlments.

"I‘he c'oa:rse grain size of the ground based reference specimen and the flight
i specimen mdlca.te that the BeO present did not act as a graln reflnmg agent for

"berylllum or that after solldlflcatlon it d1d not prevent excess:Lve graln growth

; while still at high temperatures. Returning to the crlterla sta.ted in1, 0 for
a good grain refining agent, possible reasons for this are either the particles
; : are not stable in the melt, do not pessess a ma.ximnm of surface area or do not .
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have optimum surface character. Examination of the oxide networks in the
HIP-50 alloy (Figures 43 to 46) shows that even before melting, the particles
tend to be rounded and without sharp facets. It may be possible that as a result

of the long molten dwell, the particles change their surface character as well

and become inactive as sites for heterogeneous nucleation but this could not be
observed at 30, 000X, An optimum surface character (Ref. 1) might be a rough

or pitted surface.

Prevention of excessive grain growth after solidification, while still near

the melting point, de;ﬁ_ends greatly on the oxide particle size, While the HIP-50

alloy has stability ag'ain'st grain growth temperature ‘ailmost to the melting point
of beryllium, further agglomeration while in the moltén-state, even in the weight-

less environment could lower thvev stability temperature significantly. Work

reported (Ref, 2) indicates that the finest particle size attainable is required to
prevent grain growth at temperatures near the melting point (0, 065 ufn median

particle size)., Attention must be given to this aspect in future work, ' .
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SECTION 4
CONCLUSIONS

The experiment results show that it is feasible to obtain a uniform dispersion
of BeO in a beryllium casting in the weightless environment of space., This is a
new material, which, to our knowledge, has not been produced in the terrestrial
environment, It is of interest both scientific and techﬁological. In terms of the
minimum criteria for success, criterion (1) satisfactory mslting and solidification
and (2a) improved cast microstructure - presence of dispersed oxide phaee were
met. Criterion (2b), 'impr0ved cast microstr-uctuire - fine grain size, was not
met, Criterion (3), enhanced service propert1es, has not been met as yet because

of failure to achieve criterion (Zb)

As a step forward in producing cast beryllium with improved service proper-
ties, the material produced delineates an-appreach te be followed for further |

research into the action of BeO as a grain refining agent for beryllium, This

» approach is: (1) to utilize beryl_liu;rh starting material with non-spherodized BeO

particles dispersed thrqugheut. This can be achieved by elimination of the final
step in the production of HIP-50, the high temperature dwell at 1950°F (1038°C);
and (2) to dwell for a much shorter time while molten during the expei‘iment »

Additionally, the experiment should be performed at very low pressure (1 torr)

to reduce the observed 2 to 5% poros1ty in the castmg,

Ia s‘ubeequent experiment with BeO particles that are not spherodized is
performed and grain’ Iefinement does not result, then serious questions are.
raised about the ability of BeO to act asa grain refmlng agent, ].n that event, '

the we1ght1ess environment of space is ideal to test the potentlal of several other

additions as grain refiners, One such addition is titanium, which ,forms a.

beryllide in the melt., Attempts to uﬁcilize titanium as a grain'refining agent may

"have failed terrestrially also because of agglfomeration' and separétion of the

berylli-de- 'from the melt, Another such addition WOuld be tun_gs.teh.



Failure to achieve grain refinement with a particular agent, chosen on the
basis ~* *attice disregistry may mean that other factors are of overriding con-
sideré,{ijon such as surface area or surface character or grain growth after
solidification. If grain growth is so rapid that grain refinement is not achieved,
then the number of nucleating particles becomes of great importance rather than
surface area or surface character. In that case, so many particles may be

required that mechanical properties may be greatly impaired even with grain

‘refinement., Testing of all of these factors is important to explaining why or

why not an agent is successful as a grain refiner, Such experiments conducted
in the weightless environment are the only practical methods of testing these

hypotheses, as terrestrially agglomeration and separation are encountered,
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APPENDIX A

