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STUDIES ON BISMUTH ALLOYS. I. 

LIQUIDUS CURVES .OF THE Bi- Cu, Bi- Ag, and Bi- Au SYSTEMS* 

Marce l  W. .Nathans and Marj.orie Le ider  

~ a w r e n c e  Radiatioq,.Labor a tory ,  University . of California 

'L ivermore ,  California 

May 22, 1961 

. . 

. . 

ABSTRACT 

The liquidus cu rves  of thk Bi-Cu, Bi- Ag, and . ~ i - A U  sys t ems  were .  r.e- 
. . 

.de te rmined  by means  of a sampling method. The Bi-Ag cu rve ,was  somewhat  
, . 

. . ; 
s-h'ifted f r o m  the~prev ious ly  determined location. The e u t e c t i r w a s  found a t  

262.5 * 0.2"C a t  4.95 * 0.05 a tom 70 s i lver  (2.62 wt 70). The Bi-Cu liquidus 

' =greed f a i r l y  well  with ~ 1 e ~ p a l : s d a t a  o v e r t h e r a n g e  investigated by hi'm. 

. . The.discr 'epancies  . in . the  l i t e r a tu re  in r ega rd  to .higher  copper  concentrations 

we,re resblved.  The.eutect ic  was 'de te rmined  to b e . a t  270.6.f 0.1" C a't 0.46 
. . 

a tom 70 ' ~ o ~ ~ e r ' ( 0 . 1 4  wt 70) ... The:.Bi-Au 1iquidus.did not a g r e e  well  with..t'he 
' 

, 

few exper imenta l  data . available.  . Be.low the .per i tec t ic .  t empera ture ,  a com- 
. . 

pletely ne.w liquidus curve  was established. The.  per i tec t ic .was  found to be 

' a t .  371 * 2" C by.means .of  differgntial  t he rma l  analysis' .  The.  composition . is  

23.1 a t o m  70 gold (24.1 wt 70). The eutectic i s  a t  13.4 * 0.2 a t o m  % gold (14.1 
. . 

.. . 
. . wt 70) at.241.5 * 0:5"C. 

* 
, . Work pe r fo rmed  under the ausp ices  of the U. S. Atomic Energy .Commis-  

sion. 
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The heats of fusion.of the four elements  agreed reasonably well- with 

the l i te ra ture  yalues,  except 'that .of bismuth. . . 

The re su l t s  show that the sampling method i s ,  f o r  many cases ,  well 

.adapted for  the,determination.of liquidus cu rves .  



STUDIES ON BISMUTH ALLOYS. I. 

LIQUIDUS CURVES O F  THE Bi-Cu, Bi-Ag, and Bi-Au SYSTEMS 

. . '  . . Marce l  W. Nathans and Mar jor ie  Le ide r  
. .  . . . 

. .  . . . 

Lawrence ~ a d i a t i o n  Labora tory ,  Universi ty of California 

L ive rmore ,  California 

During a n  investigation of the dis t r ibut ion of s m a l l  amounts  of t e r n a r y  

addit ions to binary s y s t e m s  involving bismuth,  it  was  found that l iquidus da ta  

w e r e  obtained which differed f r o m  those r,eported in the l i t e ra ture .  It was,  
t 

there fore ,  considered useful  to examine the s y s t e m s  involved a l i t t le  m b r e  

in detail .  We a r e  report ing h e r e  the r e s u l t s  of our  liquidus de te rmina t ions  

of the b inary  sya t cms  of b i s n ~ u t k  with c o p p e r ,  s i lver ,  and gold. 

These  t h r ee  s y s t e m s  w e r e  investigated many y e a r s  ago by means  of 

t h e r m a l  analysis .  The r e s u l t s  a r e  summar i zed  by Hansen and Anderko. 
1 

The Bi-Cu s y s t e m  has  been investigated by ~ e r i o m i n , '  ~ i o r n s , ~  Portevin,  
4 

6 and Heycock and ~ e v i l l e ~  a s  well  a s  by Kleppa and o thers .  

