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There is general  agreement  [Hansen, Elliott, 69Rud, 
76Kub, 81Kub] regarding the main features of the Zr-Hf 
phase diagram (see Fig. 1). In the liquid phase (L), there 
is complete miscibility. In the solid state, there exist: (a) 
a h i g h - t e m p e r a t u r e  bcc (/3) phase ,  and (b) a low- 
temperature cph (a) phase. Both phases extend from 0 to 
100% Hf. Ordering reactions have not been reported in the 
solid state. The a ~ / 3  and /3 ~ L equilibrium trans- 
formations are incongruent for every alloy composition. It 
is normally accepted [62Kub, 70Hay, 76Kub, 81Spe] that  
the phase diagram of the Zr-Hf system corresponds to the 
situation of nearly ideal solutions. 

The T w o - P h a s e  (a+fl) Field.  The temperatures accepted 
here for the a//3 equilibrium in pure Zr and pure Hf  are 
863 ~ [76Alc] and 1743 ~ [81Spe], respectively. The 
(a +/3) boundaries shown in Fig. 1 are a compromise be- 
tween the indicated al lotropic t r ans fo rma t ion  tem- 
peratures of the pure metals and the alloy experimental 
data of [57Hay] and [66Dotal. These data are not sufficient 
to establish approximate experimental values for the tem- 
perature width, A0, of the (a + /3) region; hence, it is 
provisionally accepted here that  this compromise must 
render a value for A0 at 50 at.% Hf very close to that  

corresponding to the situation of ideal mixing between Zr 
and Hf. This condition on A ~ can be conveniently satisfied 
by using, as done here, expressions cubic in temperature 
for the composition of the (a +/3)boundaries ,  subject to 
van't Hoff's relation. The resulting numerical expressions 
for the a/(a +/3) and /3/(a +/3) boundaries, which we 
consider to give the best possible fit (see Fig. 2) to the 
combined experimental data of [57Hay] and [66Dotal un- 
der the indicated constraints, are given below. A check on 
this simple construction of the (a +/3) region, based on 
the theoretical work of [54Wag], is mentioned at the end of 
the section on thermodynamic considerations. At this 
point, it should also be noted that  the errors we ascribe to 
the (a +/3) region in Fig. 1 are important (see text below). 

The a/(a +/3) curve in Fig. 1 can be represented by the 
equation: 

at.% Hf = 1.308 x 10-1(T-863) - 5.456 • 10-5(T-863) 2 

+ 3.974 • 10-S(T-863) 3 (T in ~ 

Similarly, for/3/(a +/3) the corresponding equation is: 

at.% Hf = 9.461 • 10-2(T-863) + 8.161 • 10-6(T-863) 2 
+ 1.529 • 10-8(T-863) 3 (T in ~ 

These numerical expressions conform with the van't  Hoff's 
equation, in which the values for the heats of the a ---*/3 
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Fig. 2 Superposition of Experimental Data on the (a + /~) Region Indicated in Fig. 1 
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transformations in pure Zr and pure Hf are assumed to be 
930 cal/mol [76Alc] and 1400 cal/mol [76 Cez, 81Spe], re- 
spectively. [57Hay] worked in the range 0 to 43 at.% Hf, 
determining the a ~ fl transformation by differential 
thermal analysis. The temperature width suggested by 
[57Hay] for the (a + fl) region (see Fig. 2) is negligible and 
definitely narrower than that of Fig. 1. This can be attrib- 
uted to insufficient sensitivity of the experimental tech- 
nique used to determine this region [Elliott]. 

[66Dom] studied the (a + ,8) region by means of metal- 
lographic examination of heat treated (800 to 1800 ~ 
and quenched specimens. On quenching from (a + /3), 
[66 Dom] was able to observe a typical microstructure show- 
ing transformed fl plus isothermal a. He remarked that 
there was no evidence of any retention of the high-temper- 
ature bcc (/3) phase upon quenching, but that this was not 
corroborated by X-ray analysis. The obtained results were 
judged by [66Dom] to be in substantial agreement with 
those of [57Hay] but, nevertheless, [66Dom] suggested a 
much wider (a + ,8) region than that of [57Hay] (see 
Fig. 2). Work by [69Dom] on the ternary Zr-Hf-O system 
gave results that are consistent with those of [66Dom] for 
Zr-Hf. [69Dom] also showed that oxygen quickly stabilizes 
the a phase. 

