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EVALUATION OF SKYLAB SPACiMENS 

Results on specimen evaluation and discussion of solidification 

behavior in each case are reported herein in the folloving order: 

specimen SL-1 .6 ,specimec SL-2. 8 ,specisen SL-2.4 ,specimen SL-I. iO ma 

specimen SL-1.11. Cmparison is made vith ground-processed spe-' lzens 

of similar composition,w\enever pertine~t and meaningful. 

Among the nondestructi;e evaluation methods the measur-slent of 

sphericity was cocducted by micrometric and shadovgraphic techniques. 

The intricate shape of specimens in soae cases appeared difficult to 

define. In measuring the dcnsity,liquid penetration insi- cavities 

that outcrop on the surface w a s  avoided by sealing off these cavities. 

.bong the destructive evaluation methods the use of the Quantimet 

723 required particular attention,because of the small difference in 

contrast between second phases and micropores. With regard to microporosity 

microvoids in the core of same specimens were so fine that X-ray micro- 
--. 

radiograpkii had to be used. Quantitative results from application of this 

method had to be interpreted vitk caution,because of the small areas co- 

vered at high magnification. The identification of individusl nonmetallic 

inclusions and the evaluation of their volume percent and~average i z e  

was conducted by quantitative metallography . Identification was based on 
gptical p-operties. The fineness m d  rarity of inclusions excluded extraction 

fcllowed by electron a.l.croprobe anslysis as a means of identification. 

The concentration of the major dloying element in each alloy was 

determined by wet chemical rmalysis. Carbcn was evaluated by conductometry. - .  



Gases were analyzed by vacuum fusion Lechnlque,inei-t fusion or vacuum 

distillation analysis,or even emission spectroscopy,depending on the 

expected concen*,ration. A E  minor elenents vere determined by emission 

spectrograpny. Seni-quantitative analysis on the surface of specimens 

as wel l  as on surfaces of internal nacropores was co~ducted by an energy 

dispersive X-ray analyzer attached to the scanning electron microscope. 



(~eleascd Tcvpe NISn) 

I. FWULTS OF SPECIMEN E V W A T I O Y  

A. NOH-DESTRUCTIVE WALUATTOIS 

1. Sphericity 

a. Nicronetric Bgmination 

+ 
'Ihe najor axis (half diemeter), a, of the spheroid is 0.331 - 

+ 
0.005 cm, the minor axis, b, orthogonal to a is 0.312 - O.CG5 cm 

and the intermediate axis (mean axis), c, orthownal to a and b 

+ 
is 0.326 - 0.005 cm. 

Top arid side projections of shadows .&re illustrated in Figure 2. 

Measured axes are: a = 0.370 cm, b = C.310 em =d c = 0.320 cm- 

2. Density 

The density, evaluated pycnometrf cally , vas foiind equal to 
3 7 -85 m/cm . 

3. Surface Smoothness 

Scanning electron micrographs are illustrated in Figure 3. The 

surface is rour:h and consists of equlaxed dendrites n t h  sub- 

stantial interdendritic depressions that can 3e attributed to . 

solidification shrinkace. At a given location (L) on the surface 

of the specimen a different type of eqlliaxed dendrites, that are 

"two-dimensional" is observed. Such morphol ogies are reminiscent 

of dendrites observed on chi l . led surfticee of ingots. The "twq- 

cl~mensionel" dendrites are i,lustraterl in F i w e  3c which also 

shows some repplar equiaxed dendrites st the lower right corner. 



These regular equ iax~ '  dendrites are further i l lus t ra ted  i n  Figure 

3d. A morpholc>~icai peculiari ty i s  ohserved on the  sulcace of 

d e n d ~ i t e s  tha t  outcrcp i n  surface shrinksge cavit ies:  Dendrite 

arms appear terraced, Figures ba and b. 

B. DEFl'RUCPM2 EVALUATIONS 

1. Grain Formation 

Figure 1 i l l u s t r a t e s  a meridian cross-section of t h e  speeicien. 

'Zhe grain structllre is  columnar (A )  a t  the  ].over part of the  

specimen, tha t  uas i n  contact with t he  ceramic substrate during 

solidification,  and becomes coarse equiaxed (R) et a distance 

of about 0.1 cm froh the  substrate. The columnar structure com- 

prised a f iner  structure (average length 1000 microns an3 averwe 

~ 3 2 t h  5C microns) and a coarser structure (average len@h 800 

microns and average width 160 microns). The Zosrse equiaxed 

s t ruc i - r e  exhibits  an average grain s i ze  of 220 microns. Be- 

yond the  coarse equiaxed s t ructure  the  speche:? cor.sists of n 

f ine  equiaxed grain structure (c) (average main  size 1Pmicrons  1. 

2. Microporosity . . 

Microporosity i s  readily observed metallographically, Figures 3 

and 4 .  It is basically located close t o  the  surface of the spheroi6 

and assumes the  ragged morphology of interdendrit ic shrinkage micro- 

pores, Figure 3. Fxtensive shrinkage microporosity is also abserved 

across t he  specimen along the contact between f ine  and coarse equi- 

axed graiil or  dendritic structures,  Figure 4d.  A perfectly round 

gas micropore i s  a lso  observed, Figure k c .  



