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Beryllium has a combination o f  physica.1 and mechanical proper- 

t i e s  which makes it a t t r a c t i v e  for  wide use as a. refl.ector, moderator, 

arid fuel cladding material i.n t h e  nuclear f i e l d  and i n  gyroscopes and. 

other. f l i g h t  coqxxients i n  t h e  a i r c r a f t  i.ndu.sLry. I n  most of these 

appli-cations, beryl l ium must be jo ined  t o  i t s e l f  or  othei- metals and 

brazing i s  one of t b e  m o s t  u se fu l  ,join.ing procedures. l'he determi- 

nat ion  oi" t'he wet t ing behavior of c e r t a i n  pure meta1.s and a l l o y s  0x1 

bei-yl1.j.im i s  very 1rnpcxdxn-t i n  the (level-opment oQ brazi-ng alloys for 

j o in ing  beryllium 

The wekting behavior of l i q u i d  silver, gold, germnj.um, aluminum, 

copper, palladiuro2.1. weight per cent beryll ium, z,irconiwr~-5 weight 

per cent beryll ium, and. titanium-6 weight p?r  cent beryll.ium on t h e  

surf'ace of solid beryl l ium i s  discussed. 

these mekals w a s  h v e s t i g a t e d  a t  50 and 100°C above t h e i r  melting 

po in t s  in argon and i n  v a c u u  Tr~e general  expe rirnenta 1. method empl.oyet1 

the use o:f' sess i le -drop  techniques for. the evu,hmtion of weLtabi l i ty  

and t h e  assoc ia ted  ca lcu la t ions .  

I n  genera.l., t h e  we-tting of 

I n t e r f a c i a l  cou-tact aagles bettieen drop and s o l i d  were measured 

for the var ious metals its a Tunetion of t,j.me, temperature, and atmos- 

phere. The resul-ts of these m e n s u r e m e r i t s  i.ud.li.cate t h a t  the wett ing 

of' beuyllium follows the general t h e o r e t i c a l  pattern; t h a t  i.s, it i n -  

creases with increas i  ng temperature. Eir tects  of vacuum and argon 



environmeiits showed. no general t r end ,  b i t  instead,  t h e  behavior w i t h  

regard t o  these environments appeared t o  be dependent upon the par-. 

ticular system being t e s t ed .  

Extensive metallographic examination revealed that  beryl l ium 

had alloyed, t o  varying ex ten t s ,  with gold, s i l v e r ,  copper, gei-mni-m, 

and. palladium-2. 1. weigh-t per cent beryl l ium aad that tile l i q u i d  had 

pene-trated i n t o  t h e  so l id .  L i t t l e  o r  no beiy l l ium izl.I.ciying w a s  ob- 

served. on samples wetted with al-minum, zirconiirm-5 weight peT cent 

be ry l~ l iun ,  and t i t a n i w i - - 6  weight pe r  cent be-0-7 1.iwn, d t h o u g h  wet t ing 

was obsei-ved POT the l a t t e r  two cases. 

Sur Cac e -L ens ion c a1 cu l a  t ions , us i.n g t h e  s e s s i. l e  - d -mp -t e c hni  que, 

were made f o r  t h e  t‘nree systems which revealed l i t t l e  o r  no penetra-  

t i o n  i n t o  t h e  beryllium, The ca lcu la t ions  OP t he  l iquid-vapor  and 

J-iquid-solid sur face  tensions, t h e  work of adhesion, and t h e  coef- 

f i c i e n t  of’ spread.ing served as a q u a l i t a t i v e  ma.ns of measuring t h e  

we-ktabi1.i t y  of beryl l ium by these  t h r e e  metals. Tbe r e s u l t s  indicated 

t h a t  Lhe ti’ianimi-6 weig’nt per  cent beryl.lium a l l o y  pl-oduced the 

lowest liqiii.d-.vapor and l i q u i d - s o l i d  s inface  tens ions  and higliest 

vork of adhesion and spread i.ng coeff icients, i n d k a t t n g  t h e  best 

ove-rall wet t ing charac’iel*fstics. 



GILAPTEB II 

Beryllium, i n  the past, has been considered primarily as an 

a l loy ing  add.il;ion t o  o ther  metal:;, pr incipal- ly  copper. This usage 

s t i l l  represents  at least 80 per cent of t h e  t o t a l  amount manufactured. 

Currently, t h e  pure metal  has become a t t r a c t i v e  t o  t h e  nuclear and 

a i r c r a f t  i ndus t r i e s  because o f  i t s  very low thermal-ne~itron-absorpt ion 

c ross  sect ion,  i t s  high thermal. conductivity a,nd s p e c i f i c  heat, i t s  

high e l a s t i c  modulus, and i t s  high s t rength  t o  weight r a t i o  (14). 

"lie use of pure beryll-ium i n  these  appl ica t ions  i s  made d i f f i c u l t  by 

such undesirable p r o p e r t i e s  as high t o x i c l t y  and general ly  poor fab- 

rica5ll.i.ty; however, one of' the  g rea t e s t  probl-ems has been t h a t  of 

j o l n i n g  and, i n  pa r t i cu la r ,  brazing. 

Beryllium, i n  gene?-al, is  very d i f f i c u l t  t o  braze success:fully. 

I n d u s t r i a l  experience has indicated t h &  poor f low and b r i t t l e  j o i n t s  

are cornonly encountered. ( 5 , f j ) .  MSO, very little i n f o r m t i o n  i s  

ava i lab le  on t h e  use of brazing f o r  high-temperature service.  I n  

order t o  fruitful . ly develop brazing all-oys f o r  jo in ing  this materid., 

inforrtmtion on the wet t ing behavior of d i f f e r e n t  1.iqirid m e t a l s  is  

important. A comprehensive theory of the wetting or spreading of 

l i q u i d s  on s o l i d  surfaces has been presented by Hawkins ('7). The 

complete and d e t a i l e d  der iva t ion  of the q u m t i t & i v e  re la t ionships  

w i l . 3  iiot be repeated here; only t h e  necessary d e f i n i t i o n s  arid equations 

r e l a t i n g  t o  t h e  discussion are presented. 



k 

?'he free surface energy of' a substmice at constant temperature 

( T ) ,  pressure ( p ) ,  and concentration ( N )  is de-fined as 

(aP /wp ,T , l{  = - y = r r e e  surface energy (usua l ly  dynes) per square 

centimeter, (1) 

where 

F = the  Free energy of the  substance, 

A := i t s  surface ( o r  in te r fac ia .1)  area.  

The thermodynamic condi t ion Yoor spreading t o  occur i s  tha.i;, f o r  

an incremental increase i.n area, the e n t i r e  system w i l l  have 

Conversely, f o r  nonspreading 

u > o .  

TI" it i s  assumed t h a t  i n  t h e  course of sprea3ing of a l i q u i d ,  

L, in equilibrium v i t h  i i s  own vapor, V, on a surr"ace, S, i n  equi- 

l ibr ium with i t s  own vapor, t h e  following area r e l a t i o n  e x i s t s :  

&ILV = dASL = -dA. sv ' 

(.3> 
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where 

= the liquid-vapor sur face  energy, 

ysL = t h e  so l jd - l iqu id  sur face  energy, 

LV 

= t h e  solid-vapor surf'ace energy. ysv 

Let --dF/dll be designated as  t h e  f i n a l  spreading coe f f i c i en t ,  

SLs; then, a t  constant temperature and pressure,  

As a measure of the a t t r a c t i o n  between dii'ferent; materials, t h e  

work of adhesion can be obtained as 

The work of adhesion represents  t h e  decrease i n  enel-gy i n  bringi.ng 

toge ther  a u n i t  area of l i q u i d  sur face  ami a u n i t  a r e a  of s o l i d  surface 

t o  f o r m  a uniL area of i n t e r f ace .  

Experimentally, i t  i s  observed tha-t l i q u i d s  placed on solid 

surf'aces usually w i l l  not completely wet but  r a t h e r  remain as n drop 

having a d e f i n i t e  contact angle  between t h e  l i q u i d  and s o l i d  phases. 

This condi t ion i.s i l l u s t r a t e d  i n  Figure 3.. 

t i on  ( 8 )  permits the determination of change i n  surface f r e e  energy, 

M', accompanying a sma1.l. change l.n solid surface covered., a. 

The Young arid Duprk. equa- 

Thus, 
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Unclassified 
Y-.+92 5 1. 

Figure 1. 
energies f o r  the  system, 

A scssile drop showing the vectors of t h e  surfacc. 
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A t  equi l ibr  l.um, 

and 

COS e = o 7 s L  - ysv + YLV 

or 

( 9 )  

With this r e l a t ionsh ip  combined with equation 7, we obtain 

I n  equa'tj-ons 9 and. 10 it can be seen t h a t  B will. be greater 

than 90 degrees when ysL i s  la rgzr  than y 

when the reverse is true. 

as possible so t h a t  cos 8 approaches unity, 

and I.elss than 90 degrees 

For. g r e a t e r  wetting, 8 slzould be as sma1.l 

sv 

The i n t e r f a c i a l  terxior i  between a. solid and a liquid may be 

considered as a neasure oP t h e  Yit or mi.sl" l i t  between the two phases. 

Qualitatively, the smaller the dlifference i n  m i s 8 i t  that Is p-i-esent 

the smaller will be t h e  magnitude or the  surface tension. The lower 

1 i m i . t  of any interfacial tension may be considered as that tension 

existing between t h e  solid. and. lLquid phases oC bine  same metals, 

cases whcre considerab1.e i.n-terac% i~on OCCUYS between t h e  solid and 

liquid phases, the measurement ol" any- sur:t'rtce tension becomes 

I t1  



meaningless. This situation exists as a r e s u l t  of  the  continuous con-. 

cen t r a t ion  changes occurring i n  bo-th phases produced by the  r ap id  atom 

movement of material across t h e  in te r€ace ,  I n  s i t u a t i o n s  such as 

these ,  the mutual sol.ubility of t h e  phases i n  each o the r  and t h e  pos- 

sibility of intermedi.aLe phase formati-on at the  in t e r f ace  must be 

considered.. 
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The general objec t ive  of t h i s  inves t iga t ion  was t o  deterrnttle 

t h e  wet t ing behavior of pure gold, s i lver ,  germanlum, aluminum, copper, 

and the  bina-ry alloys of t i t a n i m - 6  weight per cent; beryllium, 

zirconium-5 weight per cent beryllium, and pa l la .d iwi2 .  1 we1gh.t; per. 

cent beryllium on solid.  belylliuni. These metals a r e  lilsely candidates 

as cozrrponeilt s of braz jng  alloys For e l e v ~ . ~ e d - t e m p e r a ~ u ~ ~  service. 