For completeness, Fig. 2 also shows data due to [66Har] 
obtained by differential thermal analysis; these data ap- 
pear to deviate toward higher temperatures and, in the 
instance of the Hf-rich alloys, they are not considered to be 
compatible with the a/~ equilibrium temperature of pure 
Hf accepted here. Possibly, the samples used in these ex- 
periments were contaminated with oxygen. 

[59Dea] measured the electrical resistance vs. raising tem- 
perature of Hf-rich alloys containing up to 18 at.% Zr. 
[76Cez], based on the work of [59Dea], adopted the value 
of 7.2 ~ Zr for the lowering of the ~ ~ fl (heating) 
transformation temperature of pure Hf upon alloying with 
Zr. This value is consistent with Fig. 1, where the average 
slope of the (~ + fl) boundaries at pure Hf is -7.39 ~ 
at.% Zr. Using thermal analysis and working with alloys 
up to 6.5 at.% Zr, [64Kri] obtained the (mean) value 
-11.2 ~ Zr for the lowering of the/3 ~ ~ /coolingt 
transformation temperature,  a value that seems too 
negative to be directly related to the (a § /3) stable- 
equilibrium region (this deviation could be due to the in- 
adequacy of the experimental technique itself). 

It is necessary to remark that a considerable uncertainty 
still exists regarding the shape (width) of the provisional 
(a + fl) region indicated in Fig. 1. This is related to the 
uncertainty we must ascribe to the value 1400 cal/mol 
used here for the heat of the a -~ fi transformation in pure 
Hf (AHfi~'~). This value, which is based essentially on only 
one experimental determination [76Cez], was recently 
recommended by [81Spe] as the most probable value of 
AH~f' ;  however, this value would be definitely too low 
to be used in an otherwise successful thermodynamic 
modeling [80Bre] of the Hf-Mo phase diagram. Thus, 
although keeping the 1400 cal/mol as the most probable 
value of AH~r ~, we propose here to bracket this quantity 
between 1260 and 3080 cal/mol, the upper limit being the 
value necessitated by [80Bre] in his synthesis of the Hf-Mo 
phase diagram. The uncertainty in the (a + fl) region, 
associated with this bracketing, is graphically represented 
in Fig. 2 for the equiatomic composition. 
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Fig. 3 Superposition of Experimental Data on the (fl + L) Region Indicated in Fig, 1 
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The Two-Phase (/~ + L) Field. The (/3 + L) region was 
studied by [57Hay], [66Dom], and [66Har]. [66Dom] re- 
ported only a cursory melting point vs. composition study, 
and, therefore, it is not considered further in this evalu- 
ation. The melting points of Zr and Hfare taken to be 1855 
and 2231 ~ respectively [81BAP]. 

The solidus curve indicated in Fig. 1 has been adjusted to 
the values given by [57Hay] (see Fig. 3) who determined 
the solidus and liquidus by optical measurements. The 
numerical description of the solidus in Fig. 1 is given by: 

at.% Hf = 3.774 • 10-1(T-1855) - 2.279 
• 10 4(T-1855) 2 

- 1.817 • 10 7(T-1855)3 (T in ~ 

which is also in general agreement with the incipient 
melting data by [66Har] (see Fig. 3) and the solidus evalu- 
ated by [69Rud]. 

The liquidus shown in Fig. 1 is represented by: 

at.% Hf = 3.274 • 10 1(T-1855) - 1.007 
• 10 4(T-1855) 2 

- 1.665 • 10 7(T-1855) 3 (T in ~ 

This numerical expression has been determined consid- 
ering both the previously given expression for the solidus 
curve and the van't Hoffs equation, computed using for the 
heats of melting of pure Zr, and pure Hf, the values of 4500 
(+500) cal/mol [76Alc] and 6500 (+-1000) cal/mol [81Spe], 
respectively. 

