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K : _thelr mutual efforts rncluded devéloprng a space rescue sy stem. The ASTP -
3 also included’ slgmﬁcant sclqntrﬁc expenments, the result of which can. be
" used in teaching biology, physics, and mathematics in sch ols and colleges

- This series of pamphlets discussing the Apollo-Soyuz rmssron and expen-

nfents isa set of curriculum supplements designed for teachers, supervisors, -

-curriculum specialists, and textbook writers as well as for the general public.
. Nelther textbooks nor courses. of study, these . pamphl' ts ‘are lntended'f‘to

' prov:de a rich source of ideas, examples of the scientifj c!method pemnent

references to standard textbooks; and clear descnptrons of space expenments

-Ina sense, they may be regasded asaproneenng form of teaching aid. Seldom

" has.there_been such a forthright effort to- provrde directly 10 teachers,
_curriculum- relevant: reports of cutrent screntlflc ‘research.’ Hrgh school
‘teachers who. revrewed the texts suggested that aclva ced stuglents who are .
- interested might be’ assrgned to study one pamphlet an' ‘report on it to theyest
. of the class. After. class discussion, students’ mrg t be assrgned (wrthout

. " access to the pamphlet) one or more of the “Questr ns for Discussion”’ for

- formal or informal answers, thus stressrng the applrcatrgn of what was

previously covered in the pamphlets

The authors of these pamphlets areDr, Lou Williams Page a geologrst and. *

Dr: Thornton. Page, an astronomer. Both have taught science at: séveral -
universities and have publrshed 14 books on science for schools colleges and

© 1 the, general reader iincluding-a recent one ‘'on space scrence e I‘_ -
"+ Technical assistance to the Pages was provided’ by the Apollo- Soyuz L

BT Program Scientist, Dr. R. Thomas Giuli, and: by Richard. R.“Baldwin, "

,"." 'W. Wilson Lauderdale, and Susan N. Montgomery; members of-the group at

the NASA Lyndon B. Johnson Space’ Center in Houston which orgamzed tha
screntrsts pamcrpatron in the ASTP and publrshed therr reports of expenmen- .

tal resuits.

Selected teachers from hrgh schools and unrversmes throughout the Umted ”
States reviewed the pamphlets in draft jﬁrm They suggested changes in
wordrng, the addition ‘of a glossary of ‘terms unfamrlrar to ‘students, and -

- rmprovements in dlagrams A Tist of the teachers and of the scientific inves-

- tigatops' whg reviewed. the texts for' accuracy follows this Preface.

This s¢t of Apollo-Soyuz pamphlets was initiated and coordrnated by br
Frederick B. Tuttle, Director of Educatlonal Programs, aid.was suppagted by .

* the NASA Apollo-Soyuz Program Office, by. Leland J:'Casey, Aéro ace
. - Engineer for ASTP, ‘and by William D. Nixon, Educational Programs
Ofﬁcer il of NASA Heac/l\quarters in Washmgton D.C. -

B 20
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The Value of Qeveral Space Technologles
After 4 years of prgparation by the"U.S. Natlonal Aeronauues and Space

-Administration (NASA) and the USS.R. Academy of Sciences, the Apollo o

"and Soyuz spacecraft were launched on'July 15, 1995. Two days later at 16:09
~ Greenwich mean time on July 17, after Apotlo maneuvered into the same- orbit

" as Soyuz, the_two spacecraft were docked. The astronauts and cosmonauts .

then met for the first international han ake in space, and each crew enter-
‘tained the other crew (one ata tlme) atameal of typical American or Russian
food. These activities and the. physics of reaction motors, orbits around the.

- ¥ Earth, and weightlessness (zero-g) are d scribed“more fully in Pamphlet I
Eln y

**The Spacecraft, Their Orbits, *and DocKing’* (EP-133).

‘Thirty-four experiments were performed while Apollo and Soyuz were m;l

“orbit; 23 by astronauts, 6 by cosmonauts, and 5 jointly. These expenments in

space were selected from 161 proposals from scientists in nine different-
- ‘cpuntries. They are- listed by number in Pamphlet I and ‘groups of two or. .
. more are described in detail in Pamphlets II through IX' (EP- 134 through o

EP- 141 rcspectlvely) Each_‘expenment was directed by a Pnncrpal Inves-
tlgator assisted by several Co-Investigators, and the detailed scientific results

~ have been published by NASA in two reports: the Apollo-Soyuz Test Project N

" Preliminary Science Report (NASA PM X- 58173)and the Apollo-Soyuz Test .- -

Project Summary- Science Report (NASA SP-412). The simplified accounts S
M glven in these pamphlets have been revrewed by the Prmcrpal lnvestlgators or. -

" one_ of the Co-Investigatory.

. To most people, space technology means s the rockets. thrusters, and control _
jets and the general structure bf spacecraft described in Pamphlet L. Actually."

space ‘technplogy also includes the Earth observations {gravity anomalies,
.- surface features, and atmospheric features) described in Pamphléts IVand V,

. 'the observations of near-Earth radiatior detalled in. Pamphlet VI, and. some of ' .
the biological and medicaitechrriques covered in Pamphlet VII. Future space S
technology will include various surveys of the Earth; photography and map-
ping &f the surface; monitoring of'the atmosphere and its-aerosols; monitoring -

" of costhic rays, which are affected by the Earth’s magnetic, ﬁelq and elgc-

' trophorcsls separations m}iero-g Several new techmques are expected to be

* developed for chemistry,

etdllurgy, and solar power in space. There are at
"~ least fivedifferent space technologies: * ‘housekeeping,’ blologlcal and med-

: lca§chem|cal metallurgical, and power. Three of these technologles are

‘Covered in Sectlons 2, 3 and 4 of this pamphlet e oo %
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A .“Housekeepmg” Technology’

-~ S . : LT

- Durrng and after the launch of Apollo or Soyuz, or\any other spacecraft

reactron motors are used to push l]nd turn the vehicle (see Pamphlet'l). Thisis- . . :
‘ a basic technology lar\gely déveloped by the:Germans for long-range mrlrtar)c '

- missiles’in World War II. When the spacecraft is"in orbit and no reaction

" motors are being fired, it js yn. thd condition of free fall or zero-g,* and -

everything inside the spacecraft is- werghtless This werghtless conditjon.

requires special 'desrgm/technolog)', such as tethet lines, handholds, and'_'»
Velcro anchors to keep tools and astronauts-at the places where they, are

needed _One patticular problem is the handlrng of liquids (such as water).in

AP tanks In zero-g, water does not stay at the **bottom’’ of a partly filled tank.
’ ‘For the "Apollo-Soyuz mission, several “scrence demonstratrons" -on the .

~ handling of liquids in zero-g were planned by R. §. Snyder and five Co<

. Investigators from the.. NASA George C. Marshall Space Flight Center .

i (MSFC) in- Huntsvrlle Alabama These demonstratrons are descrrbed rn'
Sectran S S .

: - e . ‘.,. s

e B Brologrcal and Medrcal Technology SRS

" Screntrsts speculate that some brologrcal processes may take place faster in’

. Soyuz. the process of Separating cells by electrophoresis | was shown to be
“hpre, precise in-zero- -8 than ‘in one- -8 on the ground (Pamphlet Vll) This

e dlscovery could lead' to at least one rmportant space technrque that would

_ accelerate the production of urokrnase for the wvictims_of heart dlsease and .
_other conditipns. - - : v :
- Anothet’ speculatron is that the higher rntenslty of cosrnic’ rays and hrgh-
Lo energy protons at altrtudes from 300to0 3000 kilometers (Pamphlets and V)’

might be used to{'ﬁepare mutations of living cells found on Earth. This could

lead to @'new technology of “breedlng" cells that we need and of drscovenng

“new “Breeds: of bacteria that we must: defend against- when they appear on
. " Eacth, '(A similar technology has already been developed in ground-based "
- laboratones )

-

R

W

Proyect Physics.™ second edition., Holt, -Rinehart and Wrnston. l975 Secs. 4.6, 47 !

) Physlcal Science Study Commmce (PSSC) founh edmon D. G. Heath l976 Secs. 126
12 l" i e AU . !

Y

ce

" zero-g than in one-g on Earth (although ane fungus. carried on Apollo-Soyuz S
%~ grew slower; see Pamphlet Vll) If so, there may.be a new technology'to
. preduce vaccines and other medicines more efficiently in space. On Apollo- B

.
a0
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" tal.growth rates. . - N
Exp,mmem MA-085, Crystal Growth From the Vapor Phase sjtoWed 1n/

D Metallurgrcal Technology

_ Three techmql‘.lcs of lmportance in modem mdustry. the contamerless s

ln zero- g many chemrcal reactrons are known to take place jaster becau
gravrty does not s‘eparate the reactants Sclentlsts speculate that some per-1

v fectly pd’f‘e substances ould be prepared in-space by heatlng imipure samples i
’ . inma solar fumace “outside the: spacecraft .and borlmg off the contaminants.

The basis of th1s idea’is that the sample need not be in contact, with the fumace

walls instead, it would be “floatmg in the vacuum of space where aconcave :

mlrror could focus sunlrght on it. ’ . N
" On Apollo -Soyuz, three experiments were concemed wrth the growth of *
pure crystals. They are descrlbed more fully in Section 4 of this pamphlet
. Experiment, MA-060, lmerface Markings in.Crystals, was supervised by

H C. G{tos of the ‘Massachusetts lz@}ltute of Technology MIT) who was -

- assisted by one. Co- lnvestlgatorJl'he €x mont measured germamum crys--

three separate expenments that the vapors of germamum compounds fofmed
- more: perfect crystals in-zero-g than on Earth in orfe-g. The Principal Inves-

: Y'gator was H.. Wiedemeier of Rensselaer Polytechmc lnstltute (RP1); he was

Jassisted by three Co Investigators, : - * L

" Experiment MA-028, C@sta[ Growth was slxpervnsed byM D. Lmdof the-. ~
Rockwell lnternatlonal Science Center i ln Callfomla He showed that crystals o

- .of three different. compounds can be grown fron solution in Zero-g. at room'_‘ )

temperature (290 to 300 K or 15° to 25°‘ Q or 60° to~80° F)

- /

castmg of reactlve metals, the formation of uniform alloys and the formation - o

. of strong eutectics. The first technique can be done easily i in zero-g because

there is no gravity to deform a llquld melt. A drop of molten metal, for
-example, will be pulled’jrito-a perfect sphere by surface. ténsion if it is not in :
contact with furnfice’ walls» Because the ‘metal need not touch the fumace
‘walls, it-is not contammated or constrained by them. In the. fon'natloh of

zero-gNjs it ¢ools t&form an alloy A eutectic is acombination of two mateTials ;.
that has a lower melting pomt than either material alone: (“Eutectlc“ isa-:

#

Greek word meaning “mlmmum melting point. ") The two' matenals do not "

- mix like-an alloy; instead, one material ‘forms a regular pattem when it . ; . -
solldlﬁes msrde the other. The most useful eutectics consist of long thm fibers.
~ of one material through the other. Itis posslble to grow the ﬁbers longer and

.

-more nearly parallel in zero-g ‘,than in one- g

o un_lfp alloys a mix of( two molten materials, will not tend to separate in e




The metallurglcal expenments on Apollo Soyuz were based ona specrally
designed electric furnace located in the Docking Module (DM). It could heat -
samples to as high as 1423 K (1150° ©), as descnbed in Section. 3. Six -
experiments on spheres, alloys, .and eutectics, as well as two of the three

-experimengs on crystal growth, were done in this furnace. . . : -

Expenmem MA-010, the Multrpurpase Electric Fumaée facrllty, de- R T

. veloped at MSFC under the supervision of A. Boese, was hlghly successful :

Experiment MA-044, Monateenc and Symecnc Alloys showed that the , .
umforrmty of aluminum-antimony (A]-Sb) alloys produced in- zero-g was o
~much better than the uniformity of those produced in‘one- -gon Earth, The two '
Principal Investigators were C. Y Angand L. L. Lacy of MSFC." = .

