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Abstract 

Equilibrium phase relationships in the Nb-Ti -Zr  system are computed using the Calphad approach. SGTE- 
recommended lattice stability expressions for the pure elements are used. The thermodynamic model parameters 
for Nb-Ti and Nb--Zr are taken from recent assessments. A new thermodynamic description of Ti-Zr is obtained 
by optimizing available experimental thermochemical and phase diagram data. Phase diagrams of the three 
limiting binaries, liquidus projection, solidus projection and a number of isothermal sections are computed. 

1. Introduction 

Knowledge of the thermodynamics and phase diagram 
of the Nb-Ti-Zr system is of significant technological 
relevance. Titanium alloys exhibit superior creep prop- 
erties and good weldability. Zirconium alloys represent 
an important construction material in nuclear reactors. 

The equilibrium diagram of Nb-Ti-Zr has been stud- 
ied by several investigators [1--8]. The results of these 
studies are rather conflicting. Moreover, the presently 
accepted version of the Ti-Zr phase diagram [9] does 
not comply with isothermal sections presented by these 
authors, especially in the low temperature range. Hence 
it is desirable to calculate the Nb-Ti-Zr phase diagram 
using thermodynamic descriptions of lower order sys- 
tems. 

In the present work thermodynamic model parameters 
for the Nb-Ti and Nb-Zr systems are taken from recent 
assessments [10, 11]. The thermodynamic description 
of Ti-Zr is obtained by the least-squares optimization 
of experimental thermochemical and phase diagram 
data from the literature. The ternary phase diagram 
is calculated by combining the binary descriptions ac- 
cording to the Muggianu extrapolation formula [12]. 
The liquidus projection, solidus projection and several 
isothermal sections are thus calculated. 

of phase th (~b---liquid, b.c.c, or h.c.p.) of the ternary 
alloy is given by 

3(4' 4- exG6 G~= E Xi~°Gt + RT E X t l n _ , _ - - m  
i m N b , T i ,  Z r  i ~ N b , T i ,  Z r  

where °G~* is the Gibbs energy of component i in the 
structural state ~b and eXG~ is the excess molar Gibbs 
energy of the ternary. If we use the Redlich-Kister 
polynomial [13] to describe the excess Gibbs energies 
of limiting binaries, then according to the Muggianu 
extrapolation formula [12] the excess Gibbs energy of 
the ternary alloy can be written as 

ex/74, __ y ~ , y 4 ,  14' ..t_ Y4~ Y~ 14' .a- "Ig4' Y~ 14' 
m - -  N b  " x  T i  N b , T i  N b  "ix Z r  N b , Z r  T i  Z r  T i , Z r  

where 

= + 1L j(x,_xf) + 2L tjCX,* -x y + . . .  

Numerical values of the Redlich-Kister model param- 
eters (VL~j) are usually determined by a weighted least- 
squares optimization of the selected experimental ther- 
mochemical and phase diagram data of the binary in 
question. 

2. Thermodynamic models 

All equilibrium phases (liquid, b.c.c, and h.c.p.) are 
modelled using a single-lattice random solution model. 
According to this model the integral molar Gibbs energy 

3. Lattice stabilities 

Recent SGTE recommendations of lattice stability 
data for pure elements [14] are used in this work. 
These are listed in Table 1. 
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TABLE 1. Lattice stability expressions for Nb, Ti and Zr [14] 

~b o~,.,Nb_OrZ_b.¢.c.,.,r~b (J mol-1), Nb lattice stability - reference state b.c.c. 

Liquid 29781.555 - 10.816417T-3.06098 × 10-23T 7 
(298.15 < T< 2750.00 K) 

30169.902-10.964695T- 1.52824 × 1032T -9) 
(2750.00 < T<6000.00 K) 

10000 + 2.4T 
(298.15 < T< 6000.00 K) 

H.c.p. 

~b °G~i-°G~'i ~'p' (J mol-1), Ti lattice stability -- reference state h.c.p. 

B.c.c. 