This construction of the (fl + L) boundaries is rather simi- 
lar to that made above for the situation of the (a + fl) 
boundaries. Accordingly, the fact that the liquidus pro- 

posed here agrees well with the corresponding data due to 
[57Hay] (we consider that the existing small differences 
shown in Fig. 3 are within the uncertainty produced by the 
stated error in the estimation of the heats of melting of Zr 
and Hf, plus the experimental errors themselves) suggests 
that the width h0 of the (fl + L) region at 50 at.% Hf 
should be very close to the width calculated for the in- 
stance of ideal mixing between Zr and Hf. This proved to 
be true (see also the comment on hO of the (fl + L) field at 
the end of the section on thermodynamic considerations). 
For completeness, let us mention that the liquidus curve 
evaluated by [69Rud] lies about 35 ~ higher in tem- 
perature at the equiatomic composition than that of Fig. 1. 

Phase Diagram Under Pressure 
Three allotropic solid phases have been shown to exist in 
pure Zr and Zr-Hf alloys under pressure: a, fl, and (hex- 
agonal) w. The same seems to be true for pure Hf [75Kut, 
81Mini. 

The main features of the temperature-pressure phase dia- 
gram of pure Zr are given in an evaluation in this issue 
[82Abr]. For Hfwe have: the temperature 1743 ~ [81Spe] 
for the a/fl equilibrium at zero pressure and, as ten- 
tatively estimated by [75Kut], the pressure -210 kbar 
for the a/w equilibrium at room temperature, the coordi- 
nates -1527 ~ and -300  kbar for the a//3/w triple point, 
and the slope (dT /dp )  w~ ~- 7 ~ 

Using in situ high-pressure X-ray diffraction techniques, 
[81Min] studied the a --* w transformation in Zr-Hf alloys 
(up to 71.3 at.% HD as a function of increasing pressure, at 
room temperature. Due to the strong hysteresis expected 
in this transformation [75Kut, 78Voh, 81Min], the experi- 
mentally observed pressures at which the transformation 
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Fig. 4 a --, m Trans fo rmat ion  in Zr -Hf  Al loys as 
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appears to take place (see Fig. 4) are conjectured to be 
significantly higher than the true equilibrium values. 
Consistent with this, the a ~ w transition pressure for 
pure Hf, estimated by [81Min], is about 600 kbar at room 
temperature, which is substantially higher than the 
stable-equilibrium value (-210 kbar) estimated by [75Kut]. 

Thermodynamic Considerations 

Experimental Data. No high-temperature thermodynamic 
data are reported in the literature for the Zr-Hf system. 
Low temperature specific heats between 1.1 and 4.2 K 
have been measured in the a phase by [68Bet] for several 
alloy compositions between pure Zr and pure Hf. 

Modeling. The phenomenological modeling of the Zr-Hf 
phase diagram has been most frequently based on the as- 
sumption of ideal behavior of the phases involved [62Kub, 
76Kub, 79Kau, 81Spe]. This assumption is consistent with 
the fact that the volume of formation of Zr-Hf alloys can be 
assessed to be essentially zero for all compositions [81Min] 
and, more generally, with the observation that there are 
very close similarities between the physico-chemical prop- 
erties of the Group IV transition elements Zr and Hf. In 
particular, various relevant physical parameters, in the 

Table  1 Zr -Hf  Phys ica l  Parameters  
Parameter Zr Hf Reference 

Metallic valence . . . . . . . . . . . . . . . . . .  4 4 [62Uy] 
[73Pan] 

Metallic radius  (nm) . . . . . . . . . . . .  0.160 0.159 [70Dic] 
Electronegativity (Miedema's 

scale, in volts) . . . . . . . . . . . . . . . . . .  3.15 3.30 [73Mie] 
Ionic radius for valence s ta te  

+4 (nm) . . . . . . . . . . . . . . . . . . . . . . .  0.079 0.079 [70Dic] 
Solubility (the square root of 

the cohesive energy density, 
in (cal/cmS) 1/2) . . . . . . . . . . . . . . . . . .  102 

Density of electrons at the 
boundary of the Wigner- 
Seitz cell (in atomic uni ts )  . . . . . .  0.023 

Axial  ratio of the a phase  . . . . . . .  1.595 

105 [70Kau] 

0.026 [73Mie] 
1.587 [81Min] 

sense that they are commonly related to important con- 
tributions to the excess free energy of metallic alloys, have 
very close values for Zr and Hf (see Table 1). 