The spec i f ic  objec t ives  were (1) t o  measure the contact angles 

OP t h e  molten meta.ls on b e r y l l i u n  as R funct ion of -test temperature, 

tj-rne a t  temperature, and aLmospherae; ( 2 )  to investigate -the solid- 

l iqu id  i n t e r f a c % u l  rea.ctions occi-irring as a i'uncti.on o f  test tempem- 

ture  and atmosphere; and { 3 )  to cslcu.late the l iquid-vapor and 

i n t e r f a c i a l  surface tensi.ons for those systems where i n t e r f a c i a l  

reacti.ons d i d  not appear t o  occur o r  were small. 
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PRIOii  WORK 

Some e:?l?ort has been made 3.n an attempt t o  develop so lde r s  and 

brazing a l l o y s  for joi.ning beryl-liuin 'LO iLself and. t o  oLher mater ia ls ;  

t h i s  work has been concentrated on app l i ca t ions  havin.g se rv ice  tenper- 

ature..; less  than 538°C. 

'ihe 1- i te ra ture  concerning t h e  b a s i c  webting behavior of molten metals 

on beryl-lium. 

V e r y  l i t t l e  published wok-k has appeared i n  

Cohen (9)  cond-ucted preliminary work on t h e  v e t t i n g  of berylliwn 

using be ry l l i im- r i ch  b inary  all.oys o f  s i l i c o n  and s i l v e r .  He found 

t h a t  the add i t ion  of 20 a-Lomic per cent si-lvei. 'GO beryl l ium redwced~ 

t h e  i n t e r f a c i z l  r eac t ion  which e x i s t e d  when pure I.i.quid s i l v e r  was 

i n  contact with beryllium, bu t  t h e  wet t ing of t h e  all.oy 011 beryl l ium 

was ni.1. It w a s  a l s o  found. t h a t  t h e  beryl l ium-si l icon a.lloys di.d not 

wet t h e  base mater ia l .  

Monroe e t  - a l ,  (10) s tud ied  t h e  wet t ing of beryll.imii with 

aliiininum and i t s  a l loys .  They round Lhat, although the j o i n t s  were 

oi'ten porous, join~ks of reasonably good. q u a l i t y  could be mde with 

an a lminm-12 weight p e r  cent  s i l i c o n  al.loy. 

Zunick and I l l ingworth (11) and Wikle and Magalski (1.2) have 

succcssfu1l.y brazed beryl l ium -to other  metals (mainly reyractory metals) 

us ing  pure s i l v e r  and the si-lver-copper e u t e c t i c  i n  vacuum, 
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The author has perforxned prel iminary work on t h r  development 

of' 'oeqylliuni braz ing  a l l o y s  f o r  high-temperature, helium-atmosphere 

app l i ca t ions  (13). A ternary a l l o y  composed of 49 weight per cent 

t i t a n i u m 4 9  weight pe r  cent copper-2 weight per  cent beryllium vas 

round t o  j o i n  small sec t ions  of beryl l ium and s t a i n l e s s  steel. The 

leak - t i g h t  d i s s imi l a r  j o i n t  s withstood high - Lemperature thermal cyc 1 es 

while undey i r r ad ia t ion .  

The sess i le -drop  method, used i n  t h i s  sku@ f o r  t he  caJ..cdat,ion 

of t h e  liquid-vapor sur face  energies, i s  presented by E l l e f son  and 

Taylor (14). These invcstjgators used t h i c  technique t o  study the 

swface properties of fused salts and glasses. 
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E X P E R I l m A L  PROCEDURE 

Several  3/8- inch-dimeter  x 12-inch-long berylS.i.um rods were 

procured from the  Brush Beryllium Company, Cleveland, Ohio. This 

mater ia l  was manufactured using hot-pressj-ng techniques followed by 

machining t o  f i n a l  s ize .  The randomly oriented. g ra in  s t r u c t u r e  of 

t h e  bery1.li.m me-Lal. produced. by t h i s  fabrica-Lion proczdui-e i s  repye- 

sented by t h e  photornicrograpb of P i g w e  2. 

A su i t ab le  brazing alloy i s  one having a melting poin t  lower 

than t h e  melbing poin t  of t h e  base metal and. which exh ib i t s  a rninimum 

ten.d.ency t o  dissolvc t h e  base metal; i t  i s  of course e s s e n t i a l  t h a t  

wet t ing occurs. The mate:-ials used i n  t h i s  inves-tigat ion were se lec ted  

with these  po in t s  i n  mind and. they are presen-ted, toge ther  with t h e i r  

melting points ,  i n  Table I. P r i o r  work by other  i nves t iga to r s  has 

indicated t h a t  aJ-uminum-, copper-, and s i lver -base  a l loys  appear 

promi-sing f o r  brazing beryl l ium (lo, 15).  Gold, copper, and germilium 

posseso melting poin ts  i n  the temperature rrange of i ~ n t e r e s t  and w e r e  

consequsntly considered t o  m e r i t  invest igat ion.  Previous w0i-k by the  

wri-ter has dernonstrated t h a t  t i tanium, zirconium, and pal.la,dium a r e  

prorni-sj ng as majoy cons t i tuents  of alloys f o r  brazing beryl l ium (S.6-18). 

I n  t h e  present  research, t hese  elements have been preall.oyed w i t h  

bc~-yJ.I.ium i n  order t o  ob ta in  allowable melting poin ts ;  t h e  se l ec t ion  

of b e i - y l l i ~ n  being made i n  order  t o  keep t h e  mmber oi= vari-ables i o  a 
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Figure 2.  Photomicrograph of the beryllium metal showing the 
randomly oriented grain structure. Polarized light. lOOX. 



MATEXiIAE ANI) TEST TEMPERATURES USED IN 

Melting Point  Test Temperature 
( " C )  ( "  c )  Materid. 

Go1 d 

Copper 

Aluminum 

S i lve r  

C-crmanium 

Ti-6 wt $ BC 

zr-5 wt Be 

Pd-2.1 wt  $I He 

1063 

1093 

660 

960 

950 

102 5 

980 

930 

10'70 

1108, 113.3 

710, 760 

1010, 1060 

1030, 1050 

1075, 1125 

1030, 1080 

980, 1030 



1.5 

minimum. 

binary a l loys  is q u i t e  low,  bu t  i t s  so l .ub i l i ty  i n  l ig-uid s i l v e r ,  gold, 

and. copper w a s  somewhat higher at t h e  t ezpe ra tu res  und.er inves t iga t ion .  

The solubil.i.ty of bery l l iwn i n  Liquid germanium j.s not known. 

The s o l u b i l i t y  of beryl l ium i n  l i q u i d  aluminiim and t h e  I-iquid 

The wett ing s tud ie s  were performed- using meLals OP very high 

p u r i t y  which had been a r c  melted i n t o  but tons as descr ibed i n  the 

Appendix. 

analyzed spectrographical ly .  

Both t h e  beryllium pmd t h e  meta1.s to  be melted on it were 

The resul t : ;  are presented in Table 11. 

Tbe w e t t a b i l i t y  study cons is ted  of t e s t i n g  1.n both ai-gon and 

vacuum atmo:;phercs at; t h e  temperatures ind ica ted  i n  Table I, page l& 

Jrt most cases the  t e s t i n g  temperatures were 50 and 100°C above the 

melting points of tne materials s t d i e d .  

the gold. and copper experiments were lowered, however, t o  reduce the 

extent  OI? i n t e r f a c i a l  reacti-on and beryl l twn alloying obsei-ved dur.i.ng 

preliminary t e s t i n g .  

The t e s t  temperatures f o r  

Wet t ab i l i t y  data were obtai.net?. us ing  t h e  sess i le -drop  method, 

as descr ibed by @ineke (19) and Ad,m (20). This procedure i s  advan- 

tageous fo r  (1.) it i s  a s t a t i c  method t h a t  i s  s u i t a b l e  for high- 

temperature t e s t i n g ,  and. ( 2 )  i.t allows t h e  measuremmt o f  coiitact 

angles coinc identa l ly  w i t h  the  deterniination of the l iquid-vapor  

sur face  energies.  

The sa~mpple prepara t ion  for t h e  w e t t a b i l i t y  t e s t n  consisLeft 

i n i t  T a l l y -  of machining t h e  3/8-ineh-diameter bet-ylliiim r 0 d . s  inLo wa:: 1 er.s 

o r  pads of l/8-%nch thickness .  The a.rc_-mel-ted metal  but tons were e i t h e r  
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machined i n t o  l /g- inch cubes 07: remelted i n t o  smaller- bu t tons  approxi- 

mately 1/8- t o  3/1.6-inch d i w e t e s .  

The machined beryllium pad was precleaned by e tch ing  using an 

aqueous so lu t ion  of 2 p a r t s  ID', 3 p a r t s  l a c t i c  acid,  5 p a r t s  HTJO3, and 

10 pa,r ts  H2O. Af te : r  this preparat ion,  both t h e  pad and. the  m e t a l  t o  

he melted were assembled on a molybdenum W n a c e  boat i.n the manner 

i l l u s t r a t e d  i n  Figure 3. The methods f o r  obtaining vacuum and i n e r t -  

gas atmosphere, toge ther  with a desc r ip t ion  a-t' t h e  furnace equipment, 

are presented- i n  the Appendix. A d i scuss ion  of t h e  optical. system 

used i n  t h e  measurement of contact  angles  i s  a l s o  presented i n  t h e  

Append-ix. 

A f t e r  c a r e f u l l y  1oad.ing the t e s t  assembly i n t o  the vacuum muffle 

furnace and p r e c i s e l y  l eve l ing  Llie beryl l lum pad t o  permit accura te  

opbica l  measurements, t h e  Yellowing procedure w a s  used fo r  each wet ta-  

b i l i t y  t e s t  : 

1. The ceramic muffle (at room temperature) was evacuated to 

l e s s  than  1 x t o r r .  Intermediate purging of t h e  

system using high-puri ty  argon was incorporated t o  improve 

t h e  p u r i t y  of the gas remaining j n  t h e  system. 

2. The furnace,  a l ready  a t  t e s t  temperature, w a s  then  rolled 

over the  muffle and t h e  system was allowed t o  come t o  

t e s t  temper at we. 

3. AI"ter thermal equi l ibr ium was es tab l i shed ,  ind iv idua l  photo- 

graphs of' t h e  l i q u i d  metal-beryllium sample were taken at 
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Unclassified 
Y-48031 

Figure 3. B e r y l l i w n  pad, metal to be melted, and furnace boat 
ready f o r  insertion in the furnace muffle. 7X. 
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time in-Lemals of' 0, 15, 45,  90, and 150 secoricis. Timing 

w a s  begun at t h e  moment tempersture s t a b i l i z a t i o n  was 

aktained as indica ted  by t h e  mufPle temperature recorder 

and con t ro l l e r .  

4. The hot furnace w a s  r o l l e d  away Trom t h e  muffle inmediately 

afte:: t h e  last pic-Lure w a s  Laken and t h e  specimen w a s  

allowed t o  cool .to approximately room tempel-ature ins ide  

t h e  muffle. 