Experiment MA-150, Mulnple Material Meltmg, was a joint expenment A
* designed by I. Ivanov of the Soviet lnstltute for Metallurgy/m Moscow. He. -
was assisted by several Russian and two Amerrcan Co-Investigators. The = -

© Zero-g fonnatlon of alummum spheres and two alloys (aluminum- tungsten. '
* and’ germanium-silicon)” was compared wrth formation ‘in one-g on Earth. _

.Experiment MA-041, Surface- -Tension-Induced Canvecuan measured the -
small amount of material flow produced by surface tension in molten l¢ad and
gold. The Principal lnvestlgator was R. E. Reed of Oak Rldge National
Laboratory in Tennessee. .~ S

Experiment MA-070, Zero-g Processmg af Magners. was supervrsed by -
~D.J. Larson, Jr., of Grumman' Aerospace Corporatlon in New. York. The -

» experiment showed. th@t better magnetlc eutectlcs of manganese -bismuth can’
- be produced in zero-g than lrzne g.: L -

L

Expenmem MA 131, Halide: Eutectic Growth showed that long, thin' -

" fibers of lithium fluoride (LiF) férm in sddlum ‘chloride (NaCl) whenthetwo - 'y . ..
- salts are melted ‘togetherand cooled rapldly, starting at one end. The Pnncrpal .
lnvestlgator was A. S. Yue’/ the University of- Callfomla at Los Angeles '
(UCLA), he was: assrsted two Co lnvestlgators o . i . e

{ .

Power Technology |n Spade N
Although the Apollo- SOyuz expenments did not relate to solar power, it - o

should. be noted that power technology is expected to develop rapldly in the _

L -'manufactured more cheaply and more quickly than on Earth: "Some of the

_ 1976). The propqsed solar-power stations wouldd)e huge collectors (40 to 50 -

.l980 s. The worldwide power shortage has increased the importance of solar '
' power Professor Gerard O'Neill #f Princeton University. has suggested that
- space colonigs should be built where orbiting solar-power stations could be. .

Y AR'Y

“many articles on space colonies and orbiting solar-power stations are re-
“viewgd ina book entitled **Space Science and Astrononjy’* (Macmillan Co.,
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kllometers acmss) in geosynchronous orblt 36 000° kllometers above the” '
- Equator. In thiskind of orbit, the stations would always be overthe same pomt
: “ofi Earth and could beam,_10 or 20 thousand megawatts. of power by micro-
5 _-waves (very short radio waves) toa ground recelvmg statlon in the southwest-
em United States or elsewheré at low, latitude. - ' :

_ S : The sunlight might be converted to electricity w1th SlllCOﬂ gells that NASA -
PR ) - developed 'in the l960’s for the solar-poWer panels on spacecraft. Another . -
.+ . . possibility is to use the sunl;ght to heat a gas that would drive turboelectric
- generators as'in a regular electric. powerplant on Earth, Elther way, a: new
technology must be developed to handle such high electrica power outputon - :

van orblter and to convert 1t to mlcrowaves almed at the ground receiver., -
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2 The Behavnor" of L|qu1ds
- L __,In Zer O'g ;‘J«:"-."‘.r "_‘ )

: L The behavnor of h(]utds anywhere depends on thetr boundary surfaces——that
" is, where they come in contactwith solids or gases. At the boundary of a hqutd
" - "and a solid, two kinds. of force are in competition: coheslve force- pulling the

: / IR toward the solid. If the adhesive force is larger the quuld will wet the solid,
B : ‘

/7 e -'hqurd molécules together and adhesive force pulling the ltqutd molecules :‘:

smoothly. If the: coheswe force is larger, smnll amourits of quurd will form’ '

: little droplets on:the solid surface, like water on greasy . hands, On. Earth, of .
* course, there is a third force—gravnty—that pulls ‘the liqurd downward

- Gravity pulls the wateg’down into the bottom of a’ cup and keeps it from -

o + wetting far up the sldes ‘0il; however has a large adheslve force with metal
" . and will stay spread all over. F ‘metal surface in one-g.’ :
N Detergents like ‘snﬁap, Lhange the surface of liquids such as water SO that
. _.bubbles on the: surface of soapy water last for several minutes in one-g. -
‘ S Gravnty ﬁnally pulls the water down the side's of the bubbles and the bubbles
AR ... get so’thin that they break (because of the motions. of the water-molecules).
) N 1'L)qu1?ls in bubbles or foam are rmponant m Several ways: they are-used in
B \__.,»f‘ 1ghting fires, in making hghtwetght plasttes and foam rubber, and in speed-'
~ing up some chemical reactions. Bet\veen gaspﬁ,and liquids. ' .
. 4‘,,"-/ " »i  Wicks move liquids agalnst gt‘av1ty when ‘thete is‘a strong adhesive force
’ . between the liquid and the sohdflbers in  the wick. For instance, the wick ofa

. candle pulls molten wax _up about 5 mili eters, where. it bums easrly in-the _

candle flame. A towel acts asa w1ck when it lifts water off a surface to dry it.
~_.Inzero-g; wicks can be used instead of pumps to transport quurds from tanks
- to wheréger they are needed in a spacecraft. ' -

cer Space efgineers have learned to handle several hqurlis in zero- g—water

g propellantfuel liquid oxygen oil, and waste They have dlfﬁculty in measur-.
s - .. - [ ing adhesive and cohesive forces on Earth becausé the one:g gravity. force: -
LT e ! -interferes. 'Whien they try to measure the chemical reaction time in afoam in "

o - one-g, for exaniple, the foam collapses. after a.few_minutes. " Therefore,

demonstratrons of cheimical foamrng, liqmd spreadrng on a solid surface, and

quutd motion in a w1ck were photographéd and ttmed by the astronauts on ’

ApolloSoyuz _‘ o R - ST

Wom

;‘"-.!" _ ."'-Il“

A ffl:he Chemlcal Foam Demonstratlon

Three chemicals were added to water in a small plastic bottle Wthh was then
corked and shaken vrgorously 0 make a foam Thymol blue, a detector that
tums pink in an ac1d solution (like lrtmus paper) had beeriadded to the water.}
- The chemicals were sodium sulfite’ (NaSO,), sodium hydrogen" sulfite -
(NaHSO 4)»-and formaldehyde (HCHO). Three reactions took place, yreldxng
SO - 1ons Wthh turned the fonrg ptnk in less than 20 seconds and the rest of

ey

S




. 51 lutlon pmk in about 1 minute (Flg 2. 1) Thls demons_iratwn §hows that
in ro -ga complex chemlcal reacuon can, be queded up i’

v

E » 'F'l'g;ire', 2.1 Chomlcal rnctlon -peed ln foarn. Ju-t after mlxlng and shaklng tho threo )
‘ S s chomlca!i in water, the foam began turning pink (top: photograph) After 60 - . - . ‘
R O, L "socondl, the reactlon was completeandtho foarn wu darkrod(bottom photo-a ey
. gmph) ' :.' o T ‘a, Lo
- . - * S hlt i
| 8 . . - ’
! ) - . .-: * .‘( "
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: The Liquud-Spreadlng Demonstratlon S
'ln ro- g. a small amountof liquid wets more-than the bottom oh cup; it wets ‘ '
. -t entire cup.. This was, demonstrated on Apollo -Soyuz by squutmg a small
_ = amout of- blue-co’lbred oil into, “the bottom of a cubsical plasti¢’cup. The oil . -
« - ‘quickly spread oVer the Bottom and-then up. the sides. The adhesive force
‘- between oil and- plastlc is ‘stronger than the cohes)ve“'force of the odt! Blue oil . : S .
' .'colleCted m‘the corners of the cubrcal cup because the sharp cgmer allowed - | = " . SRR
,the,)coheswe force to work more nearly with themdhemve force there . - . ..
.. (Figs2.2). ‘When red~colored water was later added on top of the- oil, it formed T
_Imund drops because'the adHesrve force between water and oil is much ‘smalier B L
: 'than the: cohesrv force of water. “The: speed ‘of il spreadmg in zero -g'was. . o
_ meaSured from otion. prctures taken by. the astronauts,’ and’ thlS zero-ge 0 N T
SR s;xrface tenston Z:lps us to understand the llquld spreadmg of solder, molten ;'j' Y St b} B
Emetals, and 1nsectléidé§ in one-g on: Earth. o S T P e
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o . . ..f‘,_l.lquld spreading ln,_zero-"g uo-colored oll rapldly opreldt up tho tldu of tho Flg'uni» 2.2
_.‘ c "\ N . cublcat plastic cup. (This- tognph was takon durlng-zero-g llrpllne flight, .

onpollo-Soyuz) - - o -l ST
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C The chk Demonstratlon Co

- weight. Four wicks, eac’10’ Qentlmeter&long and 1 centimeter wide, were
“the wicks were made of stamless steel wire interwoven in différent ways. The..
wicks was timed. Both the oil.and the water moved: -up the w1cks much faster
than expected, and the. oil moved faster than- the water (Fig. 2. 3) Tlmmg

7, showed that the stalpless -steel, wick: 'th the Plam Dutch weave was ‘most
v efflclent in zero-g 4 ' :
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;" . watched and timed. (This photograph was- uken durlng a uro-g alrplane lllght :
. not on Apollo-Soyuz.) o & \ . ‘- .
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'_chILs are very efficient iggero-g becausethe fluid bemg pulled up” has no
_held in a frame so that each wick dipped into a plastic cup atoneend. Threeof . T

o B fourth wick was nade of nylon Blue-colored soapy water and blue-colorcd-, o
T silicone ml were squirted into the cups, and the motion of éach fluid up the =

' '.='I'=l'¢ure ;ZQQ chk action in zero-g. Three of the wlckg can be seen betwoen columps ol the : '_ -
I -A supporting frame. When' colorod water and oil weré: cqumed ‘into the cups at
ST tho lower ends of the wlcks, ‘the motion of" the liquids up the wicks was'~




(Foam, Wettmg, 1cks)\ - Lo L :
L e 0 S

_,\ RS & lt has been suggested that styrofoam and other hardened plastlcf ms ' . R
Y could be strengthened by addlng strong metal fibers 1O the foam before 1t SRR S I
solldtfied Compé'e how such a.process- wou!d work in- zéro -g and one g e T e o

D Questlons r~DfFussnon s __

‘ e L N2 What happens to theoll whén lt gets to- the top ofthe ope'n-cube cup i : ._".'.-"_- S
S Zerog" ) “-."’_ . _“. . .»4. - 7, [ ’. o e 2
. » Se L K . o~ -~ R . . . -
3 What forces account for onl movmg faster than water along a’ w:ck in
zero- g" ‘ ' '
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3 ngh-Temperature T ﬂ

. . ' \ Fy B
o Salt; in Ze}o-g B
.-.' . . . '. . . P y ( ‘\ -
. . . An electnc mmace designed and built by Westmghouse had been used to melt 1 r . Q; - »
ST metals on the long Skylab.missions in 1973 74. The MA-010 furnace used on : - '
7,-’_ . Apollo -Soyuz was basically the same as the Skylab fumace with infprove- = -
. _ments to shorten the heating and coolmg times. Thé malor regulrement was - -
: flexnblllty so-that the furnace could-be used for seven dlfferent expenments——” e
. ﬁve of Wthh are described in this sectlon _ r . . . -
i} A ol : PRT SSES '
A- '. _:-’The MA-010 Multupurpose Furnace C Ll ] B
.'"l e e 'l‘l'le mptenals to be heatgd in “the’ Efumace were enclosed in standardfglze' . ) _'.b'-
D cartmdges each 2.1.cegtimeters in dlameterand 20. 5cent1meters long Three - - o
Y _ " “such’ cartndges could be fited insidé the vécuum tight fumace casg shown on-: £
L, the rlght side oT Flgure 3 L Electnc current through resnstors was used to heat' B o
! b e * .. ' Lee ‘v‘- .:1, -
), + '#,: K
- ‘
’ l . , . L
s 1 -
B : § :-;?;L::(“RlMFN' w, - o S \ ."-". :
R E The MA-010multlpufpose eloetrlc 1urnaee The furnace ls th nder onthe ~-Figure 3.1: - -
. Ce e right aboyt 22 centimeters hlgh and 9 centimeters in dlomotor ire are three = i TR
o ~ .1 . openings in the top for insérting the three cartridges to be’ heated. The. center s i =
o -+ .. boxcontained hollum and the controis for reieasing smail amourits into the tur- - - _ L
N * .. nace for cooling. The control box on the lefthas dials and syitches to seuuto- - - %
. matic heatup and cooldown rates and soak tlmos ' . e .
, . N . . ) . . ) T o B . . . . . . "‘".\.‘.
Q : . K . i i $,
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the materi'als in each cartridge. The current was co'ntr'olled b)"the box shown

on the left side of Figure 3: 1. The temperature could be made to rise s rapidly -

as 400 K/hr (400°: C/hr) or, it could Be held constant. .Cooling was- .'

aceompllshed by tummg off the electnc currént and injecting helium gas‘into. -

‘the furnace. This allpwed heat to escape from the hot cartridges, which had ..

*been well insulated’in, vacyum during the periodof high temperature The -
temperaturc dropped from its’ maxrmum of 1423 K (1150° C) to 423 K (150 -

msrde wall of the Dockmg Module (DM; see Pamphlet I)..