The total volume percent microporosity calculated frorn defisity 

coneiderations is: L(8.73-7.85)/8.73 x 100 = 10.08% (8.73 is 

density of perfectly compact ?ii-l~.OS% 'Sn and 7.85 is measured 

density)]. Quantitative metallopaphic estimation of micro- 

porasity gave an average of 9.17% with a maximum of 30.1% near 

. the region where large micropores were observed and a minimum 

of 0.201 kithin the columnar structure. Such low amounts micro- 

porosity were evaluated by X-ray microradiography. Computerized 

image analysis gave sli&tly higher values than 3id quantitative 

metallography, probably because sane particles of Ni Sn miglr-~ 3 

have been mistaken for micropores. Pcre size varied betweel 

2 loicrons ( &served by X-ray microradiography) and 900 microns. 

The shape and size of shrinkage micropores are difficult to de- 

fine quantitatively, because of their ~eometrical 'complexity. 

The lower part of the specimen next to the ceramic sub~trate is 

columnar dendritic (A) with interdendritic nonequilibrium Ni Sn. 3 

Average secondary dendrite arm spacing is 15 microns. Spacing 

increases with distance frm the ceramic substrate. The columnar 

structure is followed by a cowse equiaxed dendritic structure 

(B), F i w e  5b,- of average sccondtky dendrite spacing equal 

to 22 microns. Nonequilibrium Ni Sn occupies the interdendrite 3 

spaces. The fine equiaxed structure (c) , Figures 4c and d,  and 

5a and d is almost nondendritic and it is difficult to define 

a secondary rlendrjte a n  spacing. Fipne 6 illuetretes the 



geonetry of the interdendritic microconstituent that consists 

of an almost divorced eutectic a-I?i/Ni Sn, 
3 

4 .  Secondary Phases, Segregation, lJonmetallic Inclusions. 

a. Secondary Interdendritic Phase 

The nonequilibri~m interdendritic phase was identified by X-ray 

diffraction analysis as being Ni Sn. In microstructure ( A )  the 
3 

averwe volume fraction of Ni Sn - established by quantitative 3 

metallovaphy - was found to be equal to 0.064, in microstructure 
(B) equal to about 0.062 and in microstructure (C) qua1 to 0.055. 

The same measurements were also conducted by computerized image 

analysis ( M . R .  Quantimet 720). Volume fractions were: 0.073, 

0.070 and 0.0.070 for microstructures ( A ) ,  (B) and (c), respectively. 

b . Microsegregat ion 
The minimum tin concentration, Cm, found along the axes of sec- 

ondary dendzite arms, using a focused electron microprobe bean! 

was: 4.3 w t %  Sn in microsturctures (A) and (B) , and 4 -9 -&% Sn 

in microstructure (c). The maximum tin concentration within the 

a-primary deadritic phase, CM, was found to be approximately 15 w t %  

Sn in all cases. 

c. Macrosegregation 

The average tin coricentr~tions measured with a defocused electron 

beam were: 9.85 w t %  Sn in microtitructure (A) ,  10.15 *% Sn in 

microsturcture (B) and 10.10 w t $  Sn in microstructure ( c )  . 
d. Nonmetallic Inclusione 

Inclusions were rare, very fine and their observation and 



identification was difficult. Inclusion sizes were about 0.5- 

1.5 microns. On the basis of optical properties, silica and 

probably a spinel were detected. Inclusior, extraction and 

identification by electron'microprobe analysis war; not attempted, 

because of the rery smal l  amount of material available and the 

small amount of inclusions as well. 

5 .  Microhardness Survey 

Within the nickel-rich dendrite phase the average micmhardness 

was 252 VHN in microstructure ( A )  and ('B), and 265 VHW in micro- 

structure (c )  along secondary dendrite arm axes. At dendrite 

a m  boundaries the microhardness- was 280 VHN within microstructures 

(A )  and (B) , and 285 VHN within microstructure (c) . Within 
Mi Sn the average microhardness was about 490 VHN. 

3 

6. Chemical Composition 

. The concentration of tin, detenr-ined by wet chemical analysis 

was found to be 10.05 wts. The variation of tin concentration 

Kith locations within the specimen was given above as macro- 

segregation. 

Analysis of gases, conducted as described in the Introduction 

was: 0: 20 pp, 19: 4 ppn and H: 2 ppn. Other elements analyzed 

by emission spectrography were: Si: 5 ppn, Mg: 5 ppm, Cr: 5 ppn~, 

Cu: 15 pp, Zn+Pb: 10 pp, Ti: 5 p p ,  Co: 5 ppm and Fe: 10 pp. 

Carbon concentration was about 10 ppn. 

