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AB S TRACT 

Meta l lu rg ica l  analyses  were conducted on s i x  Skylab 11 f l i g h t  

samples t o  s tudy containerl tzss  s o l i d i f i c a t i o n  and t h e  e f f e c t s  of 

weight lessness  on t h e  s o l i d i f i c a t i o n  process .  

Resul ts  i n d i c a t e  an  outs tanding record  of  s o l u t e  r e d i s t r i b u -  

t i o n  processes and of s o l i d i f i c a t i o n  t e r r a c i n g ;  t h i s  r ecord  may 

exceed t h a t  ob ta inab le  t e r r e s t r i a l l y .  The s o l u t e  r e d i s t r i b u t i o n  

process was found t o  be h igh ly  l o c a l i z e d  and i n  some cases  t h i s  

l o c a l i z a t i o n  was t o  p resc r ibed ,  low index, c r y s t a l l o g r a p h i c  sys-  

tems. Some samples denonst ra ted  t h a t  under reduced p r e s s u r e  and 

g r a v i t y  condi t ions  t h e  a n t i c i p a t e d  s o l i d / l i q u i d  s o l i d i f i c a t i o n  

process was per turbed and superseded by s o l i d / l i q u i d / g a s  r e a c t i o n s  

during melt ing and s o l i d i f i c a t i o n .  
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INTRODUCTION 

As p a r t  of  i t s  e f f o r t s  i n  t h e  Space Processing (SP) program, 

NASA conducted experiments i n  t he  Skylab program wi th  t h e  ulti-mate 

goal  of manufacturing u s e f u l  products  economically i n  space.  The 

M553 Sphere Forming Experiment was conducted w i th in  t he  M512 Furnace 

F a c i l i t y  of  Skylab 11 t o  s tudy t he  e f f e c t s  of  a reduced g r a v i t y  en- 

vironment on s o l i d i f i c a t i o n  processes.  

Six of  t he  samples generated i n  these  experiments were evalu-  

a ted  by t h e  Grumman Research Department. This r e p o r t  descr ibes  

the  meta l lu rg ica l  r e s u l t s .  



EXPERIMENTAL RESULTS AND DISCUSS1011 

The M553 Metals Melting and S o l i d i f i c a t i o n  Experiment was d2- 

s igned t o  s tudy t h e  e f f e c t s  of  a  reduced g r a v i t y  environment on t h e  

c o n t a i n e r l e s s  s o l i d i f i c c t i o n  of four  d i f f e r e n t  m a t e r i a l s .  Each of  

t h e s e  m a t e r i a l s  has a  face  centered  cubic  ( fcc)  primary s t r u c -  

t u r e ,  and these  m a t e r i a l s  were chosen because t h e  s o l i d i f i c a t i o n  

theory  i s  most advanced f o r  t h i s  atomic s t r u c t u r e  (Ref. 1 ) .  The 

four  m a t e r i a l s  s e l e c t e d  were. nominzlly,  pure N i ,  Ni-1 wt% Ag, 

Ni-12 w t %  Sn, and Ni-30 w t %  Cu. 

Although t h e s e  m a t e r i a l s  were a l l  of t h e  f c c  c r y s t a l  s t ruc- .  

t u r e ,  ;hey were expected t o  d i f f e r  i n  t h e i r  s o l i d i f i c a t i o n  behavior  

because of t h e  d i f f e r i n g  a l l o y  con ten t s .  Pure N i  was expected 

t o  s o l i d i f y  i n  a  congruent f a sh ion  whereas t h e  a l l o y s  were expected 

t o  s o l i d i f y  a thermal ly  and t o  demonstrate c o n s t i t u t i o n a l  super-  

cool ing .  More s p e c i f i c a l l y ,  t h e  l i m i t e d  s o l u t e  con ten t  of t h e  

Ni-1Ag a l l o y  was expected t o  r e s u l t  i n  a  c e l l u l a r  s o l i d i f i c a t i o n  

mode over  a  narrow temperature range ,  whereas t h e  remaining two 

a l l o y s  were expected t o  s o l i d i f y  d e n d r i t i c a l l y  over  a wider tem- 

pe ra tu re  range.  The s o l i d i f i c a t i o n  of t h e  h igher  concen t ra t ion  

a l l o y s  d i f f e r e d  i n  t h a t  t h e  Ni-30Cu a l l o y  was a  s ingle-phase  

m a t e r i a l  whereas t h e  Ni-12Sn a l l o y  was L two-phase e u t e c t i c  mix- 

t u r e  of .:i and Ni3Sn. The m a t e r i a l s  could be f u r t h e r  d i f f e r e n -  

t i a t e d ,  by s o l i d i f i c a t i o n  r e a c t i o n ,  i n  t h a t  t h e  phase purc n i c k e l  

s o l i d i f i e d  congruent ly .  t h e  N i -  1 Ag s o l i d i f i e d  v i a  monotectic 

r e a c t i o n ,  t h e  Xi-12Sn s o l i d i f i e d  e u t e c t i c a l l y ,  and t h e  Ni-30Cu 

s o l i d i f i e d  as  sn isomorphous s o l i d  s o l u t i o n .  C lea r ly .  t h e  sample 

cons i s t ed  of a group of materia1.s r e p r e s e n t a t i v e  of a wide range 

of s o l u t e  content  and of phase r e a c t i o n s  r e p r e s e n t a t i v e  of a  l a r g e  

segment of m e t a l l u r g i c a l  p r a c t i c e .  The publ ished ( ~ e f .  2)  phase 

diagrams a r e  included as  Appendix A.  



The unprocessed materials wcrc chatnEercd cvl i n d ~ r s  and melted 
I 

by an electron bc am t h a t  impinged on a sample Lrom one side. The 

samples were arranged on a "pinwheel"  (Fig. 11 tha t  could be 

Fig. 1 Pinwheel 2 As Returned from SkyPab I f  (Ix) 

rotated by an index motor such tha t  thz samples were melted sequen- 

tially. There were 1 index positions on the "pinwheel" and it 

should be noted that pos i t ion  1 was resemed f o r  a tungsten target 

f a r  focusing the e?~rtron beam and t h e  rernainsng 14 specimen pos i -  

t ions incorporated both retained "sting " specimens ( p o s i t  ions 2 -5) 

and free float specimens (positions 6-15) . The re ta ined specimens 

are shown in Fig. 1 with some unmelted samples. The materials 

were arranged in a designed sequence to maximize the scientific 

return and t h i s  sequence is tabulated i~ Table I. Each of the pin-  

wheels processed during Skylab I1 had the same sequence of materi- 

a l s  and the melting of each specimen was started at a vacuum of 



TABLE 1 MATERIALS SEQUENCE FOR M553 SPECIMEN "PINWHEELS " 

Index No. Specimen Materials  Process Type 

Tungsten 

N i  

Ni-12Sn 

N i  - 1Ag 

N i  

N i  

N i -  12Sn 

Ni-1Ag 

Ni-30Cu 

N i  -30Cu 

X i -  1Ag 

Ni-12Sn 

N i  

Ni-12Sn 

Ni-1Ag 

Tar k, .. 

R e  t .A ined 

Retained 

Retained 

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Free Float  

Note: The index number i s  preceded by the  specimen pin- 
wheel number i n  ident i fying samples, and the  
specimen pinwheels both used the  same specimen 
mater ia l  sequence. 

mm Hg. Ilnfortunately, t he  re leased specimens could not  be 

s ingula r ly  i den t i f i ed  and so not  a l l  of t he  sample numbers used t o  

i d e n t i f y  d i s t r i bu t ed  sarr~ples correspond with  t he  o r i g i n a l  specimen 

pinwheel index numbers. Note ( i n  subsequent sect ions)  t h a t  some 

samples intended t o  be re leased fram t h e i r  pedesta ls  while molten, 

d id  not ,  and others ,  although re leased,  impacted on chamber sur -  

faces while s t i l l  molten. The l a t t e r  a r e  not s t r i c t l y  representa-  

t i v e  of mater ia ls  s o l i d i f i e d  while f l oa t ing  f r e e l y  i n  a reduced 

gravi':y environment. 



This r e p o r t  cons iders  each a l l o y ;  however, d i s t i n c t i v e  fea -  

t u r e s  of each sample a r e  i d e n t i f i e d  i n d i v i d u a l l y .  Where poss ib le ,  

g e n e r a l i z a t i o n s  a r e  drawn covering a l l  samples and r e s u l t s  a r e  com- 

pared wi th  t h e  as- rece ived m a t e r i a l s  (Ref. 3) and samples processed 

i n  a one-gravi ty f i e l d  (Ref. 4 ) .  Samples of t h e  same nominal chem- 

i s t r y  a r e  considered i n  sequence f o r  t h e  sake of c o n t i n u i t y .  The 

physica l  and mechanical p r o p e r t i e s  of t h e  as- rece ived and ground- 

base samples a r e  included i n  Tables 2-5 and a r e  incorpora ted  i n  

t h e  ind iv idua l  f l i g h t  sample d i scuss ions .  

This  was a p a r t i a l l y  melted, pure n i c k e l ,  sample t h a t  r e l e a s e d  

prematurely and impacted, whi le  p a r t i a l l y  molten, w i t h i n  t h e  f u r -  

nace chamber. The sample i s  shown i n  orthogonal  views macroscopi- 

c a l l y  i n  Figs .  2a and 2b. The lower p o r t i o n  of  Fig.  2a  c l e a r l y  

shows the  e x t e n t  of  t h e  remnant unmelted s o l i d  and t h e  f l a t t e n e d  

upper por t ion  r e s u l t e d  from t h e  impact of t h e  molten p o r t i o n  w i t h i n  

t h e  chamber. 