-

'g C) in. about 3 hours: (Wlthout the helrum conductron of heat, the cooldown -
’ would have taken 20 hours.): The mrddle bo% in Figure 3.1 contained, the "
helrum'and three valves for controllmg the small amount (0. 16 cubic centinie- o
ter) released into the furnace case. The entire expenment was. fastened to the .

*To get. rapld heating’ with ‘minimam heat' loss, Westmghouse used mckel L
wires around graphrte in contact\vrth the *‘hot end’’ of the cartrldges tobe ..
heated, The nickel heatmg wires were covered with alumma (Al 0. )cement .
_Eaery posslble heat loss from each msulated cartridge was- redueed so'that

~only 10 watts of the 205- watt heater power were lost through heat conduction.
This heat loss reductron was possible because the’ heated’ cartrrdges were'
rsolated in a vacuum in the fitrnace case. Before the heater was started, the

isealed fumzrce case ‘was evacuated through a tube to the vacuum of. space '.

outsule-the DM. C € SRR
- A schematic dlagram of the MA: 0 10 fumace control box is shown in Frgure
3 2. The dlagram shaws that the astronaut or cosnfonaut could select the

temperature requested by the P‘rmcrpal lnvestrgator for each furnace experi- '

~ment. The temperature was then automfitically controlled by two ther- '
_ mocouples (electric-thermometers), one at the “hot end’" of the experiment -
: cartndge (bottorn of the case in Frg 3, 1) and one at the cool end. (Both

. temperatures were recorded as a furiction of time.) The “soak perrod" oflto
6hours was the time during which the furnace remained at maximum tempera- o
turc to’ homogemze the matenal The cooldovyn rate; which controlled. the. -

trmmg and the amount of helium: coolmg, was also set.*From th‘g.‘_:

temperature- versus-time curves for the two ends gf each.experiment car- o
tridge; the Principal’ lnvestlgator knew exactly how hrs alloy, eutectlc or

qrystal had been heated soaked-. and co@ d.
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- N Diagram of the MA-0I0 furnace control system. The “Temperature select” ay - Figure 3.2 -.

.- .. theleftis adial on the control box shown in Figure 3.1 thajis set by the astro- e
... naut.“Soak period selection” on the right is a similar dial. The indicator lights . . C
S - {(“Indication function,” lower left) showed whether the furnace was heatingup, = . , T

S soaking; or cooling. The heater (far right) was automatically turned off for S TP

* - - cooling or it a breakdown occurred, . ‘ . _ ‘ e e S

.
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A " I:e/d-Zinc and Alumlnum-Antlmony Alloys l‘
. -Produced in the MA-044 Experlment

"The MA-044 cartndge for the electrrc fumace rs shown in Frgure 3 3/Eachof -
three cartridges contained two small: “ampoules dnside’ a_stainless-steel .
- cylinder with'a *‘Fiberfrax" insulation lining in the middle ans_tlheat -leveling o
Lo graphrte at theends. By usrng 'this design, the Principal-Invesfigators got one -
L S ' sample in AmpouleA heated to ﬂ423 K (y150° C) and the other; in Ampoule '
e ..B, heated to, 1123 K (850° C). After a 3:hour 20-minute he}tup penod both- -
: L ' samples were soaked for 1 hour, then cooled down for 6.5 hours ‘The copper’ Lo
“surrounding Ampoule B kept all of that ampoule at the same temperature;,
-.even though there was a drfference in temperature between the hot end and the
cool end of the fumace.. - SR L
"~ The mixture’ of lead (Pb) and zr‘nc (Zn) was chosen because these two . A‘ .
metals have very ifferent. densrty (11.35 gm/cm"’ forPband 7.14 gm/cm" for
- Zn) ‘and cannot mrxed well in one-g. The small ingot in: Ampoule B-was.
. _ made in the laboratory by putting 0.33 cubrc centimeter (3.9 grams) of pure *
SRR T " Pbon top of 0.66 cubic centimeter (4.7 grams) of ‘pure Zn-and. ‘heating it rn(a
v " fumnace to 1123 K (above the melting- points of Pb and’ ‘Zn) for 10 minutes. *
S Gravrty (one-g) pulled the denser Pb down into the Zn but did not mix them
- well. It was expected that the hour’ long soak at 1’123 Km zero-g would l‘mx
. thern much better..
) Before the Apollo-Soyuz flight three similar cartndges had been prepared
‘and heated in a furnace rdentrcal to the one on Alpollo Soyuz. These labora‘ :

& . tory tests showed exactly what t/he temperatures in Ampoules A and B were -
o o . - for each set of-recorded temperatures at the ends of the MA 044 canndge o
S Temperature -time plots are shown in Figure 3.4. s

P - As shown in Figure 3.5, th¢ molten Pb did not mix wrth the molten Zn in . s
o B oL zero-g. Both in zeto- -g and.in.one- -g, the interface between Pb andZn remarned o
: © ..., ... " shamp. Careful chemical tests/and electrical easurements showed very )rttle :
IR . diffusion of the lead into the zinc. The diffusion hadbeen expected to be much -
" larger. These results show errors in. one-g Jaboratory work ‘on drffusron in
. molten metals. The Priricipal Investigators consider that there is a need- for
further experiments in zero-g, where diffusion can be’ measured accurately _
. The “aluminum (Al) and amrmony (Sb) mix forms an actual compound :
alumrnunfantrmonrde( Sb), which has technologrcal importance because it
is a very good material for sélar cells that convert sunlight into electric power.
" In fact, the compdund AlSb should be 30 to 50 percerit miore efficient than the
. silicon that hds been sed in solar cells on many NASA spacecraft and on-
Soyuz (but not on ! llo seelPamphlet l) The drfﬁculty is in mrxrng Al. ;
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Dldgrem of MA-M4 certrldge for alloye Ampoule A at tﬁe hot en¢ (bottom ot
. furnace in Fig. 3.1).reached the highest temperature. Ampouie B near the
- center reached a low

conductor and served to keep the entlr&e ampoule at thé same ‘temperature.

Ampouleu A and B and their contents are shown’ in more detall in ‘the dlagrams"

.s / at the bottom.
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empeuture because the temperature: decreased from: - ‘
left to right along the cartrldge The copper around Ampoule B is a-good heat -




"-Soak-o'. - - Cooldown ’ . T I
. ] . -
b l_- T IR | . . P :

1
_"Te'mpera_tur‘e',l((“c')_'_ , oo
. a oL . .
3
1
"
s

Cw -y L costend 1 L Dot T

213 T R S L TR -

e 100, N 500 300 400 ; 800
B ' ' nTime.min',’ o Lo

Ui . . . L 4w

(T, om0 UHigure 3.4 ,'Temperature versus tlme inthe MA-044 eamldges The top “cuirve.is for |
IR s pouleA (at the hot end ln qu 3.3); the lower curve is. for. Ampoule B; an the'
N ';' . ' o bottom curve is for the ool end of the cartridge. The hotlzonta! arrows,,show_

R ) S L. the meltlng pqlnts of the fourmetals‘ the AISb compound. and the Pb-zn alloy. -
. ;v_' - - .o ) _ g .. . ‘ : . L '., ) »-' I . mﬂ-.‘,, . .:_v R \- R ; ’. -

B L I T

o e o _'lf they are. not perfectly mixed, the alloy can have three dlfferent structures.- o
Do S (1) pure, Ale with an electrical resistivity of about 30 Q-cm (30 ohms resis: s
R . tance for I- -square centtmet‘ercross section per;:enttmeterof length) (2)amix ' R
RN of Al'with AISb’ wnth a resistivity ofabout 107* Q2-cm, or(3) a mix of Sb with-
. E Alﬁb with.a resxstwnty of about 103 €)- -cm. Pockets of the last two structﬂres _ s
ST Would **short out"* the: desued solar-cell characterlstlc L P : s
.o 7o Ampoule A contained |:5cubic centimeters of Aland Sb mlxed in propor-' PETI
tlons to give exactly 50 percent Al atoms and.50 percent Sb atpms(1.26grams .
S of Al and 5 4 grams of ¥ "Sb). This ampoule | followed the highertemperature- - R
RPN time curve on Flgure3 4 soakmg for 1. 5 hours at 1423 K ‘Figure 3.6: shows'-'-' s
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B o mlCl'OSCOPlC vneWs of the resultmg alloy the top photo raph rs'lhe-fhght U S
_ © s, sample cooled in'zero-g and the lowerphotograph |sasampecooled inone-g, - P s
o " 'The red color shows the desmed strycture 1, pure | AISb and the blue color ; _ R
[ " shows pockets of structures 2 and 3.'Many other photographs like Figure 3 6. o .
AT were takeh, and the area of blue (structures 2 and 3) was measuned oneach,In  * “
- - . theflight samples. the: pockets averaged 2 percent of the area, whereas the . ' .
* -+ - . -.AlSbcooled in one-g averaged 10 percent. (In Figure 3.6, these areasare | = [ . "
- 0 %7770 . pereent and 25 percent.) Accurate chemical and x- ray analyses confirmed AN S
... .o .. these measuredqgreas, indicating a fivefold increase in.the compound Ale HEEEE ST
T -+ cooled i in zero- -8 ver ‘that cooled in one-g. Medsurements of the electncal o RS
D 7. resistivity averaged 12 Q -cm in the ﬂlght samples andO 01 Q- -cm in the one g s '
~+ - samples. . d '
*.° - . ThePrincipal lnvesugators conclude that heatmg and cooling Al Sb mlx- E S
~ tres in zero-g can produce much more uniform AlSb compounds than in. RSN B
- .~ one-g and that this procedure may Iead to commercral pmductlon of the Ale D ST e
N 'compound in space. o C e g '
.‘: :’-: \., ‘,:
Te ‘
D & .
: pnotognm ‘of leadiglh |n9ots ln both zoro-g (mt) and one-g (ngm), tho Figure35 -
- : loodandz ha mixed. - Y A S g R
z A ¢ * .
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\) . “gl g A ES

- R

Aruitoxt provided by Eic:



Nag R
N o

aa’

- e

) '\." . : . - - .
RN} Lo i .

" Figure 3.8 Mlcrostm\:ture of Ale 1ormed in zoro-g md omvg. Thou onllrgod photo-
o i . graphs of polished cross sections of’the AISb ingots cooled in zero-g (top) and - L
T o " one-g ‘(bottom) have been colored red for pure AISb and biue for mixed struc-" s '. &
W S Lo - tures. The defective (blue) dreas total 1 percent of the area shown in the top 1 .
' T photognph and 25 porcent of the area shown in the bottom photograph v

PR v
! . N

' . - . - : < ' foa . T , S .
’ r
h
d

o,
L

ERIC

Aruitoxt provided by Eic:



S

ERI

Aruitoxt provided by Eic:

L alutnlnum spheres

Melting pf Aluminum, Tungsten, Germanium,
. and: Silicon jn’ Zero-g R

tigator, I, Ivanov, and'y
" were'three identical cartndges. edch contammg three ampoules, and all tlpee

_‘cartridges were returned to: the U.S.S:R on Soyuz. One ampoule contamed. :

- aluminum powder that was melted (at 973 K, or 700° C)-in an attempt to .

* produce perfest spheres when the melt was cooled. Spheres were produced.

.

Jomt Expenment M ;150 was. desrgned by\he Russtan Pnncrpal Inves-
d the American MA-010_furnace in the DM There -

~but aluminum oxide. mfluenced their formation and they were: ndt perfect they _

were about the same as spheres produced in one-g. - e

The temperature-tlme plot selected by the Russians for the hot ends of. the

_ three canndges is shown in Figure 3.7."The ampoule that received.the full .
1423:K temperature for an hour-long soak gontained tungsten spherés and .

" aluminum. In one-g, the unmelted tungsten spheres would sink to the bottom. © "_ .