'men tests were performed in an argon atmosphere, t h e  same pro- 

cedure was used except t h a t  t h e  system w a s  back f i l l ed  w i L l - 1  h igh-puri ty  

argon When t h e  muf-rle temperature reached 800°C (500°C f o r  t h e  aluminum 

tes ts)  . 
The wetted specimens were removed :f-'rorn t h e  furnace and. mounted, 

sectioned, and pol ished for  mztallographic exmina t  ion. The mounting 

and pol i sh ing  technique employed i s  described. i n  t h e  Appendix. 

na t ton  of t h e  mounted- specimens was per-Yormed i n  both t h e  as-pol ished 

and polished-and-etched condi t ions,  us ing  both b r i g h t  - f i e l d  and 

polar ized  -1i ght i l luminat ion. 

The photographs of t h e  l i q u i d  drops were p r in t ed  on high-contrast  

&mi.- 

matte paper t o  0btai.n t h e  g rea t e s t  d e t a i l  and- a l l o w  pencil. mm-king of 

t h e  p r i n t s .  Representat ive photographs a r e  shown i n  Figures through 

11. These p a r t i c u l a r  p i c tu re s  o f  t h e  molten-metal drop were taken 

a f t e r  a per iod of 150 seconds had elapsed a t  t h e  ind ica ted  t e s t i n g  

temperature. It i s  obvious from these  composite rigures t h a t  t h e  
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Un c1.a s s 5. f i ed. 
Y-4 9198 

((4 Vacuum - 10IO°C Vacuum - 1060°C 

Figure 4 .  Sessile drop of s i lve r  on beryllium pad ai; 1.010 and 
1060°C in vacuum and argon atmospheres. 7X. 



21 

(0) Argon - 107OOC 

Unclassified 
Y-49199 

(b) Vacuum - 1070°C 

Figure 5. Sessile drop of gold on beryllium pad at 1070°C i n  
argon and vacuum atmospheres. 7X. 
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Unclass i f ied  
Y-49200 

VClCUtJm - 1108OC (b) Vacuurri - 1133OC (4 

Argon - 1133OC (4 Argon - 1108OC (4 

Figure 6 .  Sessile drop of copper on beryll ium pad a t  11.08 and 
1 1 3 3 ° C  i n  vacuum and argon atmospheres. 7X.  
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(4 Argon - 1000°C 

Unclassified 
y-492n7 

(4 Argon - 1050°C 

Figure 7. Sessile drop of germanium on beryl]-lum pad at 1000 
and 1050°C in vacuum and argon atmospheres. 7X. 

..... .................................. .......... ................. ................. ....... ~ .......... -. ~ . . . .  
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Unclassified 
Y-49202 

(4 Argon - 980°C 

(b) Vacuum - 1030°C 

(d 1 Argon - 1030°C 

Figure 8 .  
beryl.lium alloy on bcryll i im pad at 980 and 1030°C in vac71m and. 
argon atmospheres. ?X. 

S e s s i l e  drop of palladium-2.1 weight per cent 
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Unclassified 

(c) Argon - 71OoC Argon - 76OOC (4 

Figure 9. Sessi-le drop of aluminum on beryllium pad at 710 
and 760°C i.n vacuum and argon atmospheres. 7X. 

.. .................. ...................... ........... ..... _. ............... .................... - ~ ................ 
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Unclassified. 
Y -49 204 

(0 )  Vacuum - 1030°C 

(4 Argon - 1030°C 

Figure 10. Sessi le  drop of 
alloy on beryllium pad at 1030 and 
atmospheres. 7X. 

.I' 

-- 
(b) Vacuum - 1080°C 

(4 Argon - 1080°C 

zircsnium-5 weight per cent beryllium 
1080°C in vacuum and argon 



27 

Unclassified 

(4 Argon - 1075°C (4 Argon - 1125OC 

Figure 11. Sessi le  drop of titaniuurd weight per cent beryllium 
alloy on bery1lim pad at 1075 and 1125°C in vacuum and argon 
atmospheres I 7X. 
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increase i n  temperakwre general ly  produces increased wet t ing of t h e  

beryll ium suryace by 'die sessl le  drop, 'The effect of atmosphere on 

bei-ylliwn we t t ah i - l i t y  appears 'io vary with t h e  system i n  question. 

Contact angle measurements were made on t h e  photographs wi-th 

a p ro t r ac to r .  The sessi le-drop contact angle w a s  taken t o  be t h a t  

angle between t h e  l i n e  tangent t o  the sessile drop at t h e  point  of 

contact with the berylliurn pad and the ho r i zon ta l  surface of the 

beiyllium. Since t h e  contact angle i s  always measured through t h e  

I.iquid phase, a contact angle of 0 degrees ind ica t e s  complete wet t ing 

while a con-Lact angle of 1.80 degrees i nd ica t e s  no v e t t h g .  The con- 

t a c t  angle Tor each temperature and atmosphere was Tecoi-ded for each 

time i n t e r v a l  at which p'no-Lographs had. been taken. 

Tne f inal  phase of t'ne study consis ted of' the ca lcu la t ion  of 

t h e  surface tensions.  Only those molten metals which indicated,  by 

metallographic cxaininat ion, l i t t l e  o r  no i n t e r f a c i a l  r e a c t  ions were 

used i n  t hese  calculat ions.  The photogrxphs of t h e  t e s t  sa~nples taken 

a t  t h e  150-second t i m e  i n t e r v a l  were assured t o  represent equi l ibr ium 

and were used f o r  t h e  su r face  t ens ion  calculat ions.  

The determination of t h e  surface tension by t he  sessi le-drop 

method w a s  accomplished. by equa-bing t h e  hycirostatic pressure of t h e  

l i q u i d  at any po in t  on i-Ls surrzce t o  t h e  excess pressure due t o  t he  

curvature and t ens ion  of the su r face  ai; t h e  point. i n  question, T'he 

a c t u a l  c a k u l a t i o n  i s  t h e r e f o r e  perrormed using t h e  dimensions of the 

molten-metal. drop as i.t rests on t h e  be-rylliam metal, The shape of 
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the sessile drop d-epends on the equilibrium e x i s t h g  between t h e  forces 

of surrace energy and or gravity. The re la t ionships  einpbyed were 

developed by Bashforth and Ad'zms (2l), and the  ca l cu la t ions  utilj.zed 

data from table prepared by them. A discussion of this method and a 

sample calculation of the 1iqui.d and interfacial. surPace tens ions ,  

the work of adhesion, a,nd the interfacial spread-ing coeffici.erit are 

presented. in t h e  Appendix, 
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I. QUALITATIVE DISCUSSION OF COITTACT ANGLE bWWm!'1':'j 

The da ta  -resul.ti.ng from t h e  contact angle  mea:;uwmerits of Lhe 

1icpi.d metals at t es t  temperatures are presented 1.n Table 111. Tie 

measurements were recorded f o r  var ious temperatui-es, times, and. atmos- 

pheres. The methods and c r i t e r i a  by which t h e  data were obtained and 

a.nalyzed, respect ively,  a r e  descri.bed i n  Chapter V. 

Although during t h e  Lesting per iod f luc tua t ions  lin angle were 

noted, t h e  contact angles w e r e  observed -to decrease with increasing 

time at t e s t  temperature. This behavior i s  r e f l e c t e d  i n  the data  of 

Table III. The f luc tua t ions  a r e  poss ib le  due t o  a l loy ing  e f f e c t s  i n  

-that, as a l loy ing  progresses, composition and tempcrature va r i a t ions  

w i l l  change the i n t e r f a c i a l  energies.  

These d.a.ta provide a means of comparison of t h e  wet tsbi . l i ty  on 

beryll ium of' t h e  l i q u i d  metals under inves t iga t  Lon. Ii' one assimies 

wetting Cor coniact ang1.es less  than 90 degrees and nonwetting f o r  

angles grea te r  than 90 degrees, then t hese  da ta  permit q u a l i t a t i ~ v e  

separat ion of t h e  systems i n t o  these  two classes .  Gold, pa l l ad iw~-2 .1  

weipJt per  cent beryll ium, and titanium-6 weigh-t pe r  cent beryl l ium 

were found t o  wet beryl-lium a t  both temperatures and i n  both argon 

and vacuum atmospheres. 'The zirconium-5 weight pet- cent beryll iuii  

a l l o y  wets beryll ium i n  vacuum a t  both tempei-at-ci.~-es. "his  alloy, as 



TABLE I11 

Silver l31G 'v ac uwn 142.3 141.1 140.6 141.2 
1040 VBCEUDl 135.4 135.5 131.4 133.2 
101G argon 148.1 148.9 150.7 147.3 

54.4 1060 argon 61. C 59. 9 57.2 

Cogper 

57.2 55. 7 Y ZCiluTn 58. 6 58. 0 
argon 57.3 56. 6 57. 9 56.9 

1108 'vac wza 129.0 128. 5 124.2 124.1 
1133 vacum 126.6 122.5 121.8 120.0 
l_1*38 argon Xxtreme Base Metal So' Lu,ion + 

1133 argor: Extreme Base Metal Solution 

1050 vacuum 
10oc v a c u u  145. 5 145.3 144.3 14.3.7 

102.9 100. ci 100.9 96. I 

88. 9 87. 1 
9s. 9 98. 2 1300 argor, 99.3 99.6 

1050 zrgon 89.2 89.2 

73.2 73. $ 980 vacuum 77.0 74.0 ?e.-2. 1 $ Be 
66. 7 66. 5 

61.7 57.2 

vacuw31 74.2 73.2 1C30 

1030 77.2 76.5 76. 0 75.0 980 argon 
argon 70.2 63.1 

140.2 
127.9 
1L3.4 
52. 6 

54.. 6 
55.8 

125.5 
120.0 

143.6 
95.4 
97.1 
87.1 

69. 9 
55. 6 
72.7 
57.2 



TA3I.E 111 (contiriued) 

Tenperature Contact Angle €or Elapsea Tine (deg) 
Systen; ( " C )  Atmosphere 0 see 15 sec 45 see 90 see 253 sec 

710 
760 
710 
760 

1030 
1980 
103 0 
lo80 

1075 
1125 
1075 
1125 

vacumi 
vacuum 
hrgon 
argon 

V t C U r n  

vacuum 
ergon 
argon 

vacum 
vac-uum 
argo-n 
argm 

155.1 
140. 0 
146.2 
108.2 

88.3 
69. 8 
101.4 
83. 6 

15.8 
14.2 
13.4 
10. 0 

15L+. 1 
138.8 
139.6 
106.6 

85. 6 
67.7 
98. 8 
94. 2 

14.8 
13.4 
12. 0 
7.9 

151.3 
i36.6 
130. 5 
102.3 

5-3.9 
67.3 
99.2 
84.9 

1L. 5 
12.1 
ii. 9 
7.8 

146.6 
134.1 
120.1 
100.9 

81. E: 
66. 5 
98.3 
82.4 

14. 0 
11. 2 
9.7 
6. 8 

142.0 
132.0 
116.6 
99.9 

89. 9 
64.7 
96. 2 
79.7 

13. 2 
10.7 
8- 6 
5. 6 
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w e l l  as s i l v e r  and germanium, d id  not we-1; when t e s t e d  i n  argon a-tmos- 

pheres at the  lower tempera-Lure. It was found, however> t h a t  an 

increase of 50°C r e s u l t e d  i n  wetting. 

behavio-s at both temperatures and i n  both atmospheres. 

observed t o  be nonwetting a t  both temperatures, but  underwent extensive 

alloylng with t h e  so l id  beryll-ium at  these  temperatzu-es. 