Liquid 

6787.856 - 65428/T+ 1.098972T- 1.5835T In(T) + 4.11413 × 10-3T2- 3.85519 × 10-7T 3 
(298.15 <T<900.00 K) 

6539.75 - 35472/T+ 1.726111 T -  1.5881T In(T) + 3.539455 × 10-3T2 - 1.87926 × 10-7T3 
(900.00 < T< 1155.00 K) 

5758.548 - 525090/T+ 38.389841T- 7.4305 T In(T) + 9.363570 × 10-3T 2 - 1.048055 x 10-6T 3 
(1155.00< T< 1941 K) 

151010.046 - 352999304/T- 821.233343T+ 106.3083366T In(T) - 30.213169 × 10-3T 2 + 1.533611 × 10-6T3 
(1941.00 < T<4000.00 K) 

12194.415 - 6.980938T 
(298.15 < T< 1300.00 K) 

368610.36- 65556856/T- 2620.999038T+ 357.005867T In(T) - 155.262855 × 10-3T2+ 12.254402 × 10-6T 3 
(1300.00 < T< 1941.00 K) 

104639.72 - 36699805/T- 340.070171T+ 40.9282461T In(T) - 8.204849 × 10-3T 2 + 3.04747 × 10- 7T3 
(1941.00 < T<4000.00 K) 

o/'~.~ __ogz'_h.¢.p. (j mol-X), Zr lattice stability -- reference state h.c.p. v ~ r  ~ J Z r  

Liquid 

B.c.c. 

18147.69 - 9.080812T+ 1.6275 x 10-22T 7 
(298.15 < T < 2128.00 K) 

17804.661 - 8.911574T+ 1.342895 × 1031T -9 
(2128.00 < T<4000.00 K) 

7302.056 - 9738/T- 0.70335T- 1.445606T In(T) + 4.037826 × 10-3T2 - 9.7289735 × 10-6T3- 7.6142894 × 10- tiT4 
(298.15 < T< 2128.00 K) 

-4620.034 + 1.55998T + 1.4103475 × I032T-9 
(2128.00 < T<4000.00 K) 

4. Evaluation of solution parameters and calculation 
of phase diagrams 

4.1. Binary systems 
T h e  Nb--Ti system was recent ly  assessed  by Ha r i  

K u m a r  et al. [10]. G u i l l e r m e t  [11] has  assessed  the  
N b - Z r  system. Solu t ion  p a r a m e t e r s  o b t a i n e d  in those  
works  a re  r e p r o d u c e d  in Tab le  2. C o m p u t e d  phase  
d iagrams  o f  N b - T i  and  Nb--Zr  using these  da t a  are 
shown in Figs. 1 and  2 respect ively.  T h e  T i - Z r  phase  
d i ag r am was previously  ca lcu la ted  by  a n u m b e r  o f  
au thor s  [9, 15, 16]. However ,  S G T E - r e c o m m e n d e d  lat-  
t ice s tabi l i ty  express ions  for  Ti  and  Z r  a re  significantly 
d i f ferent  f rom those  used  in these  ca lcula t ions .  Since 
those  works,  new t h e r m o c h e m i c a l  and  phase  d i ag ra m 

d a t a  have b e c o m e  avai lable .  H e n c e  a r eassessmen t  of  
the  t h e r m o d y n a m i c  desc r ip t ion  o f  T i - Z r  is des i rable .  

4.2. Ti-Zr system 
T h e  p h a s e  d i a g r a m  of  T i - Z r  shows c o m p l e t e  l iquid 

and  sol id  solubili ty.  I t  is c ha r a c t e r i z e d  by two congruen t  
t r ans fo rmat ions :  l iquid ~,  b.c.c, and  b.c.c. ~,  h.c.p. The  
sys tem was cri t ical ly eva lua t ed  by M u r r a y  [9, 16]. T h e  
t e m p e r a t u r e s  o f  the  b.c.c,~, h.c.p, congruen t  t ransfor -  
m a t i o n  sugges ted  in these  eva lua t ions  differ  by abou t  
70 K. 