'M., Hansen and K. Anderko, llConstitution of Binary Alloys. 2nd edition, 

McCraw Hill, New York, 1958. 

'K. Je r iomin ,  Z. anorg.  Chem., 55, 412 (1907). - 
. . . , . . . . ,  

. ' 3 ~ .  H. H i o r n s ,  T rans .  F a r a d a y  Soc., 1 ,  179 (1905). 
. . - 

. " : 4  
. . . .  ' .  , . A. .Por tev in ,  Rev. met.,, - 4, 1077 (1907). 

'c.. T. ~ e ~ t i o c k  and F. H. Neville, Phil.  T rans .  Roy. sac. London, A189# - 
. . 

, . , .  . . 46 (1897).. 
.? . . . 

. 6 - -  
0. J. Kleppa', J'. Am. Chem. Soc. 74, 6050 (.1952). - 
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Although the oldest ,  Heydock and Nevi l le ' s  work.s tands among the 

m o s t  p r e c i s e  t he rma l  ana lyses  eve r  done. Unfortunately, their  investiga- 

t ions  cover  only v e r y  dilute solutions. 

Kleppa used a sampling method which was quite adequate, but he,  too, 

did not cover  the complete  liquidus range.  Among the var ious  determinat ions  

by t h e r m a l  analysis ,  the work  of Jeriorni~i  a l ~ d  ul IIeycaelc and NoVille i s  the 

m o s t  consis tent .  Kl.eppa:',s data do not enlirely a g r e e  with tkooc of J e r z ~ r n i i l .  
. . 

The sampling data  l i e  above Jer iomin '  s liquidus. 

The eutcctic point has  been repcrr,t.ed a t  about 0.6" below the melting 

7 
point of bismuth and about 0.7 a tom 70 bismuth by Heycock and Neville, 

7 

6 
and a t  0.48 a tom 7' bismuth by ~ l e ~ ~ a .  

The Bi-Ag liquidus has  been investigated by Heycvck and Neville 5,798 

and by ~ e t r e n k o . ~  Only the latter '  author covered  ;he en t i re  liquidus range.  

Recent ly  a p o r t i o n h a s  beenexamined  by ~ 1 e ~ ~ a . l  O Pe t renko  r e p o r t s  a eu-  

tect ic  a t  2620 C a n d  95.3 a t o m  70 bismuth. : 

The Bi-Au s y s t e m  was investigated b y ~ o ~ e l , "  who repor ted  a eutec- 

t i c  a t  240°C and 81.1 a tom 70 bismuth. L a t e r ,  a n  incongruently melting com-  

12 pound, Au Bi, was found by de  Haas and Ju r r i aanse .  The per i tect ic  was 2 

7 ~ .  T.  Heycock and F. H. Neville, J. C h e m .  SOC., - 61, 893 (1892). 

8 ~ .  T.  Heycockand F. H. Neville. J; Chem. SO=. .  - 65, 73 (1894). 

9 ~ .  I. Petrenko,  Z. anorg.  Chem..  50. 136 (1906). - 

''0. J. Kleppa, J. Phys.  Chrrn. .  - 60, 446 (1956). 

"R. Vogel, Z. anorg.  Chem. .  - 50, 145 (1906). 

1 2 w .  J. d e  Haas  and F .  Ju r r i aanse ,  Naturwissensc.h&ften, 1-9, 706 (1931). - 
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stated to be a t  373"c.13 The f a c t t h a t  Vogel did not o b s ~ r v e  the  pei i tect ic  , 

can be explained .by.the -small  number .of his .data  and 'the apparent sluggish- 

ness  of the formation of Au2Bi. 

The.method which.we have used consisted of sampling the liquid phase 

and. analyzing the sample.  In.al1 c a s e s  known to us ,  sampling yields liquidus 

curves  which, a t  best ,  coincide with curves obtained f r o m  therma1,analysis.  