“* Inzero-g, they remamed in place and the Russian scientists: measured the rate

“of formation of. tungsten -aluminum alloys dunng the 3 hour soak \

. . (1 U G ,
L e A :
L (T'= 1423K (1150°C)
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473 |
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Cartridges
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Temporature versus tlmo ln the Sovlet materlals meltlng exporlmont. The am-;_

. poules at the hot qnd produced an aluminum-tungsten alloy. Other ampoulee
ruchod lower soak temperatures and produeed germanlum cmtals and

Ty

i

Cartndge;- s
" transferredr

_=‘-. BN

Flgure 3. 7
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- 'germanium *‘doped"’ with 2 percent of silicon atoms—a semiconductor used-

‘ toward thie hot end of the canrldge The Russians consrder these gennanrum
srlrcon crystals to be: better than those made in one- 3 PR :
A

LR ‘

. _DlﬂusiOn of Gold Into Molten Lead

engrneers who make alloys I one-g, measurements of how fast one liquid ,

o n;etal spreads through ‘another aré complicated by. convectron currents. The
A .” ' hotterparts have lower densrty. so they rise. The coolol"~ parts of the liquids:

’ ~ have hlgher densrty and:so they fall. In zero -8, this type .of convection does
' . not ‘occur, but other forces (Sec. 2A) may ‘cause currents. in llqurd metals.
Cohesrve forces of different. ‘materials produce surface fension, which-can

. cause- motlor\of the*quulds at an interface between: two: liquids. Adhesrve -

. farces produce wetting, which;can cause motion of a liquid along its lnterface

C -

“The drffusron of « or\e liquid metal lnto another is. rmportant for metallurgrcal .

with a solid, The\:b_]ectlve of the MA- 041 Experlment was to measure bpth a

 thesé motions in- the* absence of gravrty produced convection.

‘l‘he mrddle ampoule reached somewhat lower temperature lt contamed O

“The MA-041 ‘scientists at the Oak’ erge National Laboratory- had(an v -
effective. method for | meadsuring the amount of gold (Au) that had méved |nto o
" the liquid lead (Pb) before. it cooled and solidifi ed The small'ingots returned

. from Apollo-Soyuz were placed in the nuclear reactor at Oak Ridge, where,

_ .. . they were bombarded by slow neutrons: ,Slow neutrons cause a nuclear
.+ . .. reaction whereby '%7Au. atoms (ordinary. gold) become radioactive '*3Au

atoms, which in tum emit beta rays of 0;96-megaelectronvolt energy. The

half-life of 1987y is 64.8 hours, sufficiently long to-allow measuréments of .
‘Au atoms that had moved various drstancesrnto the Pb. The small ingots were

'. cut in half, polrshed and irradiated with neutrons. The flat faces were then

placed on photographrc plates with a special emulsron that is sensitive to the . - »

‘ oy ' 0 96- megaelectronvoltelectrons emitted by the !**Au atoms. When the plate;

:Was developed ‘its density (blackness) showed just how many 19°Au atoms

-.were ateach-place in a thin layer of the specimen. Because the range (distance

traveled) of the 0.96- megaelectronvolt electron in Pb is approxrmately 0'4. RRRS
... millimeter, only the Au concentratron in thrsO 4- mrllrmeter-layerthrckness is

Lo detected. - '
- ( : .Two.small rngots of lead 3 centrmeters long wlth a 3’m|ll|meter plate of

.Pb-Au alloy at the end were camed in each of three MA-041 cartridges for the L
. MA-010 furnace: One ingot was placed at.the-hot end and : soaked at 923 K

. - (650°.C) for 1 hour'“”l’he second was placed halfway down the cartridge,
o where the temperature reached 723 K (450° C), for the 1- hour soak. (Lead

¥

' R ST ’ W .

»

N .vw

" in ‘electronic circuits. The melt sohdlfred dlrectronally, from the cool end - : SN



: - ,.. * sufrounded by steel that was wetted by molten Pb; in the other two cartndges,
T " the lead was surrounded by graphlte that was-not )vetted by molten‘ Pb: A

L slmllar set of three cartrldges was heated in the same way ‘at Oak Rldge m ;,.J ;

-one-g.’
Measurement of the zero‘g specrmens showed that the Au atoms had
. , moved more; than 1 centimeter in the lower temperature zone (723 K) and
v . < more. than'2 centimeters in the hlgher temperature zone (923 K) The Au
o> ..~ - “atomsmoved the entire: length of thé Pb in the one-g specimens. In the Zgro-g
o " ampoules, the motion was mainly down the center; there was less | motion next, -

meIts at 600 K, or 327° C ) ln the: ﬁrst cartndge the lead lngots were

.,,~

to-the walls ‘The motion of the Au atoms into thie Pb was caused by dlffllSlOl'l o

" and by currents due to surface: tension. Further experlments are needed to ..

L _' separate these two types of motion. “The Au movement in the. one-g specrmens
‘ -was mostly due’to convection. .
In zero-g, the effect ‘of wettlng the steel ampoule was less than expected
that is, the motion of the Au into the Pb was very similar to_that ip “the
. nonwettlng graphlte ampoules. In'one-g, theré was asmall wetting effect; but .
- . it was much less than predicted: The many measurements ip Zero-g seem to
o ' _indicate that liquid metal. “slipped’” along both the graphrte and the steel walls
and dld not wet the steel walls S A '

. if

E Magneﬁc Alloys Formed in Zero-g

Physicists have found that magnets are made up-of many small magnetlc
5,gdmams." each with a north and south magnetlc pole. In an ordinary barof
ron, these magnetlc domains are po,lntlng every which way (and tend .to
eancel éach other’s magnetic fields); however, if the bar is put into’a strong

magnetlc field (close to anothér. magnet or in a corl of wire carrylng direct~

N 7 current electrlclty) the; domalns .are aligned and, the iron bar is magnetlzed
T -', . For a permanent magnet the domains must remdin alrgned “held. there by .

T forces in the material. In &’ pure jron ‘bar, such forces are very small, and the -

7. domains, lose their dllgnment as soon as thie outside magnetic: field i is removed. -
“However; some alloys have been shown to. have much larger ‘internal forces to
hold magnetic alignment. The force holding thé domains in hne is measured
by the. magnetlc -field strength necessary to tum them around 'fhls is called

e magnetlc alloys.
3 One Ob_]eClLVC of Experlment MA 070 Zero-g Processlng of Magnets was
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blsrhmh Wthh surrounds the’ ﬁbers The 1dea was that the ﬁbers would be as” A* B

‘\_'.- A thin as the magnetlc domarns they contaln “When the domalns are- allgned R o
S T o long the fibers,. the, matnx .would tend to hold them that way, . e
N e 'Thin fibers are formed along the' temperatune gradient (direction froméool = ! :
‘~ o o _tohot) when certain molten alloys are cooled progresswely from one end to the -

.\ .o, o .. other. Flgure3 8 shows how this was doné in the MA-010 furnace: The three
\, R « MA-070 cartridges each contained thre¢ ampoules Ampoule 1 at the hotend-".
o ‘_ -, was surrounded by.a graphlte"‘heat leveler.” .The: ampoule was heated -
w e : umformly (no temperature gradient) and’ contairied a mix of 50-percent o .
L \ .S . .. bismuth(Bi)atomsand 50-percent manganese (Mn) atoms. Ampoules2and3 % . 0
ETA N -+ were ina strong temperature gradieht of 30 K/cm (30°Clcm) down to the ' . - -
S e lower temperature at the cool end of the cartridge. Ampoule2was filledwitha =
' *-* .. mix of copper and' copper-cobalt-cerium (Cu- (CuCo)SCe), and- Ampoule 3
CrTen L _was filled with a mix, of hlsmuth manganese-blsmuth (Bl—MnBl)
o e The temperature at the hot'end of the MA-070 cartridge. (Ampoule 1) was .
' - o ralsed to 1348 K (1075° C).and kept there for. 45 minutes. The furnace was - .
then allowed to cool slowly to 673K (400° C)over- 10 5 hours to solxdlfy the ., .
..-mix, and then cooled quickly by inserting helium gas, The temperatures.in _
Ampoules 2and3’ weére lower but followed the same pattern,’ The highof 1323 i .
K (1050° C) in Ampoule 2'and 1123 K (850° C) in’ Ampoule 3 melted their
. contents. The cooling.was from rlght to left i 1n order to produce fibers along

-

"the axis in Ampoules2and3 R T R AR S

N T

Heat extractor "/
: ,,,,,,,,,,,,,,,,,,,,,/4,,_,

- K Ampoule2

—

>
. 3
£
. ®
(X

.-\\\\\\\\\\\\\e\\\\\\\\\\

e . R .. :Thermal |nser_l< ) T Stainlesssteel Insulation The'rnwal,insertf.
. e L . f'_ _-(graphite) ST , silppo_fl'lube A : ,(graphit_e) :
*Thé:mocoubles ' ,” O '/ R
o o o : v : .
Fre Flgijm_‘a.-a DlagramofMA o7q cartridge for magneuc alloys The hm levelem the Iel‘t ls e
CEEYTYS 7 Tl at the hot (bottom) end of the MA-0I0 furnace, and the heat extractor.at't S
T e ., right is-at the cool (top) end. The three ampoules contained different mixes for i
Cof U Yheating and .cooling, Ampoules 2 and 3 in strong temgeraturo gradlents. The R

‘ 3 o dlrectlbnal coollng was lnunded to form euteetlc ﬂbors in: Ampoulos 2 and 3 D
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The melt m Ampoule g cooled lh zero-g to prod-uce large umform
érystals (ln one-g, most “of the Mn ‘rises (floats) to thé top," and the"

- are complex, showmg both low. and hlgh coercive-forces.

> ST In Ampoule 2, the Cu (CuCo)5Ce mix ‘reacted wnh ithe ampoule walls
; (made of boron mtnde) and solidified in long crystals extendmg inward from '

.‘the wa.lls The coercive force was not-increased i in:the zero-g- samples

crystals prodicced are small. ) The array bf separate MnBi crystals showeld that . ‘, AR
o " there was a temperature gradlent during’ the coolmg from the edgeto. the center = ..
fae o of the ¢ylindrical ampoule. As a fesult, the’ magneuc properties of the MnBl _' ,

Nehrthe cool end of Ampoule 3, the MnBi fibers were not well alxgned but '

l.: i : o asthe coolmg frontproceeded toward the hot.end, the. ﬁberahgnmem steadlly L

Ce lmproved .as shown in Figure 3.9. The coercive strength of these samples was
e 876 %10 amperes/meter (1.1 %7104 ogrsteds)-—more than twice-as high as

~_" Lo ‘ ) may lead to a new technolog)i of manufactu’rmg magnets e
_ Flbors ln magnetlc eutoctlc from’ Experlment MA-070 No ﬂbers were formed ; -"F'l',gu‘re 39 |
e ln the large “chunks.” The. thin white iines at the. top are MnBi fibers in blsmuth' R PR
B . whlch shows as moma( gray ln thls photograph ofa pollshed cross sectlon -
Q il e
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| F Transparent l*ibers From a Eutectlc ,“

Coe o Tran jmnt ﬁbers have an 1mportant use as “‘light plpes" ln the new technol-
R P ogy-of fiber optlcs An expemhent on Slfylab produced long ﬁbers of sodium
T . fluoride (NaF) in sodium chlorlde (NaCl common salt)’ when a mix of these P
( L T twe substances was melted -at about 1143 K- (870°:C), 4 and then cooled ' ! et
RN e progresswely from one end of the cartridge to the other. Expériment MA- 131 S .'
N _ ‘tried to’ produce a similar eutectlt: made of llthlum ﬂuonde (LlF) in NaCl on: . )
T ‘Apollo-Soyuz, . - - - e
Sl e The MA 131 scientists constructed nine* cartndgs,s with the dlmenslons. c
R R I shown in Figure 3.10. The. sample was 29-percent LiF and71%percent NaCl, S
Ll " melted and solidified in a laboratory, then carefully cut'to fit inside a graphite . ™ 7/ © -
R - .. cylinder, which was encased i in a stainless-steel cylinder 111 millimeterslong =~~~
. R ' “and 9.6 millimeters- m dlameter ‘There was a-43- milliméter empty sectlon{,. . )
S ' ' . (filled only with inert gas) at thie hot end to allow for thermal expansion dunng E S
T ... ‘" heating. The hot end was heated to 1293K (1020° C) in the MA-010. furnace e
come .o oo oo Atthat point, there was a temperature gradlent of 50 K/cm(50° Clcm) dawn - :
S ' . thecartridge toward the cool énd, and the last 12 millimeters of saltmixatthd - -+ -
. s cool end was unmelted because the temperature there was' less than 1073K- .- =
. - i o (800° C), the meltmg pomt of NaCl. As the mix cooled (at 06 K/rmn or;O 6° _ R
e ~ C/min), fibersof LiF grew. out into the molten mix because LiF “freezes’” Tat o e
. L 1143 K. These fibers grew stc;,adlly atarate of about 2 m/sec duringthenext -~ - ..
20 ‘hours.. Back on Earth after the. mission, the: solidified NaCI-LiF eutectic © =~ .
was analyzed for flber length dlameter spacnrlg 'and optlcal propcmes e

b .
” . R . . s
R . : .- . LS.

Lyt K . - . R : - RS

. .-egmmoutside diameter . o 1
: BT =] = Graphitediiner ., .