In the a phase, the assumption of an ideal behavior also is 
consistent with the fact that the measured electronic spe- 
cific heat coefficient (T) changes nearly linearly with com- 
position between the values for pure Zr and pure Hf 
[68Bet]. Additionally, according to our estimates, the vi- 
brational contribution to the a-phase entropy of for- 
mation, calculated within the harmonic approximation 
and using the experimental low-temperature Debye tem- 
perature (0) reported by [68Bet] for several compositions 
between 0 and 100% Hf, is negligible. Similar ~/ and 0 
values for the fl phase are not available. 

Based on microscopic arguments, and without taking into 
consideration structural effects, [76Mie] and [81Wat] at- 
tempted to predict the heat of formation (AH) of equi- 
atomic Zr-Hf alloys. They obtained the values AH = 0 and 
AH = -0.005 eV/atom, respectively. These two results 
are essentially consistent with the assumption of ideal 
behavior, but one should remark that the corresponding 
calculations are based on apparently completely different 
approaches: [76Mie] used a "macroscopic atom" model of 
alloys, where the metallic atom is characterized by its 
electronegativity and electron density at the boundary of 
the Wigner-Seitz cell, whereas, in turn, the [81Wat] calcu- 
lation is based on the rectangular electron-band model 
used previously by [69Fri] to explain the general parabolic 
trend of the cohesive energy across a transition metal row 
of the Periodic Table. 

The phase diagram of the Zr-Hf system also has been mod- 
eled considering nearly-ideal behavior of the phases in- 
volved [71Cha, 80Bal]. [71Cha] assumed equal deviation 
from ideality in the fl and L phases and, using known 
thermochemical data for the melting of pure Zr and pure 
Hf, calculated the solidus curve from the experimental 
liquidus determined by [57Hay]. The solidus obtained in 
this way shows excellent agreement with the correspond- 
ing experimental data of [57Hay]. The (fi § LI region sug- 
gested by [71Cha] is in substantial agreement with that 
indicated in Fig. 1. 

[80Bal] used the regular solution model for the liquid and 
solid phases, and fitted in detail the Zr-Hf phase diagram 
given in [Metals Handbook] (this diagram shows (a + fi ) 
and (fl + L) fields that are significantly wider than those 
given in Fig. 1). The values used for the interaction pa- 
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Zr-Hf Crystal Structure Data 
Composition, Pearson Lattice parameters, nm 

Phase at.% Hf symbol Prototype(a) a c c / a  Comments References 

a . . . . . . . . . . . . . . . . .  0 hP2 Mg 0.3232 0.5147 1.593 All values measured at room [81Rab] 
temperature and zero pressure. 

0 0.3226 0.5146 1.595 The molar volume Vo(a), as a [81Min] 
5.2 0.3231 0.5134 1.589 function of composition, can be 

21.1 0.3219 0.5115 1 .589  well represented by the equation 
42.9 0.3209 0.5126 1.597 [81Min] (in cmS/mol) 
71.3 0.3202 0.5106 1.595 Vo(a) = 14.01 - 0.005 • (at.% Hi). 

100 0.3190 0.5067 1.587 
0 0.3231 0.5148 1.593 
1.2 0.3231 0.5146 1.593 

61.8 0.3211 0.5094 1.586 
96.5 0.3199 0.5060 1.581 

100 0.3195 0 .5051 1.581 

. . . . . . . . . . . . . . . . .  0 hP3 oJCrTi 0.5039 0.3136 0.622 

0 0.5035 0 .3141 0.624 
5.2 0.5021 0.3119 0.621 

21.1 0.5008 0.3107 0.620 
42.9 0.4991 0.3093 0.620 

fl . . . . . . . . . . . . . . . . .  ... c12 W 

(a) From[Pearson]. 

[53Rus] 

All values measured in the [81Rab] 
metastable o~ phase, at room 
temperature and zero pressure; 
~o retained after high pressure 
treatment at room temperature. 