T h e r e  a re  no e x p e r i m e n t a l  da t a  r ega rd ing  the  l iquidus.  
The  only re l iab le  e x p e r i m e n t a l  sol idus  da ta  a re  due  to 
R u d y  [17], who  used  the  inc ip ien t  mel t ing  technique .  
T h e r e  a re  a n u m b e r  o f  s tudies  r e p o r t e d  in the  l i t e ra tu re  
on  the  b.c.c./h.c.p, phase  b o u n d a r i e s  [18-28]. The  resul ts  



TABLE 2. Solution parameters  (VL~j) for Nb-Ti ,  N b - Z r  and 
T i -Zr  systems 

~b ] j  v 
L N b ,  Ti 

(J mo1-1) 

Liquid 0 + 3000 
B.c.c. 0 + 8900 
H.c.p. 0 + 13150 

(J mol - t )  

Liquid 0 - 968 
B.c.c. 0 - 4346 + 5.489T 
H.c.p. 0 + 5133 

~b v "L~t,, z, 
(J mol - l )  

Liquid 0 + 10311 
1 + 6709 

B.c.c. 0 + 15911 + 3.350T 
1 + 3 9 1 9 - 1 . 0 9 1 T  

H.c.p. 0 + 24411 

of the earlier works [18-24] show considerable scatter. 
The results of the more recent studies [25-28] are more 
or less in agreement with one another. Murray [9] 
points out that the classical techniques used in the 
earlier studies, such as metallography, pose experimental 
difficulties, especially near equiatomic compositions, 

275C 

owing to the retention of the original transformation 
microstructure and thermal hysteresis. The earlier stud- 
ies report a much lower congruent transformation tem- 
perature than the more recent ones. A higher congruent 
transformation temperature appears to be more con- 
sistent with the thermodynamics of the system. 

Apart from the phase diagram data, there are also 
a limited number of thermochemical data available in 
the literature. Auffredic et al. [26] and Blacktop et al. 
[27] measured calorimetrically the heat of the 
b.c.c. ,-* h.c.p, transformation. The results of these stud- 
ies agree with each other. Peyzulayev et al. [29] used 
levitation melting to measure the activity of Ti in Zr- 
rich liquid alloys. Zee et al. [30] measured the vapour 
pressure of Ti over Zr-4 at.% liquid alloy. The results 
of these studies show that the liquid phase is very 
nearly ideal. 

In the parameter optimization the phase diagram 
data from refs. 24-28 and the thermochemical data 
from refs. 26, 27 and 30 were used. Using a weighted 
least-squares optimization [31] of the selected data, it 
was possible to obtain a set of model parameters for 
all stable phases which satisfactorily reproduce the 
experimental data. The optimized solution parameters 
obtained in this way are listed in Table 2. 

In Table 3 model-calculated values of the 
b.c.c. *-* h.c.p, transformation enthalpies are compared 
with the experimental values. The calculated results 
are in good agreement with the values reported by 
Blacktop et al. [27]. The calculated phase diagram along 
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Fig. 2. Computed Nb-Zr phase diagram. 
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with various experimental data is shown in Fig. 3. The 
calculated azeotropic minimum of the liquid *-, b.c.c. 
congruent transformation is at XZr = 0.350, correspond- 
ing to 1826 K (1553 °C). Calculations also show that 
the b.c.c, o h.c.p, congruent transformation occurs at 
Xzr=0.504, corresponding to 875 K (602 °C). 

4.3. Ternary system 
In a previous work Li Lin [32] has calculated four 

isothermal sections of the ternary system in the tem- 
perature range 620--820 °C. The calculated diagrams 
show thermodynamic inconsistencies because of the 
incompatibilities in the thermodynamic descriptions 
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TABLE 3. Heat of b.c.c.--* h.c.p, congruent transformation of 
Ti -Zr  alloys 

Xz, T Heat  of transformation Reference 
(K) (J m o l - ' )  

Calculated Experimental 

0.2 993 -3421 -3376 27 
0.4 911 -3050  -3338 27 
0.6 903 -3120 -3385 27 
0.8 998 -3427 -3730 27 
0.5 858 -3202 -2460 26 
0.5 888 -3073 -2520 26 
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Fig. 4. Nb--Ti-Zr: computed liquidus prc 
peratures are in kelvins). 