- — 43 mm : 8.9 mm outside diameter

A : e o /. 7.9 mminside dlameter :

 Hot|
. . Coa e . Me_nd

AR BRRR ALY

(Empty)’

- LiF-NaCl " Graphite disk”
. . sample”. , <" .Resistance weld . _ .
" S . . . : _ j'_:ﬁ,r' 111 mm . - K mrn R

« . . N . R - . T P FR

; : Flgure 3.10. . Dlagrarn of MA-131 cartrldge for NaCl-I.IF euteetle There was a strong tem- e
. ' . perature gradient of 50 K/cm from the'hot end at the left fo the eool end at the - " ‘

T B rlght\glbersofI.ngrewfromtheeoolendtowardthehotend e S
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1,and refrozen in zero-g.

Threeqf the MA- l%ndges were ﬂown on Apollo Soyuz ) be melted"-_ Lo
e other cartndges went through the same tempera- . B

" ‘tures at. Westlnghouse Laboratories in one-g, and three were kept.by the.” .
3 'MA-131 ‘scientists at UCLA. The mam results were a companson between the ...
first two, sets--the fibers grown in,zero-g and those grown in one-g. Figure.
. 3.11 shows, the: Zero-g fibers at the place ‘where: the salt mix was.unmelted -

(left). There was'a sllght bulge in this 'unmelted surface and the fibers grew -

- perpendicular to the surface bowing outward rather than growing’ straight -

down the cartridge as mtended Flgure "3.12 shows the LiF fibers farther

".down, where the tempgrature gradlent was more uniform and the ﬁbers are ¢
*. more nearly parallel The zero-g fibers in Figure'3.12 (top), are long (more .
“than | millimeter), whereas the orte-g fithhrs (bottom) are short (0,05 millime- ..

* ter 'and less). -Figure 3.13 shows the remarkably regtilar spacmg and- -

4-micrometer dlameter of the LiF fibers.

"The NaCl-LiF eutectlc will be useful for oiaucal work wrth mfrared llght Lo

'The LiF fibers transmit infrared light of wavelengths from3to'12 1 microme-
ters The long fibers grown in zero—g are aboutﬁwrce as et!ﬁcrent for mfrared

LIF ﬁbon“\lt tho unmelted salt boundary ln Experlment MA 1 31 Theunmeltod

o e

e -

4
.
B .

. Figure 3.11

o .

b
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Ie’.3.12 Parallel LiF fibers formed in zero-g and one-ﬁ “The fibers ﬁm;ied in .zero:g

. ! o 2 (top) aré more. than 1 millimeter long in thia photograph of a Iengthwise cut .
- ' R through the eutectic’ bar, enlarged 56 tlmee. Fibers formed in one-g. (bottom) .
’ are Iess then 0 05 mlllimeter Iong In thls .210 tlmes enlargement. . g S
¢ ' . . . ) . i
.o LI 28 . -¢ ' ' . '
Q . s e 36 B
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- "Coss sections of fibers in NaCI-LIF eutectic. The fibeis are regularly spaced * Figure 3.13

_ ment &f the zero-g sample shows the remarkable uniformity of.fiber sizes. :

whd o N S . . . S

- . S . . . B Lo . . e . ' N

s
vid
o

Ca

both in the'one-g (top) and ‘zéro-g (bottom) samples. The 1 900-times enlarge-
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'. flber optlcs as the shorter onevg ﬁbers When mfrared hght goes through the o

- eutecuocrosswrse (perpendlcularto the ﬁbers) itis scattered and polanzed by AR .

the fibers; that is, infrared waves oscrllatmg in the dtrecnon of the fibers-get .
, ‘ through more easily than'the waves oscrllatmg across the fi ibers. The NaCl- * .= " =
R o - LiF eutectic plates, cut so'that the fibers are parallel to the faces, can be used - ',-' .
' ; as mfrared polarlzers (llke Polarond is used- for VlSlblC hght) ' '

DT G Questlons for Discussion o
e . (Heat Transpon Temperature Alloys Eutectlcs) ' RPN

4 lf the MA: 010 fumace uses 205 watts and takes 3 hours to reach
. o . ‘maximum (emperature what amount of energy lsadded ‘to the contentsof the.
e fumace‘7 Where dld the heat 80 durmg the coolmg of the fumace"
. - . o - B
5. lf the canndge used in one' expenment were twrce as massive asrthe
o canndge used in arrotherexpel;lment how wouldthe heatup tlmes dlffer"Thc o
' 2 cooldown times? . " s

1’ : : '4" oa ”

¥

‘ 6 "Which l‘ul'nace expenments requlred a temperature gradlent m thelr
samples" Wthh requlred umform temperatureW

w oL Ta .
‘ 7. How c.tn the canndge deslgn glve a hlgher ora lower temperature
gradlent‘l' ; *j_' o P R AT
R TEN t e e 2 o
How much power was requlred for the electnc furnace durmg the soak

b B . . s.l PR e . Q. .
Lo L _rpcrlods at constant.temperature" S .‘ T~

.i.r._ E

.. lna»SO/SOmlefIheato",‘
. : ‘ ;.,‘ 'beused" » ‘._ o v_:'_ R .___

. 13 -Ho would lt be possrble to get miore detalled data on the mofions of '
£old tlu'ough liquid..lead—more like a wnotion - plcture than the beta-l’ay _
plctures of Expenmerlt MA:0417 (Remember that radloacttve ‘”“Au hasa e .
. half-life'of 64. 8hours,_and that fumace heatup and cooldown tlmes,ar‘e 81 least E

T LSS TP I DT PRU S W,
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Crystals are solrds in whrch most of the atoms are, arranged ma negular pattem; o
like a - stack of bricks. As a crystal grows. ‘interatomic forces fdeally add :~
©.-° 7 .. anotherlayer of“bncks"precrsely placed on the ones; .already. there Crystals"
Ceed o5 canbe grown by combining substances in asol.utton Uy freez,t g
e ' by condensing a vapor-on a selid. "For. mstance *you can see: s&ltlcry,stals fgnn

in salt water as it dries or ice crystals form in freezmg wate 'h*',llruly perf‘ect. e e : -
. crystals probably do not exist.~The solution, o mélt; or vapor is wsually .-~ " . S0
-.,stlrred oris n0t uniform; or is movmg 1rregularly SO that a‘growmg crystal. . o
S becomes une'ven ‘and a Jumble of smiall crystals results. Even when.one crystal"- o
' growstoa falrly-1arge size, if generally’ develops 1mperfect|ons in its layers
‘when some other kind of atom is deposlted—-hke an overslze brick in a stack *
 of bricks. Ther, theregular layers of bncks get.out o/gtep with the layers
* beneath, -and thérg rs £ -f‘structural defect’ in the crystal. . _
. ... Crystals have become important in modern. technology For: mstance, the:
" hardness of dran'ton $ carbon crystals) makes 'tl’lem valuable foruse indrill = . -
. bits, and germanmmc stalsare used.m detectmg‘gamma rays (see Pamphlet e
" 11). Many, other-crystals ‘are used:in eléctronicsa-crystal oscillators,solid- ~ - ‘
-, state rectlflers and other semlconductms S enusts andengineers.have ‘made
C .. . preatprogress in growing largecrystals undercpr‘efully controlled condttlons. . -
e “but convection currents in one-g often producg changes in the regulanty of
A growth. These changes result in composmonal and: strqctuml defects. For this &,
- " reason, crystal- growth expenments werg' ‘made i Zero- -gon Skylab in 1973, ..
- and the results were s0 promlsmg that 1hre experiments were scheduled on’

.mdlum antlmomde(lnSb) that were mol‘e neat‘ly perfect than an , vducedon. r a
Earth Thescmntlsts atMlTwanted todetermme whether.other motlons dueto
frface tenMon oewettmg would dlsorgamze germanium (Ge): crystal growth
AR -_m"zero g.-éxaetly how fast such‘-.}crystals grow, -and what happens wheit the .
% .7 Y germanium is *‘doped"’ ‘with the .1 .percent of ‘gallium (Ga) needed for
‘ < - electronicsuse. They had dev damethod of ““interface demarcation” to -
JEeonn ‘check gro\vthr'aw Alayerofatoms_._ .the crystal surface was“marked"every
r% . 4 seconds- by:sendmg a pulse f electncrty (30 amperes for 90! mtlltSeconds)
Sy fromthegrowmgcrystal(+ in othe moltenGe( ). SllCESW ftbecrystalwere

e

YT
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o The MA-060 cartndge con‘tammg a lO-centlmeter cylmder of Ge doped L
& with Gain'a quarttmbe is shwdn in Figure 4.1. Ateach end of the Ge were b .'3" O ’
e trghtly fitting graphrte caps$ attached to electncal leads for the pulses of,
. electricity..On Apollo-Soyuzﬂl thé hot ends of three of these cartndges wel:e,. :
.heated in the’MA-010 furnace to 1393 K: (1 120°C) so that the Ge was'melted .
+ d%wnto about 3.5 centimeters from the cool ends. ‘The cartridges were kept
Nl JhlS’W4)' (¢ ‘soaked”) for 2 hours..Then:the temperatune was lowerqd at the rate; *
‘ _+ - :0f 2:4 K/min. (2.4° C/min) for more than .an hour to grow:the Ge crystals; at
~ *abott 5 wm/sec. The furriace current was then swrtched off; whlch _
_ somewhat faster. coolmg rate for another hour Then hellum was i
T ,fast cooldown, ' : '
: ‘After the mission, the cartndge was opened at MIT The G‘e crystal sltpped
© - easily out. of the quartz tube, which:shows that Ge does not wet quartz in .
zero-g. For some reason, this is a change from one-g, where llqurd Ge does -'
wet juartz and adheres to it asgt solldlﬁes Inone cartndge where the Ge was.
", packed with one flat crystal surface across the quartz tube at the cool end,
- - there was a single. almost perfect crystal 6.5 centimeters long, formed from '_

Aol the melt. '(ln ground-based: experiments,: the longest single. crystal obtained . - .
A was 3 centimeters. Beyond that length, the crystal grew m“grams,” Mth its - -
A mam axis in a different direction in each grain.) | . : P
" The crystals were. cut lengthwrse mto 1- mrllrmeter slj One face of each - O

"v"sllce was polished ‘flat and then: etched with acid. Frgure"& 2 shdws the«cool

*.end of the first carmdge with unmelted Ge at the top, a nagrow region ‘where - o
L " .thé melting was partial, and the smooth crystal at the bottom, The, {me‘ lines - - ", . =
B " are demarcatlons of the crystal surface, prodﬂced by the current,ugulses a

LI S -.4-second mtervals .Measutement of the spaces..betweeg,thesg lines gives the . "\"'f

A ‘crystal’ growth’ lh 4-second intervals. . The growth - Was’ §i all .at first but 2 _
LT .mcreased rapidly._ As Flgure4 3shows the growth ratelev edoffat aboth TR S

| ‘°"J\1humlsec S ¥ e

e ﬁ.ﬁhough the(e ai‘gstlll some uncertamtles about the effects of Ga “dop-', s :
- ;ant“" and its spread _t,hroughout the Ge crystal, the MA-060 results show that =" -
EEE o large, nearlxiperfect“c;rystals can be grown from a melt in zero-g, and'the ~ . -
; N ' i S growth rate Of genﬂanlum in dlrectlonal solldlflcatloh was measured ;

aF
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‘Figure 4.2 .

) Intedaco domarcatlon Jlnos ln germanlum crysnl 9rown ln zero-y. Ie'noth-
wise siice of the crystal, polished and etched with-acid, sﬁows a line marking
the crystal. surface at the time of an electric current puise. The lines are close-

- near the unmelted gormanlum at ‘the top, showlng that ctystal growth ntnrtod

- slowly




S0 a4 . 8. -2 16 [ 2bp 24 - 28 .
' . © Distance grown cm ot : z

n ﬂate of wmanlurn crystal growth in zero-g Tho gowth in 4-ucond Internls'. Ftﬁu'r'o 4.3 '
B was measiited from Figlire 4.2, converted to growth rate in micrometers per - - -
-~ second, and plotted mlmt the dlstance orown (do‘wnward from the top of Flg.l o
'.',_42) Vo .. .. ‘

L B rlGrowtp /)f Crystals From Vapor -

.~ . Small crystals were formed at the cool .end’ of a- quartz tube from a solnd S .