11. DISCUSSION OF SOLIDIFICATION BEHAVIOR 

This specimen melted completely. Growth started epitaxially on 



t he  ceramic subs t ra te  generating the  columnar dendri te  s t ruc tu re  

(Aj. With increasing distance from t he  ceramic heat s ink t h e  

thermal gradient i n  the  l iquid  a t  t h e  sol id-l iquid in ter fane  (G) 

decreased f s s t e r  than did growth r a t e  (R). Below a ce r t a in  c r i t i -  

c a l  value (G/R) t h e  columnar s t ruc tu re  broke down with fornlation 

of t h e  coarse equiaxcd dendr i t ic  s t ruc tu re  (B!. This formation 

appears t o  have been ass i s t ed  by some convection which can be 

a t t r ibu ted  t o  so l id i f i ca t ion  shrinkage. While s t ruc tu res  ( A )  

and (B) grew, l o s s  o f  heat by radia t ion  cooled down t h e  speci- 

men surface opposite t o  t h e  ceramic subs t ra te  u n t i l  a t  ce r t a in  

undercooling surface nucleation took place and propagated i n t o  

the  r e s t  of t h e  melt. Surface nucleation i s  thought responsible 

f o r  the  two-dimensional dendri tes  observed i n  t h i s  specimen- 

a s  well a s  i n  t h e  ground specimens of  t h i s  a l l o y  and of nickel- 

copper al loy.  Growth o f  t h e  nuclei t h a t  formed within t h e  

underc~oled  remaining l iqu id  l ed  t o  formation of microstructure 

(c)  t h a t  c o n s i ~ t s  of very f ine  "pseudodendritic" grains.  The 

extensive shrinkage micrijpc a s i t y  observed at t h e  contact be- 

tween regions ( c ) ,  and (B) o r  ( A ) ,  Figure bd, can be e a s i l y  j u s t i -  

f ied ,  s ince t h i s  i n t e r s t r u c t u r a l  zone was occupied by t h e  l a s t  

l iqu id  t o  so l id i -  between t h e  growing microstructure (c), and 

(B) o r  , ( A )  . Because of t h e  absence of gravi ty  t h e  growi;>q gra ins  

of q icros t ructure  (c) d id  not "shower" on t h e  advancing micro- 

s t ruc tures  (3) o r  (A) .  The absence of gravi ty ,  hknce of metallo- 

s t a t i c  pressure i~ responsible fo r  t h e  Spherical shape of t h e  

gas micropore, F i m r e  4c. The bc8ic difference betveen Skylab and 

ground-processed Ni-Sn specimens is precise ly  t h i s  undercooled s t ru-  

cture. 



SKYLAI3 smm 2.8 

 elea eased Type Ni-Ag ) 

I. RESULTS OF SPECIMEN EVALUATION 

A. NON-DESTRUCTIVE EVALUATIONS 

1. Spherici ty 

a .  Micrmetrio BScsmination 

The major, minor and intermediate axes of the  spheroid are: 

+ + + 
a ='0.380 - 0.005 cm, b = 0.320 - 0.05 cm and c = 0.360 - 0.005 cm. 

b . Shadowgraphic htaminat ion 

Values obtained by using top  and s ide  views of t h e  projected 

shadows are  t h e  following: a = 0.395 cm, b = 0.340 cm and 

c = 0.370 cm. 

2. Density 

3 The density evaluated by pycnmetry was foiuid equal t o  8.80 q /cm . 
3. Surface Smoothness 

Scanni;ig eiectron micrographs of t h e  specimen surface a r e  i l l u s -  

t r a t e d  i n  Figure 8. A l a rge  portion of t h e  specimen did  not melt.  

The reso l id i f i ed  portion exhibits  a f a i r l y  smooth surface with 

limited occurrence cf so l id i f i ca t ion  shrinkage c a v i t i e s ,  but ex- 

tensive occurrence of pat terns t h a t  can be a t t r ibu ted  t o  s i l v e r  

evaporation and thermal grooving. 

B. DESTRUCTIVE TESTING 

1. Grain Formation 

The mcroetructure i l l u s t r a t e d  i n  Figure 1 is t h a t  of a meridian 

croes-section t h a t  cu t s  through t h e  unmelted par t  of t h e  specimen 

( A ) .  The resol id i f ied  epecimen includes a columnar grain struc- 



t u r e  (B) with grains o f  average length = 900 microns and average 

. width = 210 microns, and an equiaxed grain s t r u c t u x  ( C )  wi th  

grains of average s i z e  = 100 microns. Both grain s i z s  measwe- 

merits a re  affected by a wide sca t t e r .  

2. Microporosity 

Metellographic examination showed very l imited microporosity. 

The t o t a l  vclume ~ e r c e n t  microporosity calcualted f r o m  density 

considerations i s :  C(9.00-8.80)/9.00] x 100 = 2.22% (9.00 i s  

Sensitg of perfec t ly  conpact ~ i - 0 . 6 8  st'; Ag and 8.80 i s  measured 

densi ty) .  By quant i ta t ive  metallography t h e  average volume per- 

cent microporosity found was 1.855, with a rnaxifium of 3.15% 

and a minimum of 0.25%. This  low volume percent microporcsity 

was measured by X-ray microradiography . 
3. Dendritic Structure 

Microstructure (B)  , Figures 1, , ., and gd i s  columnar dex:- 

d r i t i c  with secondary dendrite arm spacing of  about 25 as 

next. t o  t h e  ceramic subs t ra te  and up t o  40 microns a t  $but,  0.2 cm 

from t h e  substrbte. Microstructure (c)  is  equiaxed dendr i t ic ,  

Figure gc,  with secondary dendrite arm spacing of about 40 miczons. 