Generally,  .however, curves  obtained by 'sampling l ie  higher than those ob- 

, tained b y  thermal  analysis.  (See, for  example, a number of. cases  c i t e d  by : '  

~ a t h a n s . ~ ~ )  We be l i eve  that Lhe sampling method y ie lds  m o r e  reliable d a t a ,  

because it i s  a d i rec t  measurement  under equilibr'ium conditions, provided, 
. . 

that t h e  existence of equilibrium can  be ascer tained and that a dlear  sepa ra -  

tion of the.two phases can be effected. . . 

Exberimental  Equipment 

The apparatus  was a . s ta in less -  s tee l  furnace tube with a gas  inlet a t  

' the bottom, a cooling coil  a t  the, top, a flanged head.having an  opening for a 

s t i r r e r ,  a thermocouple-well;  a*d a sampling tube. All sea ls  were  .made by 

. .'means of. O- r ings .o r  gar lock gaskets. Sampling .wa.s done.with . 2 - ,  o r  3 -mm 

i.d:;. pyrek or  quartz, tubes-with.a  piece of porous graphite (National Carbon 
.. . 

C o .  grads.60) press-f i t ted into o n e e n d  to s e r v e a s  a f i l te r .  . Figure  1 shows 
. . . ... . . . 

the: a r rangement  for  inserting and withdrawing, the sa'mple tube f r o m  the .melt. 

A Norton .high-purity alumina crGcible .contained the ..melt. The.  crucible* was 
. . 

. located inside a graphite secondary with a heavy graphite top a s  an oxygen 

get ter .  The top had .suitably 'located holes for  the s t i r r e r  etc.  'The .as  sembly 

-- - -  

' 13F. Ju r r i aanse ,  Z. K r i s t . ,  90, 322 (1935). - 
1 4 . ~ .  . W. ~ a t h a n s ,  AEC Rept.. No. ANL-5753, July 1957. 
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was  inser ted  in'&Kanthal-wound Hevi-Duti c l am shel l  type furnace, 3-inches 

i. d. and 18-inches. long placed on end. Provis ions were  made. to  evacuate 

o r  p r e s s u r i z e  the furnace or  the sampling tube. 

Tempera tures  were  measured with a P t -P t  (10% Rh) thermocouple with 

i t s  cold junction in an ice-bath. The thermocouple was calibrated a t  the 

melting points of copper,  a luminu~n ,  zinc, lead, and tin (NBS certified),  

and a t  the boiling points of p-dichlorobenzene and water .  The calibration 

was checked periodically, but no change g rea te r  than 0.2 pV was observed. 

The tempera tures  were  read  to 0. lo  C with a Rubicon model 2745 potentiome- 

t e r .  

Procedure  

A charge of between 400 and 500 g r a m s  was placed in the crucible.  In 

a number of experiments ,  about 60 to 100 mi l l igrams of a t e rna ry  addition 

was  present  a s  a radioactive t r a c e r  so that data of. the type described in a 

subsequent arf ic le15 could be obtained simultaneously. The effect of this 

sma l l  amount of impurity on the binary.liquidus i s  negligible. 

~ f t e r  loading and emplacement,  the furnace was flushed with high- 

puri ty  nitrogen. Throughout an  experiment,  the p res su re  in the furnace was 

kept about 250 m m  above atmospheric  by means of nitrogen in o rde r  to im-  
' .  

pede the diffusion of. .small  amounts of a i r  through smal l  leaks.. The Bi-Cu 

and Bi-Ag mel t s  were  s t i r r ed  with a tungsten rod flattened at the lower end. 

St i r r ing was usually continued during sampling. Bi- Au mel t s  were  agitated 

periodically with the thermocouple well to prevcnt pick-up of the s t i r r e r  

meta l  by the melt .  Agitation by gas  bubbling through a tube was tried,  but 

l a t e r  abandoned because the bubble r a t e  was r a the r  difficult to control. 