- (unmelted) source at the: hot end by usmg ‘chemical ‘vapors as “transport R
. agents; #*This techmque had been tried on Skylab i in 1973 using gem'lamum R o
. ' selenide (GeSe) and’ germamum tellunde (GeTe) as the source matenals and TR '
o 'germamum'xod’lde gas (Gel) as the transport agent. The sollds (s) were not o

« .’ -vaporized by high temperature Instead, they reacted thh the- gaseous (g) -

 transport agent at 873 K (600°C) to give two other gases, which diffused - R

. "down the tube to release GeSe or Ge'l‘e as cry'stals at773 K (500° C) The‘ EUCEE

'~'chem|cal equatlons are .

v

ZGeSe (s)+2Gel (g) at873K = 4GeJ +8e
K ' = ZGeSe crystals + ZGel (g) at 773 K

Lh

| ‘_:'.,‘:',2Ge'l‘e(s)+20el (g)at873K->4Gel +Tez AT
’ . R ZGeTe crystals + ZGel (g) at 773 K RS

f .‘“( :.
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e the same proc;ss inone-g. . N
. *Apollo Soyuz Expenment MA-085 confirmed the Skylab results under

L - *
.,:\:'j /" 4 .
. F ’ ’ '
. : A
oy ,
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The amount'of matenal camed by the transport agent was me suned by
werghrng the small crystals at the cool end of the tube when it was. returned .
. to_the- RPI laboratory "The amount was found o be uneXpectedly large. .
‘Because pure-crystals-of complex germanium compounds are needed for’

"'"electromcs ‘this vapor growth.is an rmponant technology The ‘crystals

produced in zero g are larger and more nearly perfect than those produced by

somewh‘at drfferent conditions.. Three . starnless steel cartrrdges for- the ..
MA-010. electric fuinace contained sealed quartz tubes 15 centrmeters long
" At:the hot end, each ‘quartz tube had two thin silica rods that held the source

" material. After a 2-hour heatup penod the,_hot end.was at 877 K (604°. C)

“and the cool end at 780 K (507 C). These temperatures were’ held constant .

for'16- hours Then the furnace was tumed off and hellum was’ mserted to.

~ cool the cartridges- raprdly R

The source materials used in Experrment MA 085 were GeSe and

germamumsulﬁde (GeS), and the transport agents were Gel and germamum

chloride gas (GeCl,): Thecartrrdges labeledA B andC were loaded before
the mrssron as follows , : : ¥

The pressures m the frrst two cartrldges (A anR\B) were somewhat less than'
atmosphenc pressure.?. The third cartrrdge (Cy was at- almost three times . .
atmospherrc pressure, in‘order to test the: effect of gas densriy on the dlffuslon '
of the chemrcal vapors ln B and C, the chemrcal reactions were

OQGeS (s) + 2GeCl (g) at 827 K+ 4GeCl * S

The GeCl and S are gases at 773 K (500° 0) and aboye

*One at'mosphe.rc or 760 torr is eq'ual_ to 104 KNfm®. .~ »

Ly ZGeSacrystals i 2oec1 (g) at 780 K Ve
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rmssron the MA-085 s¢ientists found the quartz tube strll sealed and the
. remaihing: source matenal still firmly attached. The small crystals that had -

L

:blﬂcdto.!or GoSolt thecoolond, - S ﬁ( : f__;.u_-r-,

S . L crystals were nearly perfect. Most ofsthem were Tittle plates, mixed with afew

When the three cartndges were’ retumed o RPI after the Apollo Soyuz 3

fonned at the cool end were loose as shown in Flgure 4.4, They were

; Gomanlum aelonldo ery:tale formaddrom vapor In a quartz tubo The MA-085 .
< _quartttubo wasina eartrldgo hoated to 877K (604' .C) at-the left (hot) end -

-ang. "180 K- (,5;)7' C) at the.cool: (rlwt) end. The GeSe at the hot end roaeted | .
.ymt the qu4 lunsport agent to umn Golz gnaapd 802 gas, which later com- - . . .

R col[e‘l:ted' werghedf;d analyzed by X= ray drffractron whrch showed that the , :

‘needle shapes as shown in Figure 4.5. The total mass transported in 16 hours""_'

,'Flwro_ 44

o from the hot source to, the cool’ endof the quar’tz tube was twice the predlcted -

K amount in Cartndges A and B and more than three trmes in Cartndge C.

. . . ]
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R . Flgﬁre 4.5 R Germanlum selenldo ctystals formod in one g and zero-g Enlarged photo-i- :
e T L * graphs of the small crysub formed in the MA-085 Experlment show that the
o o : crystals formod in one-g (left) were larger and more lrregular than the crystals ,
. ; -'grown Inzerog(rlgh!) T e e
tC Growth of Crystals From Solutlon TR
L. L The MA- 028 Crystal Growth EXpenment did -not uSe the MA 010 electnc i
s ‘ fumace Instead three kinds of - cn}'stals were grown in a wafer solutlon arth
Q -
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. Diagram of the MA- 028 reae‘tor for forming erystals n solutlons, Before Figure 4.6 .  ':

. crystals fom1ed Flgure 4;

- -cenfimeters long and
_vpartment Awas only 4,
= compartment had B hg

o of them had been studxed extenswely in laboratones on Earth

. ot e o
- Yo, B o )
. P { - »
: ‘- a . . W
- N . o
.- - .
. . v

: - . ' ™ / FAA
2 . Lot . AT . AT I
. P . S : .

A dlagram of the lhree companment contalner for crystal growth in zéro- g S -

_ - is shoWn'in Figure 4.6. Compartmenit A was filled with pure ‘water'and was :

. separa) ,
e Comp ment Bt the leftis open; the other valve is closed. )Compartments B'
"'-‘and C were for the chemlcals On ApolloSoyuz, when all was qulet in zero-g

from Compartments B andC by valves. (In Figure 4.6, the valve to -

e o i , .
... Fill port caps (3) ,
13 ’ :

= Co}npartmenl'B s - '
o ! A ComparlmentA ol .
R Vaive: hand|e' Comparlment C A
.. - : i , . K
3 S .

launch, three compartments were mled !hrouqh the “fm pons” on top Crystals e

. foﬂned ln c;:mpanment A -

! _ e

(3 Wlx of ‘thioRe. Lt

transparent Lexan (a plastlc) sothat the: ’e‘f"ystal
f ¢

; 3 rs.long. alm
rcd wnth arscrew'?*

" The followm three kinds of cry tals were chosex"i_ é}’owth in zero g All
g Yt |

e :
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l Calcnum tartrate (CaC‘H4O6 ‘4sz\ forms large crystals ina’ ‘gel...
o2 Calclum carbonate (CaCO,) crystals (calcne) are used’in ,ophcal equlp- :
" ment, becausg_of thelr doul:,le refractlon whxch separates components of

"% -
polan -light: : :
ad sulﬁde (PbS) crystals are needed for eléctromcs

Clmw .

- The  six- MA-028 reactors for’ -Apol.lo-soy'ui' Made of transparent Lexan .

" (plastic), they were bolted to a Iockor in’ the: Apollo Command Module and
.. photographed every 12 hours aﬂer the vaives wero opened. The reaeton wore
' .rqturmd to tho Prinelpal lnvestloator aﬂer splashdown o *‘5} :

L' The ‘neactlons involved two *‘reactant’* chemlcals mn each gase, one 1n
: CompartmentB and the other in CompartmentC ST
- Reaction (1) - : ' Y ‘&
- CaCl,+ NaHC H O +4H O—>CaC H O 4}!20crystals/+ NaCl+ Cl
o Reactton 2) . Tl
.CaCl, + (NH,)zco - CaCO crystals + 2NH c1
Reactton (3) ’ ‘ o
CH CSNH + PbCl +. H 0: - PbS crystals + CH CONH +- 2HCl

(Thloacc amlde) N o o (Acemm1de)

4

,’n ‘
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[ }-(l’) and (2) in both ““long”’ (5.08 centrmeters) and **short™™ (4 19 centrmeters) :
. .Compartments A, and reaction (3) in the long Compartment A wrth the value . .
;. of the water pH (acrdrty) adjusted to 1 .0 in one reactorand to 0.5in the other-."'
. ’reactor by adding: hydrochlorac acid (HC1). These. two tnals of ¢ach: reactron
“ were ‘made in order to leamn wh:
- 'ac1drty of the water would have on\the formation of crystals. ' et
. On the fifth day of the Apollo-Soyuz flight; the valves were. opened in.all -7
'srx reactors, and color pﬁ)tographs of each réactor were taken every 12 hours; e
hese photographs show that nothmghad —

¢ withaNikom 35- millimetercamera.
A leaked before the experiments starte§] and that crystal?formed slowly in-each .-

N

Each of these reactrons was conducted in two different reactors: reactlons,, L

" Compartment.A during the rémainin 116 hours of z ro-g flight. In reactors . '
. (1)an 2) the chemical reaction had gone to comple ronw splashdown L
: that is; no moré crystals were being formed."In reactor (3), PYS crystals were-- 4
oo still formrng Just before splashdown and PbS sedlment contrnued to form in
" one-g. ) : . - :
.. The calcrum tartrate crystals produced by reactron (I) are shown in the top. o
o photograph in Frgure 4.8, Some of the crystals are 5 mrllrmeters long They‘ o
.. are laiger, than crystals produced in"gel at-one-g; and more of them are platg. -
- shaped ratherthan prismy, shaped. The smaller calcite crystals of reaction 2)
are shown in the bottom: photograph Many of these crystals- are about. 0 5
R mrllrmeter on.an edge and of rhombohedral shape The PbSprystals were all S
©., © small (less than 0.1 millimeter). - W L
. The ' MA-028 Experiment was. the first attempt to. grow crystals from L
. 'chemrcal solutions:in zero-g. It'is. hoped that reactor design-and temperature '
. “control .can be - rmproved SO that larger crystals can be grqwn m future
o spaceﬂrghts ' . : : .

Saga

t effect the length of Compartment A dr the R

G -l



| £.Figuré 4,8 -_- Crystals of caiciun tartrate and calcite grown in Experimént MA-028, Some of . -
. : ’ the calcium tartrate crystals ”(top) are as long as 5 mjllimeters. The calcite = .
. (calcium catbonate) crystals (bottom) are about 0.5 millimeter across. = - -~
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, . Questlons for Dlscussmn
(Cleavage Planes, Crystal Growt'h) B

P 15 Grystals of many m1nerals spht along cleavage planes A
'_' o flat or:offsét parallel surfaces ‘thaf%un straight through the cryStal_p’arallel’l .
L tl'le luyer‘s of atoms. In'thé analogy of a stack of bncks(Sec 4) “how wol the

c'leavage planes *run? How ‘does thls match the' “cubrc structure” of a salt
(NaCl) crystal" - 5‘ e

'16.. Water does not wét a greased cup but 1t does wet an alumlnum cup lf

you freeze water ln both these cups, wrll the ice stlck or come oht easrly" A
% A

_ slowly aftefthe MA 010 furpaee was turned off,.thén speede | up, Why" H
e would you expect the growlh rate to change when the

19 When morst wrnds b Wacross{reezmg mountaln peaks long crysta $

\ " ofice form on cold rocks:fac"mg the-wind. How doesthrsfomratron ofcrystals"_ Lo T

from vapor dlffer from Expenment MA-085" L SR ':. ' ';‘ ‘\- 2

S 20 The MA 085 sealed’ quartz tubes eontalned the source matenal the
N transport gas  and the small crystals formed ‘at the cool end. ‘The tubes went .
through.3 g. decelerzﬁroh‘ durlng Apollo reentry and splashdown asjwell as.
expenencmg consrderablc vrbratron How might thrstreatment affect Ke later =
- measurements of the mass qﬁdﬁi’ ' B

stals fon’ned"

21 How mlght you get the crystals fonned from chemlcal vapor in the L
MA 085 Expenment to grow ll'l one place so that they would form. larger DA
crystals" ' : . o '

22. What could be changed m
faster rate" ‘

. "““028 féactqf to grow PbS crystals at"'a LA

' 23 Crystals fom1ed from cher lcal solutrons in a gel generally show,
oy structural dcfects What corlld cause thls? ' :

24 A few small bubbles (probably alr) were lnadvertently left |n one of the - E - .




werght of the ﬁbers would probably collapse the foam. ln zéro- -8, the foam:
".to bear no gravity. forces but there is a problem-i in drspersmg 'llit;,.fibe
.throughout the foam Another possibility is to make foams of molten metal
* and gas in zero-g, The solldlﬁed ‘metal foam could be a strong structdra-
f. matenal' of low densnty : P -

2. (S_ 'In zero-g, the orl wettmg the .up will go ovler the top edge_

and dow he' olitside of the cup untll lt cbv s'thg, entlre surface .

the wrck fibers lS‘:

3. (Sec 2D) The adheswe'force between’ the orl and°

o cool'end toward the shot end'dunng cool"_
m the followmg experlments. _—'.'

smrectlonal effect was use

MA 060 lnterface Markmgs m Cry .al for, the growmg of a Ge t:rystal

from the lquId - .