4. Secondary Phases, Segregation, Nonmet d l i c  Inclusions c 

a. This two-phase xconoteetic a l loy  consists  i n  t h e  as-cast condition 

of primary dendrites of nickel-rich phase wlth in te rdendr i t i c  

d iscre te  p a r t i c l e s  cf a nonequilibrium phase t h a t  appears t o  be 

almost pure s i l v e r .  These p a r t i c l e s  are very f ine  and a r e  res- 

p o n s i b l ~  for the  fomat,ior~ of e tch  p i t s  t h a t  appear a s  blsck spots  



-9- 

del ineat ing t h e  secondary dendri te  am boundaries, Figure 9c. ' 

The appropriate way t c  define microsegregation i n  t h i s  system 

would have been by indica t ina  t h e  minimum s i l v e r  concentration, 

C,, measure along dendri te  arm axes, and/or by the  volume per- 

cent of nonequilibrium secondary phase (&). Yeasurement of t h i s  

volume percent appeared impossible t o  make because of i ts very 

low value. Measured - r a i ~ e  of Cm = 0.55 wt5 Ag . A t  dendri te  a m  

boundaries, away form si l-rer  pa r t i c l e s ,  a maxiium C = 0.85 t t $  \ M 

Ag was measured. 

c . Macrosegregation . - 

The averege s i l v e r  concentrat ion measured with a de1'~cused elec- 

t ron  beam was 0.64 wt% i n  microstructure (B) and 0.72 w t %  

i n  ~uicros t ructure  (c)  . 
d. Nonmetallic Inclusions 

$ i l ica ,  silicoalum?.nate and su l f ide  p a r t i c l e s  of  vsry f i n e  

s i zes  (about 1 micron) and i n  extremely small quant i t ies  were 

detected. It appeared impossible t o  make any volume percent meas- 

urements. 
I 

5. Microhardness Survey i 

I r 
An average micrchardness o f  125 VIN was measured within t h e  ra- 

. . 

so l id i f i ed   art of the  spe~imen. Measurements were made with 4 

both microstructures (B) and (c) and exhibited very narrow s c a t t e r . ,  

6. c%emical Cornpoettion 
i 
j 

The s i l v e r  conceritration, determined by chemical 'analysis ,was 

found t o  be sq~al t o  0.68 wt%. Elements F-alyzed by techniques 



ramarfzed i n  the  Introduction were: E(q: 5 p-, Si: 5 p p ,  

a :  ',5 p p ,  21 + Pb: 15 p p ,  0: 1 qP, : 5 p p .  

TI. . D I ~ - ~ S T C ! !  OF FLIDTFTCATTOCI BEMVIbR 

This spechen w l t e d  partially. The uxmelted par+ !A! recrystal- 

l ized 2ue t o  the  heat released by the  adJarqnt sclidifying ~ e ! t .  

=is melt solidified i n  a coarse dendrite fashicn tha t  is equiaxed, 

vith col?mar tendencies near the unwlted material o r  t o w s  

the c e e c  s ~ b s t r a t e .  Irzwth vas e p i ; a x i d  and the  l iquid d id  

not undercool. The specbec  l o s t  a significant a m o a t  of its 

s l lver  by vaporization. The ninute s i lver  :-ticles tha t  a p  

pear fnterdendritically and are men3 fested by etrh-pits  are the  

resu l t  o f  a monotectic reacticn l a t e  d u r i w  the  solidific-.+.io?l 

process. is no evidence of any effect  of zero-gravity 

2nvlromebt on the  d c m s t r u c t u r e  o r  a l i d i  f i ca t  ion beha-irior cf 

tNs s p i . & n -  No meaning~lil qual i ta t ive  or  qdantitative difference 

vrs established between this specimen and the  ground-processed 



sKYL43 SPEClMElO 2.L 

(Retaixd 3-pe ?ti-&) 

I. RESULTS OF smm EVALUATTOI 

A. 80X-DESTRUCTIVE EVALUATIONS 

1. Sphericity 

a. Micrcmetric Exemination 

The specimecis perfectly spherical h i t h  ra i ius  e e a l  t~ 

+ 
0.275 - 0.005 cm. 

b. Sha2owgrephic Examination 

Using top and side shaCov ~ r o j e c t i o n s  the  radias m s  found. 

e q a d  to  0.293 cn. 

2. Density 

3 The density, evaluate? pycnanetr ic~l ly  -as e.90 m/cn . 
3. Su-rface *.oothness 

Figire  li exhibits s cann ix  electrcn nicromaphs of the  specimen 

surface. The surface is extreme- not?tk with only a few 6.rain 

b01m0mies t h a t  a re  not grooved. ?lr, den4ritic pattern is seen 

on the  surface, presurtably because the  spe-inen has lost. a l o t  

of i ts s i lver .  The absence of surface dendrites, hence o f  in t r r -  

dendritic sol idi f icat ion shrinkage is t!~ought t o  be part ly re- 

sponsible fo r  the  surface moothness. 

B. DESTRUCTIVE EVAUIATIOHS 

1. Grain Foraet!on 

A meridian croas-section of the  spechen is  i l lus t ra ted  i n  

F i w r e  1. Grain s ize  is  very coarse, approvlmately 101G microns, 



Figure 12c. The surface layer coaiprises cnly five grains. All 

grains are equiaxed dendritic and there is evidence that secondary 

grain growth has taken place. 

Microporosity 

The mount of microporosity vithin the specieen is extremely 

limited. From density considerations the vol-me giercer.t zicrc- 

porosity is: [(8.~9-8.90)/8.%I x 100 = 1.01%. ( 8 . o ~  is den- 

sity of perfectly canpact Hi-Q.57 v t X  AE and 8-90 is zeasiired 

density). X-ray microradiography has confimed En extrezeiy lov 

mount of nicroporea that are submicren in size. 