Figure 3 i s  an  en la rg  -.mt of one of  t h e  s h ~ .  c a v i t i e s  on 

t h e  impact su r face  shown i n  Fig .  2b. The most i r ~ t e r e s t i i n g  aspec t  

of t h i s  i s  t h a t  t h e  s o l L d i f i c a t i o n  morphology appears c e l l u l a r .  

This i s  impossible f o r  a phase pure m a t e r i a l  and i n d i c a t e s  t h a t  t h e  

sample, o r  a t  l e a s t  t h i s  por t ion  of t h e  sample, i s  contaminated. 

Consideration of  t h e  s u r f a c e  contamination l e v e l s  of  t h i s  sample, 

a s  shown i n  Table 6 ,  i n d i c a t e s  t h a t  s u b s t a n t ' a l  l e v e l s  of aluminum, 

copper ,  and s i l v e r  contamination are presen t  on a l l  of t h e  sample 

su r faces .  However, t h e r e  i s  an inc reased  aluminum contamination 

l e v e l  t h a t  progresses  from t h e  t o p  of t h e  sample tow-ard t h e  base 

of t h e  sample. This would i n d i c a t e  t h a t  t h e  aluminum contaminat ion 

emanated from t h e  A1203 p e d e s t a l  and t h e  aluminum c m t e n t  i n -  

c reases  wi th  proximity t o  t h e  pedes ta l  a rea .  
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TABLE 3  CALCULATED AND EXPERIMENTAL LATTICE PARAMETERS 

Nominal 
Sample Comp t h a a my- 0 

L l U  . (b;t %) 0 exp 

2 N i -  lAg 3.5385 3 .533  ' 0.001 

A. 

' Theoretical values were ca lcu la ted  u t i l i z i n g  the  assump- 
t i on  of idea l  mixing with  no e lect ronegat ive  inceraction 
a-d Goldschmidt r a d i i  of 1.25, 1.28, 1.44, and 1.58 
f o r  N i ,  Cu, Ag, and Sn, respect ively .  These v a l - e s  
have been corrected t o  twelvefold coordination i n  each 
case. 
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a) RcmnenL Vnmc l t c d  ~ o l i d / i - l a  t Upper P o r t i o n  

b )  Shal low Cavity on Impact Surface  

Fig. 2 Mrlcropho~raph of Sample 1-15, Pure Nicke l  (15.) 



Fig. 3 Shallow Cavity on Surface Following Impact with 
Chamber Wall While Molten, Sample 1-15,Puwe 
Nicke l  (1 50~) 

Fig .  4 Microphotograph Showing Cross Section in Vicinity 
of Impact, Sample 1-15, Pure Nickel (25%) 
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. . Figure 4 i s  a t ransverse  o p t i c a l  micrograph t h a t  shows t h e  i m -  

pact surf  ace, the  ce l lu l a?  s o l i d i f  i c ~ t i o n  morphology r ad i a t i ng  from 

t h i s  surface,  and the  incubation dis tance required fo r  c e l l u l a r  

s o l i d i f i c a t i o n  t o  i n i t i a t e .  A t  the  bottom por t ion i s  remnant un- 

melted s o l i d  t h a t  has been f u l l y  r e c r y s t a l l i z e d  by the  heating 

cycle .  This region i s  c l e a r l y  i den t i f i ed  by the  large numbers of 

annealing twins. There appears t o  have been a  small amount of 

s o l i d i f i c a t i o n  e p i t a x i a l l y  from the  remnant unmelted s o l i d ;  how- 

ever ,  the  primary mode of s o l i d i f i c a t i o n  must be considered ce l lu -  

l a r ,  progressing from the  impact surface .  

Because of the  rapid  cooling, contamination, and only p a r t i a l  

melting, the  gra in  s i z e  i s  appreciably smaller  than t h a t  of t h e  

ground base sample (Table 4 ) .  This i s  not  a  r e s u l t  of the  reduced 

grav i ty  leve l  of the  processing. 

Iden t i f i ca t ion  of the  pr inc ipa l  contaminants i n t e r n a l l y  was 

unsuccessful because most of the  contaminant elements seemed t o  be 

i n  s o l i d  solut ion with the  N i .  A few i so la ted  p a r t i c l e s  were lo-  

cated with high s i l v e r  o r  aluminum contents .  A check of the  gen- 

e r a l  contamination l e v e l  was made by monitoring the  Curie point  of 

the  sample; it was found t h a t  the  Curie point  was suppressed by some 

20°C and t h i s  would ind ica te  a  contamination l eve l  of 1-2 a% 

t o t a l  Ag, A l ,  and Cu. The shape of the  D i f f e r en t i a l  Scanning 

Calorimetry t r ace  was ind ica t ive  of a  low a l l o y  content ferromag- 

n e t i c  mater ia l  (Ref. 3 ) .  Because of rap id  cooling,  p a r t i a l  melting, 

l eve l  of contamination from the  pedesta l  and from the  melting of 

adjacent samples, it was decided not t o  pursue the  evaluat ion of  

t h i s  sample f u r t h e r .  The physical p roper t ies  a r e  l i s t e d  i n  Table 7 

and may be compared with  pure N i  da ta  l i s t e d  i n  Tables 2 and 4.  



TABLE 7 PHYSICAL PROPERTIES 

Nominal Surface Laue 
Sample Comp W t  Speci f ic  W t  Spher ic i ty  Grain Size  Grain Size (Top) 
No. (Wt %) (gm) - -  (gm/cc) i n  W r ~ h o l o g y  --- - - .  (mm) (m) 

1.2 Pure N i  1.18049 7.21 1.11 Equiaxed 0.09 + 0.03 - 0.01 

1.5 Ni-12% 1.21621 8.87 1.04 Dendrit ic  0.12 > 0.01 
(2 Dim.) 

Dendrit i c  0.20 
(Free) 

Dendrite Arm 0.012 
(Primary) 

(Secondary) 0.006 

In te rdendr i t i c  0.011 
Void 

1.7 Ni-30Cu 1.18747 7.64 1.08 Dendrit i c  0.067 
(2 Dim.) 

Dendrit ic  0.07 + 0.05 
(Free) 

1.13 Ni-1Ag 1.16878 6.48 1.44 Equiaxed 0.09 C 0.03 

Neck 0.017 

1.15 Pure N i  1.19475 8.93 1.20 Unmelted 0.031 
Sol id  

Thermal 0.057 
Grooving 
(Part  i a l  
Melting) 

2.3 Ni-12Sn 1.27565 9.25 1.02 F l a t  Nuclei 0.038 
(P la te le t s )  

Dendrites, 
2 D i m .  
(Dimpled) 0.094 
(Scalloped) 0.158 

Dendrites 0.048 > 0.01 
(Free) 



Figure  5 is a macrp:_:rap17 LI!' s;implc 1 - 7 .  a X i  -31:Cu al l e y ,  

that clearly shows t l j ~ >  t h r ~ l c -  j'r i mary sc~ions of  so l  id i f  i c a t i o n .  

'Shc lower p o r t  i on trl~al. gpppars ra thclr  snioc.th . h u t  w i t h  some fea- 

tu res  t h a t .  appear n s  v u r t i  c n l  I i ncs  . LS a rrKi.crt  ai Zargc columnar 

dendritc~ that ha\,c grown c p i t a x  l,rl L y frotu t1 . t~ .  I - <  *'mant unmcl t c d  

s o l i d  and heterogcnco!lslv f rnn l  the r c ~ i o u  o f  thc  p ~ + d c s t a l .  These 

columnar d e n d r i t c s  p r o ~ r ~ s s i s d  I - n p i d l y  alrnosr !~nl fwav i n t o  t h e  d r ap -  

let at which point tl-IC ratio 01 t h c  thermal sradirnt (G) to 

growth rate (R) Jccrt~ascd to a c r i t i c a l  lcvcl nncl t hc  columnar 

dendritic growth hrokc  dorq11. rcsu l t i ng  i n  thcb format ion of coarse 

equiaxed dendrites. Ttic 1nttc.r c l cnc l r i t c s  are locatcd i n  t h e  last  

regions t o  s o l i d i f y  and t h c J r  Eormation might hnvc  bccu partially 

associated w i t h  cclnvcc t i o n  r c s u  l t i ng  iron1 s o l i d i f i c a t i o n  sh r inkage .  