Aluminum exhibited. a nonsae-tting 

Copper was 

Prom these data it appears t h a t  t h e  b inary  alloys have the 

g r e a t e s t  tendency t o  w e t  be-ryll-iwn. Although d i f fe rences  in wett ing 

behavior were observed fo r  t h e  vacuum and argon condi t ions,  no general  

t r end  tms establi-shed. The increase i n  t e s t i n g  temperature was gener- 

ally observed t o  improve wetting, although i n  some eases t h e  increased 

temperature i n i t  l a t e d  or acce lera ted  reac t  ion  with the be-rylli.um. 

11. 8ESUI;TS O F  METALIXIGRAPHIC ANALYSIS 

It must be recognized that; when a metal i s  allowed t o  melt on 

a s o l i d  surface some degree of r eac t ion  w i l l  occur a t  the  s o l i d - l i q u i d  

in t e r f ace .  

The exten t  t o  which t h i s  r eac t ion  occurs depends on the system 

i n  ques-tion, particu-larly the  mutual so l -ubi l i ty  ol" each component for 

t h e  o the r  and t h e  wet t ing behavior of t h e  r e s u l t i n g  alloy formed. 

No:z.mally, i n t e r f a c i a l  energy s tud ie s  involve in t e rax t ions  which are 

confined. t o  e s s e n t i c d l y  t h e  intex-face, When hi.gh temperatures such 

as those incorporated i n  t h i s  study a r e  used, -the diffusion of com- 

ponerits across t h i s  i n t e r f a c e  becomes promirient. This diffusion 
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produces l a y e r s  each 07 which i.s 

system. 

be-ryll-i-ulil a t  t h e  interFace and i n  contact with t h a t  sol.j.d phase 

r i c h e s t  i n  the  o r i g i n a l  l i q u i d  metal. Further changes then depend 

upon s o l i d - s t a t e  d i f r u s i o n  -through these  I-ayers; t h i s  s t age  is  ?re- 

quently slow enough t o  conslder t h e  system i n  psuedoequi1ibri.m. 

one of t h e  poss ib l e  phases i n  t h e  

Sxtended d i f rus ion  tendk t o  give a l i q u i d  sa tu ra t ed  with 

A s  a Consequence, it i s  necessary t o  u t i l i z e  t h e  equilibri . tm 

d ieg ram fo r  each combination with beryl l ium i n  analyzing t h e  ve- t t ing  

behavior i n  each case. This has been done i n  the discussion of t h e  

r e s u l t s  of the  metallographic s t u d i e s  which foll.ows. 

s tud ie s ,  t h e  extent  of a l l o y i n g  could be determined and a basis 

e s t ab l i shed  f o r  t he  usefulness  of  carrying out surface t ens ion  

ca lcu la t ions .  

From these 

Silver-Beryllium ~ . . -  -.._ 

The s i lver-b-ryl l lum a l l o y  system i s  represented by t h e  

equilibrium diagram of Figure 12 (22 ) .  When pure si.lvei- i s  i n  con- 

t a c t  with beryll ium a t  1010" C a concentrat ion gra.d.ieni; i s  e s t ab l i shed  

i n  the l i q u i d  phase w i t h  a maximum concentration of 2,3 weight p e r  cent 

ber.yl1i.m (Fj-gure 1 2 ) .  An examination of t h e  micros tmcturz  of t h e  

i n t e r r a c e  reveal-ecl a yeaction zone i n  which molten si.lver had pene- 

'i?.ated t h e  g ra in  boundari-es of t h e  beryl1 rim. The grain-boundary 

penetrat ion i s  ill.usti-ated ri.n F1.gw-e 13. Penet ra t ion  h8.s proceeded. 

t o  t he  point  of leaving pure beryll-iuru i-slands -Cloati.ng i n  t h e  l i q u i d  

s i-lver-beryllium alloy. According t o  t h e  silver-beryll.i-um equ.i.I.ibrium 



35 

600 k--- ------------ 0 10 20 30 40 50 60 70 80 90 100 
Ag Atomic Per Cent Beryllium Be 

Figure 12. The silver-benyllim e q u i l i b r i m  diagram. 
(Nansen, M., Const i tu t ion  of Bina-ry Alloys McGraw-Hill, New York, 
1958. - --1 
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Unclass i f ied  
R-7.0 5 7'6 

Figure 13. In t e r f ace  of s i l v e r  wetting test showing gra in-  
boundary attack of s i l v e r  on beryl l iul l  i n  a vacuwn atmosphere a t  1010°C. 
Unetched. 500X. 



37 

diagram, t h e  d e l t a  phase should p r e c i p i t a t e  on cooling and t h i s  is 

observed t o  occur along t h e  boundary between t h e  l i q u i d  and s o l i d  

phases. 

i n  Figure 13, page 36, are be l ieved  t o  be t h e  delta phase, 

The l i g h t e r  areas surrounding t h e  s o l i d  beryllium i s l ands  

H i g h e r  t e q e r a t u r e s  (1060°C) produced a greater r eac t ion  zone. 

This probably r e s u l t e d  from more rap3.d d i f f u s i o n  and t h e  ability of 

t h e  l i q u i d  t o  conta in  as much as 17.5 weight p e r  cent  beryll ium, 

cool ing f r o m  t h i s  temperature,  t h e  p r e c i p i t a t l a n  of alpha. beryllium 

occurs i n i t i a l l y  and i s  f’ollowed by t h e  precipi tsct ion of t h e  d e l t a  

phase at 1010°C. 

manner t o  -the low-temperature t e s t .  

On 

From t h i s  poin t  t h e  systembehaves i n  a sinnilw 

The only not iceable  dif-ference i n  t h e  wet t ing  tests conducted 

i n  argon and those  conducted. i n  vacuum at e i t h e r  tempemture w&s t h e  

degree of beryl l ium reac t lon .  While b e r y - l l i u m  reacti .on was found t o  

be greater at 1060°C i n  both argon and vacu.1un atmospheres, mol-e 

r e a c t i o n  w a s  found i n  t h e  argon atmosphere tests. Tne extent of 

r eac t ion  a t  1060°C in vacuum i s  i l l u s t r a t e d  i n  Figure 14. Here Lhe 

pene t r a t ion  I s  greater than 50 per  cen-t of t h e  beryl l ium pad. thickness .  

Note the d e i t d r i t i . ~  s t r u c t u r e  ol” Lhe a l l o y  drop. 

Gold-Beryllium 

The extensive reactLon of pure gold with be iy l l ium r e s t r i c t e d  

tes tLng t o  107OoC, approximately 7 degrees above t h e  melt ing point, of 

gold, The p a r t i a l  equi l ibr ium diagram for th i s  system is  presented 

i n  Figure 15 (22).  Metallographic examination of bo th  t h e  vacuum and 
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Unc ].as si f j. ed 
R - 105 77 

Figure 14. Silver pene t r a t ing  beryllium metal a t  1060"i: i n  a 
vacuimi atmosphere. Unetched. 50X. 
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Figure 15. The gold-beryllium eqiiill brim diagram. 
(Hansen, M., Cons t i tu t ion  o f  Binary Alloys,  McGraw-Hi l l ,  New York, - 
1958. ) 



argon bests reveal& extreme alloying, 5s i l l u s t r a t e d  -In Figure 1.6. 

P4el;allographic e x m i n a t i o n  revealed a second. phase, shoxn i.n F i g w e  J-7 

which is probably one of t h e  in t e rme ta l l i c  compounds shown i n  the: 

gold-beryllium equilibrium diagram (Figure 15 page 39) ; no p o s i t i v e  

i d e n t i f i c a t l o n  was possib1.e. N o  particu.l.ar &i.f ference i n  tile micro-  

s t ruc tu re  o€ the argon a n d  vacuum t e s t  s was observed metallographically,  

Copper -Be ry 11 i u m  
..l__l_-l---C-.-.III- 

The equilibrium diagram f o r  the copper-be-rfllium systems i s  

shown i n  Figure 1-8 (22) .  

s m s l  1- amount of reac t ion  with belylliurn whilc at the sane temperature 

hw-'Lemperature vacuum t e s t s  r e s u l t e d  i n  a 

i n  argon extreme reac t ion  occurred.. This difYerenez i s  shorn1 i n  

Figure 19(a) and (b ) .  I n  t h e  case of t h e  vacuum t e s t ,  only t h e  

reac t ion  zone shows noticeable al loying;  while i n  t h e  argon t e s t  

a l loy ing  w a s  observed throughout t'ne J-iquid phase. According t o  t h e  

copper -beryl1 i u m  e qui l i 'o  r i m  d. i  agrw t h e  d e l t a  phase should i n i  t i a l ly  

p r e c i p i t a t e  on cooling u n t i l  t h e  1iqui.d has been depleted of beryllium 

t o  t h e  point  t h a t  t h e  b e t a  phase forms. This was observed t o  occur 

by t h e  i n i t L a l  forination of t h e  d e l t a  phase t h a t  i s  beli-eved t o  bc  t h e  

dendr i t i c  ~ ~ o w t h  seen i n  %he reac t ion  zones of Fitl;lire 1.9. Further 

cooling Corned the l i g h t e r  matrix t h a t  i s  assumed t o  be e i t h e r  b e t a  

phase o r  some fleeomposition product of this phase. 

m liie microstructure of t he  drop above t h e  low-temperature vacuum 

reac t ion   one of Figure 19(a) i s  shown in Figure 20. The dendri tes  

are assumed t o  be the alpha phase since t h e  beryll ium concentration 



41 
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Figure 16. Gold penetration of berylliwa metal at l07O0C1 i n  a 
vacuum atmosphere e Unetched. 50X. 
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Figure 17. The microstructwe of -the gold drop on beryllium 
at lO'lO'C in a vacuum atmosphere. Etchant:  aqua regia. 500X. 
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Figure 18. The copper-beryll-ium equi l ibr ium diagram. 
(Hansen, M. , Const i tu t ion  of B i n a r y  Alloys , McGraw-fill, PJew York., 
19%. ) 

- 
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Figure 19. (a)  Microstruciure o f  copper dr3p on beryll ium 
sh3wiag i n t e r f a c i a l  reac t ion  area a t  1108°C in a vacuum atmosphere. 
Unctched. 50X. ( b )  Microstructure of copper a l l3y ing  with b e r y l l i l m  
a t  11O$"C i n  an areon atm3sphere. Unetched. 5 0 X .  



