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Phase Relationships 
General Features. The Fe-V system is a relatively simple 
system with an azeotropic minimum in its melting behav- 
ior, continuous solid solution at elevated temperatures, a 
closed 7 loop on the Fe-rich side, and an intermediate 
phase that  forms congruently from the high-temperaLure 
solid solution near equiatomic stoichiometry. The assessed 
phase diagram is shown in Fig. 1. This diagram is a com- 
posite of available information. The solidus and liquidus 
are a combination of the calculated results of Hack et al. 
[79Hac] and of Andersson [83And]. The boundaries aesoci- 
ated with the 7 loop are based on the experimental work of 
Fischer et al. [70Fis] and of Kirchner [70Kir] and have 
been corroborated by the calculat ions of Andersson 
[83And]. The boundaries associated with the a phase are 
taken from the work of Inden and Btith [83But]. The tem- 
peratures for the Fe transformations are taken from the 
review of Swartzendruber [82Swa], and the melting tem- 
perature of V is taken from the review of Smith [81Smi]. 

The melting minimum was first reported by Vogel and 
Tammann in 1908 [08Vog], the closed 7 loop was first re- 
ported by Maurer in 1925 [25Mau], and the continuous 
solid solution at elevated temperatures with congruent 
transformation to a lower temperature intermediate phase 
was first reported by Wever and Jellinghaus in 1930 
[30Wev]. This early work, together with subsequent inves- 

tigations, was considered in the review of the system that 
was included in the recently published survey of the bi- 
nary Fe systems by Ortrud Kubaschewski [82Kub]. The 
present work supplements this review primarily in the 
incorporation of the quite recent results of Andersson 
[83And] and of Inden and Bfith [83But] and in the addition 
of data concerning magnetic, crystallographic, and ther- 
modynamic aspects of the system. 

Liquidus and Solidus. I t  is well established that there is 
an azeotropic melting minimum in the Fe-V system, and 
there is remarkably good agreement with regard to the 
temperature and composition associated with this azeotro- 
pic minimum. Vogel and Tammann [08Vog] initially re- 
ported the minimum at 34 at.% V and 1435 ~ Wever and 
Jellinghaus [30Wev] at 33 at.% V and 1468 ~ Hellawell 
and Hume-Rothery [57Hel] at 30.5 at.% V and 1473.5 ~ 
Furukawa and Kato [75Fur] at 32 at.% V and 1470 ~ 
and Oswald Kubaschewski et al. [77Kub] at 35 at.% V and 
1468 ~ Because the minimum tends to be relatively flat, 
the spread between 30.5 and 35 at.% V is not significant, 
and the calculated value of 31 at.% V can be considered 
as quite satisfactory agreement.  Furthermore,  if one 
discounts the early value of 1435 ~ from Vogel and 
Tammann [08Vog] because of purity, the calculated tem- 
perature of 1468 ~ is in very good accord with the experi- 
mental values. Therefore, the experimental liquidus and 
solidus points of Hellawell and Hume-Rothery [57Hel] in 

Fig. 1 Assessed Fe-V Phase Diagram 
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Fig. 2 Effect  of P ressure  on the  1' Loop in the  
Fe-V Sys tem 
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As determined by Hanneman et al. [65Han]. Their boundaries for 
loop at 1 bar ambient pressure vary slightly from the accepted 
values in Fig. 1 and 5. J.F. Smith, 1984. 

the composition range 0 to 40 at.% V and of Furukawa and 
Kato [75Fur] in the composition range 32 to 82 at.% V, as 
well as the thermodynamic curves of Kubaschewski et al. 
[77Kub], are all in close accord with the liquidus and soli- 
dus curves of Fig. 1. 

A complete range of solid solubility in the a phase at ele- 
vated temperatures has been verified by X-ray diffraction 
[29Osa, 30Wev, 54Ros]. Even at compositions where the 
phase tends to form, it has been found that the a phase 
may readily be retained by quenching. Complete solid 
solubility in the a phase is compatible with the atomic size 
difference of 6% [45Hum]. 

y Loop. Early investigations were made of the effects of V 
additions on the allotropic transformations of Fe [06Put, 
09Por], but Maurer [25Mau] seems to have been the first 
to recognize that such additions resulted in a closed y 
loop. A large number of subsequent investigations [30Wev, 
31Vog, 30Oya, 31Hou, 34Abr, 54Luc, 64Han, 65Han, 
60Lis, 70Kir, 70Fis, 73Kov1, 73Kov2] involved the deter- 
mination of the boundaries of this loop with results that, 
particularly among earlier work, showed appreciable 
scatter with reported values for the maximum V content 
within the loop varying between 1.2 and 2.7 at.% V. This 
scatter was largely attributable to variations in impurity 
levels. As an example, carbon content was shown [31Hou] 
to have an appreciable effect on the width of the y-phase 
field, with the apparent width increasing with increasing 
carbon content because of the formation of a carbide phase. 
As a second example, contamination resulting from melt- 
ing alloys in air [54Luc] led to a minimum in the y loop at 
-0 .2  at.% V near 896 ~ 