Thesc d e n d r i t c s  appcar  in t he  m!d-region of F i g .  5.  Thc l a s t  re- 

gion t o  he  considcrcd is t h c  uppvrnost i n  F i g ,  5 and appcars as a 

Fig .  5 Macrophotograph o r  Samplc 1 - 7 .  N i  -30Cu (15,) 

1 5  



"cap" r e s t i n g  upon the  other  regions. This cap region is a region 

of nucleation and growth t h a t  occurred on the  l i q u i d  surface .  The 

nuc le i  grew both l a t e r a l l y  on the  l i qu id  surface  and r ad i a l l y  in -  

ward. Because the  cap has assumed the macroscopic dimensions of 

the l i qu id  sphere, i t s  diameter i s  g r ea t e r  than t h a t  of the  lower 

regionwhich i s  defined by the  volume of t he  s o l i d .  This r e s u l t s  

i n  a height  increment at the  i n t e r f ace  between the  l i qu id  surface  

nucleated cap and the  equiaxed dendri tes .  This height  increment 

i s  shown i n  Fig.  6 .  In the cap region adjacent  t o  t he  last region 

t o  s o l i d i f y .  there  a r e  subs t an t i a l  i n t e rdendr i t i c  shrinkage cavi- 

t i e s  and these a r e  shown i n  Fig. 7 .  The growth r a d i a l l y  inward, 

of the  surface  nucleated dendri tes ,  i s  r e a d i l y  apparent.  A t rans -  

verse  sec t ion  of t h i s  region i s  shown i n  Fig. 8 ar.d t he  interden- 

d r i t i c  shrinkage c a v i t i e s  a r e  again c l e a r l y  evident .  Figure 9 i s  

an e lec t ron  microprobe t r a c e  t h a t  shows the  v a r i a t i o n  of copper 

content on progressing i n  a  t ransverse  sec t ion  from the  ou te r  "cap" 

surface r a d i a l l y  inward, wi thin  a  s ing le  c r y s t a l l i t e .  h e  i n i -  

t i a l l y  low value of copper may be due t o  normal evaporative segre- 

gat ion;  however, i t  might a l s o  be due t o  the  an t i c ipa t ed  " i n i t i a l  

t r ans i en t "  on s o l i d i f i c a t i o n  of a c r y s t a l  of b inary mater ia l  (Ref. 

I f  the  l a t t e r  i s  the  case,  then the  hor izonta l  region would be a 

region of steady s t a t e  growth and the  f i r s t  upward swing would be 

considered the  terminal t r ans i en t .  It should be poss ib le  t o  de- 

f i ne  which I £  these  cases i s  ac t ive  and, i f  t h e  l a t t e r ,  whether 

the  so1idif ic~:t ion was d i f fus ion  o r  convection l imited;  but time 

did not permit such a de t a i l ed  analysis .  It should a l s o  be noted 

t h a t  the  maximum so lu t e  concentrat ion i n  the  f i r s t  i n t e r d e n d r i t i c  

region of Fig.  9 i s  lower than t h a t  of t he  second in t e rdendr i t i c  

region.  This i s  evidence of the  continuing so lu t e  enrichment of 

the  l i q u i d  as  the  s o l i d i f  icat io, .  f ron t  advanced. 



Fig. i Region between Cap and Equiaxed Dendrites, 
Sample 1-7 ,  Ni-30Cu (150~) 

Fig.  7 Lnterdendritic Shrinkage Cavities, 
Sample 1-7, Ni-30Cu ( 3 7 5 ~ )  



Fig. 8 Microphotograph Showing Transverse Section of Region 
Shown tn Fig. 7,  Sample 1-7, Ni-30Cu (100~) 

Figure 10 is a mkcroprobe trace of a dendritic array in the 

region of the equiaxed dendrites. In this region the dendrite 

salute concertration is net greatly difkerent than the steady sta te  

value previously referred t o  i n  the cap region. The fnterdendritic 

solute content is appreciably higher. This supports the contention 

that thl3 is close t o  the last region t o  solidify, and considesa- 

tion of the phase diagram (Appendix A) indicates that 40-42 

atomic % copper would be the maximum anticipated copper content. 

The interdendrite a m  spacing is substantially greater than in the 

gurf ace nucleated region. 

Figures 11 and 12 are representative of the two surface mor- 

phologies fomd in the cap region. The dendritic morphology of 

I 
Fig. 12 was predominant and that of Fig, I1 was not documented in 

the ground base samples, Both of these microstructures were convex 
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F i g .  11 Surface Morphology in Cap Rzgien, 
Sample L-7, 8i-30Cu j1500x) 

Fig .  12 Uendritic Suriale Morphology in Cap Region, 
Sample 1 - 7 ,  idi-3DCu (830%) 



inward (concave t o  the viewer) and this is a result of the require- 

mnt that the advancing sol idif ication front must be convex t o  the 

l iqu id .  Since the fronts progressed radially itward from this cap 

region, the grains would appear concave to an external vfcwcr. 

Figure 13 is a micrograph of another dendritkc grain in the 

cap region, hmever, th i s  one is decorated with terraces in sotne 

of the last regions t o  solidify (upper left). This terracing is 

shown in an enlarged view in Fig. 14. It is not clear at this t L m  

if this terracing is duc t o  a last liquid effect, or whether it is 

due to preferential evaporation of the copper after solidification. 

Comparison of the f Light sample with the ground base sample 

indicated that the sphericity was s ignif i c ~ n t  ly enhanced (1.08 

versue 1,291 cvcn though the saznple still remained in contact 

with the A1203 pedestal and had an appreciable flat at the  base. 

Equiaxed dendrite grain size measurements were comparable, and the 

grain size measured at the surface, in the cap region, was aLso 

comparable (0.07 rmn versus 0.610 m) when the sampling errors 

and stat ist ics  are considered, Microstructurally, one difference 

that d id  seem beyond the errors in sampling was the s i z e  of the 

columnar grafns found in both the ground base and flight sampf es . 
In the case of the ground base samples these were typically 

0.8  x 0 .2  m whereas in the flight sample they were 4 . 0  x 1.4 m. 

This is not thought t o  be due t o  the weightless environment, but 

rather to the higher degree of totel melting that the f l ight  sample 

experienced, thus reducing the number of available heterogencms 

nuclei present as remnant unmelted s o l i d  cr within the pores of 

the pedestal surface. The interior lattice parameter was 3.55006. 

f o r  the fltght sample and 3.55441 for the ground base sample. 

Thfs might indicate a slight reduction in the total copper content 

due t o  the longer heating t i m e  and preferential evaporation of the 

copper species; however, it was not an appreciable difference. 



Fig. 13 Dendritic Grain in Cap Region, Showing Terraces, 
Sample 1-7, Ni-30Cu (7507) 

F i g .  14 Terraces in Cap Region, Sample 1-7, Ni-3OCu ( 3 7 5 0 ~ )  



Curie point measurements indicated that because of thr contin- 

uous variation of copper content, the only point measurable w i t h  a 

high degree of certainty was the Curie point  associated wi t .h  the 

minimum copper content. This was found t o  be 247OC, r h i z k  is 

comparable t o  an alloy with approximately 10 percent coppe:. This 

m s t  be associated w i t h  the cap region where the bulk ana!.ysiq 

indicated 9.05 percent copper, with  var iat tons from 7 . 8 ~  to 

11.53 percent, 

We may thus conclude that the physical and - m i  croc truc+ural 

aspects of this sample were ana?.ogaus to  those previously measured 

for the ground base sample. Any differences noted were more readily 

attributed to differing thermal condtttons during melting and solid- 

i f icat ion than to the reduced gravity environment. 

Not directly related t o  the allay in question, but consis~ent 

with  the previou3 sample, was a substantial level of surface con- 

tamination of atuminum, from the pedestal. This level of contami- 

nation d i d  not seem consistent with that measured for the ground 

base sample (see Table 6 ) .  h i s ,  too, may have been associated 

with  the higher temperature 05 the Skylab processing, but should 

be noted, nevertheless. 

Samples 1-5 and 2-3 

Samples 1-5 and 2-3 were nodnally Ni-12 w t %  Sn and both 

J howed extremely high dekrees of sphericity (1.04 and 1.015, 

respectively). These values are t o  be coinpared with values of 

1-29 and 1.50 for  the ground base samples. Sample 2-5 1s s h m  

macroscop~cally in Fig. 15 and has a small flat at the base where 

it had remained in contact w i t h  the A1203 pedestal. This a m a l l  

f l a t  resulted in the sphericity value being as high as 1.04. It 

would atherwise have been better. 



Fig .  1 5  Macrophotograph of Sample 1-5, N i - 1 2 %  ( 1 5 ~ )  

P i g .  16 Columnar Dendrites. Sample 1-5, Ni-1PSn (1000~) 



The solidification of this sample is analogous t o  the previoug 

sample (1-7) in that there ere three principal regions of solidi- 

fication. The lwer region was eharacterfzed by large columar 
dendrites radiating from the xement unmleed sol id,  and from the 

pedestal region, and these changed t o  epitaxial dendrites as the 

value of G/R decreased, as previously noted. These columar 

dendrf tes  are shown in Fig. 16. The columnar dendrites were super- 

seded by equiaxed dendrites in the mid-range of Fig, 15 and the 

solidification of the uppermost portion of Fig. 15 is characteris- 

t i c  of surface nucleated solidification. The height bncremnt a t  

the interface between the surface nucleated and equiaxed dendrites 

is not as apparent in this  material, and may indicate a substan- 

t i a l l y  reduced volume difference between the liquid and the tin 

expanded nickel latt ice .  This region is shawn in Figs, 17 and 18. 

Figure 17 shaws equiaxed free dendrites that have been exposed, in 

th i s  last segfon t o  solidify, by interdendritic solidification 

shrinkage, and Fig. 18 shows the surface nucleated dendrites that 

are prominent because of the same shrinkage cavities. 

Figure 19 is a macrophotograph of sample 2-3. The high degree 

of spherictty is readtly apparent and it should also be noted that 

there is no clearly defined surf ace nucleated/equiaxed dendrite 

interface. This is because this sample was retained on a f ine 

"sting" that acted only as a polnt source of heterogeneous nuclea- 

tion, rather than the previously documented extensive regions of 

heterogeneous nucleation that resulted in extensive regions af epi- 
taxial colurmar dendrites in the other samples. The cap region of 

surface nuc2eation has extended wer the majority of the sample 

surf ace. 

Figure 20 is a micrograph representative of the  surface of 

sample 2-3. The region shws two distinctly different morphologies. 