15 
\ M. W. Nathans and M. Leider ,  to be published. 
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~ l t h o u ~ h  no record  w a s k e p t  of w h e t h e r t h e m e l t  was s t i r r ed  during sampling 

o r  not, i t w a s  concluded f r d m  plots of t h e  data t h a t  i t  did not mat te r .  No p a r -  

t ic les  passed. the f i l ter  to a detectable .degree.  This was a l so  checked on a 

couple of occasions bytaking  a sample,without f i l t e i  a f t e r a  suitable settling 

period. . ,  

The-charge was generally heated to' about- 100" C above the estimated 

1iquidus.temperature.and kept there for  a t  l eas t  thirty minutes,  One or  two 

samples  were  taken to check the compdsition of. the melt .  Fu r the r  samples  

. w e r e  taken a t  'successively lower t empera tu res ,by  pressur iz ing  the melt ,  by 

suction on the sampling tube, or  both. Control of Che, sample s i ze  was: 

usually poor.' Most sample.weights varied between.5 and 15 g r a m s .  The 

sample s ize usually became smal le r  when a la rge  amount of precipitate had 

formed. This was probably caused by the increased viscosity of the mass .  

Experiments  in the Bi-Cu and Bi-Ag sys tems above 600°C were  c a r -  

. r i e d  out.under a laker  of purified flake gr'aphite a s  additional insurance 

again,st oxygen pick-up by the melt .  In these experiments ,  i t  i s  often impos-  

sible,:to obtain good samples ,  probably-in pa r t  because the f i l ter  became 

,clogged when the sampling tube passed through the graphite layer .  The f i l ter  

could be reopened,  however, by blowing nitrogen through it p r io r  to forcing 

' a  sample through. 

Analytical 

In each .case ,  the ent i re  sample ,was  disgolved in ei ther  8 N  to 10N HN03.. 

o r  in aqua reg ia  (when gold was present) .  The s a m p l e s  were  analyzed for 

both components except when a la rge  exce'i i of one interfered with. t h e  analy- 

s i s  of the other.  

Bismuth .was 'determined by ti tration with EDTA (about 0.01N). Aliquots 

. containing about 20  mg of bismuth were  added to a solution having a p l e s s  H 
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than 2,' and containing a few g r a m s  of thiourea a s  indicator and complexing 

agent. The titrat'ions were  c a r r i e d  out a t  a pH between 2.1 and 2.4. The ac -  

curacy  was quite sensitive to the pH. 

Copper was  determined electrolytically. A separation f r o m  bismuth 

m u s t  be ca r r i ed  out f i r  st. This was done by carefully neutralizing the solu- 

tion with ammonia to a p of 6 to ' i followed bfi the a d t l i l i u ~ ~  ui hll~il~olliulll 
H 

carbonate  to complex the copper ion. The precipitate was fi l tered off. A 
7 

complete separation f r o m  .bismuth can be effected by redissolving the p re -  

cipitate in n i t r ic  acid and t reatment  with ammonium hydroxide and ammonium 

carbonate,  ' a  second and a third time. 

In l a t e r  samples ,  copper was determined spectrophotometrically with 

a Carey  recording spectrograph. The 807 -mil l imicron band was found suit-  

able. Bismuth did not in te r fereo  but the intensity was dependent upon the 

n i t r ic  acid concentration. The acid variation wa's held small ,  however, by 

diluting a suitable aliquot with a forty-fold volume of 2 N  n i t r ic  acid in a volu- 

m e t r i c  .flask. The effect of dust par t ic les  in the acid was eliminated by. le t-  

ting the so,lutions stand overnight and t ransfer r ing  them to the t e l l s  with a 

t ransfer  pipette. 

Silver was determined electrolytically in an  ammoniacal solution f r o m  

i t s  EDTA complex. Bismuth did not interfere .  Gold was determined coulom- 

e t r ica l ly  with a controlled-potential coulometer. 16 

All analyses  had a precision,of better than ilOJoo. Mater ial  balances 

w e r e , ,  in a l l  but a few isolated cases ,  between 99 and 100.5 Yoo. 

'J. H a r r a r , .  J. Electroanal .  Chem. . to be published. 
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' .  Materials  

Bismuth: 99.999% pure d.roplet s f r o m  American Smelting and Refining 

Co. , melting point 27 1.4" C.  

: . : 'copper:  . ' OFHC copper f r o m  stock, melting point 1083°C. 

Silver: . 99.99% .pure needles f r o m  Fai rmont  Chemical Co., melting 
. . . . 