THERMAL ANALYSIS

Although the flight pyromszter was in saturation during the melting and
molten dwell, enough data are obtained from the telemetry records and the
cooling curve to reconstruct the heating, melting, and cooling profile, The
flight record of events is presented in Table III, The heating and cooling
curves obtained from the flight pyrometer are shown in Figures 51 and 52,
From analysis of the data available, the temperature-time curve shown in
Figure 53 was coristructed, The solidification time after power down was

28 +5, - 0 seconds,

A computer model of the solidification of the beryllium specimen was
exercised to determine whether or not the assumptions made about how the
beryllium specimen solidified were reasonable; This model assumes that
the specimen solidifies inward from the surface, losing heat at the surface
by radiation, The remaining liquid at any time is arsumed to be well mixed
and at the melting temperature, Outputs from the program are: (1) the
advance of the solidification front in time and (2) the decrease in surface
temperature with time, The program can treat a sphere, a cylinder, or a
slab, As the remaining liquid is isothermally at the melting temperature,
heat is extracted through the solid crust to the surface, where it is lost,

Figures 54 through 59 show the results of calculations for a sphere of 0, 922

cm diamef;er, ‘a ckylinde.r of 0,922 cm diameter, and a slab of 0.922 cm

thickness.,

Compa.ri‘s'_ons ‘with the k’e’xperifnental curve shown in Figure 53 show that

_ the calculated time that agrees closest is for the sphérical geometry, but the

shape of the cooling curve is closest to that of the slab. The calculated
solidification time for the sphere is 31 seconds, which is within the error of
determination of the time for solidi'wfi’cati»'on'experifnentally. As the shape of -

{:he specimen is spheroidal with a‘n,equa'-tor’ialbulge, its geometry is closest
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to that of the sphere and so the agreement in solidification time is reasonable,
The location of the shrinkage cavity shows that the specimen did not solidify
symmetrically as is assumed for the calculation., This is the hypothesized
reason for the disagreement in the shape of the cooling curve, which is

closest to that of the slab geomstry.

As the compﬁter model uses the known values of thermal conductivity,
latent heat of fusion, and emissivity for molten beryllium (emissivity for
oxidized beryllium), the results indicate that it might be possible to extract
thermodynamic data from solidification curves of levitated mestals if the shape
of the specimen and the details of solidification are known, This might be
accomplished through the use of an imaging array pyromster to simultaneously

display the specimen and follow the solidification front.

52



¢ i
b B T AT e e e
| . ¢ [ ¥ P o
. ! et e PREOR N .
! ! [ T —
E b ROUUEEIY SRS PR .

. .. - e - . B B T T [ ~ e es s el e e

: B P . i .o
5
e e - - e e —
B e e N e e - PO
P s e T AR RS I R
R SR Sl DU e P VU U oS e ael e SRR
L ISRt SHTUURNUPUCT SEUUPUEIIPUUNUTHE U TP

e - R e

PR SO NS S ,._.-j..«MT«.
4 ; .
+ H i + -
. T : T
N H [
R Lt t

e [ T e ity

IR TURE TSI ANC SN REPUS SIS Iy N

L N e b — s ok o e e
O S S T B i IS
e e » R e 4 e s o e e
J s it e b i e B e e .t e e e
PO S UDC PR W f.i TR P S S

[l
r
1

Pyrometer Telémefry, Volts

B I T

S SR S SE e e U -
N .

T NFERPRIRN-RE SRR D T . A A

S e T T P R - PO G SR

e st e e b e e . s P bt s e o el b e

O e e T TITR S P S e 4 e e T T

it e PN e D S T e TR B vl e o e

oo ernmermpa e aoraes - @ e P - R R I s P T e IR e e F R R e

+ -~

" : L RIS SR ; - i

88 89 90 91 92 93 94 |

Expanded Time Base, Seconds :

€G-

Figuré 51." Pyrometer Telemetry Signaly, Heating Curve




iy
it

e ST

o L

SETUURINUSISTS SR

: f 2522
i i
'
: 4
| H 2
I R
. < | S L
-1 {
| o S § 1
H
L1
b
| SEFTRS S ¢

i S i

s310A ‘Axjowrata], i9jowoxig

1

100

30 40 50 60 70
Seconds from Initiation of Cooling Mode (2% power)