Tmard the lower left portion is a series of flat gsaina, aomhat  



Fig. 17 Equiaxed Free Dendrites in the Last Region 
to S o l i d i f y ,  Sample 1-5, Ni-Z2Sn (375x1 

Fig. 18 Surface Nucleated Dendrites, Sample 1-5, 
Ni-l2Sn (200~) 
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Fig .  19 Macrophotograph of Sample 2-3, Ni-I2Sn (15%) 

Fig, 20 Surface Morphology Showing Plate le t  and Cellular 
Micrastructures, Sample 2-3, Ni-12Sn (375~) 



hexagonal in shapta. rcprcscwtat i v c  O F  p I atc1c.t solidlficat ion. 

These vere raised ahclvc the more cxtcnsivc  cell ular microstructure 

and were Eorrncd first. F i g u r c  2 1  i s  an enlargement of the plate le t  

structure, t h e  clcvation is a p p a r e n t ,  and varying d e g r w s  of  ter- 

racing toward the  ou te r  cdgcs is evident. These pla te l e t s  were 

formed white t h e  G J R  ratio w a s  very high.  

Fig. 2 1  Pla te le t  Surface Morphology, Sample 2-3. 
Ni-L2Sn ( 3 3 7 5 l )  

Figure 2 2  is an enlargement of t he  ce l lu la r  micrastructure 

that formed as t h e  G J R  ratio decreased; each of these ce l l s  is 

also clearLy terraced. The o r i g i n  0 5  this terracing i s  uncertain 

at this point. Figure 23  is representative o f  some regions of the 

surface of sample 2-3.  This  seems to be somewhat of a degenerat~ 

microstructure in t h a t  some of its aspects appear cellular whereas 

others  appear d e n d r i t i c  and it is i n c luded  here for  purposes of 

decumcntation. Equiaxcd dcndritic arrays were found in some of 

thc last regions to s o l i d i E y ,  but thesc were similar t o  Fig. 1 7  

Z 



Fig. 22 Cellular Surface Morphology, Sample 2-3,. 
Ni-12Sn ( 3 3 7 5 ~ )  

Fig .  23 Degenerate Surface Morphology, Sample 2-3, 
Ni-12Sn (200~) 



1 
! 
I 

and are not reproduced here. Same ef the last region8 t o  eolidify ! 
I 

r -  in this  sample also showed appreciable decoration by the second I 1  

I 

phase Ni3Sn particles.  This is s h m  in F i g .  24. It should be 
I 

1 
noted that the precipitate particles are not randomly situated in I 

interdendritic interstices, as d g h t  have been anticipated, but I 
, * -  I 

. - are arrayed on the dendrite arms in  highly localized patterns that 

. in some eases were [ LOO] (110) crystallographic systems. 

. * 

An additional feature of the dendrftea that could only be re- 
. * 

solved at high magnificat.loms was terracing on the t i p s  of primary 

I and secondary dendrite ~~. These terraces were on the [Ill] 
I 

. . 
faces, the leading faces, of the dendrite t i p .  Figure 25 f s an 

example of a primary dendrite t i p  w i t h  a primary spiral that ap- 

pears t o  be interacting with two secondary dendrite spirals.  This 

is shown fn an enlarged view in Fig, 26. 

I ' 
Both the localized solute redistribution and the growth ter- 

races are outstanding records of their type andwerenot documented 

f o r  the ground base samples. Further, the platelet and cellular 

surface rmrphologdes shown in Fig. 20 are not typical of the ground 

base samples. The latter condition is probably due t o  a variation 

in the thermal condition8 (G and R for sample 2-3, rather than 

a fundamental difference due t o  the reduced gravity environment. 

A comparison of the metallurgical features of the flight sam- 

ples with the ground base  sample^ (Table 4) indicate8 that the sur- 

face nucleated dendrites of the flight alamples (Table 7) varied 

from 0.09 m t o  0.16 m whereas the ground base regions were 

typical ly  0.14 m t o  0.15 m; essentially identical.  Equiaxed 

dendrLtes within the ~amples were typical ly 0.20 m in flight 

sample 2-3 and 0.15 m Tor the ground base samples. This, too, 

is es~entially the same when the high heat input to sample 2-3 is 

considered. 



Fig .  24 Decoration of Dendrits Arms in Last Regions to S o l i d i f y  
by Ni3Sn Particles, Sample 2-3, Ni-12Sn (1500~) 

Fig. 2 5  Terraces on Dendrite Arm T i p s .  Sample 2-3, 
Ni-12Sn (3750~) 



Fig. 26 Figure 25 at High Magnif Lcation, 
Sample 2 -3 ,  Ni-12% ( 7 5 0 0 ~ )  

Since the a l loy  in question is a hypoeutectic a l lay  (see Ap- 

pendix A), the anticipated solidification sequence is such that as 

freezing begins the first crystals t o  form are appreciably solute 

(tin) depleted. As solidification proceeds, the composition of the  

liquid follows the liquidus and the composition of the solid fo l -  

lows the solidus, as in the  freezing of an isomorph~us allay. This  

process is interrupted, howe-:er, and the remaining liquid af eutec- 

tic composition freezes isothermally to  a eutectic mixture. Thus, 

the solidification sequence is such that t h e  liquid undergoes a 

univariant transformation as well as bivariant transformation. 

Samples of the t i n  concentration in the firit regions t o  solid- 

ify indicated a min imum tin concentration a£ 4 .25  w t %  in the 



platqlet,  columr.,ar dendrite, and equiaxed dendrite regions. The 

max$mjm value was 15.56 wt7.. Interdendritic compositions varied 

f r o m  a lm of 22.86 w t X  t o  a high of 32.42% (the eutectic com- 

position) . The highest segregation ratioe mnitored w e r e  9.92 

on s q t e  2-3 and the lowest wae 2 . 6 9  on sample 1-5. 

Sol i d i f  icatton was principally dendritic internally and this 
is shorn in Fig. 27 ,  for sample 2-3. Remnant umelted solAd, from 

the sting, is ah- at  the bottom and c o l m a r  dendrites are shown 

radiating from this region, The coLumar dendrites then d e ~ a y  t o  

equiaxed dendrites as the G/R ratio decreases. This regular 

dendrftic array \:as noted throughout specimen 2-3 and in parts of 

specimn 1-5 .  Specimen 1-5 was predominantly arr irregular array 

of what may be tenned primary dendr t t~s ,  as s h m  in Fig, 28. The 

eutectic mixture is in the interdendritic regions in both cases, 

however, it is slmst a divorced eutectis a d  this is shown in 

F ~ P  29. 

Although platelet ,  cellular, and dendrit ic  solidification has 

been detailed on the surfaces, and the interiors have been nott-d 

to be almost exclusively dendritic, the importance of G and R 

jr, selecting the so8idification mode cannot be overemphasized. 

Ffgure 30 is a plot of the variation of microchemistry of primary 

crystals w i t h  distance and Table 8 tabulates the data fow t h e  vari- 

ous mdes of solidification on the surfaces and w i t h i r .  both samples. 

The microchemictll variation is easenti~lly the same, within each of 

these primary crystallization regtons. n i p  emphasizes that the 

thermal parameters are dominant and the composttionaL variation is 

a dependent variable. The thermal parameters determine the mode of 

solidification and if the  ampl ling is conducted in equivalent !10fl) 

directions, the compositional variation w i l l  be equivaLent. 



Fig .  27 Region lrlhere Solidification Started, 
Sample 2-3, Ni-12Sn (100~) 

Fig .  28 Primary Dendrites, Sample 1-5, 
Ni-12Sn (100x) 



Fig. 29 Eutectic in Interdendritic Region, 
Sample 1-5, Ni-12Sn (500~) 

The dendritic so l  idif ication results in t in-rich and depleted 

regions of the samples, as previously explained. This was reflected 

in the lattice parameters. Samples 2-3 and 1-5 had solute-rich 

parameters of 3.6000L and 3.59931, respectively, whereas the 

solute-depleted parameters were 3.5783 and 3.5779. 

The ground base results gave lattice parameters of 3.608 

and 3.621 and solute-depleted values of 3.548 and 3.552. The 

mean bulk parameters for all of the samples were 3.57433 (sam- 

ple 2-3) ,  3.5779 (sample 1-S), and 3.578 and 3.582 f o r  the 

ground base samples. This would seem t o  indicate t ha t  the micto- 

stmcture typical  of sample 1-5 (Fig. 28) exhibits reduced lattice 

parameter spread, resulting from a reduced segregation ratio. 

Lastly, the  Curie points were monitored f o r  samples 1-5 and 

2-3 and were found to be 189 and 1 7 5 " ~ ,  respectively. This is 
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TABLE 8 VARIATION OF SOLUTE CONCENTRATION WITH DISTANCE 
FOR SAMPLES 1-5 AND 2-3 VARYING MODES OF SOLIDIFICATION 

Solute Concentrat ion ( W t %  Sn) , ( 100) Direction 

Distance P la te l e t  P la te l e t  Dendri t i c  
(4 (S.L. 1-5) (S.L. 2-3) (S.L. 1-5) 

Surf ace In te r io r  I n t e r i o r  

subs tant ia l ly  higher than the 108°C Curie point measured f o r  the 

as-received material. This i s  probably an indication t h a t  there  

has been appreciable t i n  loss  during pracessing. Since t i n  has a 

higher vapor pressure than nickel a t  these t.emperatures, t h i s  i s  

to  be expected, due t o  normal evaporative segregation. 