Unclslssif l.ed 
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Figure 20. The microstructure of the copper drop at 1108°C in 
a vacuum atmosphere. Etchan-L: C2H5OII, H C l ,  FeCL3. 200X. 



i n  the I.i.quid should he lower than t h a t  near the in te r race .  

of this phase w i l l  increase -the concentration oY t h e  meJA t o  near 

4. weight per cent beryllium which ~vil.ll, on fix-tiier coollr?g, form b e t a  

o r  some trans:?ormation prod.uct of beta.  

Separation 

Bigh-temperaiue experiments (1133" C )  revealed t h a t  beryllium 

react, ion had proceeded such t h a t  coql .e- i r  perlet r a t i o n  of the  bepyll3.11.m 

pad had occurred i n  both the  vacuum and argon t e s t a .  Meta.l.lographic 

examimtion of these samples showed t h e  same illic-rostr-u.ctwe found i n  

the lower temperature 

near t h e  pure beryJ..liun-base mta l  as shown i n  Figure 21. 

Figures 20, page 45, a-nd 21, voids, which probably resu l ted  Prom rapid 

di-ffusioa of the  small. beryll ium atom ii l to the  two-phase (be t a  and 

d e l t a )  region, are present i n  t'ne reac t ion  b a d .  

difCusion i s  assumed t o  be the in t e r f ace  nearest t h e  beryl.?.iurn metal. 

The band s t ruc ture ,  showri i n  Figure 22, i s  believed. t o  be t h e  r e s u l t  

of t h e  formation of t he  40. 5 weight p e r  cent berylliu.nrrcopper eiitecti.c, 

shown i n  Figure 19, page 44. S b c e  only a d i f y e r e n t i a l  of 1 7 ° C  sepa- 

r a t e s  t h e  assumed tes t  temperature (1133°C) a,nd t h e  e1itcctj.c tempera- 

t u r e  (1150"C), te.rrperakui*e inaccuracies  cou1.d. have exis-Led such that 

t h e  t e s t  t e q e r a t u r e  was t r u l y  1150"C, with t he  eu tec t i c  composition 

formed by ciiPfusion. One other  possibil i t ty- f o r  t h i s  s t ruc tu re  i o  be 

the  beryll . ium-rich eu tec t i c  would be t h a t  t he  eu tec t i c  temperature stas 

depressed a.s a resul t  of 'ihe impu.rities pi-esent i n  the 'aeryl1iwL 

t e s t s ,  w i t h  t he  excepliion of a. r eac t ion  band. 

A s  seen in 

The exteri-L of copper 
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Unclassif ied 
R-1-05clL 

Figure 21. Photomicrograph of the 1 1 3 3 ° C  cfiplgr test i n  argon 
showing the r z a c t i o n  zone band near t h e  beryllium m e t a l .  
50X. 

Unetched. 

. . . . . . . . . . . . . .- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... 



Un c la s s if i e d 
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Figure 22. The copper r eac t ion  zone band showing its eutectic 
microstructure. 
Unetched. 500X. 

Magnified v l e w  of the enclosed area of Figilse 21. 
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Pall.adiuin-2,l weight per cen-t Bel-yllj.urfi-Reryllium 

'The p a r t i a l  equi1.ibrium diagram for  t h e  pal ladi imi-beryl l~im 

A t  each t e s t  temperature t h e  micro- system i s  shown i n  Figure 23 (22).  

s t r u c t u r e s  were fourid t o  be independent oP t h e  t e s t i n g  atmosphere aiid 

ind ica ted  moderate a~l.loying with t h e  beryllium. This small mount of 

alloying i.s supported. by reference t o  the pall.adium-beryllium eqxi - 
l ib r ium diagram which shows t h a t  only an increase of 0.9 weight per 

cent bery1li.m i n  t h e  l i q u i d  i s  necessary t o  produce sa tura t ion .  

Representat ive microstructu:res of the low- and high-temperature 

tests are presented i n  Figures 2.: and 25, respect ively.  

of these  microstructures  w a s  complicated by t h e  absence of n more 

complete pallad-i~un-berylliun equi.librlum diagram. If it i s  asswned. 

t h a t  t h e  1iqul.d was satu.rated with 3 weight per  cent beryllium, t h e  

s t ructu-res  seen i n  ba th  t h e  low-temperature dr-op (Fi.gure 24)  and t h e  

upper por t ion  of t h e  high-tempera-Lure d-rop 

i n  terms of t h e  palladium-beryllium equi l ibr ium cliagn.m,. 

su@;gest,s t h a t  t h e  is1,ari.d~ of these s t r u c t u r e s  are BePdz and. the m t t r i x  

i s  the BePd3 i .nte~metsllLc compouncl, The reaction zone, seen at the 

in t e r f ace  or" the high-temperature tests ( F i g ~ ~ r e  2 5 ) ,  ejciiilni.i;ed a 

eu- tee t ic - l ike  s t r u c t u r e  and s'imu.l.d be beryl l ium yich. 

graph of -this s t r u c t u r e  i.s shown i.11 Figure 26. Slnce the at,r.uctur'e 

was observed only at {;he higher  temperature, there i s  pr3obabl.y a 

e u t e c t i c  which forms between 980 and l f i 3 0 " C  at; coqosLti .ons above 

50 per  cent beryllium. 

The ana lys i s  

Fig;u:re 25) n1.w be mrzlyzed 

The diagram 

A gimLomicro- 
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Figure 23. The palladium-bcrylli1~m equilibrium diagram. 
(liansen, M., Constitution - .  of Binary Alloys, McGraw-Hill, New York, 
1958. ) 
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Figure 24. The microstructul'e of the  pal.lmti.um-2.1 weight per 
cent b e r y l l i u m  drop representative of tes ts  in bo th  argofi and vscu-urn at 
980°C. Etchant :  KCN, (NH),) 2 8 2 0 3 .  250X. 

-. . . . . . . . . 
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Palladium-Beryllium 
Drop 

In t e r f ace  Reaction 
Zone 

Beryllium 

Figure 25 The microstructure  of the pal.ladi1.m-2.1 weight per  
cent beryl.l-ium sample in t e r f ace  area r ep resen ta t ive  of tes ts  i n  b o t h  
argon and vacuum at  1030°C. Polarized. l i g h t .  150X. 
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Figure 26. The nicrostru-cture of the  pal- ladi~m-beryl l ium 
in te r face  area representative of tests in both areon and vacuum a t  
1030 "C. Etchant: aqua regia. SOOX.  
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Germanium-Bei-yllimi 
~_ . . I____  - 

No published equilibrium diagrm. i s  cur ren t ly  ava i lhb le  T o r  t he  

germaril um-berylllum sys-t em. 

some - in te r fac ia l  reac t ion  had occurred at 3.000 and 1050°C i n  both 

argon and vacuum. 

Figure 27. Tfle la.rge, d-endri t ic- l ike a reas  i n  the  microstructure 

were found t o  be sens i t i ve  t o  polar ized 1 . i g h L .  The matrix phase i s  

probably the  germanium-rich -terminal s o l i d  solu.tion, an& the  dispersed 

phase i s  e i t h e r  an  intermediate phase o r  t h e  terminal  bery l l iun- r ich  

phase. 

Metallographic examination revealed tha t  

A representa t ive  microstructure i s  presented i n  

Alarrtinm-Be ryl l ium 

Metallographic examinat Jon of t h e  a lumi  nun-beryllium t e s t  

sampl-es revealed very l i t t l e  reac t ion  with beryl]-ium a t  any of the  

t e s t i n g  conditions. Tnis observation i s  v e r i f i e d  by the  aluminum- 

beryll ium equi1ibr i .m diagram of Figure 28 t h a t  p r e d i c t s  a l i q u i d  

s a t u r a t i o n  l imi-t  of only 2.5 weight per  cent beryll ium a t  760°C (22) .  

'Foe aluminum-beryllium equi.1ibri.m diagram fumther ind ica tes  t h a t  on 

cooling from the  temperatures of '710 and 760°C t h e  p r e c i p i t a t j o n  of 

alpha beryll ium will occur u n t i l  the eu tec t i c  temperature, 645"C, i s  

reached where final- f reez ing  :results. A representa t ive  al~ixninum-drop 

microstructure i s  presented i n  Figure 29, showing the  e u t e c t i c  

structure. A s  a result of t h e  l imi ted  beryl]-ium reac t ion  OP t h i s  

l i qu id ,  fu r the r  sur-r"ace energy ana lys i s  w a s  performed. 'The r e s u l t s  

of t h i s  analysis  are presented subsequently. 



Figure 27. Representakive mLcmstructure of the  gelrmanim drop 
at 1000°C in a vacmm atmosphere. Etchant:  HCzH302, IF,  HN03. 15OX. 

Unclassif ied 
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Al  Atomic: Per Cent Beryllium Be 

Figure 28. The aluminum-beryllium e q u i l i ' o r i m  diagram. 
(Hansen, M . ,  Collst i t l l t ion of Binary Alloys, McGraw-Hill, New York, 
1958. ) 



57 

Unclassified 
Y-48114 

Figure 29. Representative microstructure of the ali i inin~nl drop 
showing the eutectic: st ructure  at 760°C In a vacuum atinospllere. 
Etchant: K20, €P, Ell!?O3, HC1. 15CX. 
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Zi . r con im5  weigh-t per  cent Beryllium-Ueryllium - -.._._-.. ....--. _--- ....-.-.- 

Metallhgraphic examinat i.on of t h e  zirconium-5 weight per  cent 

b m y l l i m i  e u t e c t i c  wetti-ng samples revealed no beryllium reac t ion .  

Accord in.g t o  t h e  zirconim-beryll i .um eqirj 1-i~briirin diagrax of Figure 30, 

only 8 weight pe r  cent beryl l ium i s  required. t o  s a t u r a t e  t h e  l i q u i d  

at 1-080"C (23) .  Yhis accounts for t h e  absence of a r eac t lon  a r e a  and 

perrnrits ca l cu la t ion  of surface znergles.  

A representa t ive  microstructi ire of t h e  v e t t i n g  drop urnder 

polar ized  l ighk i s  shown i n  Figure 31, Accord.itig t o  t h e  z i r con iu i -  

beryl l ium equi . l . ibr ium diagram, t h e  l i g h t ,  needle- l ike phase i s  probably 

the intermetall . ic compound, Zj-Be;?; it i s  d i spersed  i n  t h e  eutec-i;i.c 

s t ruc tu re .  