3. Dendritic Strdcture 

The specimen is coarse Cendritic, consisting of den&ite "cells" 

of the primary nickel-rich phase, analogous to those obserred / 
/ 

in t-ery slovly cooled alloys. Such dendrite "cells" of averwe L 
r i z e  equal to 190 microns may be attributed to extensive caarsening 

and coalescence that take place Luring solidification. '!'he icter- 

dendritic spaces appear to be richer in silver with la-ally re- 

cognizable silver particles, Figures 12b and d. Figure 12c in- 
1 

dicates clearly that extensive pain grovth has taken place after 

ccnpleticn 3f solidification. Such growth could mt be prevented 3 

by the very low amount of silver particles present at dendrite 

"cell" boundaries. 

4 .  Secondar; Phases, Segregation, Hmnetallic Tnclusions 

a. Some particles of secondary phase ( ~ g )  have been observed along 

dendrite "cell" boundaries. The specimen appears to have lost, 1 
at least close to the surface, an appreciable amount of silver i 



by vaporization from the  m e l t .  

b . t-!icrosegregation 

Within the  Cendrite "cellsQ' s o  s i m i f i c a n t  var ia t ion  o f  s i l v e r  

concentiation was detected. On t he  a-rerage, t5e ccncentration 

vas 0.49 vt$ Ag. 

c. Macroseregation 

me average concentraticn o f  s i l v e r  neasxrer! at -:a~ious Iscztic.ns 

within t h e  spherical  specimen, using a defocused e l e z t r r n  bray 

sp;;eare? t c  5 e  cocstant ar.2 eqrral tc 0.52 L?$. 

d. Nonmetallic Inclusions 

Some re ry  r a r e  and f ine  inclusions were ibentifie.2 a s  s i l l c a ,  

su l f ides  and s i l i c d u m i n a t e s .  Ko s i z e  Gr volarie perrcnt neascre- 

=en+-s have been pcss ib le  t o  nake . 
5. uicrobardenss Survey 

Very minor differences i n  microhardness vere founa betweer. d i f -  

ferent  locat ions v i th in  t h e  specimen. AJI a v e r q e  m i ~ r o h ~ a n e s s  

of 115 VXN was reasured. 

6. Chemical Compositf on 

The s i l v e r  concentration, determined bg wet chemical a n a l ~ s i s ,  

vas found t o  be equal t o  0.57 w t % .  Mher e l e ~ e n t r :  present were: 

: 3 ppn, Si :  3 ppm, Cu: 10  ppm, Zn + Pb: 10 ppm, 9: 20 ppm, 

ti: 20 ppn3. 
11. DISCUSSION OF SOLTDIFTCATT9N BERAVTOR 

The specimen melted completely and assumed R perfec t ly  spherical 

shape. Sol id i f ica t iz~n was dendr i t ic  w i  t h  spncin~rr of abasit 'I30 

microns, t h a t  is  about 5 times coarser than those observed i n  



the SL-2.8. The reason for this very slow soliaification is that this 

spechen was heated for about 25 seconds,hence superheated much more 

than the SL-2.8 specimen or the eround-pr~cessed specimens R1-b and 

81-11 u5ich vere heated for a shorter time(e.g. specinen st2.8 was 

heated for 15 seconds) &.?d cooled down slower. Slow solidification is 

responsible for the extensive coarsering ara coalescence that led 

to formation of coarse "dendrite cells" (average "cell" size=lyO 

microns ,as opposed to dendrite a m  spacing in ground-specimen Ul-4 

equal to 25-35 microns). The specimen has lost a substantial fraction 

of its silver content during this long heatiAng(0.!i7vt%Ag in SL-2.4 

and 0,85wtZ~g in ground-specimen I 1-41 ,Extensive grain growth took place 

because of slow cooling of the solid and high purity (grain size= 

1010 microns in SL-2.4 and only 305 microns in ground-specimen 4' 1-41. 

Some coarse. silver particles that Porned monotectically vere detected 

betwezn dendrite celis. Microhardness in ~ ~ 2 . 4  was on the average=115 

VHN, as compared with that in ground-specimen I 1-4,equal to 138V~~. 

This property should be correlated with the amount of silver within 

the specimen-The extreme smoothness of the sL-2.4 specimen may be 

attributed to the very small number of grain boundaries that uotcrop 

on the surface,and to the absecence of surface dendrites or interdendr:+.ic 

shrinkage. 



(Fieleased Type Pure ~ i )  

I. RESULTS OF SPECIMEN EVALUATION 

A. NON-IIESTRUCTTVE E71AI,UATIONS 

1. Sphericity 

G. Micrometric Examinat ion 

The major, minor and intermediate axes ~f t h e  specinen are:  

a = 0.320 a, b = 0.285 cn and c = 0.310 cn. An errsr of 

+ - 0 -305 cm a f f e c t s  these  measure.nents. 

b. Shadowgraphic Exmination 

Using top  and s ide  shadow project ions t h e  foll3winu values *re 

obtained: .i = 0.343 cm, b = 0.293 cm and c = 0.321 c ~ .  