20

10

Figure 52, Pyrometer Telemetry Signal, Cooling Curve

[ )

geansenny

o4

p—



R N R oy T +

v B WE §iEs T T ! sEn sue 1 ™ T T
83 sowsy sus 158 sabay saeui 1083 2 es T bus 1 T i
IEE8S 8! ++ et SR FOLS sReul e B80S i
e B B T UADY §IBEH CRBRE BIBET FEALY BES 3 e T ' 1 3
- D PO &S GHNe b v
e A G I OUY DR § Bl 1 ga e §
e - D R +
) i g 8 SuSes At + 113 5
rebp : 533 53553 331 3
gt i STt s ] !
. +4 -3l P eSSt S :
++ 808 SHe0s Soe! + - IRSS S _—
1 {l i1t T jo6 o0 e 9 et X
! w4 15 72 1074 s a !’
- L1 E L1 e *
- 31'1 Ir : e : { < 'ws T r}, o0t g
< - e e I8
1 1 IBE IEBEE 45 S HD 0N 1 95 e !
- 3 1 e '8 B 2 4
! 158 8 SuE § T o T ;
o8 a0 es 00 8¢ I 1 1 + th {
3 1 3 1 T 11 + ++1+ 3 B
1xt 28 08 1 b o4 + ~feiae + it
NS 3 £ 3 3 3 + B -
= '8 B 184 3 L DR BB T ¥ 8 1 i
= ¢ 3 I 1t 25808 Ba: ’ e
158 S0E08 PRSEe SRS, 1 RENNs b é FEESS I8EP B0 B3u6E
uTe PEBas B8 1 7 128 oo '_—
3 4 i + 4. ) 4 B
1 1 1 190 8¢ 1 1 5
203 nat sua 88 s g 13T HH P
TTT T TIT ve 15e suw ' T i
JRE GRESY 800 88 BB3 1t 1+t - 3 i
T T 18 DG B IREES GRENE SRS T i
00 ' 1859 HE0ES PO T {
“ ! b e e b 4 ’ e i
- —te : +-fis & So8SS soasE 4 I RS S80S So08: e s ¢
Y SUE 87 458 BB 1 T 'i SUBAE 8RS "84 T T 11t 55 SRAIT BEBY o i
13 BEREE 48 '8 B b 1 1 1 1 11T 4 + !
1600 Re89 Lefhi besk : 581 festseta inas HHEHEE
+ -— 3 : 0 - 4 = » ¢
1 i i T T T 3 3 aee beS I '8 BET
B tH 32 3225 55sd fasss 3 321 Sesed sasss sescs siss ‘
ot isows sau s sad sugns avs, 1 e 888483 suwas pusas 8 — -
13 + —
peseY senes PETSE D T »a 191 e e
aBued i *? T thi i ! (DBEE CUBEE VOO NG S8 OEE ST B
[ Denn anenn s s o8 0o t a B8 BRSSE 668 * + 1 PRET BT HH +
+ 3 - + 3
1t 11 =1t T 158 8BS RE BB It 4 +1111 + +
24 gRERS T : T H : . : HH
SR : aasyseeas saat Iaes
r+ Y T TS T
: 1 = izna; I IeeE 5 jasas nsans sauss seves o t
4 i GBUSSas R T ' 0 SHETE SRAOE BEA 184 91 Tt I BE a8 1 ass 1
1200 o4 i e -+ b IBE CHSOE GSSNENSBEE 1T ) 4 PE BEBS -1 1 +
T % o T ® 3 T T i
ot e w44 555 %s souBE SRBEE 4t HT SO SEBBE GBS T IuE ysaes 3 e
1 5.5 111 et e bags su 1 Hit 3 :
@ BEESH FRDES BES & 3 B ! ) In e e T T 1
ey e s e SRRET FUGHN B T 1 T 1 +
phis% 4 o 58 PHOSE SUHUS IS PHERE FDADE FOLDE IBEUE BB S 1 BE W 1 1 1
sapas sShEe 18 3 3 1 1 1T +
he ? 1 08 B 4 1 3 u e ‘
1000 23 1ossa nana: H o
IBn s B DU SO RY 020 § BB EY 44+ IT. - + + ++rt -+ < 4 Ax 13 A%jx { ]
£4 2 R WD 1 s I8 HE ESBH B 1 T e e e 3 1
T T -y T T T L"‘ - T 1 1 =T T T
5T B b6 pwuey 3 ba e [ oeg Seeas pou + b
SRl B Fl =+ i et eSS aess Ios! ! 3 ¥ 1
O i 8 sty + bout - + I Red saat v ban . +
i ! 9 324 sovat suwss nawss suGLs s3SuT BTNE BN 30453 95823 ume % Bagus nanas o T 1 isest
800 HE N 1 b jNS Pahas b b : b - (oBaS Bt b R aoes + -~ : 3 y e
-4 - .- P . o + - + : 3
: t } 10 D2 TR0 43 FES BDYSS DET R BIRRS 4 88 85 00d baNas sunt 5% Seasd savus bERES sUBSE PORS A1 B8s o1 H3 1
¥ 3 : 1558 sonee i3 33 $o50s seses sase: f tH
o Rabuis B s . ISNES 1 18 18 ST BORE } b8 o8 gas: + } b 1
OB B " B0 1 T 15 01 1 T 4
e bl i b EeuETaus BeRaatasan Neas: diua: sess: 3 333 S553: s805e seagt san ey o .
B n 0 Snben § e a6 e IEnE B8 18 § 54 3 ' 1
600 F1 2 DO B |SE0S S8 e b s SE e o ‘ 1583 2 3 -+ S Songs see Inest 4
——— g e S ) [ = + + + b m + +3
{554 brawd Cadnn poaus aahsn duwd 0duma o J S554 Sovan sasus sETRT IO puws T HTH i HH +
- OG0 SERES S5 4+ BS8 ans : + 1 3 3+ :
HOB B 1B H T 104 58 BB B U BE 196 S5 ST 01 1 H ssad bt s 84 11T T 198 50 :
3 1
BEDAL SDLGE saeDy T 1 1 5 BBO . T T
|8 snaD; 1S Sedas Sogss 1 T3 S80ET suuss 5 BHEH 5T [Tt 13
Rt o - - -4+ * +
400 LY T 0 B M suea; T 8 BT 854 o 3 T T 1 e | 5
U @ Tt T
;0D ot 58 b Be pe: -
31 9004 1 . Jasas soos ;
rosa. 11 £
2 4 1
200 Bt 3
Caihy Dt T 1 $
.L. « - + b
FOSSY T TH1% L v e e
T '
cudNil AP R ) & 3 1 u2e 28
3 3 e
Dipdent Sebuttby M TEET 1 3L .'
o L - L e 1 L