TiLaniurrr6 wei.ght p e r  cent Beiylli.um-Beryllium 
-1_1.... _1__._-1.-.- 

The hig11l.y wet t ing t j t a n i m - 6  wei-ght p a -  cent  beryl l ium alloy 

was observed metal lographical ly  t o  cause no beryl.l.j.im reac t ion  at any 

t e s t  condition. The p a r t i a l  eqvilibrj.um diagram of  t h e  t i tanium- 

beryl l ium system, shown i n  Figure 32, predicts beiyl l iui3 so lubi l i . ty  

i n  Lhe t i t an ium I l q u i d  t o  be greatei- than 6 weight pe r  cent ,  but  the 

exact solubil.-ity l i m i t  i s  not known (23) .  ! h e  absence of beryl l ium 

reac t ion  permit ted f u r t h e r  sur face  energy ana lys i s  and t h e  resill-ts of 

t h i s  analysis are discussed below. The a7.J.oy micros tnudxre  contained 

i s l ands  of un iden t i f i ed  internie'iallic corqounrls di.spersed in a eu tec t f c  

matrix. The titani~n-Sel~~ll.j.urn equi l ibr ium diagram p r e d i c t s  the  pos- 

s i b l e  exis tence of as many as Five in t e rme ta l l i c  compounds, but no 
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Ei gure 31. 
weighi per cent  beryll ium drop at  1030°C i n  a vacuum atmosphere. 
Polarized li gh'c. 150X. 

Representative mj crostructure of the zircanivllr-5 
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Figure 32 .  The titanlm-berylliwn equi librium di agram. 
(Darwin, G. E.,  and J. H. Buddary, "Alloys and Compounds," Metallurgy 
I___- of the Rarer Metals - 7 - Beryllium, Academic Press, New York, 1960, 
pp. 265-320.) 
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d e f i n i t e  id.entiPicxLion cou1.d be made of t h e  phases pl-esent i n  the 

microstructure  i n  quest ion. 

To summarize, t h e  metallographic examination of each wett ing 

system siibjected t o  t h e  t e s t i n g  condi t io i i  oirl;I.ined i.n Chapter V 

revealed t h a t  only aluminum, zirconium-5 wei.gh-i; per  cent beryllium, 

and t i tanium-6 wei&-L pe r  cent beryll ium caused little o r  no base-metal 

r eac t ion  w i . t h  beryllium. Consequently, calcul..a,tions of t h e  surface 

eiiergfes were perforined only f o ~  t hese  materials. 

r e s u l t s  o f  these analyses i s  presented i n  t h e  next section. 

A discussioil  of the 

III. RESULTS OF SURFACF: TENSION CATXU'LATION 

SurPace enei-gy ca l cu la t ions  w e r e  performed on systems of beryl- 

1- ium with al.um:i.num, zirconium-5 weight per cent beryllium, and 

t i tanium-6 weight per cent beryll-ium; these  syskems were Pound. t o  

exhi-bit mlnimum rea.ction a t  t h e  respec-tive t e s t  conditions,  The 

procedures and meth0d.s of s?irCace terision calcul.a.hions a r e  ou t l ined  

and discussed i n  the Appeniiix. Rie resu-l ts  of t h e s e  ca l cu la t ions  are 

presented in Table IV. 

It must be recognized that, t hese  values a r e  t h e  resul-Ls or" 

ca l cu la t ions  of t h e  surface tensi-on p r o p e r t i e s  of lLi_.quids sa tu ra t ed  

with beryll.i.im i n  contact  with that solid phase e s s e n t i a l l y  i n  

equilibrium with t h e  I i.quid. Altliough it has been demomtrated t h a t  

Lime erfects a r e  small, the  systems were undergoring s l o w  i -nterface 

dil 'rusion and surface evaporation due t o  the dynamic vacuum. The 



FK!3SuLTS OF THE SITRFACE TEPlSIOM DATA CALCULATION 

Temper - Contact, .* 
ature A ~ E O  s - Angle ^f j-llx- 7Ls 'id ad s z  

System ("c) phere (degree) ( e m s  per centimeter) 

710 
760 

710 

760 

1030 

lG80 

1030 

1080 

1075 

1125 

1075 

1125 

vacuum 
vacuum 

argon 

BYgor, 

vacuum 

vac.uum 
argon 
argon 

vacuum 

vacuum 
argon 

3;pgon 

142.0 

132.3 

116.7 

?9.% 

79.8 

64.6 

97.0 

79.8 

13.2 

10. El 
8.6 
5.6 

831 
726 

787 
561 

625 

520 

488 

172 

492*+ 

277 

424 
329+* 

2520 176 

2350 23% 

2220 434 
1960 464 

1940 549 

1770 614 

l?€Q 576 

1690 569 

13 80 970 

1590 548 
144.0 844 

1530 660 

-1490 

-1210 

-1140 

- 658 

- 702 

- 427 

- 405 

- 225 

- 9.0c 

- 4. OG 

- 1.00 

-f- 3.0C 

* Auer2.ge of two t e s t s .  

Oce test only. 
** 
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inherent inaccurracies associated w i t h  impuri-ties i n  t h e  materials, 

t h e i r  assumed f i n a l  compositions, and t h e  experimenbal measurements 

1 i . m i t  t h e  use of the  d a t a  f o r  o the r  than comparative purposes. 

%ne calculatTon of -the l iquid-vapor surface t ens ions  and t h e  

r e s u l t i n g  ca l cu la t ion  oQ t h e  r e spec t ive  l iquid-soli-d s w f a c e  tensions 

w e r e ,  j.n general ,  cons i s t en t  with t h e  measured contact angles  for each 

of the  t h r e e  systems, Also v a r i a t i o n s  of surface t ens ions  within each 

system were general ly  i n  agreement with v a r i a t i o n s  i n  contact angles. 

When t h e  t e s t  a-brosphere was observed t o  a f f e c t  t h e  contact angle, 

t h e r e  was a consis tent  e f f e c t  on the ca l cu la t ed  surface ‘iensions. 

A method of ana lys i s  employe& by PariWn and Humenik ( 2 4 )  i s  

use-ful ly  appl ied t o  t h e  da t a  presented here. The balance of’ fo rces  

acting a t  a po in t  of contact between t h e  s o l i d  and liquid phases of 

Figure I~, page 6, i s  expressed by one form of t h e  Young and Dupr-4 

equation (equation 10, page 7), 

- I YSL - Ysv YLV cos 8 . 
The poss ib l e  r e l a t ionsh ips  t h a t  can occur as a r e s u l t  of t hese  

fo rces  a r e  shown graphical ly  i n  Figure 33 where the  liquid-solid 

surface tension,  yId;, i s  p l o t t e d  as a funct ion of the coniact anglp, 0,  

:or diPCerent values  o r  t h e  l iquid-vapor surface tension,  yLv. 

this graph and fo r  t h e  c a l c u l a i i o n s  of surface i ens ion  p rope r t i e s  

presented here,  t h e  solid-vapor surface tension,  ysv, js assumed t o  be 

equal to 1863 dynes per centimeter. 

In 
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0 (Degrees) 

Figure 33. Plot of 7Ls versus 0 for d i f f e r e n t  values of y LV' 
For this study, ysv i s  assumed to  be 1863 dynes per centimeter.  
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This general  i 1.Liistration he1 ps  t o  recognize seve ra l  po in t s  

r e l a t e d  t o  w e t t a b i l i t y :  

1. When 8 equals 90 degrees, ysv equals y for any value OF IS 

YLV' 

2. If spreading i s  taken to be t h a t  condition .&ere the contact 

angle i s  equal to or i s  approaching zero,  then spreading 

LV' w i i l -  occur il_F 7 i s  equal t o  O Y  greater t'nari y sv 
3. If  8 i s  less than 90 degrees and y i s  constant,  8 decreases 

w i t h  a d-ecrease i n  y a lso ,  j .P 0 is g r e a t e r  than 90 

degrees and y i s  constant,  8 increases  wi'ih a decrease 

i n  y 

LS 

Lv; 

Is 

LV' 

T h i s  type of ana lys i s  i s  val.uable; i f  one can measure 7 independ- 

en-Lly, then a p-i-edi.ction can be made as t o  the p o s s i b i l i t y  OC spyeading. 

r x  

For t h e  da t a  presented here,  it ca.n be seen tha-t; these general 

rel.a,tionshi.ps have been observed. For observe2 contact angles near 

90 degrees, t h e  calculated i s  near the assumed value (1863 dynes 

pe r  centimeter) of y ( see  Table m, page 63). For these  s y s t e m  it 

i.s observed t h a t  t h e  curve i n  F i g w e  33, page 65, i s  becoming Platter, 

meaning that, the tendency f o r  spreading t o  occur i s  i-ncreasing. 

E 

sv 

I n  t h e  case o€ t h e  ti.tanium-6 weight p e r  cent besyll ium system, 

t h e  1fquj.d-solid. surface t ens ion  increases  when the t e s t i n g  temperature 

i s  ra i sed .  The predicted inverse re1.ai;ionshj.p between t h e  change in 

1 {Cpid-solid surrface t ens ion  versus t h e  change i n  temperaiure w a n  

obscrved i n  t h e  case o r  thc. systems oC aluminum arid zirconiim-5 weigni 

pe r  cent berylIium. This discrepancy i s  probably caused by t h e  



sessi le-drop measurement error,  wMch would r e s u l t  in cases of bubbles 

having very low coritact angles 

l i q u i d  composition. 

or e:CCects r e s u l t i n g  from changes i n  

The work of adheston, d-dined as t h e  work required. a.t c o n s h n t  

temperature and pressure t o  pull t h e  in t e r f ace  apart t o  give clemi 

surfaces ,  was observed t o  vary d i r e c t l y  with Liquid. wet tab i l i ty .  T h i s  

v a r i a t i o n  w a s  ty-p.i.fied by the  l o w  values oP work of ,adhesion calculated 

f o r  the nonwe-tting alumiiium system and t h e  high work of ad‘nesion values 

determined Yor t h e  wet t ing system of t i tanium+ weight per  cent beryl- 

l i u m  and zi~conium-5 weight p e r  cent b e r y l l i i m  

The ca lcu la ted  spreadri-ng coerf i c i e n t s  were negative f o r  a l l  

system t e s t  conditions included i n  t h e  study, except i n  the case of 

ti.taniww-6 weight pe r  csnt; beryllium. Neg8tive spreading coe f f i c i en t s  

ind ica ted  8 very d e f i n i t e  trend. 

as ind ica ted  by lower contact  angles and liquid-vapor surrr^a,ce tensions, 

the g r e a t e r  t h e  numerical. magnitude of-‘ the spreading coef f ic ien t .  