\ 

I 
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xr0 
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used. In this work the thermodynamic descriptions of 
the pure elements and the limiting binaries described 
above are employed to compute the phase relationships 
in the ternary. 

The computed liquidus projection (Fig. 4) and solidus 
projection (Fig. 5) show similar topologies. There are 
no ternary invariant reactions present on the surfaces. 
The liquidus and solidus temperatures increase with 
increasing Nb content. The liquidus and solidus iso- 
therms between 2750 K (2477 °C) and 2128 K (1855 
°C) originate on the Nb-Ti side and terminate on the 
Nb-Zr side. The azeotropic minimum of the Nb-Zr 
system introduces two branches in the liquidus and 
solidus lines between 2128 K (1855 °C) and 2016 K 
(1743 °C): one branch closing on the Ti-Zr edge and 
the other on the Nb-Ti edge. Between 2016 K (1743 
°C) and 1941 K (1668 °C) the liquidus and solidus 
isotherms start on the Nb-Ti edge and end on the 
Ti-Zr edge. The existence of the azeotropic minimum 

q 2  
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Fig. 5. Nb-Ti-Zr: computed solidus projection (indicated tem- 
peratures are in kelvins). 
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Fig. 6. Nb--Ti-Zr: computed isothermal section at 1173 K (900 
°C). 

in Ti-Zr causes all liquidus and solidus isotherms 
between 1941 K (1668 °C) and 1826 K (1553 °C) to 
start and end on the Ti-Zr side. 

Figure 6 is the isothermal section at 1173 K (900 
°C). Only the b.c.c, phase is stable at this temperature. 
The b.c.e, miscibility gap (b.c.c. +b.c.c.') of the Nb-Zr 
binary is extended to the ternary. The extension of the 
miscibility gap into the ternary becomes more pro- 
nounced as the temperature is lowered. This is evident 
in the isothermal section at 973 K (700 °C) (Fig. 7). 
There are also two b.c.c. +h.c.p. two-phase fields at 
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Fig. 7. Nb-Ti-Zr: computed isothermal section at 973 K (700 
°C). 
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Fig. 9. Nb-Ti-Zr: computed isothermal section at 773 K (500 
*C). 
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Fig. 8. Nb-Ti-Zr: computed isothermal section at 888 K (615 
*C). 

this temperature, close to the Ti and Zr comers re- 
spectively. A thin tie-triangle defined by the three- 
phase region b.c.c. + b.c.c.' + h.c.p, close to the Nb-Zr 
edge is seen in the isothermal section at 888 K (615 
°C) (Fig. 8). It is caused by the extension of the 
monotectoid reaction of the Nb-Zr system 
(b.c.c. ~ b.c.c.' + h.c.p.) into the ternary. Figure 9 is the 
isothermal section at 773 K (500 °C). At this temperature 
there exists a narrow region of h.c.p, solid solution 
along the Ti-Zr side. The tie-triangle is more prominent 
at this temperature. Figure 10 shows the variation in 

Zr 
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Fig. 10. Nb-Ti-Zr: shift in composition of b.c.c.+b.c.c.'+h.c.p. 
tie-triangle. 

the composition of the tie-triangle b.c.c. + b.c.c.' + h.c.p. 
with temperature. The three-phase region originates as 
a tie-line at the monotectoid temperature, 893 K (620 
°C), of the Nb-Zr system. As the temperature is lowered, 
it becomes a tie-triangle and finally degenerates to a 
tie-line inside the ternary at 689.6 K (416.5 °C). The 
dashed line in Fig. 10 depicts the variation in the 
composition of the critical point of the b.c.c, miscibility 
gap with temperature. The isothermal section at 683 
K (410 °C) is characterized by a large b.c.c.+h.c.p. 
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Fig. 11. Nb-Ti-Zr: computed isothermal section at 683 K (410 
°C). 

field joining the Nb-Ti side and the Nb-Zr side (Fig. 
U). 
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