The molar volume Vo(w), at [81Min] 
least up to 42.9 at.% Hf, can 
be well represented by the 
equation [81Min] (in cmS/mol) 
Vo(oJ) = 13.76 - 0.009 x (at.% Hf). 

No lattice parameter data are ... 
available for the/3 phase. It 
appears that it is not possible 
to retain the/3 phase by quench- 
ing from its stable-equilibrium 
field [66Dora] (see also comments 
in text under "The two-phase 
(a + /3) field"). 

rameters were (in cal/mol) A = 152, B = 152, and L = 96, 
where A, B and  L refer  to the  a ,  fl, and  L phase ,  
respectively. 

It is of some interest  to est imate the excess free energy 
change between the a and fl phases, F~ ~ ' ,  by means  of the 
provisional phase diagram given in Fig. 1. For this pur- 
pose we assume that: 

F~ ~ ~ (To - T~o deal) ((1 - x ) A S ~ r  ~ + x A S ~  ~) 

where (To, x) are the coordinates of the equal free energy 
curve for the a and fl phases, T~ deal are the corresponding 
To values for the hypothetical s i tuat ion of a and fl being 
ideal solutions, x is the atomic fraction of Hf, and A S ~ r ~  
are the entropy changes for the equi l ibr ium a ~ fl t rans-  
formation in pure Zr and pure Hf, respectively. Thus, us- 
ing the thermochemical data accepted in this evaluat ion,  
we conclude 0 < F~ ~ ~ 180 x(1 - x) (in cal/mol), which 
is in line with the assumption of nearly-ideal  behavior  of 
the a and fl phases. 

The temperature  width AO of the (a + fl) region in the 
Zr-Hf system could be est imated us ing the theoretical  
analysis of nearly-ideal  solutions by [54Wag] (see also 
[76Kub]): it results in AO ~ 49 ~ at the equiatomic com- 
position, which compares well to the value A 0 = 52 ~ in 
Fig. 1. This agreement  supports our procedure for estab- 
lishing the (a + fl) boundaries  in the section "Phase Dia- 
gram at Zero Pressure". 

The (fl + L) region can be discussed in a way s imi la r  
to t h a t  of  (a  + fl) a b o v e .  F r o m  t h i s ,  i t  f o l l o w s  
0 > FE ~ L  ~ --530 x (1 -- x) (in cal/mol), which is in  l ine 
with the assumption of nearly-ideal  behavior of the fl and  
L phases; also, from [54Wag] we obtain A8 ~ 16 ~ at  
50 at.% Hf, in good agreement  with the value h0 = 17 ~ 
in Fig. 1. 

Metastable Equilibrium States 

We were unable  to find reports of metastable  equ i l ib r ium 
states for the Zr-Hf system in the l i terature.  

Cited References 
53Rus: Russell, R.B., "On the Zr-Hf System", J. Appl. Phys., 24, 

232 (1953). 
54Wag: Wagner, C., "Thermodynamics of the Liquidus and the 

Solidus of Binary Alloys", Acta Met., 2, 242 (1954). 
57Hay: Hayes, E. T. and Deardorff, D. K., U. S. At. Energy Comm. 

USBM-U-345, August, 1957; cited in Deardorff, D. K., Carlson, 
O.N., and Kato, H., "The Metallurgy of Hafnium", Thomas, 
D.E. and Hayes, E.T., Ed., U.S. Atomic Energy Commission, 
191-210 (1960). 

59Dea: Deardorff, D. K. and Kato, H., "The Transformation Tem- 
perature of Hafnium", Trans. Met. Soc. AIME, 215, 876 (1959). 

62Kub: Kubaschewski, O., "Free-Energy and Phase Diagrams", 
in Thermodynamics of Nuclear Materials, Proc. Syrup. Vienna, 
1962, IAEA, Vienna, 219, (1962). 