100

Time in Seconds

SS
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APPENDIX B

AGGLOMERATION AND SEPARATION OF
BERYLLIA FROM BERYLLIUM MELTS

Agglomeration and separation are hypothesized to occur primarily due
to collisions between beryllia particles in the melt. These collisions occur
due to (1) the settling of BeO particles due to their density difference in the
melt and (2) fluid motion sweeping BeO particles together, The first is
called Stokes collisions. The larger BeO particles, settling fastest, collect
smaller particles. The second is called Velocity Gradient Collisions and
collisions occur between particles of equal size as well as particles of
unequal size,

Lindborg and Torsell( 3) developed a statistical model for these types
of collisions, Using their results, agglomeration and separation timeas of
1 minute or less are likely for BeO particles ranging in size from 0.2 to 1.3
um in specimens of beryllium mezlted in the terrestrial environment, In the

weightless environment of space, where the accelerations due to gravity are

reduced by a factor of 104, the frequency of Stokes Collisions is reduced

proportionately, as the velocity of settling is directly proportional to the

acceleration due to gravity, While all fluid motions, i.e. stirring, are not

reduced in the weightless environment of space, fluid motion due to gravity

; driven convection is reduced, Thus agglomeration and separation times

: ] might be extended to periods of many hours or days in the weightless environ-
ment of space. It is hypothesized that the much brno,re uniform dispersion

- obtained ‘in the flight specimen due to the reduction in collision frequency for

BeO particles in the weightless environment of space.
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