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of this  system. In par t icular ,  the  Ti-rich l iquidus  and soli- 
dus and the f l / (a  + [3) boundary  are  probably  real is t ic .  

The free energy functions of the  two compounds, X and 
TiTc, however, cannot be calcula ted in the same way as 
those of the  solution phases.  In order to complete the  dia- 
gram, pa ramete r s  have been es t imated,  based on a proba-  
ble phase diagram. The X phase  has been represen ted  as  a 
l ine compound with  the  composit ion 85 at.% Tc. The pa- 
r amete r s  of the  X phase  were de te rmined  by an  e s t ima ted  
peri tect ic  t empera ture ,  toge ther  wi th  the solid solubi l i ty  
of Ti in Tc at  1500 ~ Es t ima ted  TiTc phase  boundar ies  
were calculated from a Wagner -Schot tky  free-energy func- 
tion. The free energy of the  compound i is expressed as: 

G i = F i + RT(xT~lnx~ + XTclnXTc + vlnv + s lns  

- (1 + v)ln(1 + v)) + Cis + Div  

The Wagner-Schot tky compound is conceptual ly  resolved 
into t i t an ium and t echne t ium sublat t ices;  v is the  concen- 
t ra t ion  of vacancies on the Ti sublat t ice;  s is the  concen- 
t ra t ion  of subs t i tu t ional  Ti a toms on the Tc sublat t ice;  Xwi 
and XTc are  the concentrat ions  of Ti and Tc on the i r  respec- 
t ive sublatt ices;  and x is the  overal l  composition. Al l  con- 
cent ra t ions  are referred to the  total  number  of atoms. The 
concentrat ions of vacancies  and subst i tu t ions  are  deter-  
mined by minimiz ing  the Wagner-Schot tky  free energy 
wi th  respect  to the var iab les  s and v. 

G~ was chosen to produce the  order ing  t rans format ion  in 
the solid state.  C TITc and D Tiwc were chosen to produce a 
reasonably  wide s ingle-phase region. 
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The Cr-V (Chromium-Vanadium) System 
51.996 amu 50.9415 amu 

By J. F. Smith, D. M. Bailey and O. N. Carlson 
Iowa State University 

Phase Relationships 
Three separa te  inves t iga t ions  of the  V-Cr sys tem have 
been the bases  for proposals  of three  somewhat  different  
versions of the  system. All  th ree  versions show a complete 
series of solid solutions. There  is no evidence of order ing  or 
compound format ion a l though  a t t empts  [51Pea, 52Mar] 
have been made specifically, but  unsuccessfully,  to find a 
or phase in the  sys tem a t  lower tempera tures .  The differ- 
ences among the th ree  proposed versions of the  d i a g ra m 
concern the  l iquidus-sol idus equi l ibr ia  and are  i l lus t ra ted  
in Fig. 1. The ea r l i e s t  inves t iga t ion ,  by Car lson et al. 
[59Car], was done wi th  compara t ive ly  poor qua l i ty  meta l  
(99.7 wt.% V and 99 + wt.% Cr) and, even though the  melt-  
ing points of t ha t  inves t iga t ion  are  low because of the  low 
puri ty ,  the  da ta  indicate  a m i n i m u m  in the  mel t ing  of 
V-Cr al loys near  70 at.% Cr and 1750 ~ The second in- 
vest igat ion,  by Rudy [69Rud], found no m i n i m u m  or maxi-  
mum in mel t ing  at  any  composit ion between pure  V and 
pure Cr. The th i rd  inves t iga t ion ,  by Kocherzhinski i  and 

Shishkin  [71Koc], aga in  repor ted  a mel t ing  min imum,  
but  on the  o the r  side of the  sy s t em n e a r  25 at.% Cr 
and  1795 ~ F ig .  1 i n c l u d e s  t h e  d a t a  p o i n t s  f rom 
Kocherzhinski i  and Shishkin  because the  l iquidus  line in 
the f igure has  been modified from tha t  of the  or iginal  
report  to meet  the  the rmodynamic  r equ i remen t  of tan-  
gent ia l  contact  between l iquidus  and solidus at  the melt-  
ing min imum.  The Kocherzh insk i i  and  Sh i shk in  da t a  
were repor ted  in both t a bu l a r  and graphica l  form, and 
these agree.  Thus, even though the Kocherzhinski i  and 
Shishkin  resul t s  are  close to be ing  an  inverse  of the  resul ts  
of Carlson et al . ,  i t  seems un l ike ly  t ha t  th is  inverse  na tu re  
arose th rough  a label ing error.  