' , point 961". 
. . .  

. .  old:" . 99.9570 pure s c r a p  f r o m  stock. The major  impur i t i e s . a re  
. . 

(spectrographic):  0.003-0.0370 Ag, 0.003-0.03% Pd, 0.001 - 
. . 

0.0170 Pb,  0.001-0.0170 c u .  

. . . . 
Results. 

. . 

. . . . 
. .  The.  r e su l t s  a r e .  shown in F igs .  2 through 4. Rather than tabulating our 

actual  experimental  data, we show in Tables  I through I11 data a s  read  from. 

the smoothed cu rves  before reproductiorl .  We have a lso  'indicated the mean 

deviation of the experimental  data f r o m  the curves.  

The few points obtained during reheating agree.wel1 with those obtained 

during cooling. The deviation f r o m  ' t h e  curve of points obtained by thermal  

analysis  i s  smal l .  

It appears  that a t  higher copper contents, the Copper precipitate i s  

r a the r  fine and does not sett le rap,idly. Samples,  were  taken without a '  f i l ter  

f r o m  a composition .containing about 95% coppgr .' , The.analyses  showed too 

'high a copper content whic'h indicates poor phase separation. 

In , the.gold-bismuth system, the sampling data near  the per i tec t ic ,were  

quite e r r a t i c .  Our explanation i s  that the r a t e  of formation of the compound 

i s  slow, and that there i s  s t i l l  some tendency for pure gold to precipi ta te  a s  

. . a metastable  phase. This could explain why Vogel did not observe the change 

11 - .  in sl.ope of the. liquidus. 
'. . . 
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. . 

An attempt was made to obtain sampling data on the bismuth-r ich side 

of the s i lver-bismuth eutectic.  We got only one point by sampling but were  

able to get two points by thermal  analysis .  We feel  that this was sufficient 

to establ ish. this  pa r t  of the liquidus to about 5'-YU relat ive to the s i lver  content. 

The eutectic data a r e  shown in Table IV., They a r e  the average of three 

separa te  determinations,  including in the c a s e  of Bi-Ag a rlelell l l l i iatio~ f r o m  

the bismuth-r ich side. 

The-Au-Bi per i tect ic  can be established by the intersection of the two 

p a r t s  of the liquidus. . It was cleterinined separately,  however, with a salnple 

containing about 80 wt % * , u Z B i  and 20% gold. This sample was obtained by 

treating an  ingot with 8N ni t r ic  acid.  It was subjected to differential  thermal  

analysis  with aluminum powder a s  the iner t  in a dynamic argon atmosphere 

and a t  an upheat r a t e  of 10°C per  minute. F igure  4 shows the record .  Con- 

current ly,  the tempera ture  of the sample was measured with a potentiometer. 

The peritectic was established a t  371 * 2 " C .  

The agreement  of the liquidus points with the older data i s  fa i r  to poor, 

but the agreement  i s  good with I<leppa's data. The validity of the data was 

checked by calculating the heats  of fusion f r o m  the terrrl i~lal  slope of a log 

(a tom '% solute) vs 1/T plot. We estimated the distribution coefficient of Bi 

. between solid and liquid Ag a s  0.1 f r o m  the data given by ~ a n s ' e n  and Anderko. 
1 

Solid solubility was neglected in the remaining cases. '  Table V shows .a 

comparison between our  calculated values and those found in Hultgrenl s 

compilat ion.17 The data ag ree  well, except for  bismuth. This may warrant  

fur ther  investigation. 
\ 

1 7 ~ .  ~ u l t ~ r e i ,  Pro jec t  supervisor ' ,  flSelected Values, Thermo-dynamic 

P rope r t i e s  of Metals,  ' 1  P r epa red  for the USAEC a t  the Minerals Res .  Lab. ,  

University of California, 1956. 
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TABLE I 

SMOOTHED LIQUIDUS DATA FOR THE Cu-Bi  SYSTEM^ ' . '  

. 