In summary, then, we have demonstrated the importance of care- 

f u l  control of the thermal parameters i n  riitermining the resul tan t  

sample morphologies. Apart from thermal c:onsiderations, however, 

there i s  an outstanding record of so l id i f i ca t ion  and some surpr is -  

ing r e s u l t s  with respect t o  crystallographic loca l iza t ion  of the 

rejected solute .  These aspects a re  not c l ea r ly  ident i f ied  with 



the weightless processing, however, the reduced gravi ty environment 

might be playing an indirect  ro le  here, perhaps in  l imiting con- 

vective mixing and thereby magnifying e f fec t s  tha t  would be t i e d  

t o  a diffusional  solution t o  the so l id i f i ca t ion  equations, This 

should be pursued i n  subsequent investigations.  

Samples 1-02 and 1-13 

These samples were nominally N i - 1  w t %  Ag which is  a hypo- 

monotectic composition (see Ni-Ag , Appendix A), according t o  the  

accepted phase diagram. A hypomonotectic alloy,  on freezing, 

passes through a s t a t e  of bivariant  equilibrium before the univari-  

ant monotectic reaction occurs. Freezing begins with the promono- 

t e c t i c  nucleation of the terminal nickel s o l i d  solution u n t i l  the 

monotectic temperature i s  reached, a t  which point the monotectic 

reaction occurs, yielding the secondary monotectic const i tuent .  

On fur ther  cooling the secondary monotectic const i tuent ,  i n  t h i s  

case a silver-enriched l iquid,  undergoes fu r the r  bivariant  react ion 

and then goes through another univariant so l id i f i ca t ion  reaction 

tha t  i s ,  i n  t h i s  case, a eu tec t ic  react ion.  This completes the 

so l id i f i ca t ion  process. 

This so l id i f i ca t ion  sequence was the  ant ic ipated one, however, 

the samples behaved somewhat d i f f e ren t ly  than expected. Figures 31a 

and 31b show macroscopic views of sample 1-2 and Figs. 32a and 32b 

are  macroscopic views of sample 1-13. Clearly, both samples a re  

highly d is tor ted  from the ant ic ipated spherical  symmetry. 

The outer surface morphologies of these samples were not the 

c l ea r ly  ce l lu la r  so l id i f i ca t ion  pat terns  documented on the ground 

base samples. No r e a l  evidence f o r  l a t e r a l  c e l l  formation a t  the 

surface was noted, nor was there any evidence of the "pox" noted 

on the ground base samples (Ref. 4 ) .  The surface was s ign i f i can t ly  



(b) 

F i g .  3 1  Macrepbotographs of Sample 1-2, Ni-hAg (15x1 



Cb3 

F i g .  32 Macrophotographs of Sample 1-31, Ni-lhg (15x1 



more faceted than migh t  have been anticipated and a representative 

area of the surface of sample 1-13 is shown i n  Fig. 33.  

Fig. 33 Faceted Surface, Sample 1-13, Ni-1Ag (150x1 

If Fig. 32a is considered in some detail, note that there is 

a large area of remnant unmelted s o l i d  to the right and a large 

dome that projects to the upper l e f t .  This sample had been only 
partially melted on i t s  first exposure to the electron beam and 

astronaut Pete Conrad decided to remelt the specimen with another 

exposure to the beam. On impingement of the beam f o r  the second 

time, the previously partially melted solid d i d  not melt and 

sphetafdize as anticipated, but rather the molten portion L i f t e d  

from the cooler base,  leaving a viscous separation pattern on the 

plateau region under the dome. This viscous flow is shown in 

Fig. 3 4 .  Presumably, the mating viscous Elm pattern on the Lower 

s i d e  of the dome was absorbed in to  the f u l l y  molten dome region, 

The asymmetric regions of these samples were found to be hol- 

In* both by radiographic techniques and on subsequent sectioning 
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Fig. 34 Viscous Flow Region, Sample 1-13, N i - l A g  (750x1 

Fig. 35 Cavities within Sample 1-2, Ni-1Ag (36x) 
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of the samples. The dome region oE F i g .  32a was found t o  be 

totally hollow, w i t h  a shell of s o l i d i f i e d  l i q u i d  metal encorn- 

passing a cav i ty  that  extended all the way back to the remnant 

unmelted s o l i d .  There are two cavities wi th in  sample 1-2 and 

these are shown in Fig. 3 5 .  The morphology of the inner  surfaces 

of the cavities is varied and both pla te l e t  and dendrit ic  arrays 

could be seen throughout the lower cav i ty ,  whereas the upper sur- 

face of the web region is of a classically cellular morphology 

(shown enlarged in F i g .  3 6 ) .  

Fig. 36 Cellular Morphology with in  Cavity, 
Sample 1-2, N i - 1 A g  (1500~) 

ALSO of interest within the upper cavity is evidence that the 

cavity was formed after the outer shell was in a solid condition. 

Evidence of this w a s  in the form of s l i p  lines that appeared through- 

out the grains of the web and the upper shell. These s l i p  lines are 

shown i n  Fig .  37 a n d  should not be mistaken for [ 1111 terracing, 

even though the slip l i n e s  were confirmed to be (111) planes by 



Fig. 37 S l i p  Lines in the Cavity of Sample 2-2, 
Ni-1Ag (3750x3 

Fig. 38 Internal Microstructure Showing Features 
Decorated by Ag Precipitates, Sample 1 - 2 ,  
Xi-1Ag (200~) 



the  s i n g l e  s u r f a c e  a n a l y s i s  technique of Ref. 6 .  This can be de- 

f i n i t i v e l y  confirmed i f  a l l  four  (1,111 v a r i a n t s  can be de tec ted  

i n  t h e  same p lanar  g r a i n ,  a s  opposed t o  t h e  maximum of t h r e e  v a r i -  

a n t s  poss ib le  f o r  a p lanar  s o l i d i f i c a t i o n  a r t i f a c t .  

S o l i d i f i c a t i o n  i n  these  samples was n o t  s t r i c t l y  of t h e  c e l l u -  

l a r  type found i n  t h e  ground base samples. S i l v e r  p a r t i c l e s  were 

uniformly d i s t r i b u t e d  throughout p ~ l y g o n a l  g r a i n s  and were n o t  con- 

f i n e d  t o  a r e s t r i c t i v e  c e l l u l a r  p a t t e r n .  Figure 38 shows a r e p r e -  

s e n t a t i v e  i n t e r n a l  g r a i n  mic ros t ruc tu re ;  however, t h e  o r i g i n  of 

t h e  decorated s p i r a l  source - l ike  a r r a y  is unknown a t  t h i s  t i m e .  

Considerat ion of why t h e  c a v i t i e s  formed i n  t h e  Ni-1Ag 

a l l o y s  a s  w e l l  a s  i n  soqe of t h e  Ni-12Sn f l i g h t  samples has  led 

t o  c a r e f u l  cons ide ra t ion  o f  t h e  parameters involved i n  t h e  process-  

i n g ,  Th i s ,  i n  t u r n  has  l ed  us  t o  cons ider  P ressure  (P) , Tempera- 

t u r e  , and Composition (X) diagrams and Pressure (P) 

Temperature (T) p r o j e c t i o n s  f o r  t h e  Ni-Sn and Ni-Ag systems. 

The P-T p r o j e c t i o n  f o r  Ni-Ag i s  presented  i n  Fig.  3 9 .  Tk.e 

phase diagram presented  i n  Appendix A and u t i l i z e d  i n  planning t h e  

experimentat ion i s  r e p r e s e n t a t i v e  of  an i s o b a r i c  s e c t i o n  taken a t  

approximately P1 on Fig .  3 9 .  This corresponds t o  1 atmosphere 

of p ressure  a t  1-g. The f l i g h t  experiment,  however, was conducted 
-5 a t  a reduced p ressure  of  10 ran Hg and a reduced g r a v i t y  l e v e l .  

This  has  r e s u l t e d ,  on d e t a i l e d  cons ide ra t ion ,  i n  two demonstrable 

e f f e c t s  due t o  t h e  reduced g r a v i t y  environment. F i r s t ,  t h e  re- 

duced g r a v i t y  l e v e l  g r e a t l y  reduced t h e  h y d r o s t a t i c  p r e s s u r e  head 

w i t h i n  t h e  l i q u i d  d r o p l e t  and has  r e s u l t e d  i n  t ranspos ing t h e  r e -  

duced p ressure  i s o b a r i c  s e c t i o n s  from t h e  realm of academic exer -  

c i s e  t o  a mat ter  of  p r a c t i c a l  c o n s i d e r a t i o n  of g a s / l i q u i d / s a l i d  

r e a c t i o n  r a t h e r  than t h e  t e r r e s t r i a l l y  a n t i c i p a t e d  l i q u i d / s o l i d  

r e a c t i o n s .  Second, t h e  m e t a l l i c  g a s s s  formed i n  t h e s e  r e a c t i o n s  





a r e  geomet r i ca l ly  s t a b l e  because t h e r e  i s  s u b s t a n t i a l l y  no Aif fer -  

ence i n  s p e c i f i c  weight between t h e  gaseous and l i q u i d  o r  s o l i d  

components. This g ives  the  gas nq h1,uy~ncy f o r c e  wi th  which t o  

geometr ica l ly  evolve from t h e  drop l!.? o w e  it has  formed. 'r'urther, 

t h e  d r o p l e t  configurat i -on i s  such ?%at s o l i d i f i c a t i o n  oc x r s  from 

t h e  o u t s i d e  and progresses  inward and i n  t h i s  fashion t h e  gsses  

evolved a r e  entrapped by y e t  another  process.  