2. Density 

The density, evaluated pycnometrically , was fcuna equal t o  

3 8.65 @/ern . 
3. Surt'ace Smoothness 

Figures 13  and 14  i l l u s t r a t e s  t h e  surface morphol~ly of t h e  speri-  

men. Oitcropping macroporosity can be seen i n  F i w r e  1?a, and 

surface pat terns  probably caused by flow and vaporization can 

be seen i n  F i ~ l r e s  13b, c and Figure 1 4 .  h e  cantact between 

melted and m e l t e d  specimen i s  characterized by a deep gap t h a t  

is seen i n  F i v e  13d. 

B . DESTRUCTIVE EXATJJATIONS 

1. Crain Fonnations 

The cross-section of t h e  sjecimen, Figure 1, i l l u s t r a t e s  t h e  par t  



t h a t  did not melt (A)  and t h e  part t h a t  melted aqd r e s c l i d i f i e d  

(B). Ave~age gra in  s i z e  i n  microstructure ( A )  is 100 z i c rcns  

and i n  microstrccture (B) 1000 microns. 

2. N i c r o ~ r o s i t y  

Some microporosity 3s observed on t h e  sur face ,  Firjure 13a, and 

almost no poros i ty  is observed v5thin t h e  specimen. F r m  i e n s i t y  

measurements t h e  t o t a l  percent  microporosity was foWd equal  to :  

C(8.99-8.65)/8.99] x 100 = 3.78%. (8.99 i s  dens i ty  cf per*ctly 

compact n i cke l  and 8.65 i n  measured dens i ty) .  Quan t i t a t i ve  

netal lographic and X-ray microradiographic analyses gefe a al- 

uae percent o f  about 1.75%. 

3. Dendrite S t ruc tu re  

No d e f i n i t e  dendr i t i c  s t r u c t u r e  w a s  observed i n  t h i s  as-cast pure 

n icke l  specimen. When heavi ly  etched and examined under polar ized  

l i g h t ,  t h e  specimen exhib i ted  gra ins  t h a t  contained a regulsr 

dendri te- l ike segregation p a t t e r n ,  Figures 15b and c. These 

pa t t e rns  may be a t t r i b u t e d  t o  impurity segregat ion.  

4. Secondary Phases, Segrega t im  , Nonmetallic 1ncl;lsions 

No secondary phase, microsegregation o r  macrosegregation were 
- 

detected o r  measured i n  t h i s  specimen. Some s i l i c a ,  s i l i c o -  

aluminate and s u l f i d e  inclusions were i d e n t i f i e d  without c e r t a i n t y  

because o f  t h e i r  extreme fineness.  

5. Microhardness Survey 

The average microhardness was measured and found t o  ce equal t o  

1.55 VHN. This value w a s  t h e  eeme for t.he bulk ~f t h e  trains. 



as well a s  f o r  k a i n  boundaries. 

6. Chemical Composition 

Mements analysed using techniques summarized i n  t h e  Introduction 

are: 0: 10 ppu, N: 5 ppn, H: 2 ppm, Fe: 4 ppn, C r  = 5 ppn, 

- Co = 5 ppm, Si:  5 gpm, Cu: 10 P P ~  

11. DISCUSSION OF SOLIDIFICATION BEHAVIOR 

The specimen melted p a r t i a l l y  and reso l id i f i ed  ep i t ax ia l ly  on 

the  remdning m e l t e d  sol id .  Same tj-pica1 skrinkage micro- 

porosity appears on t h e  surface,  especiinlly a t  t h e  boundary 5e- 

tween reso l id i f i ed  and m e l t e d  parts, Figure 13d. Ripple- 

marks appearing on t h e  surface,  Figure 13,  nay be a t t r ibu ted  t o  

l imited displacement of mushy l iquid .  Ce l lu l s r  pa t tzrns ,  Figure 

14, may be a t t r ibu ted  t o  surface vaporization along boundaries 

of dendrite c e l l s  t h a t  might have grovn a t  some locations o f  t h e  

surface. Extensive grnin growth after completion of s o l i d i f i -  

cat ion,  favored by the  pur i ty  of  t h e  material ,  should be held 

responeible fo r  t h e  large  grain s i z e  observed. The weak dendr i t ic  

segregation pattern revealed by heavy etchings and examination 

of t h e  specimen under polarized l i g h t  may be  a t t r ibu ted  t o  im-  

pu r i t i e s .  The so l id i f i ca t ion  of t h i s  specimen is similar t o  t h a t  

o f  t h e  ground pure nickel specimens, with t h e  exception of t. e 
*. . 

r ipple  marks t h a t  appear only i n  t h e  Skylag Specimen. There is  

no evidence of undercooling. No s igni f icant  difference was established 

between the  microstructure of t h i s  specimen and t h a t  -af ground- 

processed pure nickel. 



SKYLAB SPECIKEN 1.11 

(Released Qpe Pure ~ i )  

I .  RESULTS OF SPECIMEN EVALUATIONS 

A .  NON-DESTRUCl'IVE EVALUATIONS 

1. Spherici ty 

Only  a s m a l l  f rac t ion  o f  the  specimen melted and r e so l id i f i ed .  

It w a s ,  therefore ,  Judged unimportant t o  make any measurener.ts 

of  spherici ty.  