62Uy: Uy, J. C. and Burr, A.A., "The Solute Metallic Valence as 
an Index of Phase Stabilization in Zirconium-Base Alloys", 

Bullet in of Alloy Phase Diagrams Vol. 3 No. 1 1982 33 



Hf-Zr 
Nb-Zr Hf-Zr (continued) Provisional 

Trans. Met. Soc. AIME, 224, 204 (1962). 
64Kri: Krikorian, N. H. and Wallace, T. C., "The Effect of Oxygen 

and Nitrogen on the Hafnium a-~ Transition", J. Electrochem. 
Soc., 111, 1431 (1964). 

66Dora: Domagala, R.F., "The Zirconium-Hafnium System", 
J, Less-Common Met., 11, 70 (1969). 

66Har: Harmon, D. P., USAF Tech. Rept. AFML-TR-65-2, Part II, 
Vol. VI (Aug. 1966); cited in Rudy, E., "Compendium of Phase 
Diagram Data", AFML-TR-65-2, Part V, Air Force Materials 
Laboratory, Metals and Ceramms Dlvmlon, Wright-Patterson 
Air Force Base, OH, 73 (1969). 

68Bet: Betterton, J. O. and Scarbrough, J. O., "Low-Temperature 
Specific Heats of Zr-Ti, Zr-Hf, and Zr-Sc Alloys", Phys. Rev., 
168, 715 (1968). 

69Dora: Domagala, R.F. and Ruh, R., "The System Zirconium- 
Hafnium-Oxygen", Trans. ASM, 62, 915 (1969). 

69Fri: Friedel, J., "Transition Metals, Electronic Structure of the 
d-Band: Its Role in the Crystalline and Magnetic Structures", 
in The Physics of Metals, Ziman, J.M., Ed., Cambridge Univ. 
Press, Cambridge, England, 340 (1969). 

69Rud: Rudy, E., "Ternary Phase Equilibrium in Transition 
Metal-Boron-Carbon-Silicon Systems", in Compendium of 
Phase Diagram Data, AFML-TR-65-2, Part V, Air Force Mate- 
rials Laboratory, Metals and Ceramics Division, Wright- 
Patterson Air Force Base, OH, 73 (1969). 

70Dic: Dickinson, S. K., Jr., "Ionic, Covalent and Metallic Radii of 
the Chemical Elements", Air Force Cambridge Research Labo- 
ratories, AFCRL-70-0727, No. 439 (1970). 

70Hay: Hayes, F. H., Miiller, F., and Kubaschewski, O., "On Near- 
Ideal Alloy Systems: Thermodynamical Properties of the 
Cobalt-Nickel System", J. Inst. Met., 98, 20 (1970). 

70Kau: Kaufman, L. and Bernstein, H., Computer Calculation of 
Phase Diagrams, Academic Press, 84 (1970). 

71Cha: Chatterji, D., "Calculated Liquidus and Solidus Curves 
for the Hf-Zr, Hf-U, and Zr-U Systems", Met. Trans., 2, 2939 
(1971). 

73Mie: Miedema, A.R., "A Simple Model for Alloys", Philips 
Tech. Rev., 33, 149 (1973). 

73Pan: Panda, S.C. and Bhan, S., "Alloying Behaviour of Zir- 
conium with Other Transition Metals", Z. Metallkd., 64, 793 
(1973). 

75Kut: Kutsar, A. R., "T-P Diagram of Hafnium, and Phase Tran- 
sitions in Shock Waves", Fiz. Metal. Metalloved., 40, 786 (1975) 
in Russian; TR: Phys. Met. Metall., 40(4), 89 (1975). 

76Alc: Alcock, C. B., Jacob, K. T., and Zador, S., "Thermochemical 
Properties", in Zirconium: Physico-Chemical Properties of Its 

Compounds and Alloys, Kubaschewski, O., Ed., Atomic Energy 
Review, Special Issue No. 6, 8 (1976). 

76Cez: Cezairliyan, A. and McClurr, J. L., "Temperature and En- 
ergy of a --* fl Transformation in Hafnium 3 wt.% Zirconium", 
High Temp.-High Press., 8, 461 (1976). 

76Kub: Kubaschewski-von Goldbeck, O., "Phase Diagrams", in 
Zirconium: Physico-Chemical Properties of Its Compounds and 
Alloys, Kubaschewski, O., Ed., Atomic Energy Review, Special 
Issue No. 6, 90 (1976). 