The g rea t e r  t h e  system wet t ab i l i t y ,  

0-F t h e  t h r e e  systems used i n  t h e  calcu.lations,  t h e  . t i t a n i u m 6  

wel.ght per  cent be:fyllium was observed t o  provide the greatest 

wettabi1.ity on beryllium; the zirconium-5 wei-ght per cent be-ryllium was 

next in order.  While no basic s ign i f icance  can be given ‘io the  

absolute  values of the surface t ens ion  proper t ies  t:alcul.ated, they m e  

useful. i n  indicstin.g t h e  rei-xtive tendenci-es Cor these l i q u i d s  t o  wet 

b er yll. i u r ~  
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CONCLUSIONS AM, IBCOME/IENDATIONS 

Conclusions 

1. By measurement of contact  angles, beryll ium wettabi.I.i.ty by 

t h e  l i q u i d  metals of aluminum, germanium, s i l v e r ,  pallad.ium-2.1. weight 

pe r  cent  beryllium, and titanium-6 weight pel: cent beryll ium Is i n -  

creased when we-tting Is performed i n  R;O. argon atmosphere r a t h e r  -ihm in 

vacuum. Beryllium w e t t a b i l i t y  by t h e  l i q u i d  rneta1.s of gol.d, copper, and 

z i rconium3 xei.ght per  cent beryll ium w a s  found .to e i t h e r  be unaf fec tec  

by the  t e s t i n g  atmosphere o r  favor  the  vacuum over t h e  argon atmosphere. 

2 .  It w a s  es tah l i~shed  tha.1; t h e  wetting behavior o f  beryll ium by 

l i q u i d  metals s tud ied  j.s i n  agreement with bas i c  w e t t a b i l i t y  theory i n  

that  beryll ium wetting i s  promoted by increas ing  temperature. 

3. The yesu l t s  of an extensive metallographic examiimtion of 

wetting samples t e s t e d  a-t all condi t ions a re  presented.  These da t a  

showed t h a t  only aluminum, zirconiuro-5 weight pe r  cent  beryllium, and 

titanium-6 weight per  cent beryll.i.um prod-uced l i t . t l e  o r  no all.oying with 

t h e  beryll ium. Bery-l.lium a l loy ing  of  t h e  o the r  l . i c p i d  metals inclu-ded 

i i i  t h e  inves t iga t ion  was so  extreme t h a t  i n  some cases 1icpj.d phase 

pene t ra t ion  of  g r e a t e r  than 50 per  cent o f  t h e  thickness  ol” t h e  bery l -  

lium pad w a s  found. 
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4. Calcu1at;ed surface t ens ion  p rope r t i e s  of those al l.oy systems 

found t o  produce l i t t l e  or no beryl. l im- r eac t ion  a r e  presented. 

ca l cu la t ions  provided a means of r e l a t i v e  comparison of t h e  beryl l ium 

wett ing behavior by these  t h r e e  l i q u i d  metals. 

t h a t  t h e  l iquid-vapor and l i q u i d - s o l i d  surface t ens ions  were g rea t e r  i n  

magnitude f o r  t h e  nonwetting alu_tninwn than  f o r  t h e  wet t ing 1i.quid.s of 

titanitim-h weight per cent beryl l ium and z i rconium3 weight per  cent 

beryl.l.ium. Of the  t h r e e  1iqui.d metals submitted. for  surf’ace tens ion  

calcul.ati.ons, t i taniwrr-6 wei.ght per  cent beryl l ium w a s  found. t o  have 

t h e  lowest ca lcu la t ed  l iquid-vapor  and l i qu id - so l id  surface tensions;  

zirconiu~~r-5 weight per cent beiyl l iuni  and alwninum were next i n  order. 

5. Calculat ions are presented f o r  t he  work of adhesion and t h e  

These 

These data revealed. 

coef I’ici ent  of spreading f o r  aluminum, zirconium-5 weight per cent 

beryll ium, and t i t zn ium-6 weight per. cent beryll.ium These da t a  

quali ta‘t iveljr  ind ica ted  t h a t  these  parameters were greatest €or the  

highly wet t ing t itanlum-6 weight pe r  cent beryl.li.um 1i.qui.d. 

R e  c omendat i.ons 

I-. It i s  recommended t h a t  an investiga-Lion be performed t o  

re3uce t h e  mm.gnitude oP t h e  beryl l ium solution by more neai-ly pre- 

s a t u r a t i n g  with beiylliulil t h e  mater ia l s  of gold, silver. ,  copper’, 

germanitmy and t h e  palladium-2.1 weight pe r  cent ber.yl.liuni binary alloy. 

Wetta,bJ.Li.ty s tud ie s  s i m i l - a r  t o  those  conducted here should. then be 

performed. 
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2. It Fs recommended tliai; t he  effec-i; of beryll ium su-rface 

preparat ions on w e t t a b i l i t y  be inves t iga ted .  \%Sni?.e t h i s  study di.d not 

aLteiript -Lo determine t h i s  effect or t h e  part surrface P i L i s  played on 

beryllium w e t t a b i l i t y ,  it i s  well knovn that surface prepara t ion  has a 

marked ef€ee t  on surface tension properttier, and t h a t  'iiie heryl.l-ium oxide 

f i1.m must always be taken i n t o  account when considering bery l - l iu -m 

surfaces. 



APPENDIX 





73 

Furnace and Vacuum Equipment 

A photograph of t h e  furnace and vacuum system used f o r  t h e  

beryllium wetting s tudies  i s  shown i n  Figure 34. The furnace cons i s t s  

of a Nichrome wound, resi.stance heating element capable of attaining a 

temperature of 1200°C. The Turnace i s  posit ioned on tracks secured 

-to t h e  workbench 

dime1;er qua.rtz muffle. 

p la t e  on one end was hse r t ed .  i n t o  the  tapered jorint on the qua r t z  

muffle t o  provi.de a meams of introducj-ng t h e  test specimens and t o  al .10~ 

undis tor ted vi.sual obsen-ation of the specimen. The furnace is con- 

-troll.cd ( k 5 " C )  by an on-0Y-P controller, and the  sample temperature is  

cont I-riuously monitored by a recorder and a p l a t  i r m n  ve:rsus p l a t  inum-1-0 

per. cent rhodium thermocouple posi-tioned i n  -the i n t e r i o r  of t he  rrruffle 

immediately a.d.jaeent t o  the  samp1.e. 

t o  permit il; t o  be read.iLy r.oll.ed over t h e  2-inch- 

A tapered  glass j o i n t  :vri.t;h an op t i ca l ly  fl.at 

The furnace i s  equipped. with a vacuum system capable of 

obtain.ing pressures of l e s s  tiian 

introducing an ine r t  gas. High-pur-rity a.rgon, with a nornina.1 analysis  

as shown i n  Table V, was 1"urthe.r purified by passing i.t through 

colwnbium chi.ps heated t o  816°C j u s t  bePore it entered the Furnace 

~ L I  f I e 

t o r r  and. an arrangement Tor 
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Figure 34, Phoiograph of firrnace and vacllm system u s e d  in 
beryl.liurn wet ii ng study. 
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TIWLE v 
NOMINAL CHEMICAL KNALYSIS OF HIGH-PURITY 

ARGON USED IN TIB WET'TING S'I'UDIM 

Element Analysis (vol. $) 

Oxygen 0.0001 

Nltmgen and carbon monoxide 0.0034 

Carbon dioxide 0.0002 

Hydrogen 0.0003 

Argon 99.996 
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Photographic Equipment 

The arrangement 1001' photographing t h e  s e s s i l e  drops i s  shown i n  

Figure 35. The drops Nere viewed through t h e  telemicroscope at tached 

t o  a Gaertner cathetometer and were photographed M i t h  a Baush and Lord3 

eyepiece camera as shown. Kodak "plus-X" f i l m  was used f o r  a l l  

photographs. 

Arc-MeIti ng Equipment and Procedure 
_l__l__________ 

Where necessary, experimental materials used i n  t h e  w r l ; t l n g  

expeyiments were prepared by a r c  meltri.ng using t h e  furnace shown ii? 

Fi.@re 36. The furnace chmber w a s  i n i t i a l l y  pruflped- t o  less than 

2 x l o m 5  t o r r  and w a s  subsequently backf i l l ed  with high-purity argon t o  

2 -to 3 poi1nd.s per  square inch, gage pressure.  After  gettel-ing -the 

chamber atmosphere by arc  mel-ting a zirconium button, t h e  pure metals 

o r  a l l o y s  were melted r i v e  t i m e s  t o  ensure good homogeneity. The 

buttons were then machined i n t o  s m a l l .  cubes o r  were broken up and 

yemelted usi.ng t h e  above procedure t o  obtain pel]-ets of a reduced s ize .  

Met a l l  0 gi-ap h i c Egu ipmerit and Pro c edur e 
.-..I .- .._ -I 

r i - l  lhe tesL specimens were prepared f o r  metallographic examl.na.tion 

by- f'irst mou.r.ti.ng in c l e a r  epoxy r e s i n  and sect ioning so as t o  permit 

observation of t h e  s e s s i l e  drop-beryll..ium in'ierface, The mounted and 

sect j-oned specimens w e r e  t h e n  ground. f l a t  using a s i l i c o n  carbide 

abrasive (approximately 600 g r i t  ) dispersed i n  water. The i n i  tj al- 

po l i sh ing  w a s  pertormed with a nyl-on cloth-covered v ibrba to iy  pol isher ,  

using 0.3-micron aluminum oxide. The final.  po l i sh ing  w a s  performed 
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UncJ.as s i fi ed 
Y-48030 

Figure 35 - Equipment used in photographing the samples. 

............... . -.. .......................... -~ ............ -. .......... 
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Unclassified 
Y-21832 

Figure  36. Arc-melting furnace used i n  preparation of metal 
but tons.  
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with another v ibra tory  polishi-ng machine covered. with a deep -nap cloth 

with 0. I-micron aluminum oxideethylene glycol. slurry as the ahrasLve. 

The speciineiis were khen washed i n  hot  water, r imed  with absolute ethyl 

alcohol,  arid dr i ed  i n  an a i r  blast. 

??he specimens were  examrlnetL and photographed using ei-ther 

polartzed or bright-rleld i l luminat ion.  No e1;ch.ant; w a s  needed on the 

samples w e t t d  with t h e  b inary  a.l.loys o? t-I.tanium-6 weight per cen-t 

bej-y-11-iini and zirconiurrrfj weight per cent beryllium. The etehants used 

on the  samples wetted wikh t h e  pure metals and. t h e  pa l lad i im2.1  weigkt; 

pey cent beryl]-ium binary  al.Loy were: 

HNO3, HC1, HI?, H20 

N o  e tchant  requireci 

Alumir ium - 

SKLver 

Copper - C2H50I3, HC1, PeC1.3 

- 

Go Id I Aqua regia 

Germanium - HNO3, I-@', HC2W302 

Palladiur~i-2.1 w t  $ be~ylliim- KCN, (NH4) Sz03 or aqua regla 
2 

11. SAMPLE CAIEULPLTION3 

Tne S es s i I r -Drop Method. 