The densi ty of t h i s  specimen, evsluated by pycnometry, was 

3 found equal t o  8.95 gm/cm . 
3. Surface Smoothness 

The surface morphology i s  i l l u s t r a t e d  by the  seaming electron 

micrographs of  Figure 16. There i s  no evidence of extensive 

porosity. .Locally, i n  a shallow shrinkage cavi ty  the re  i s  

evidence of surface dendr i t ic  growth, Figure 16d. The pat tern  

shown i n  Figure 1 6 ~  appears t o  be an ensemble of ripple-mctrks 

caused by l imi ted  displacement of mushy met&. This displacsment 

appears t o  have been guided by t h e  machining l i n e s  on the  under- 

ly ing  unmelted par t  of t h e  specimen. 

B .  DESTRUCTIVE ENAUlATIONS 

1. Grain Formation 

The cross-section of Figure '1. exhibi t s  t h e  unmelted microstructure 

( A )  and nicros t ructure  ( B )  t h a t  resulted from reso l id i f l ca t ion .  

Mi(-rostructure ( A )  consis ts  of equiaxeri grains o f  average s i z e  

eq11a.l t o  115 microrlu. Mi crootrur-ture ( 1 1 )  conzist s o f  cocrrsc: c.r/~ri-  



axed grains of average size equal to 327 microns. These grains 

are heavily twinned, Figure 17, and are randomly oriented with 

respect to each other. 

2. Microporosity 

The volume percent microporosity deduced form density measure- 

perfectly compact nickel and 8.95 is measured d ersity) Bicrc- 

pores are very fine. Measurement of the volume percent micro- 

porosity by :X-ray microradiography gave 0.25%. 

3. Dendritic Structcre 

The dendrite structure that appeared in certain locations on the 

surface, Figure 16d, did not appear in the bulk specimen. How- 

ever, very heavy etch in^ and examination of the cross-section in 

polarized 1 ight revealed very vaguely a dendrite-like segregation 

pattern, Figure 17b. The surface denrites are extremely fine 

(secondary dendrite arm spacing of about 5 microns). 

4. Secondary Phases, Segregation, Nonmetallic Inclusions . 

No secondary phase, microsegregation or macrosegregation were 

observed in this pure system. Nonmetallic inclusions were similar 

to those observed in specimen SL-1.10. 

5. Microhardness Survey 

An average microhardness of about 150 VHN was found both in the 

bulk of the grains and at grain boundaries. 

6. Chemical Composition 

tloncentrrit,ions of ~na lyze i l  elements arc : [CII : 3 ppm, S1 : 5 pprn, 

Cr: 5 ppn, Fe: 5 3pm, Co: 3 ppn, 0: 15  ppm, N: 3 ppm, 11: ?"ppm] . 



11. DISCUSSION OF SOLIDIFICATION BEHAVIOR 

The microstructure and s o l i d i f i c a t i o n  behavior of  t h i s  specircen 

i s  very similar t o  t h a t  s f  specimen SL-1.10. Both melted 

p a r t i a l l y  and i n  both t h e  so l id  g r e w  ep i t ax ia l ly  on t h e  unmelted 

specimen. The observed weak dendr i t ic  segregation pat tern  ex- 

h i b i t s  equally f i n s  spacing i n  boAh cases. The surface dendri t ic  

pa t tern  observes i n  a shallow solidir ' ication cav i ty  i n  t h i s  speci- 

men may be a t t r ibu ted  t o  impurity segregation o r  could be of 

thernal .or ig in .  Such pat terns  were observed i n  pure nickel  ground 

specimens too. Ripple-marks appearing on t h e  surface may be a t -  

t r ibu ted  t o  l imited displacement of mushy metal; t h i s  displacenent 

appears t o  have been guided by the  machining l i n e s  on t h e  mder-  

lying unmelted specimen. Some of the  surface r e l i e f  cculd be 

a t t r i b u t e d  t o  impurity vaporization. The specimen did not 

cndercool. No meaningful difference was detected between t h i s  

specimen and the  ground-processed pure nickel.  



The general  aim of t he  S p h c c  Form. :g Skjlab h p e r i n e n t  was t o  study 

the  s o l i d i f i c a t i o n  behavior of metals In zero-gravity envirunment. I t  

was reasocably expected t h a t  s o l i d i f i c a t i o n  of released specinens wocd 

be containerless-leading t o  subs t an t i a l  undercoaling of t h e  four  all.oys - 
specificdilly se lec ted  f o r  t h i s  purpose-and convectionless-minimizing 

macrosegregation. A synthesis  of  r e s u l t s  obtained from the  f i v e  specimens 

s tudied  is presented below with a discussion focused on these  expectat ions.  

I. SPECIMEN UNDERCOOLING 

The Ni-Sn specimen SL-1.6 melted completely and nucleated on t h e  . 

ceramic subs t r a t e  wi:h formation of columnar dendr i t i c  s t r u c t u r e  ( A )  

t h a t  grew with decreasing temperature of  t h e  remaining melt .  A second 

nue?eation phenomenon occurred on t h e  sur face  of t he  nphere,because 

subs t an t i a l  l o c a l  undercooling of t h e  melt .  Microstructure (c) was thus 

generated. The morphology of t h i s  microstructure i nd ica t e s  an undercooling 

of about 7 0 - 1 0 0 ~ ~ .  No high s o l u t e  cores  a r e  observed ,presma5ly  because 

they were levelled-off by s o l i d  s t a t e  d i f fus ion  accompanying siow cool ing 

of t h e  sphere. It appears c e r t a i n  t h a t  had t h i s  specimen f loa t ed  away from 

the  c r y s t a l l h e  s u b s t r a t e , i t  would have undercooled subs t an t i a l l y .  The 