76Mie: Miedema, A.R., "The Heat of Formation of Alloys", 
Philips Tech. Rev., 36, 217 (1976). 

78Voh: Vohra, Y.K., "Kinetics of Phase Transformations in Ti, 
Zr, and Hf under Static and Dynamic Pressures", J. Nuclear 
Mat., 75, 288 (1978). 

79Kau: Kaufman, L. and Tanner, L. E., "Coupled Phase Diagrams 
and Thermochemical Descriptions of the Titanium-Beryllium, 
Zirconium-Beryllium and Hafnium-Beryllium Systems", 
Calphad, 3, 91 (1979). 

80Bah Balakrishna, S. S. and Mallik, A. K., "Synthesis of Binary 
Phase Diagrams with Allotropy of Both the Components", 
Trans. Indian Inst. Met., 33, 155 (1980). 

80Bre: Brewer, L. and Lamoureaux, R. H., "Phase Diagrams", in 
Molybdenum: Physico-Chemical Properties of Its Compounds 
and Alloys, Brewer, L., Ed., Atomic Energy Review, Special 
Issue No. 7, 256 (1980). 

81BAP: Bull. Alloy Phase Diagrams, "Melting Points of the 
Elements (IPTS-68)", 2, 145 (1981). 

81Kub: Kubaschewski-von Goldbeck, O., "Phase Diagrams", in 
Hafnium: Physico-Chemical Properties of Its Compounds and 
Alloys, Komarek, K.L., Ed., Atomic Energy Review, Special 
Issue No. 8, 112 (1981). 

81Min: Ming, L., Manghnani, M.H., and Katahara, K.W., 
"Investigation of a --* w Transformation in the Zr-Hf System to 
42 GPa", J. Appl. Phys., 52, 1332, (1981). 

81Rab:  Rabinkin,  A., Tal ianker ,  M., and Botstein,  O., 
"Crystallography and a Model of the a --* w Phase Trans- 
formation in Zirconium", Acta Met., 29, 691 (1981). 

81Spe: Spencer, P.J., "Thermochemical Properties", in Hafnium: 
Physico-Chemical Properties of Its Compounds and Alloys, 
Komarek, K.L., Ed., Atomic Energy Review, Special Issue 
No. 8, 9 (1981). 

81War: Watson, R.E. and Bennett, L.H., "Optimized Prediction 
for Heats of Formation of Transition Metal Alloys", Calphad, 5, 
25 (1981). 

82Abr: Abriata, J.P. and Bolcich, J.C., "The Zr (Zirconium) 
System", Bull. Alloy Phase Diagrams, 3(1), 28 (1982). 

Hf evaluation contributed by J.P. Abriata, J.C. Bolcich, and H.A. Peretti, Centro At6mico Bariloche, Comisi6n Nacional de Energia At6mica, 
8400-S. C. de Bariloche, Rio Negro, Argentina. Literature searched through 1981. Dr. Abriata is the ASM/NBS Data Program Category Editor for binary 
zirconium alloys. 

The Nb-Zr (Niobium-Zirconium) System 
92.9064 91.22 

By J. P. Abriata and J. C. Bolcich 
Centro Atbmico Bariloche, Comisibn 

Nacional de Energia Atbmica 

Stable Equilibrium 
Temperature-Composition Phase Diagram 
There is general  agreement  [Hansen,  Elliott,  Shunk] re- 
garding the qual i ta t ive  features of the Zr-Nb equil ibr ium 
phase diagram (see Fig. 1). In the solid state there exist (a) 
a bcc (fl) phase which, at  sufficiently high temperatures,  
extends from 0 to 100 at.% Nb, whereas at  lower temp- 

eratures  it exhibits a critical solution point (see Table 1) 
and a corresponding (~Zr) + (flNb) miscibility gap; and (b) 
a monotectoid reaction (flZr) ~ (aZr) + (/3Nb), which re- 
sults in  the coexistence of cph (aZr) with (flNb) down to low 
temperatures.  In  the liquid state there is complete mis- 
cibility, and the l iquidus and solidus show a m i n i m u m  
point where the/3 phase melts  congruently. 
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