_ MA 085, Crystal Growth From the’ Vapor Phase for the transport of Ge.
- compounds frorq the hot end to the cool énd ‘of a quartz. tube " R
- MA=070. Zero- g Processmg of Magnets; ﬂw,ﬂ(cclllrectxonal SOlldlflCallon- A

© of MnBi:Bi eutectic with- MnBi fibers™ -~ A

. 'MA-131, Hallde Eutectic ‘Growth,’ for the dlrectlonal solldlﬁcatlon:of SNy

' v__NaCl LlF _tectlc Wlth LIF ﬁbers -

. Three fumace expeﬁments requlred two orthree dlffere temperatures that
were umform throughout each of two’ or three ampo es. .'l‘ hese dzjj“erenr__-.-;

ERIC
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, and_'Syntectlc Alloys used two dlfferent t?mgera- )
tures for: fbrmmg Al:Sb and' Pb-Zh alloys. . " -
e MA-ISOV MultlpleMatenal Meltmg, used three dlfferent temperatures'for

1( ;fumace msu[atlon was lmproved 50 that oriky

! "r 10 watts were lpst at maxxmum temperature Hence the power requrred‘for-_', (ol
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13. ,(Sec 3G).__ e - Au atoms could,be “frozen in several ampoules atE.\, Sl
69,12 -hours after their motion.into the melten Pbstaped Eachofthese . . ', -
‘ingots should be‘exactly the_same except Tor the tite of Au-atom motion: " .1
" ‘Each- would be ‘exposed to the same newtyon flux, cut and. polished; then' .. =

oL T - " placed on spectal photographlc plates for.just 15. mtnutes -The dgveloped
s "D - plates would: show ‘the pmgr‘ess of Au atoms tllmugh molten Pb at 3 hour. :

‘..'_mtervals . _ u-:‘-:.?:i_ L .'-;

; i‘{ teay - R _ 14 (Sec 3G) The ?urpose of the MnBl-Bl eutectlc in MA 070 was tor _' R
' o " \"": restrain ‘magnetic domains in'the MnBi fibers from turmng ‘away from the . _;.‘_._,"
L ﬁberduectlcm ‘The length of the domain in the. ﬁberdlrcctton is afew tlmes its . '*"
E - width. Hencg® the MnBi fibers do not néed to be lopg, but they must be. f
e B parallel ; : _

w cleavage planes up-down lengthwrse. up down srderse, and’ honzontal n
e . They are perpendicular to each other and can *‘cut out”* a cube of Bricks: - o
B Cleavage planes of the NaCl crystal are slmllar, and. thls type of crystal is’ ‘_; S
Lo : called cublc ' - .

16 (Sec. 4D) Because water wets the aIummum cup. the frozen water R : ' SR
(lce) will stlck Mter does not wet the greased cup. S0’ the ice w1ll come out' ‘ '

N . ' k I easlly " : 1" . , !

A o ; 17., (Sec 4D) Platmum is very nearly inert, chemrcally. If copper ofifon o %
' or aluminum wrres had been used as electrical leads, they mlght haVe"con- ' ’
tammat’éd the gl;owmg germamum crystal \

d L . 18/ (Sec. 4D) Just after the MA- qumace was turned off the coolmg o
M l rate was slow. As the heat conduction (10 watts) reduced the heat inside the
. " furndce case, the temperature of the cool end of the ¢atiridge dropped faster, * -
' - - and more Ge atoms froze out onto the growing crystal every. second 'When the.j
" fast cooldown started the crystal growth rate mcreased again. ' L
ISR 5 T LA
_ , 19, (Sec 4D) ‘Watér vapor is converted to ice; crystals on,cold rocks'. A
P ., Without any chemical change. lnExpenmentMA 085, ‘there wasachemlcal" L
: . oy neactu')n between two different gases to form cryStals of germamum selemde",.
S T ! (GeSe) or germanlum sulfide, (GeS) ' : ; )

-

- . Al

@ e '+ . 20. (Sec. 4D) The 3-g deceleratlon and inemal forces during vrbratlon, e
W o L e o mlght tear off parts-of the source material (GeSe), wmch would be addedto . - -
& N ,' ‘the GeSe crystals formedatt‘hecool end of the tube. Thus, the. - mésg of crystals -
P e . loose in the quartz tube might be: hlgher than the mass of Crystals formed

I dunng Expenment MA- 085 U B o

A B R o

4
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etal platg in the cdol end‘pf the MA- 085 quanmbe TR
, & tgmperature Bft the quanzt%be s host of the cistals: '_ T
ﬁ' would have b& ‘fgrmedomn and these crygm'ls mig t,have Ken lzﬁ'ger thaﬁ' SR 3

the crystalsf ted | m tlié open §pace . @'-‘ MR # B

X 22 (Spc 4D)Ashorterdgffus10n Mance (smallef%ompMment A)Qnda . '@,7
"’hlsher tempera Epe would have mquced the reacffon time ‘so that'nore PbS » """ .
i ‘been_ .femye; e »\,j‘.e PR c&" 5"-"

e 23. _(Spc 4D) "?he gelcan mtroduce contammams When 4n odd atggn.pl' L

o

vmolegyle seules on a growmg crysta!.su'l'face; it'may ¢ cauSe a Jlsplacemeiﬁ of .
&he next w n st:uct&;ral defegt. . .j - . A ‘-» ,‘; o

w¢-;

20, (seé':m) it
; od beerfcSoled bel

24. (Sec.. 4D) In qg&ac}ly zgro-g. wnh no thermd‘l gradlem a bubble w1ll e T "
S remam in exactly’ the same, place in a’liquid. If the spaqecrafttcarrymg the - e T
R llquld is acceleggted in any digection, the Bubbfe'will inoveé.in that dlredt{om v , o v

o ""'ﬂ_“ Therefone the observed motion of the bubble shows. departure from zero g, o
' 2 whnb“h mxghﬁhave aﬁfected the 'MA-028 Expenment o SRR . e
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APPG'\dlx B L e T
,_“-_;Powers of 10 A AP ETL RE RS
-*Svmbols | T |

R R ‘ o s

';jj'.;_mumuomlsymm(s»umu S e '._g'_"..
" "Names, symbols, and conversion factors of SI units used in these pamphlets . ' o

Qtllntlty o Namqqfunlt: Lo S_ymbol ' Conv@rsion fnctor $l '-  . '

0" '-'-‘¢Di;t§h¢§,_ o meter .+ S m - .-'l'km = 0.621 m.llev, R v
T L T © lem =039, -

N e e ] mm=0.039 dn. B

ﬂﬂ : oWt . _,'_ L T lp.m = 3'9 X 1073 i m = 10* A L T
P Sl e lnm = IOA o e

‘. i Mass. . - kilogram o ke » llonne-- 1102 tons

T wl i e T T g =220
oL R . : o . U lgm= 00022|b-—003502 Y
S . Img=220X10"b=35X10%0z -

Time o :_' _ '  sécong_' ST see lyr—- 3, 156>< 10" sec .
Ll S SEL Loy lLday= 8.64 X lO‘sec '
& T T T e = 3600 sec

Temperiture -~ kelvin . - . K '.__ WIK =P CEPE B
R P T 9 373K*—100°C—212°F Lo
x L KU - . o - .

Area " square meter t om?.. lm’— lO‘cm“—'108ft2

<

" Volume - cub}c ri;e'lcr B CoemdLe T m° = lO“ cm‘ 35 fta

"l"rec';uegcy‘ o --‘_» her_tzg;':' Lo et Hz 3 Hi<— 1 cycle/sec
T T UL S o+ ... lkHz= 1000 cycles/sec »
Ve e \ o0 S I l MHz = 10° cycles/sec S

*

. Density, kilogamper . kgmt. lkgm= 00Igmlemt o -
R T © cubicmeter . . Igm/cw“ = densny of water, -,

S .' SPééh,-v¢locit$' ) . "m,.et'er 'ﬁcr'sec_ond" o m/se'cv;' 1 misec =3. 28 ft/sec )
B IR R . lkm/scc 2240m1/hr'
e T : ‘ » : :

[ 544

. Forte .~ dewton " . N m..msnynes 0224 lbfj

N
%




-~ Pressure "

l. lEnefgy’_:... |

-

i ;

* Acceleration” * . - D T o -
Tof gravity . T Lo N

__Atqm‘i:c'_.‘- mass

Symbol:

“newton per square . . ..
‘meter. - oy o

SwL

Njm?

" UNim® 1,45 X 104 1bfint -

T e

=

joule

C1Y= - 0.239 calone

Photon energy ‘ électmnvoit o “ .

eV

: {eV—l60x lO'“’J lJ“lO"erg

Power e wak

T

1W= 1 J/sec

.. * .atomic mags unit.

. '.-)-;'

_-amu

"1 a_'mu"=-_l.66 x 107" kg "

cumﬁhry Unlts u.«Pwnn ‘the S Unlts T

Quantlty Name of unlt

I ,[9
Wavelength Of - ﬁngsu-om o
hght e

1. ,-f&'"= _o.'i" am = 16710 m.
TR

T lgw 98 misect
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" Unit Praixes,

- Abbreviation ~ _

Emr by which unlt L

I8 multlplkd

(el'a

 ‘mega -

‘hecto

centi . = .

glga o

- _kilo :

il - :

" micro.-

‘nano .

L .pic'd.",'_, :

Ry

lOl’

.»_3 _

v

PURE

0"2

T4

L .Po‘w.o»ri'o.f 10

" Increasing

10%,=1000 - -

* - . .- ' . ._' . .
D.ec.reﬁs.ins al".'

102 = 100

s Examples

'2>< 10“—2000000

B,

10000 etc

2iX 10"° = 2 followed by 30 zeros

-

S

10.43

.lo;i

10“

u’-

1/100 = 0 01
/1000 0\001

w

T ) 'n

Example

567>< 10""—00000567

[

= 1/10000 = oooo 1, ezcj B

.3 )



S vaéince 3, melting point 933 K (660° C), density 2. 7 gm{cm“ It forms the e

antimony (Sb), a metallrc element, atomic werght 121 76, atomic nunrber5 I,

‘ Ty .
e s L »q}'-‘. C L e
.. » '. . - ! ".: v‘ .'. ’ \ . ' .
R Glossary S e e e
g '_‘.References to sectrons, Appendrx A (answers to questrons) and figurea»are_ ' Lo ‘ -
27 included i in.the entries: Those in italic type arg the most helpful. & ' e _'“".
o adheslvef fce an attraction between-twodrfferent substano€s atthe boundary e
betweer(|them. (Secs. 2, 2B, 3D; ‘App. A, no. 3) ’ : L
alloy a unjforin mix of two or more metals that have 5 en melted together 2 A
(Secs. D.,:3A to 3E; Figs. 3.3,3.7, 3.8) L

-\ um am (Al)ametallrc element atomic werght 26 97., atomrc number 13 '
compound AlSb with antimony. (Secs. 1D, 3B 3C 4P,.:App A nos ll
17; Figs. 3.3, 3436 . SRR
.ampoule a. small container in the: larger cartrrdge heated in the' MA—O‘lO ""
fumace Each ampoule contained.a sample to be heatedfJ then cooled and_
retumed to Earth. (Secs: 3Bt 3E: App. A;no. 13; Flgs :3.3;3.4, 3.7, 3. 8).

- valencé 3 or 5} meltlngpornt903K(630°C) ‘densify.6.62 gm/cm?®. ltforms
.~ the compound Ale wrth alumlnum (Secs lD 3 4A App A, no. ll R IR
. Figs. 3.3,3.4,3.6) ° . o T TR

- Apollo-Soyuz ajoint U. S -U.ss. R mlssron from July 15 to July 24 1975.:

. Apallo, the three-man U. S. spacecraft consrsted of the. Command Module T e T
. {CM) connected to the,,.,Servrce Module (SM) and‘the Dockrng Module - o _ B o
' (DM) For 2 days, the: DM was attached to Soyuz, the two- man Soviet . '_ Lo 7*2‘ o

-spacecraft The two. spacecraft were rnacrrcularorbrt rnclrned SI. 8° to.the IR L ’ ..
_ Equator with a 93-minute perrod 222 krlometers above the Earth s sur-, . T
face. See Pamphlet'l., -~ - T Ce T e k

" Au chemical symbol for gold See gold. .