Support  for the  occurrence of a me l t ing  m i n i m u m  in the  
system is provided by ca lcula ted  phase  diagrams.  One of 
these has  been publ ished by Molokanov et al. [77Mol]. 
These au thors  used a r egu la r  solut ion model wi th  esti-  
mated  in te rac t ion  pa rame te r s  and an a lgor i thm developed 
by K a u fma n  and Berns te in  [70Kau]. Wi th  mel t ing  points  
of 1907 ~ for V and 1877 ~ for Cr, the  calcula ted phase 
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Cr-V Provisional 

Cr-V Phase  Diagram 
W e i g h t  P e r c e n t  C h r o m i u m  

Fig. 1 
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Comparison of liquidus-solidus equilibria as proposed by Carlson et al. [59Car], Rudy [69Rud], and Kocherzhinskii and Shishkin [71 Koc]. 
The data points of Kocherzhinskii and Shishkin are shown because the liquidus and solidus lines have been modified from those of the 
original paper in order to meet the thermodynamic requirement of mutual tangency at the melting minimum. 

J.F. Smith, D.M. Bailey and O. N. Carlson, 1982. 

Fig. 2 Ca lcu la ted  L i q u i d u s - S o l i d u s  Equi l ibr ia  
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Based on the vapor pressure data of Aldred and Myles [64Aid] and showing representative melting points from the recent determinations 
of O. N. Carlson. J.F. Smith, D.M. Bailey and O. N. Carlson, 1982. 
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Provisional Cr-V 

diagram of Molokanov e t  a l .  showed a melting minimum 
near 55 at.% Cr and 1819 ~ In their book, Kaufman and 
Bernstein have not included a calculated V-Cr phase dia- 
gram, but they have included independent estimates of the 
interaction parameters for use with a regular solution 
model. These allow the expression of the excess Gibbs en- 
ergies of formation of bcc alloys from the bcc elements as 

h G ~ c  = - 13 300 X v X c r  J/g.at  

and of liquid alloys from the liquid elements as 

hG~t~ = - 15 730 X v X c r  J/g-at 

with X representing mole fraction. These expressions can 
be used to generate an independent version of the phase 
diagram if they are combined with expressions for the 
Gibbs energies for fusion of the elements in order that 
formation of both the liquid and solid alloys may be re- 
ferred to the same standard states�9 For this purpose, the 
Gibbs energy of fusion for V was taken as [81Smi] 

AGM,v = 21500 - 9.9 T J/g-at 

and for Cr as [Hultgren, Elements] 

AGM,cr = 16 900 - 7.9 T J /g 'a t  

With these expressions, calculations show that alloy melt- 
ing should occur with a broad flat minimum in the vicinity 
of 60 to 70 at.% Cr and 1812 ~ 

With the preponderance of evidence indicating a melting 
minimum in the system, but with uncertainty as to the 
composition and temperature of this minimum, it was 
decided that the effort to make a few additional solidus 
determinations was warranted. 0. N. Carlson made such 
determinations on a few alloys in the composition range of 
60 to 80 at.% Cr. The alloys were prepared with Cr of 
-99.99 at.% purity and V of -99.95 at.% purity; the Cr 
was obtained from Chromalloy Corp. and the V was pre- 
pared at this laboratory. The specimens were heated re- 
sistively in an inert gas atmosphere by passage of a high 
amperage current through a bar of the alloy supported 
between two water-cooled electrodes�9 The onset of melting 
was observed with an optical pyrometer sighted on a small 
black-body hole in the specimen�9 The values for the ob- 
served mel t ing  t empera tu res  were found to be re- 
producible to within 10 ~ The high volatility of Cr led to 
the visual observance of metal vapors in the chamber for 
alloys containing 90 at.% Cr or more. This introduced an 
error in the temperature measurements and, hence, no 
solidus determinations are reported in this concentration 
range�9 However, no vapors were observed in the vicinity of 
the minimum temperature. Furthermore, because no cru- 
cible is required for this method, the usual crucible con- 
tamination problem is obviated. The supplemental solidus 
determinations are, therefore, believed to be representa- 
tive of the purest V-Cr alloys that have been measured�9 

Melting temperatures between 1765 and 1780 ~ were 
found and, because these values are considerably below 
the melting point of either V or Cr, the new measurements 
confirm the existence of a melting minimum in the com- 
position range 60 to 80 at.% Cr. A more precise definition 
of the coordinates of the melting minimum was then 
achieved by a new calculation of the phase diagram. This 
calculated phase diagram is shown in Fig. 2; representa- 
tive data points from the melting point determinations are 
included in the figure. The calculated melting minimum is 