Spec i f i c  cons ide ra t ion  of tcduced p ressure  i s o b a r i c  s e c t i o n s  

of t h e  P-T p r o j e c t i o n  shown irl F ig .  39 o r  i n  a scc t ior ,  der ived 

f r o n  a cont inuously  decreas ing  pressure  (- AP) with  decreas ing  

temperature / -  AT), both r e s u l t  i n  a T-X phase r e l a t i o n s h i p  

t h a t  i s  shown, pure ly  q u a l i t a t i v e l y ,  i n  Fig .  40. Considerat ion of  

t h e  s o l i d i f i c a t i o n  sequence f o r  t h i s  type of phase diagram and a 

hypomonotectic composition shows t h a t  t h e  secondary rnonotectic con- 

s t  i t u e n t  undergoes t h e  b i v a r i a n t  r e a c t i o n  xent  ioned i r l  t h e  pri.or 

d i scuss ion  of t h e  s o l i d i f i c a t i o n  sequence. b u t  t h e  subsequent uni -  

v a r i a n t  r e a c t i o n  i s  such t h a t  t h e  s i l v e r - e n r i c h e d  i i q u i d  decomposes 

t o  tc rminal  s o l i d  s o l u t i o n  n i c k e l  and a gaseous m e t a l l i c  component. 

This gaseous component would form t h e  c a v i t i e s  and would then con- 

dense on t h e  inner  s u r f a c e s  of t h e  c a v i t i e s  on undergoing t h e  f i n a l  

un iva r i an t  r e a c t i o n  on cool ing .  Although t h e s e  r e a c t i o n s  a r e  of 

t h e  e u t e c t i c  type .  they  a r e  s u f f i c i e n t l y  uncolmon t o  be thus  f a r  

unnamed. We may s e e ,  then ,  t h a t  these  c a v i t i e s  c o ~ l d  have been 

formed n a t u r a l l y ,  even during t h e  s o l i d i f i c a t i o n  sequence, and be- 

cause of  t h i s  they  were f u r t h e r  s t u d i e d .  

Surface a n a l y s i s  of t h e  inner  s u r f a c e s  of  t h e  c a v i t i e s  i n d i -  

ca ted  t h a t  t h e  o v e r a l l  su r face  content  was w e l l  i.n excess  ,L 90 per-  

cent  s i l v e r  and t h a t  t h e  s i l v e r  a r r a y  was n o t  simply a homogeneous 

s i l v e r  evapora t ive  depos i t  but  was l o c a l i z e d  in a morphological 

a r r a y  t h a t  was l o c a l l y  v a r i e d  and reminiscent  of themorphology of 





eutect ic- type phase reac t ions .  lbo morphologies of t h i s  type i n  

sample 1-2 a r e  shown i n  Figs. 41 and 42 .  In these  cases,  the  

s i l .ver-r ich (> 90 percent) phase appears l i g h t e r  and the  nickel-  

r i ch  (> 90 percent) phase appears darker .  More work is  needed 

t o  s ingula r ly  def ine  the  phase reac t ions  i n  each of these  regions.  

An addi t ional  f ea tu re  of the  c a v i t i e s  was t h a t  the  gaseous 

evolution had l a i d  bare what had been the  advancing s o l i d / l i q u i d  

in te r face .  This g.me some surpr i s ing  r e s u l t s .  Perhaps t h i s  would 

be an e f f e c t i v e  way of revealing the  s o l l d / l i q u i d  i n t e r f aces  i n  

the  study of s o l i d i f i c a t i o n  mechanics and because of i t s  n a t u r a l  

occurrence, might minimize the  l a s t  l i qu id  e f f e c t s .  Clearly,  t h i s  

i s  conjecture a t  t h i s  po in t ,  but  as previously mentioned, there  w a s  

an excel lent  record of p l a t e l e t ,  c e l l u l a r ,  and dendr i t i c  growth 

revealed by these  c a v i t i e s .  

Additional a r t i f a c t s  of i n t e r e s t  t h a t  were revealed by these  

cav i t i e s  a r e  shown i n  Figs.  43 and 44. Figure 43 is  a melting 

a r t i f a c t  and shows an unmelted dendri te ,  wi th  secondary arms, t h a t  

was l a i d  bare when the  surrounding l i q u i d  evaporated. This oc- 

curred because the  s t a r t i n g  Ni-1Ag a l l o y  mater ia l  was banded znd 

i n  t h i s  case the  solute-poor dendri te  remained unmelted even as  

the  solute-enriched layer  adjacent  was l i q u i f  i ed  and evaporated. 

Figure 44 i s  i n  a region t h a t  appeared t o  have been f u l l y  molten 

a t  one time and, therefore ,  must be considered a s o l i d i f i c a t i g n  

> r t i f a c t .  As such, it i s  a highly  unusual conf igurat ion and should 

be fur ther  considered with respect  t o  t he  t h e o r e t i c a l  geometrical 

s t a b i l i t y  of s o l i d / l i q u i d  i n t e r f aces .  

These samples, too, had some surface  regions wi th  high l e v e l s  

of aluminum contamination from the  pedesta l .  The surface  analyses 

shown i n  Table 6 r e f l e c t  t h i s .  



Fig .  41 Morphology of Inner Surface of Cavity, 
Sample 1-13, N i - 1 A g  ( 1 4 0 0 ~ )  
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Fig. 42 Morphology of Inner Surface of Cavity, 
Sample 1-13, Ni-1Ag (1400%) 



Pig. 43 Unmelted Dendrite, Sample 1-13, N i - l A g  (350~) 

Fig. 44 Solidification Artifact, Sarrtple 1-13, Ni-1Ag (2500~) 



The surface grain s i z e  of the Ni-1Ag al loy,  i n  a region of 

equiaxed dendrites, was 0.20 mn whereas the surface grain s i z e  

of the f l i g h t  samples i n  equiaxed regions was 0.09 ' 0.03 mn. 

This i s  not a phenomenal difference; however, the change i n  the 

mode of so l id i f i ca t ion  was a l te red  appreciably, as previously dis- 

cussed. 

Because of the poss ib i l i ty  of oxidizing the cavi ty surfaces 

and thus ruining an invaluable record of the gas/ l iquid/sol id  r e -  

actions, no Curie point measurements were run on these samples. 

Lat t ice  parameter r e su l t s  f o r  the  ground base sample indicated 

an a of 3.52781. Parameters of the f l i g h t  samples were 3.52969 
0 

f o r  sample 1-2 and 3.53017 fo r  sample 1-13. Because of the uneven 

shape of these samples, however, the  e r r o r  i n  the  l a t t e r  measure- 

ments i s  appreciably higher than f o r  the  ground base sample. 

In summary, we may say tha t  the reduction of the hydrostatic 

pressure head (Ph) , which i s  equal t o  pgh ( p  = density, g = 

gravity, h = hydrostatic head) i s  both fundamental and s i g n i f i -  

cant. These samples demonstrated t h i s  e f fec t  of the  reduced 

gravi ty environment and future work should quantify i t  ana ly t i ca l ly  

and apply it experimentally. 



CONCLUS IONS 

We may conclude that this experimentation was a substantial 

success even though the goal of studying containerless solidifica- 

tion was not reached for the majority of the samples. 

We have demonstrated that the results gleaned are somewhat 

directly related to the sophistication, thoroughness, and resolu- 

tion of the diagnostic analysis and this result should be borne in 

mind in planning future experimentation. 

The localization of the solute rejection process, at times to 

specific low-index crystallographic systems, is a somewhat surpris- 

ing result and should be further pursued in subsequent analysis of 

thesz samples. That corresponding localization was not found in 

the ground base samples is also worthy of note, and may be related 

to the level of convection. 

The microchemical mapping of the high alloy content materials 

points to the importance of the thermal variables G and R, and 

by projection, the importance of controlling these parameters in 

future experimentation. Detailed mapping, from the surf ace inward, 

is required to differentiate evaporative segregation from initial 

transients and the various possibilities inherent to the latter 

consideration. This is of importance as the presumption of re- 

duced convection in the weightless environment should manifest 

itself in variations of the initial transient k .  diffusional con- 

siderations become relatively more important. 

Our analysis has defined a first order reduced gravity effect - 
the reduction of the hydrostatic pressure head within a liquid col- 

umn or droplet. This resul? is unprecedented in that it offers 

the opportunity to exploit a range of uncorrunon phase reactions in- 

volving gaseous metallic phases over an extensive series of metallic 



systems. This work, for most of these systems, could not be simu- 

lated terrestrially because of the pressure head. These gaseous 

reactions are  benefited further by the reduced gravity environment 

in that the gas does not have a tendency to evolve because of gravi- 

tational segregation of the phases. This might be considered a 

second order effect of the reduced gravity environment. 

Lastly, our recommendations are such that the detailed analy- 

sis of these samples should be continued, and the quantization, 

anticipation, and application of the pressure head reduction should 

be expanded. These samples effectively broaden the scope of in- 

vestigation from solid/liquid phenomena to solid/liquid/gas phe- 

nomena, and may indicate that space processing experiments should 

be planned on the basis of pressure/temperature/composition dia- 

grams or pressure/temperature projections rather than the terres- 

trially standardized temperature/composition diagram. 
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APPENDIX A 

PHASE DIAGRAMS 

Since the phase diagrams (Hansen, Ref. 2) for the three binary 

al loys  used i n  the M553 experiment are referred t o  so  extensively 

i n  t h i s  report we reproduce them here. They comprise t h i s  appendix 

as follows: 

Figure 

A-1 Ni-Ag Phase Diagram 

A-2 Ni-Sn Phase Diagram 

A-3 Ni-Cu Phase Diagram 
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APPENDIX B 

STUDY MATERIALS PROCESSING I N  SPACE EXPERIMENT 

The information generated on the  ground base specimens has 

been included i n  t h i s  appendix; it was o r i g i n a l l y  presented i n  

Progress Statement No. 3. Because of the  limq;:ed d i s t r i b u t i o n  

of t h i s  Statement, we f e l t  it worth while t o  reproduce i t  i n  

t h i s  appendix. The Progress Statement follows . 