Ni-Ag specimeri SL-2 .8 melted p a r t i a l l y  with t h e  melt nucl.eating ep i  t a x i a l l y  

on t h e  m e l t e d  mater ia l  and i n  t h e  ceramic subs t r a t e .  No undercooling 

i s  observed. Tie Ni-Ag re ta ined  specimen SL-2.4 melted completely and 

nucleated aga ins t  t he  \ w e l t e d  s t i n g  at very low undercooling. Fin:*l.ly, 

t h e  pure n icke l  specimens SL-1.10 and SL-'1.11 melted only partial3 y 



and the melt nucleated epitaxially on the unmolted material. 

None of the five spechiens undercooled properly,if at dl. However, 

there are strong microstructural indications ttkt had the specimens melted 
'. . 

completely and taken off the substrate,or had the specimens melted completely 

against an amorphous substrate-as suggested by the author-s3bstential 

un'dercooling would have taken place. 

11. CONVECTION IN THE MELT 

1% is known that convection in the melt is respcr! .: ?or "crystal 

multiplication". In s~ecimens such as these convection mr.y be caused by 

density differences within the melt or by solidification shrinkage. This 

- second type of convection cannot be eliminated,is very_ significant and 

is responsible for certain types of macrosegregation. By examination of 

microstructur~s Of the solidifiec specimen it is not possible to decide 
.. . 

which t h ~ e  cr  convection is responsible for' which .effect. haqination of 

smtrcrosegregation has nr;t revealed any significant mount. It should be 
' 

remembered that with the selected alloys no gravity segregation can be 

observed because o f  the small difference in densities of Ni ,Sn,Ag and Cu. 

The Ni-A1 alloy that' was r~commended for clarifying this point was not 

'finally selected,because of aluminum vaporization problems. 

The specimens studied herein do not allow any estimation of' the extent 

of convection in the liquid. However,in specimen EL-1.8 it can be seen that 

. a big gas micropre is spherical and wes entrapped in the bulk of the  sp+cimr:n. 

'l'he geometry of this microj,ore indica+r?s that it grew slowly and was nc,L 



r .  C 
C ' .  --d 

i 
? f 
i 8 ; ... 

A % 6" 
1 r 

- r 
1 r -  

* f 

f .  
l? /$ 

- 

. i 
4. . -  

I 
- ?  6 - -1. \ - :  
i~ + ' 

C I 
.- B 
.: - - -  

. . 
/ 

had the  time t o  f lcqf  i f  a gravi ty  f i e l d  was present.  These obser-~at ions  

would then ind ica te  reduced gravity.' 

111. MELT r'!rRIFICATION 

Comparison of analyses of Skylab specimens arid of the  or ig inal  

lllaster a i loys  indicstes losses  c f  t i n  and s i l v e r .  It a l s o  indicates a 
. < 

cer ta in  l o s s  of impurities by vaporization. 
/ 

/ .  
A general conclusion t c b e  formulated i s  t h a t  t h i s  experiment d i d .  

not s a t i s f y  all expectations b t  has ii,clbcated tha t  expectations bou'~d 
. , 

be sa t i s f i ed .  It did nnt solve the  problems invol\,-d i n  sol id ' i f icat ioc 

processing i n  space,but has pointed out which these problcms are and 

CGW they can be faced in fu ture  experiments. 



F i & w e  I : F'r.otmicrogr8p)l.s ill'astrating the mcrostructzre cf Slgvhb 
specimens ,lox. k 
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-. P~E'U-e 3: Scanning electron ntcrogrephs cf sl=face of specizez 
SL-1.6. (a) P O : < , ( ~ )  2 5 ~ , I c )  and (6) 100X. 



F i v e  4 : Scanning electron h i c r o p q h s  of s p c i m e n  SL-1 - 6 .  (a 1 SOOX, 
(b) 2000X. Phatomicrogra~hs of spericen SG~. 6 etched with 
9osenhai~'s reagent. i c !  and (d)  50K. 



SL-~ -6 with Sosenk-~in' 
figure 5 photonicr~~'~$.5 of specinen :03~;(~) and [d )  Fa Lari:ed li~h", SzS- 

reagent. -(a) ~d (b) - 







- ' ,'1:' 

8: Scanniw electron micrograph of sspecimar. Sl-2.:. \I. --.-, 
( b )  2 5 8  and (c] loox. 





-. -- 1 W . z  10 : Shedoqrag*.~ ' 10%) ar.d X-re; zacroradiographs (1~) 

specfr-en L't-2.h. i n )  Tzp v i e w s , ( b )  aad : c )  s i d e  -;irus. 



Figre 11: Scanning electron nicrographs of specisen SL-2.b ( e )  10x9 
(b) 25~,(c) and Id) 100X. 



Figure 12: Photomicrsgraphs of specinen SL-2.4 etched ~ l t h  3oserhsin1s 
rehgent. (a) -5X, (3; snd ( c )  50:; and ( d )  100X. 



i 

Figure 13 : Scanning e lec t roc  micrographs of speci~et :  7:-1. lG. I2 ) lo?:, 
( b )  25~,(c! l O O X  bnd ( d )  125X. 
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