- bismuth (Bi) a metallic element, atomic- werght 209, atomrc number 83 a : . - <

o cartrldge a cylrnder 20.5 ce)mmeters fong and 2.1 centrmeters in. drameter

cohesive force the force ‘at ‘the boundary of a quurd that pulls the llqurd

.valence 3 or 5, meltmg pornt544K(27r? C), density 9. 8gm/cma (Secs
1D, 3E; App. A, nog. 12;,14; Figs. 3.8, 3.9) T L
calcrteacommon mrneral that occurs in, many crystal shapes, among them N
: hexagonal plates; prisms, and rhombohedrons (Sec.. 4C; Fig. 48) '

. Containihg one ot morg ampoules filled with material to be: heated in the Co T ) o .
- MA-010 furnace Three eartrrdges fit into the furnace togéther. (Secs.. 3A 7 R ‘
- {0.3F, 4A, 4B,

; App. A‘nos5 79 18; Frgs 3133 3.4,3.7,38, L TR P
310,,51 44 - = S 4
coercive‘force th ‘rhagnetrc freld strcngth needed to demagnetrze a perma— EA DN *al

nentmagnet (Sec. 3E) S et ;’f

together ‘and. causes surface tension.- (Secs. 2,2B,3D) = - .
‘Co-lnvestlgator a.scientist workrng wrth the Pnncrpal lnv.estrgator on a- ' :
NASA expenment (Sec l)

DR ] ..,/.'\‘

R



| It S e e PR
conveétlon matenal motlons in aﬂuld or gas ln one-g, itisthe. up-and-down f T
oL drafts in a fluid heated from below. (Secs 1D, 3D, 4; App A, nos. 9,.10)
o crystal a‘solid composed of atomsor ions or- molecule\&rranged ina regular -
. repetitive pattern. The’ shape of a crystal is related to. this pattem, Many
_-crystals can be split parallel to definite planes determmed by this pattem
R (cleavage planes). (Secs.'1C, 1D, 3A, 3C, 3E, 4, 4A to 4D; App A, nos.
oo 15,717 1023, Figs. 3.7, 4lto44 45 4.6, 48) S , N
S demarcation a method of markmglayersof atoms macrystal by usmg pulsés r
N Lot of electtic current during the growth of; the crystal. (Sec.4A; Fig. 4.2) -
et 0 NS demonstrations experiments on'Apollo- Soyuz deslgned to show: the effects
Ce ©o . of zero-g. (Secs.. 1A, 2, 2A't0 2C) - S R
. dlmlsion the movement of stoms or ‘molecuilés of one ﬂUId into anotherﬂuld
lefuslon ig1 much slower in sohds (Secs 3B, 3D 4B 4C; App A nos
. 7710, 22) '
. N Docklng Module (DM) a spec1al component added to the Apollo spdcecraft
T that it could be joined w1th Soyuz See Pamphlet I
' doZrolains small volumes of a magnetlc matenal that act llke magugtlc qplts

(Secs
3. l3)




S .o
o ;'"fgold (Au) a metalllc element, atomic werght 1972, atomi¢ number 79 .- e
¢+, -valence 1. or 3, meltmg point 1336 K (1063° C) de“S“)' 19.3 8“‘/““3 S
" (Secs: 1D, 3D; App. A, no,.13) - -

'"“V.graphlte a form of -ptire carbon used as a heat conductor in the MA 010.
_fumnace. Its meltmg point is above 3773 K (3500°° C), its densrty 23
gmlcm" ‘and its heat conductrvrty about one-fousth that of copper (Secs S
. 3A, 3Dto3F4AFrgs 3.3,3.8,3.10,4.1) - .. o : _
g _gravlty the downwatd force on a mass near the Eartl'l one- g on the Earth s R
.. .surface.*(Secs. 1C, 1D, 2, 3B, 3D; App: A, no..1)" o N
S helium (He)a normally inert’ gaseous element, atomic weight 4. 002 atom:c-
" number 2, valence0, boiling’ point 4.25.K (—268.9° C).-Helium has hlghf- =
thermal conductrvrty and was’ used to cool the MA 010 fumace (Secs 3A o
3E, 4A, 4B: Figs. 3.1,3.4) .- & j
frared invisible electromagnetrc radratron of wavelengths from 0. 7 0 lOOO.‘
. mrcrometers, _longer than visible wavelengths (Sec 3F) el
ingot a block of metal solidified frof‘a melt in-the-MA- 010 fumace (Secs S
3B.3D; App A no. 13; Figs. 3.5,3.6) ; ;
: isotraplc the saméin. all directions. Uniform alloys. are rsotropic Eutectlcs .
" arg. nonl*btroprc because parallel fibers all extend in one d)rectron (Sec
ﬁ'AppAno 12) ' Ce

,@y .'z‘-('secs 1D, 3F, 3G; App. A, 0. a2 Flgs 3. 1010 3.13)
ie M _l_lltlpurpose Electnc Furnace Expenment ori the Apollo-Soyuz
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“App. A, no. 6; Fig. 3.7

T magnets (Secs 1, 3E) An elecﬂic current also‘ereates a magnetrc field
- x5
' manganese (Mn) a magnetic element atomic weight 54, 93 ‘atomic, numb3

grplcm" (Secs. 1D, 3E; App. A, nos. 12, l4’”‘Frgs}’,3/8, 3.9)
-metallurgy the study of metals and alloys. (Secs. 1, 1D, 3D)
MlT Massachusetts lnstltute of Techhology, 2 university rn Cambndge

Tl

1
S

. «. T Massachusetts o . N
cR#o 7+ MSFC the N‘ASA George C. Marshall Space Flrght Center in Huntsvrlle
R A "Alabama. - : " , _ ; S
" " NaCl Sée sadium chloride. "] - L B oy

‘ neu;rqn a nuclear partrcle wrth~amass sllghtly larger: l‘han that of a- proton Co
' -?(hydrogen ion) but no charge Slo}v neutrons easily entet the’ nucleUs of an’

#-atom, usually. producrng a radioactive rsotopeM(Sec 3D)..
“oersted.

e

i ‘-..,. thrOugh the wire. s, o i

N
“Pb’ chemrcal symbol_-.for‘ iéad. ‘See’ IeaJ‘
; polarized -waves that vrbrate in.a definite pattem

. for reporting the resylts. (Sec 1)-

S ,-.%g’écs 4A, 4B, 4D; App. A, nos. 20; 21"F@\41 4.4)

come stablc (Sccs 3D 3G App A, no. l3)

o _.‘_MA :156 the Multrple Matertal Meltrng Jornt Expenment (Secs fD 3C o

‘-,"magr)et a substance with the pr;pperty of attragtrng ce'rtarn other substances " Y
‘Some mctals (rron gobalt -and nickel, for instance) can be magnétrzed to. ..
attract other magnetic metals (Secs 1D, 3E Figs. 3.8; 3 9) Suchamagnet-'_.-_'." P
" has a.umagnetic fleld, a region p‘.t;ound it where Shere. are forces on other,

,25: valence 2,3, 4,6, 0r 7; meltlng point 1493 K. (,1220" €); densrty74 :

o '._-:~ oérsted.a unit of magrietic field strength 1 oersted = 19. 58 amperes/meter B -
"" * The strength of the Earth's magnetrc ﬁeld at the surface is about 0 5'_ o

ohm a unit of electncal resrstance If a wire has'a l-ohm resrstance and a
1-volt potentral difference between rts ends 1 ampere of current wrll ﬂow -

surface 9. Sm/sec2 _
e.hb g (Secs lB to:». s
5. 315,36, 3. 2,

ermary hght and mfrared o

Y . waves' are-unpolarized; thEy oscillate in all di ctions around the line of

. L si’ght **Plane-polarized’™ waves oscrllate in one dlrectron Ain one plane) e
- - +.7!like a clothesline jiggled up "and°down only. {Secs.3F, 4C) e
IR Prmupal Investigator the mdrvrdual nesponsrble for a space experrment and Lo

e quartz (Si0,) commonly cr‘ystalllne fuse¢ in fact nes to 'form a transparent
) glasslrke substance (srlrca) with.a meltrnglpornt o bout 1973 K. (l700° C) e

dioactive elements and isotopes whose atoms' have unstable nuclei- that
jectpamcle,s and emit radiation at a regular but decreasrng rate. Afterone’ -
: “half-lrfe """half ‘of the unstable nucle1 have completed ejectron and be-' .




’ mlxed usually in solutiort. (Secs lC 2 2A 4B 4C App A, nos 19,22; ' A
;'_ths 2.1,44) (Not i6.be confused with physical. reactlon—-—a force-—-and' "
reaction mofors—jets-— escribed in Pamphlet L) ‘ .

reactor a.transparent c ntalner for chemical reactants The reactors on : '

Apolfo}Soyuwere photographed asthe, reactants pr‘oduced crystals in the'-?';" e

- MA-028 Expetirnent. (Sec. 4C; Figs. 4:6,.4.7) ,
RPl Rensselaer Polytech ic. lnstltute a unrversrty in Troy, New York

4

< salta compound such’as Nz\Cl ‘common table salt formed. from an acrd and a - '

" base. (Secs. ‘1D, 3,:3F, 4; Fig. 3. ll)
“Sb chemical symbol for’ antrmony, See annmony. oo .
selenlum (Se)anonmetalllcelement atomic: weight 79.2; atomrc number 34

\ - 9alence2 4,,or6 meltrng pornt493K(220°C) dens|ty4 8gm/crp‘-' (App C

bxperrments in space for a.,
.(Secs 3, 3F, 4 to 4B) 3

3 3,3 8 3. 0) ,
surface tenslon thie tendency -of a llquld that has a large cohesrve force to keep o
“its, surface as: small as possible,’ formmg spherlcal drops (Secs

3.3, 3.8,.3.10,4.1).
WO tungsten (W) a metallic element,. atomlc welght 184 0 atom|c number 74 a
e  valence 6, melting pornt 3643 K (3370° C), denslgy l§ 7 gm/cm" (Secs '
1D, 3C; Fig. 3.7) .
vacuum the absence of gas lt is-a. relatlve term m the “hard" vacuum of

‘4'5 . -space: ‘outside Apollio- ‘Soyuz, there were still about 108 gas~atoms/cm‘l L e
(Secs 1C, 3A App A, no: 9)‘ G TR S S

3

‘,

ID, - .
C3D4A)

temperature gradlent the change of temperature per cent|meter along a -
~cartridge br-a.sample inside it. (Secs 3E‘ 3F App A ngs. 6 7, 24 Flgs ’

i
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s Veltro a plastic cloth of two types that suck to each other One type has many
= - -fine, hopked spines: protruding from the surface;. the other typé has many ,’ff-“, M
" narrow holesorcrevnces in thesurface Whenthespmesarepre5sed mtothé '
holes. they stick there. (Scc 1A) - ‘ RS
wlck a group-or braid of thin fibers that “Sucks up" a llquld,lf the adhesnve S
- force between the fiber and the liquid is greater than the hqund's coheswe o
fmce. (Secs. 2, 2C, 2D; App.' A, no. 3;.Fig: 2.3) -
s ZEro-g the condition of free fall or, welghtlessness When there are no?ff)rces“
*on objects in a spac faft, ‘they are ““in zeroig." (Secs. 1, /14, 1B to ID)2
" t03,3Bto3F; App.‘A; nos. l.2,.l4;__lf'__igs:«2’lto2 3; 3 55 ‘3 6.3.12, 3. 13,7 5,
4243 4.5) . -f‘
. zmc (Zn) ametallic cle(ﬁent atomlc welght 65. atom:c number 30 valence
2, meltmg pomt 692K(419°C) densngy7 lgm/cm" (Stc &): 8 Flgs 3. 3to
.6) i :
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Cgramrcs, Plasncs. and Merals
.D.C. Heath: (Boswn), 1965
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Lag uage of Space A Drcuonary of Asrronautrcs by Regmald Tumlll
Iohn Day Co., Inc! " (New York) 1971—a well- wmten glossary of \llO@
*ferms, with' a section on’ “‘the next 20 years in space.”’. .. - ( ‘

" Merdl,g Atoms ‘and AIons (V}stas of Scrence No. 9) by Charles Law McCabe '

- and Charles L Bauer, McGraw- Hrll Book!Co., Inc. (New York) 1964—-
producéd by the Natronal Scrence ‘Teachers: Assocmtmn O ’é
Physics for Society by W. B. “Phillips, Addl;)n Wesley Publrshmg Co Inc.
(Merrlo’Park Salify), 197l—covers récent advances
: space scrence R

.- out: charge from NASA EduCatronal Programs Drv:ern/ ' Washmgton
D.C. 205.46), 1975—a popular acco%n( of the Apollo Soyuz Test Pro;ect
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