close to 70 at.% Cr and 1768 ~ The Gibbs energy func- 
tions for this calculated diagram were based on the vapor 
pressure data of Aldred and Myles [64Ald], and more 
details concerning the calculation are given in the 
"Thermodynamics" section�9 This calculated diagram is 
believed to be the best compromise for representing cur- 
rently available data. 
Pure Cr is antiferromagnetic with a Ndel temperature 
near 310 K [63Bol, 61Bac]. This ordering temperature is 
sensitive to impurities and tends to be lowered quite ap- 
preciably by rather small solute concentrations. Heiniger 
[60Hell has made specific heat measurements on V-Cr 
alloys at liquid helium temperatures�9 He plotted his data 
together with that of Cheng e t  a l .  [60Che] and noted that 
the composition dependence of the electronic specific heat 
coefficient showed a pronounced slope discontinuity near 
95 at.% Cr. Heiniger has inferred that this discontinuity 
denotes the boundary between antiferromagnetic and 
paramagnetic material in the low temperature limit�9 This 
interpretation implies that V additions to Cr steeply lower 
the N~el temperature from 310 K at 100 at.% Cr to 0 K at 
95 at.% Cr. 

Crystallography 
V, Cr, and their alloys crystallize with the bcc structure, of 
which W is the prototype. The Pearson symbol is c/2, and 
a plot of room-temperature lattice parameter as a function 
of alloy composition is shown in Fig. 3, which indicates a 
smooth monotonic increase in lattice parameter from pure 
Cr to pure V. Data for this plot are from several sources 
[52Mar, 59Car, 69Rud, 59Sve]. 

Fig.  3 La t t i ce  P a r a m e t e r  as  a F u n c t i o n  of  
C o m p o s i t i o n  for  Cr -V  A l l o y s  
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Data from a number of independent investigations: 
O -= Martens and Duwez [52Marl; V --- Carlson et al. 
[59Car]; [ ]  --- Rudy [69Rud]; A -= Svetsnikov et al. [59Sve]. 

J. F. Smith, D.M. Bailey and O. N. Carlson, 1982. 
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Table I Heat Capacities and Entropies for V-Cr Alloys 
Heat capacity, Entropy (b), 

Composition, Cp = a + b T  + c T  -2 J/g.at  K (a) C. ,  298 S~s  
at.% Cr a b x 103 - c  • 10 -5 (J/~.at K) (J/g.at K) 

23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24.85 7.957 1.855 
50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25.34 6.796 2.566 
74 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23.75 7.786 2.418 
80 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24.33 8.726 2.990 
90'. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22.84 10.074 2.424 
95 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26.82 3.734 3.867 

(a) • in temperaturerange298to625 K. (b) S~gs = S~gs - So. 

25.13 30.6 
24.48 26.7 
23.35 24.1 
23.56 23.3 
23.11 21.8 
23.58 24.5 

Thermodynamics 
Heat Capacities. In add i t ion  to the  l ow- t empe ra tu r e  
hea t -capac i ty  m e a s u r e m e n t s  which  have  a l r eady  been 
m e n t i o n e d  in  c o n n e c t i o n  w i t h  a n t i f e r r o m a g n e t i s m ,  
SchrSder and Shabel  [66Sch] have  made  hea t -capac i ty  
measurement s  on six alloys in the  composit ion range  23 to 
95 at.% Cr and over the t empe ra tu r e  range  125 to 625 K. 
The resul ts  a re  summar ized  in Table 1. In  the  table,  S~9s is 
not an absolute  entropy,  but  is $29s-So, wi th  So being the 
Trozen in'  conf igurat ional  entropy of the  solid solution at  
0 K. Also, the  equat ions for Cp are  for the  range  298 to 
625 K and should not be used for ex t rapo la t ion  to much 
h igher  t empera tu re s  because the  equat ions  yield unrea-  
sonab ly  h i g h  v a l u e s  for Cp a t  h i g h e r  t e m p e r a t u r e s .  
Rather ,  any  ex t rapola t ion  above 625 K should be done 
with a weak,  probably  l inear ,  t e m p e r a t u r e  dependence be- 
cause, a t  such tempera tures ,  magnet ic  order  does not exist  
and all  v ib ra t iona l  modes are  excited to some degree above 
ground state.  Wi thou t  a magnet ic  cont r ibut ion  and with 
the v ibra t iona l  contr ibut ion a r i s ing  from the degree of 
exci tat ion and not  the energizat ion of new modes, i t  seems 
reasonable  to apply  to these solid solut ion alloys an upper  
l imi t  for Cp of 30 to 31 J / g . a t  K in the  v ic in i ty  of the  
mel t ing  point. This  l imi t  is the  same as has  been proposed 
by Kubaschewski i  and Onal  [77Kub] as  the  norm for com- 
pounds. Appl ica t ion  of th is  l imi t  to solid solut ion alloys 
assumes t ha t  shor t - range  conf igurat ional  order  is negli- 
gibly t empe ra tu r e  dependent ,  so t ha t  no contr ibut ion is 
made to the  hea t  capacity.  