Temp T e m p  
" C  Atom 7'0 Cu Wt 70 Gu '.PC Atom 70 Cu Wt 70 Cu 

1083 100:  100 650 15.5 5.3 

a Standard deviation: 0.2 atom'70, 450" - 700" 

1.4 a tom 70, 700" - 1083" 

b ~ u t e c  tic 
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TABLE I1 

SMOOTHED LIQUIDUS DATAFOR THE Ag - ~i SY  STEM^. . 
T e m p  T e m p  
" c .  . .  Atom 7'0 Ag ' Wt 7'0 Ag o c :  

. . 
Atom .yo .Wt % Ag 

a ~ t a n d a r d  deviation: 0.3 a t o m  OJo, 2600 .- 400" 

O.'1 a t o m  %, 400" - 960" .. 

b ~ u t e c  t ic  
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TABLE 111 

SMOOT.HED LIQUIDUS DATA FOR THE Au-Bi   SYSTEM^ 

Temp 
"C 

Temp 
Atom 70 Au Wt 70 Au " C Atom 70 Au . Wt '$0 Au 

a Standard deviation: 0.3 a tom %, 240" - 371" 

0.5 atom'$, 371" - 700" 

0.2 a tom 70, 700" - 1 0 6 5 "  
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TABLE IV 

EUTECTIC TEMPERATURES AND COMPOSITIONS 

Temp Composition 
O C Atom 70 Bi Wt % Bi 

Bi-Cu 270.6 * 0.1 99.54 

Bi-Ag 262.5 95.05 

Bi-Au 241.1 * 0.3 86.8 0.2 

TABLE V 

HEATS O F  FUSION OF Cu, Ag, Au, and B i  

Element  

AH a m Calculated 

AH a m Li te ra tu re  

a Calories  pe r  gramatom 

b ~ v e r a g e  of values 3100, 3300, and 3000 f r o m  the Cu-Bi, Ag-Bi: and 

Au-Bi sys t ems  respect ively 
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Fig. 1 .  Furnace closure with sampling arraagement. 
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Fig. 3.  Liquidus of the bismuth-s i lver  system.  
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Fig. 4. Liquidus of the bismuth-gold system. 



L E G A L  N O T I C E .  

T h i s  repor t  w a s  prepared  a s  a n  a c c o u n t  of Government  s p o n s o r e d  work. 
Nei ther  the  Uni ted  S t a t e s ,  nor t h e  Commiss ion ,  nor a n y  pe r son  a c t i n g  on 
behalf  of t h e  Commiss ion :  

A. Makes  any  warranty  or r ep re sen ta t i on ,  e x p r e s s e d  or impl ied ,  with 
r e s p e c t  t o  the  a c c u r a c y ,  c o m p l e t e n e s s ,  or  u s e f u l n e s s  of the ,  information con -  
t a ined  in  t h i s  r epo r t ,  o r  t ha t  t h e  u s e  of a n y  information,  a p p a r a t u s ,  method,  
or p r o c e s s  d i s c l o s e d  in t h i s  repor t  may not  inf r inge  p r iva t e ly  owned r igh t s ;  or 

B. A s s u m e s  a n y  l i a b i l i t i e s  wi th  r e s p e c t  t o  t h e  u s e  o f ,  or  for d a m a g e s  
r e su l t i ng  from t h e  u s e  of a n y  informat ion ,  a p p a r a t u s ,  method or  p r o c e s s  d i s -  
c l o s e d  in  t h i s  report .  

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on  behal f  of t h e  Commiss ion  
i n c l u d e s  a n y  employee  o r  con t r ac to r  of t h e  commiss ion ,  or  employee  of s u c h  
con t r ac to r ,  t o  t h e  e x t e n t  t h a t  s1.1ch employee  or con t r ac to r  o f  t he  C o m m i ~ s i o n ,  
or employee  of s u c h  con t r ac to r  p repa re s ,  d i s s e m i n a t e s ,  or  p rov ides  a c c e s s  
t o ,  a n y  information pu r suan t  t o  h i s  employment  or  c o n t r a c t  wi th  t he  Commis- 
s i o n ,  or  h i s  employment  w i th  s u c h  cont rac tor .  