The f i n a l  mater ia ls  f o r  the  M553 sphere forming experiment of 
the  M512 Materials Processing i n  Space Program a r e  as  fo l lods :  

1. Pure n icke l  

2 .  N i - 1  w t  % Ag (Ni-0.55 a t .  % ~ g )  

3. N i - 1 2  w t  ?: Sn (Ni-6.32 a t .  % Sn) 

4 .  Ni-30 w t  % Cu (Ni-28.6 a t .  % Cu) 

Experiments were previously periormed on the Ni-5 w t  ,:: A 1  
(Ni-10,LS a t .  % Al) a l l o y  and the S t a r - J  S t e l l i t e .  The data  on 
the Ni-5 wt % A 1  a r e  included i n  t h i s  appenuix. 
As WE had no Ni-30 w t  % Cu ava i lab le  t o  us ,  we u t i l i z e d  K-Monel, 
which i s  nominally 66 Ni-30 0 1 - 3  A 1  (wt %) and tha t  should demon- 
s t r a t e  physical  c h a r a c t e r i s t i c s  s imi l a r  t o  Ni-30 w t  % Cu. A s  a 
r e s u l t  of t h i s  "approxima t ion ,  I t  the  deviat ions  inherent  i n  t h i s  
system a re  g rea t e r  tb.an f o r  tile c a r e f u l l y  prepared mater ia l s  t h a t  
a r e  representa t ive  of f l i g h t  t , ~ a t e r i a l s ,  

Our work f o r  the pas t  month has consis ted of designing a 
recomn~ended Skylab experiment specimen t e s t  sequence, which is  in-  
cluded as  Table B-1, and i n  laboratory work on both the  KC-135 f l i g h t  
samples and the  as-received Skylab mater ia l s ,  o r  reasonable facsimi- 
l e s .  The KC-135 data w i l l  be presented i n  comp'zte form i n  a sepa- 
r a t e  repor t  s ince  the  e lec t ron  microproble and scanning e l ec t ron  
microscopy r e s u l t s  a r e  not  yet  completed. Our work. has included 
melting point  s tud i e s ,  metallography, X-ray d i f f r a c t i o n ,  hardness: 
and Curie point  measurements. Our ana lys i s  has been conducted on 
the bas i s  t ha t  these a l loys  a r e  a l l  e s s e n t i a l l y  s ing le  phase i so-  
s t r u c t u r a l ,  n icke l  s o l i d  so lu t ions .  

Designed Experiment - 
A s t a t i s t i c a l l y  designed experiment f o ~  maximum s c i e n t i f i c  

r e t - ~ r n  has been s e t  up f o r  the M553 experiment. This experimental 
plan, g i v ~ n i n  Table B - 1 ,  s p e c i f i c a l l y  designates the arrangement of 
the 30 samples on the two cartwheels. The log ic  of the design is  as 
follows: There a r e  two wheels each having 15 pos i t ions  t o  a c c o r o -  
date  15 samples. Pos i t ion  No. 1 on each wheel i s  reserved for  



POSITION 

TABLE B-1 
M553 SPECIMEN SEQUENCE 

WHEEL N9. 1 
Retained h p l e  s 

Detached Samples 

T J i  
Ni - Sn 
Ni-Ag 
Ni -Cu 
Ni-CU 
Ni -Ag 
Ni-Sn 
Ni 
Ni -Cu 
Ni -Ag 
Ni -Sn 

WffEEL NO. 2 

W 
Ni-CU 
Ni-Ag 
Ni-Sn 

Ni 
Ni -Sn 
Ni-Ag 
Ni-Cu 
Ni-Cu 
Ni-Ag 
Ni - Sn 
Ni 
Ni 
Ni -Sn 
Ni -Ag 

Electron beam heating parmeters to be assigned later for each spcimen. 

tungsten samples, used to align the electron beam. In addition, 
three samples (at Positions 2-4) on each wheel are to be meltad 
without releasing, to study the effect of zero-gravity melting and 
constrained solidification. This leaves 11 positions on each 
wheel for the actual experiment on zero-gravity melting and free 
solidification. 

Altogether, four sample materials are to be tested - pure Ni, 
Ni-Ag, Ni-Sn, and Ni-Cu. On Positions 2 to 4 of Wheel 1, the 
samples are arranged in the order of pure Ni, relatively low- 
evaporating Ni-Sn, and Ni-Cu. '1.e order was, therefore, set up 
to minimize contamination from previously melted samples. Posi- 
tions 2 to 4 of Wheel 2 are for Ni-Cu, Ni-Ag, and Ni-Sn, re- 
spectively. 'fie purpose of t' fs arrangement is threefold: to 
cover the rc-. ining Ni-Ag san,ple not tested on Wheel 1, to give 
some idea tbi 31 t contamination (i . e . , Cu on Ag and Ag on Sn) , 
and to give duplicated test results on melted but unreleased Ni-Sn 
and Ni-Cu samples. 



Positions 5-12 on the wheels form the "body" of the designed 
experiment. The sequencing arrangements a re  iden t i ca l ly  the same 
on both wheels, t o  give substantive duplicated r e s u l t s .  It i s  
noted that  the sequencing fo r  Positions 9-12 i s  the mirror image 
of that for  Positions 5-8. This i s  to  obtain information not only 
on the experimental e r ro r  within each wheel, fo r  romparison between 
wheels, but a lso information on the possibly important or  even 
dominating "time" e f f e c t .  As was pointed out i n  the M553 review 
meetings, the vacuum i n  the t e s t  chamber general1 y de ter iora tes ,  
the a s t r o n a ~ t s  become fatigued, the Skylab orb i t ing  (and 0-g) 
conditions change, ..., with heating and melting of e2ch addi t ional  
sample.  Our design allows us to  estimate t h i s  time e f fec t ,  be it 
large o r  small. 

The electron bean: heating parameters (e.g., beam current o r  
focusing conditions) may a lso  be studied on the same wheels and 
samples, i f  t h e i r  sequences a re  properly superimposed onto the de- 
sign (Table B-1). Even i f  the samples a re  t o  be tes ted  i n  2 o r  4 
(not 3 or 5!) iaboratories,  the same design can be s imi lar ly  supple- 
mented so tha t  the e f f e c t  of laboratory-to-laboratory var ia t ions ,  
and/or electron beam heating parameters, can be qua l i t a t ive ly  iden- 
t i f i e d  and quant i ta t ive ly  estimated-. 

Samples on Posit ions 13-15 are  dummies o r  spares,  i n  case of 
accidents to  the samples on Posit ions 2 t o  12 .  These l a s t  s i x  
samples a re  addi t ional ly  useful in  giving an accurate estimate of 
the experimental e r ro r  connected with each wheel. This e r r o r  
allows us to  evaluate the s t a t i s t i c a l  significance of the various 
material ,  time, heating, and laboratory parameL2rs. 

The sequencing i n  Table B - 1  i s  very carefu l ly  arranged f o r  per- 
f e c t  balance, so tha t  each of these e f f e c t s  i s  orthogonal r e l a t i v e  
t o  any other ( i  .e. ,  there is  no mixing of e f fec t s )  but can be inde- 
pendentlv and accurately estimated. Any random switch i n  the sam- 
ple  posLtions i s  l ike ly  to  dis turb t h i s  de l ica te  balance and make 
the experiment much l e s s  e f f i c i e n t  , i f  not a1 tL)ge the? destroying 
the capabi l i ty  of the resul t ing  data being analyzed meaningfully. 

X-Ray Diffraction 

X-ray d i f f r ac t ion  confirmed t h a t  each a l loy  investigated i s  
face-centered cubic nickel so l id  solution, with almost no second 
phase pa r t i c l e s .  The second phase pa r t i c l e s ,  i f  present,  w i l l  be 
analyzed for  the one-g samples processed from a received Skylab 
f l i g h t  material ,  but no e f f o r t  was expended i n  t h i s  regard f o r  



these facsimile mater ials .  The experimental and theore t ica l  l a t -  
t i c e  parameters f o r  nickel and the four nickel  a l loys a re  presented 
i n  Table B-2. The theore t ica l  values were calculated u t i l i z i n g  the  

TABLE B-2 

EXPERIMENTAL AND THEORETICAL LATTICE PARAMETERS 
FOR SKYLAB MATERIALS 

assumption of idea l  mixing with no electronegative in terac t ion  and 
Goldschmidt r a d i i  of 1.25, 1.28, 1.43, 1.44, and 1.58 f o r  N i ,  
Cu, A l ,  4, and Sn, respect ively (Ref. B-1) . These values have 
been corrected t o  twelvefold coordination i n  each case. Of course, 
t h i s  Vegard-type mixing i s  only an approximation, and is  not  
s t r i c t l y  appropriate fo r  metal l ic  s o l i d  solutions,  but i t  is  a 
basis  for  i n i t i a l  comparison. 