Gibbs Energies. Vapor pressures  over V-Cr-Ti t e rna ry  
alloys have been measured  by Rol inski  et al. [72Rol] a t  
t e m p e r a t u r e s  b e t w e e n  1400 a n d  1700 ~ u s i n g  the  
Knudsen  effusion method in combina t ion  wi th  a mass  
spectrometer.  The Ti content  of the  al loys which were mea- 
sured was in no ins tance  less than  10 at.% Ti; b ina ry  V-Cr 
da ta  can, therefore,  only be inferred by ex t rapola t ion  to 
0 at.% Ti. Aldred  and Myles [64Ald], however,  have made 
vapor  p r e s su re  m e a s u r e m e n t s  by the  tors ion-ef fus ion  
method  d i r ec t ly  on b i n a r y  V-Cr  a l loys  over  the  tem- 
pera tu re  range  1177 to 1377 ~ These l a t t e r  da t a  indicate 
somewhat  more negat ive  Gibbs energies  of a l loy formation 
than  the former, but  in ne i the r  ins tance  are  the  Gibbs 
energies of a l loy format ion large.  The exper imen ta l  values  
for the excess Gibbs energies  of al loy format ion  from the 
da ta  of Aldred  and Myles show an  a s y m m e t r y  with  mini-  
mum values  occurr ing in the  Cr-r ich region.  In  contrast ,  
the r egu la r  solut ion approximat ion  which was used by 
Rolinski  et al. requi res  symmet ry  wi th  the  m i n i m u m  ex- 
cess  G i b b s  e n e r g y  of  a l l o y  f o r m a t i o n  o c c u r r i n g  a t  
50 at .% Cr. Because  the  recen t  m e l t i n g  d a t a  of O.N.  
Carlson indicate  a m in imum on the  Cr-r ich side and, be- 

cause the composit ional  dependence of the  hea t  capaci ty  
da ta  above the N~el t e m p e r a t u r e  also show a m i n i m u m  on 
the Cr-rich side, the da ta  of Aldred and Myles  seem more 
compat ible  and were therefore  chosen for the  deve lopment  
of a set of functions for the  calculat ion of a phase  d iagram.  

A polynomial  fit  to the  Aldred-Myles  da ta  genera ted  the  
following excess Gibbs free energy function for the  for- 
ma t ion  of solid bcc al loys from pure bcc V and pure  bcc Cr: 

AG~I = XcrXv { - 9  590 - 18 220(Xcr-Xv) 

- 3 874(Xcr - X v )  2 -~ 1 0  8 0 O ( X c r  - X v )  3 

- T [3.094 - 7.933(Xcr - Xv) 

- 3.412(Xcr -- Xv) 2 + 6.188(Xcr - Xv)a]} 

in J /g ' a t .  A mel t ing  point  of 1910 ~ [81Smi] wi th  

AGM.v = 21500 -- 9.9 T 

and a mel t ing  point  of 1857 ~ [Hultgren,  Elements]  wi th  

AGM,cr = 16 900 - 7.9 T 

were used in uni ts  of J / g ' a t ,  respectively,  for V and Cr for 
conversion of both l iquid and solid alloy format ion  to com- 
mon s tandard  states.  To develop an  expression for the  
format ion of l iquid al loys and because of the  me l t ing  mini-  
m u m  near  70 at.% Cr, pa r a me te r s  for the Gibbs energy of 
format ion of l iquid al loys were in i t i a l ly  set  to force equal-  
i ty  of the Gibbs energy of format ion of both l iquid and solid 
al loys at  70 at.% Cr and 1760 ~ The r e su l t an t  pa rame-  
te rs  for the  l iquid al loys were then  refined wi thout  fur ther  
composit ional  or t empe ra tu r e  const ra in t  to produce the  
requis i te  tangency be tween l iquidus  and solidus l ines  a t  a 
me l t ing  minimum. The phase  d i ag ram tha t  was obta ined 
is shown in Fig. 2, and the ref ined excess Gibbs energy of 
format ion of l iquid al loys from the pure  l iquid e lements  
was found to be: 

AG~i'q = X c ~ v  [ - 1 9 2 5 0  - 3 598(Xcr-Xv)]  J / g ' a t  

I t  should be noted tha t  th is  expression contains  no expl ici t  
t empe ra tu r e  dependence, so i ts va l id i ty  is res t r ic ted  to the  
t empera tu re  range of me l t ing  of the  alloys. 
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Fig. 1 V-Mn Phase Diagram 
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Composite phase diagram based on the Waterstrat [62Wat] investigation, including high-temperature data from Hellawell and 
Hume-Rothery [57Hell and the orderldisorder boundary (dash-dot line) as determined by Suzuki and Hagiwara [75Suzl]. 
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