Tne determination of t h e  surface tension by means of the sess-1.I.e-. 

drop method. depends on the a-ttaimnent of equ.ilihz.ium between Yorces or 

surface t ens ion  and of' gravi ty .  

molten metal d-rop rests on a solid surface as i.llus.t;rated i n  F1.p.rc 37. 

When t h i s  premise i s  s a t i s f i e d ,  a 



Unclassified 
Y-49252 

Liquid 

B. FOR 0<90" 

Figuse 37. Sessile drops at :rest for the cases where 0 is 
greater tlnan 90 degrees and 9 I s  less -than 90 degrees. 
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t 

The fundamental equation oT surface t ens ion  at any poin t  requi res  

where 

= l iquid-vapor surface tension,  LV 
R = p r i n c i p a l  rad.i.us of curvature  f o r  surface perpendi.culs;r t o  

t h e  plane of Figure 37, * page 79, 

R ’  = principal.  radi-us of curvature  f o r  surface i n  the plane of 
x 

Figure 37, page 79, 

P = pressure,  

c := constant ,  

g = g r a v i t a t i o n a l  acce lera t ion  

d = densi ty  

Z = <zxis of rotakion,  

z = dis tance  along Z-axis. 

x. 
The two r a d i i  of curvature  (R, R ” )  fo r  some ai-bitrar1.l.y curved 

surface a r e  obtained. by e rec t ing  a normal t o  t he  surface at any poin t  
on the surPace and then passing n plane through t h e  surface which 
contains  .the normal. Tlie line of in te rsec t i .on  w i l l  i n  general. be 
curved. 
t o  the  curved l i n e  at t h e  poin t  i n  question. ‘Die second radius of 
curvature  i s  obtained by passing a second plane through the surface 
a l s o  coiitairiing t;he normal, but perpendicular t o  the F i r s t  plane. 
This give:; x second. curved l i n e  of i n t e r s e c t i o n  and a second rad.ius 
of curvakure. 

The rad ius  of curvature  i s  t h a t  radius f o r  a c i r c l e  tangent 
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If p i s  taken as the rad ius  of curvature of a meridrional s ec t lon  

and $ i s  t h e  angle between p and z then R -= p and R '  = x/srin @. 
Equation 12 then reduces t o  

TLV (; + F) = gdz + c . 
If h i s  def ined as t h e  rad ius  of curvature a t  t h e  drop apex, then 

t h e  apex p = b, x/sin (0 -tb, and z = 0. 'I"nerefore, from equatrion 

7LV c ::: - 
b 

By s u b s t i t u t i o n  and mult iplying by b, equation 1.2 beroriles 

1 sin Q 

If t h e  quant i ty  eb2 i s  def ined as p, we have 
LV 

By developing d i f f e r e n t i a l  increments of t h j s  r e l a t ionsh ip ,  

k s h f o r t h  and ~ d m s  (21) prepaxed t a b l e s  of 0 and x/z f o r  9 = 

90 degrees and x/b for various values of p and t). 

of x and z shown i n  F i g r e  37 makes i t  poss ib le  t o  determine B and b 

from t h e  t a b l e s  and t h e  sur face  tens ion  i s  then  ca lcu la ted  from t,he 

r e l a t i o n  

The measurement 

UsLng x, x', z', 8 ,  b, and p t he  drop vel-me can be ca lcu la ted  

from t h e  r e l a t ionsh ips  of Lhe following s i t u a t i o n s :  

for cases Twhere 9 is greater Lhan 90 degrees 
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f o r  cases where 0 is less than 90 degrees 

( 1 4 4  (19 )  
31 v = - [ ( z ' ) 3  + 3 ( . ' ) ( X ' ) 2 ]  * 
6 

Typical Calculat ion of 7 -LV 
g b2 For 8 ,q-eater than  90 degrees. To obta in  -: 'The t e s t  sample B 

used f o r  t h e  ca l cu la t ion  of a t y p i c a l  liquid-v-apor surface tension,  

i s  t h a t  of aluminum wetted on beryllium i n  vacuum at 760°C 7LV' 
(Figm-e 9, page 25), vhich has a. contact angle,  0, measured t o  be 

127.0 d-egrees. Tne measurements on t h e  aluminum drop were taken from 

t h e  photograph exposed a f t e r  150 seconds a t  thzt  temperature. Refer- 

r i n g  t o  Figure 37(a),  page 79, t he  parameters were found t o  be 

x = 0.259 centimeter 

z = 0. 246 centimeter 

x' = 0.172 cenbimeter 

z ' = 0.445 centimeter 

x/z = 1.050, when @ = 90 degrees. 

Referr ing t o  t h e  por t ion  of t h e  Bashforth and Adam tables 

X rel-at ing values of 

i s  obtained: 

to ( L ) ~  ~ 9oo and in t e rpo la t ing ,  the  fol-lowing 

gd b2 p = ?  = 0.25  . 
'LV 

Hct€'errinC; next t o  t h e  por t ion  of t h e  t a b l e s  giving values  OY 

x/b and z/b i n  terms o r  f3 and 4 ,  linea?' i n t e rpo la t ion  provides 

Q = 90 degrees, f3 = 0 , 2 5 ,  x/b - 0.96312, and z/b = 0.91699. Knowing 
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both x and z by d i r e c t  measuremeni, b i s  ca l cu la t ed  60 be 0.268 

centimeter. By comb tiling t h i s  with previous da t a ,  t h e  following 

equation i s  obtaiimi:  

I I ~ . . -  @ b2 - - 282.0 d. . 
YLV B 

To obtain densi ty:  From the val.ues of x, x', A ' ,  b, and f3 

measured o r  determined above, t h e  volume w a s  pal-culsted usjiig eqiiat ion 

18 t o  be 0.0665 cubic tentimeter.  The weight of t h e  aluminum w a s  

0.1644 gram. 

dens i ty  equals -- equals 2.47 grams per cub-ic cen-Limeter, 

Using these values  of drop volume and weight, t h e  

0.1644 
0. 0665 

To obtaln surface tension:  By combining the  r e s u l t s  of t h e  

ea lcul at  Ions obtai ned f o r  __I.-- b 2  and dens i ty  above, it i s  found t h a t  Pox- B 
t h e  aluminum molten drop on beryllium at  

suri'ace tension i s 

760°C i n  vacuum t h e  l i qu id  

gd b 2  
.- ___ = 697 dynes p e r  centimeter.. 

LV .- B 

For 8 J-ess 'chan 90 degrees. To obtain -: E b2 'The sample used B 
for a t y p i c a l  surface t e n s i o n  ca l cu la t ion  f o r  t h e  case where 8 i s  less  

than 90 deg-rzes i s  t h e  zi.rconium-5 weight pe-r cent bex-yl~l.iim bina iy  

alloy i n  vacuum a t  1030°C. 

page 26. The contact angle, 8, was measured t o  be 7'7.1 degrees. 

The measurements w s - e  taken on the molten drop af-ter 150 

The molten a l l o y  drop i.s sliowil fi? Figui-e 7.0, 

seconds a t  t e s t  temperature. The radius  oP cuivature  of Lhe drop at 

i t s  apex, b, was geometrically Pound t o  be 0.273 centimeter. Referr ing 

t o  Figure 37(b ) ,  page 79, t h e  measix-ernent oi' t h e  following parameters 

y -i (3 1.6 F d : 
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z' = 0,195 centim-eter 

x' = 0.251 centimeter 

at @ = 60 degrees 

x = 0.220 centimetei* 

z = 0.114 cenbime-tcr 

x/b = 0.806 

z/b = 0. 4-1.8, 

Referr ing t o  t h e  Bashforth and M a m s  t a b l e s  giving values of 

x/b and. z/b i n  terms of f3 and 4 ,  we obtain by l i n e a r  intex-polation 

0 = 60 d.eyrees, x/b = 0. 806, z/h = 0.418, and @ = 0. 968. Combining 

t h e s e  measured or  cal.cul.ated parameters, -the following equation i s  

o b t a h e d  : 

gd b2 - - - = 7 5 . 3  d. . 
7LV P 

To obta in  density: From the  values of x' and z' obtained by 

measurcment ol" the  photogmph of the  molten drop photogaph,  t h e  

volume w a s  cal.culated,using equation 19, page 82, t o  be 0.0232 cubic 

centimeter.. The weight oT t h e  zirconium-5 weight per  cent beryll ium 

al loy krop was 0.3.457 gram. %ne val.ues of drop volume and weight gave 

a ca lcu la ted  dens i ty  of' 6.28 grams pe r  cubic centimeter. 

To obtain suri'ace tension:  Using t h e  values calculate? ?or 

g b2 and. dens i ty  above, t h e  liyirid-va,por surrace kension of t h e  B 
zirconium-5 weight per  cent beryll ium a l loy  at 1030°C in vaeuu,m on 

beryll ium was found t o  be 

- 473 dynes per cen'cimeter . gil. b 2  - - -  
YLV - p 
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Typical Calculation of  y L,>a,d,~nc..S.T,s 

can now be 
yS7,.’ 

The i n t e r f a c i a l  1 i quid-sol.id sur face  tension, 

ca lcu la ted  using equation 10, page 7. The solid-vapor surface tension, 

of beryll ium was assumed to be constant over the temperature range y1,s7 

s tudied  and. ecjgal t o  1863 dynes per  centimeter ( 2 5 ) .  A t y p i c a l  calcula-  

Lion using t h e  aluminum system For 9 g r e a t e r  than 90 degrees (page 82) 

i s  presented below. 

7sL: Liquid-solid surface tension, 

COS 8 1863 - (697) COS 127” - 
Y S L  - ysv - YLV 

YST, = 2280 dynes pe r  centimeter . 

LS’ 

and the  work of adhesion can next be ca lcu la ted  irsing equations 6 and 

The ca l cu la t ion  of ihe l i q u t d  -sol i d  spreading coef f ic ien t ,  S 

11, pages 5 and 7, respec t ive ly .  Typical. ca lcu la t ions  f o r  these 

parameters f o r  t he  case of t he  high-teiuperature, vacuum-atmosphere 

aluminutil system are presented below. 

Spreading coefficien-L, Sm: 

) 1863 - (697 +. 2280) - 

sI,s - y s v  - (YLV + ks 
SL9 = -1110 dynes per  centimeter . 

Work of adhesion, \<Tad: 

= (yLv) (1 -t cos e>  = (697) (1 + cos 127.00) ’ad 

Wad = 267 dyiies per centimeter . 
The methods and procedures pesrn’wd above f o r  the  calcul.nt,ion 

o f  surface teiision data w e r e  used throughout t h e  study. 
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