It is c lea r  tha t  in  general the experimental trend c lose ly  
follows the sequence of calculated l a t t i c e  parameters, although 
the K-Monel evidences a posi t ive deviation and the Ni-5A1 a nega- 
t ive  deviation from the theore t ica l  value. The l a t t e r  deviation 
i s  l i k e l y  to  be electronegative i n  nature although there is  the 
d i s t i n c t  p o s s i b i l i t y  t h a t  t h i s  cast ing i s  s ign i f i can t ly  de f i c i en t  



in  aluminum. This point w i l l  be resol ed by chemical analysis  
within the next month. Actually, on the bas is  of the electron vol- 
ume theory for  so l id  solutions (Ref. B-2), one would predict  t h a t  
the experimental l a t t i c e  parameters f o r  Ni-Ag and Ni-Cu a l loys  
would be smaller than the theoret ical  value, whereas the N i - A 1  
and Ni-Sn experimental l a t t i c e  parameters would be s l i g h t l y  
larger ,  neglecting electronegat ivi ty  e f fec t s .  As  i s  seen, the 
Ni-Ag and Ni-Sn a l loys  agree w i t ' l  t h i s ,  the N i - A 1  a l l o y  ( i f  
the chemistry i s  correct)  evidences a contraction due to  e lec t ro-  
negativity,  and the K-Monel w i l l  be discounted u n t i l  a t rue 
binary Ni-30 Cu a l loy  is available fo r  analysis .  The published 
l a t t i c e  parameters for  a Ni-30 Cu a l l o y  evidence the ant ic ipated 
negative deviation from the theoret ical  value (Ref. B-3) . 

Hardness 

Hardness i s  dependent on a l loy  composition and the thennomechani- 
c a l  s t a t e  of the sample a t  the time of the hardness t e s t .  Jus t  a s  
mechanical work ( s t r a in )  can r e s u l t  i n  a hardness increase, so can 
l a t t i c e  s t r a i n .  This i s  the basis  fo r  s o l i d  solution hardening. 
Consequently, materials to  be compared on the bas is  of hardness 
should have the same thermomechanical h i s to ry .  Our samples do not .  
It i s  s t i l l  possible, however, t o  make some sense o f . t h e  respective 
hardness values tha t  a re  presented i n  Table B-3 and i n  Fig. 1. As 

TABLE B-3 

ALLOY HARDNESS (D.P.H.) 

HARDNESS ' T I C E  SPRAIN DESCRIPTOR 

0 Annealed 

-- Wrought 

-.017 t o  -.04 As Cast 

+1.53 t o  1.81 Recrystal l ized 

+.7 t o  .28 As Cast 

+.2 t o  1.45 Wrought and 
Annealed 



Lattice Strain (Z) 

Fig. B - 1  Hardness versus Lattice Strain 



i s  seen in Fig. B - 1  , the hardness associated with the respective 
sol id  solutions i s  l inea r ly  related t o  the  experimentally measured 
l a t t i c e  s t r a i n  introduced by the alloying. This i s  t o  be a n t i c i -  
pated. The significance of mechanical s t r a i n  i s  shown by the 
single wrought nickel  (worked) data  point for  pure nickel ,  and 
probably by the hardness range associated with the K-Monel. This 
correlation of l a t t i c e  s t r a i n  t o  sample hardness should be pursued 
within the group of f l i g h t  samples, with careful  regard f o r  the 
masking e f fec t s  of mechanical work. 

Microstructure 

The microstructure of the respective al loys i s  shown i n  
Figs. B-2 through B-6 and the differences i n  microstructure a re  
readily apparent. The pure (wrought) nickel microstructure 
(Fig. B-2) shows tha t  t h i s  as-received material  has not completely 
recovered from the mechanical work of forming. Also shown i s  an 
arm of the center l ine crack tha t  w a s  found i n  some regions of the 
as-received nickel rod. The Ni-12 Sn rod was apparently recrys- 
t a l l i zed ;  however, it has an average grain s i ze  of SO micrometers 
and tha t  i s  s igni f icant ly  smaller than t h a t  of an as-cast  o r  fu l ly -  
annealed microstructure (Fig. 8-3) . The K-Monel sample evidenced 
a mixed microstructure t h a t  was composed of a few large grains  
intermixed i n  a "matrix" of small, equiaxed grains (Fig. B-4). 
The as-cast N i - 1  Ag microstructure demonstrates a moderate grain 
s ize  with both wide, high angle boundaries and decorated, low 
angle boundaries. There are  extremely f i n e  homogeneous, precipi-  
t a t e  p a r t i c 1 . e ~ ~  but these comprise only a small proportion of the  
sample volume. This i s  shown in Fig. B-5. The as-cast Ni-5 A1  
microstructure (Fig. B-6) exhibi ts  an extremely large grain s i z e  
and narrow, high angle, grain boundaries. This sample a l so  demon- 
s t r a t e s  extensive prismatic s l i p  under the  hardness indentor, as 
shown i n  Fig. B-6. 

Melting Point Studies 

These s tudies  were conducted i n  a DuPont 900 d i f f e r e n t i a l  
thermal analyzer (DTA) under an atmosphere of argon o r  a f lux of 
S iO2 .  The r e su l t s  of each technique were similar with the  excep- 
t ion of the Star-J ,  as t h i s  cobalt base a l loy  reacted with the  
f lux.  A s  a r e su l t ,  subsequent Star-J  studies were a l l  car r ied  out 
in an argon atmosphere. The r e s u l t s  of t h i s  study are tabulated 
in  Table B-4.  These data are  intended only t o  determine the  
liquidus and solidus temperatures, and subsequent work, out l ined 



Fig. B-2 Microstructure of Wrought Hickel Rod (150~) 

Fig .  B-3  Microstructure of Wrought N i - 1 2  Sn Rod (150x) 

Fig .  8-4 Microstructure of Wrought R-Monel Rod (150~) 
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Fig .  B-5 Microstructure of As-Cast Ni-1 Ag 
Alloy (150~) 

Fig .  B-6 Microstructure of As-Cast Ni-5 A 1  
Alloy (150~) 



ALLOY -- 

N i  -1Ag 

Ni-12Sn 

Star- J 

Nickel 

K Mogel 

TABLE B-4 

MELTING POINTS STUDIES 

HEATING RATE -- T MEAN 

i n  our Phase B Study Plan, w i l l  de tennine the  e f f e c t s  of varying 
heating r a t e s ,  cooling r a t e s ,  degree of superheat on the s t r u c t u r e  
and degree of undercooling on the  a c t u a l  f l i g h t  mate r ia l s .  

Curie Point  Studies 

These s tud ie s  were conducted i n  a i r  i n  a  DuPont 900 d i f f e r en -  
t i a l  scanning calorimeter (USC) and the  i n t e n t  was t o  determine the  
e f f e c t  of a l loying on the magnetic p roper t ies  of the n i cke l  s o l i d  
so lu t ion .  

Nickel has 10 (3d + 4s) e l ec t rons  t h a t  a r e  thought t o  f i l l  the  
overlapping d  and s  bands i n  such a way tha t  one of the  ha l f  
bands of the 3d s t a t e  is completely f u l l  and the  o ther  lacks  0.6 
of at1 e lec t ron  per atom of being f i l l e d  (Ref. B-1) . When a so lu t e  
atom i s  subs t i t u t ed  f o r  an atom of n icke l  i n  the  s o l i d  so lu t ion ,  
e lect rons  a r e  subs t i t u t ed  f o r  the  o r i g i n a l  10 (3d + 4s) e l ec t rons .  
I f  we consider a copper addi t ion ,  11 (3d + 4s) e l ec t rons  a r e  sub- 
s t i t u t e d  f o r  the  o r i g i n a l  10; i . e . ,  the  s o l i d  so lu t ion  has gained 
an ex t r a  e lec t ron  by t h i s  subs t i t u t i on .  This e x t r a  e l ec t ron  must 
go i n t o  the p a r t i a l l y  empty ha l f  band, f i l l i n g  i t  s l i g h t l y ,  and 



consequently reducins the ne t  magnetization, This decrease in  net  
magnetization w i l l  a l so  manifest i t s e l f  i n  a lowered magnetic 
transformation temperature so tha t  l e s s  thermal motion of the atoms 
i s  yequired to  misalign the spins.  The addition of monovalent cop- 
per does r e s u l t  i n  the predicted Curie point decrease i n  temperature 
and i t  would a l so  be ant ic ipated t h a t  the addition of monovalent 
s i l v e r  would a c t  s imilar ly .  Trivalent aluminum would a c t  even more 
rapidly,  and te travalent  t i n  would suppress the Curie point most 
rapidly.  This is  found to occur, as  tabulated in  Table B-,' and 

TABLE B-5 

CURIE POINTS FOR THE SKYLAB ALLOYS 

C U f i I E  P O I N T  SUPPRESSION(A T )  
V A L E I C E  C U R I E  POIN'I' 

(cO> 
P E R  a,$ ADDITIVE 
(OcIa. $1 

Ni 2 3 58 

Ni-. 5 5 A g  1 3 5 1  

Ni-28.6Cu 1 58 

Ni-10.28~1 3 139 

Xi-6. j2Sn 4 105 

K Monel 1 . 3  -90 

Star- J - - - (-196 

plot ted in  Fig. B - 7 .  Although the decrease i n  the Curie point i s  
very close to  being d i rec t ly  proportional to  the valence of the 
alloying element, fo r  these so l id  solut ions,  i t  i s  not f e l t  tha t  a 
simple d i r e c t  correlat ion should be immediately inferred.  These 
data points a re  calculated on the basis  of the f i r s t  s ign i f i can t  
deviation from the sample baseline.  It should be noted tha t  the 
temperatures of the completion were not as consis tent  with theory, 
nor were they as  well  defined. 



Valence 

Fig. B-7 Curie Point Suppressi.~n versus 
Valence of Alloying Element 
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