Within the past two decades, V of higher pttrity has be- 
come available. Within this more recent period, studies of 
the boundary of the ~ loop show considerably less scatter, 
with the three most recent reports all showing the maxi- 
mum V content as occurring near 1150 ~ with values 
of 1.41 at.% V [65Han], 1.39 at.% V [73Kovl] ,  and 
1.40 at.% V [70Fis]. Beyond the -/maximum, these same 
investigators found the a + -/two-phase field extending, 
respectively, to 1.81, 1.8, and 2.0 at.% V. Andersson 
[83And] quoted unpublished results  of Kirchner  and 
Gemmel [70Kir], which are in accord with the results of 
these investigations. For Fig. 1, values of 1.40 at.% V for 
the -/maximum and 2.0 at.% V for the upper limit of the 
two-phase field were taken from the work of Fischer et al. 
[70Fis]; this selection was made because of the purity of 
the alloys of Fischer et al. and because the magnetic tech- 
nique which was employed allowed good resolution of the 
respective contributions of the ferritic and austenitic frac- 
tions in the two-phase field. 

Hanneman et al. [64Han, 65Han] made lattice parameter 
measurements as a function of temperature to determine 
the volumetric changes associated with the a --> ~s 
formation and examined the effects of pressure on the 
transformation with pressures to 50 kbar. They found that  
a 1.01 at.% V alloy at ambient pressure contracted by 
0.069 cm3/mol Feogs99Voolo~ upon being heated through 
the transformation. Continued heating caused a reversion 
of the transformation on the upper side of the ,/loop with 
an expansion of 0.048 cmS/mol Feo9899Vo.o~o~. They found 
that the 7 loop expands with increasing pressure, and their 
contours for the loop at representat ive pressures are 
shown in Fig. 2. 

a Phase. Wever and Jellinghaus [30Wev] were the first to 
report an intermediate phase in the Fe-V system, and it 
was soon recognized [31Wev, 48And] that  this phase was 
isomorphous with the intermediate (r phase in the Fe-Cr 
system. Subsequent studies [50Pie,51Pea,51Sul,54Gre] 
showed that  these two Fe-V and Fe-Cr phases were mem- 
bers of a more numerous group of t ransi t ion metal-  
t ransi t ion metal  phases tha t  have become general ly 
known as cr phases. Interpretation of X-ray diffraction pat- 
terns to determine the crystallography of these phases was 
initially hampered by the fact that  the atomic scattering 
factor for X-rays of the transition elements V, Cr, Mn, Fe, 
Co, and Ni are all closely comparable. Shoemaker and 
Bergman [50Sho] used single-crystal X-ray techniques to 
determine the lattice parameters, space group, and the 
fact that there were 30 atoms per unit cell for ~r Fe-Cr. 
Martens and Duwez [52Mar] studied the Fe-Cr-V ternary 
system and were able to show tha t  the ~r phase was 
continuous from the binary Fe-Cr side to the binary Fe-V 
side. They utilized the data from Shoemaker and Bergman 
to choose lattice parameters for the Fe-Cr side and to fol- 
low these parameters across the compositional range to 
obtain the first correct lattice parameters for the binary 
a Fe-V phase. Kasper  and Waters t ra t  [56Kas] sub- 
sequently used neutron diffraction techniques to deter- 
mine the occupancy of the crystallographic sites by the Fe 
and V atomic species. 

In 1950 Pearson [50Pea] commented that  the boundaries of 
the cr phase in the Fe-V system were not known with great 
accuracy, and though the recent data of Inden and Biith 
[83But] have improved the situation, some uncertainties 
still persist. For instance, it is accepted that the congruent 
a ~- r transformation occurs near  equiatomic stoichi- 
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Fig. 3 Comparison of the Calculated vs Experi- 
mental a/~ Equilibria 
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ometry, but the temperature of the transformation has 
been reported over a wide range: below 1200 ~ [Hansen], 
1234 ~ [30Wev], 1219 ~ [79Hac], 1225 ~ [62Mat], 
1225 ~ [79Chi], 1170 ~ [73Mal], 1246 ~ [83And], and 
1247 0(3 [83But]. 

Boundaries for the homogeneous a-phase field at lower 
temperatures were variously reported - 3 0  to - 5 8  at.% V 
near  1000 ~ [30Wev], - 3 7  to - 5 7  at.% V at 700 ~ 
[52Mar], - 3 9  to -54.5  at.% V at 1075 ~ [54Gre], and - 3 4  
to - 5 3  at.% V without temperature specification [59Stu]. 
At 700 ~ [52Mar], the boundary of the a phase on the 
Fe-rich side was reported as - 2 4  at.% V and on the V-rich 
side as - 6 6  at.% V. Again, at 700 ~ Hanneman et al. 
[65Han] in a study of pressure effects found, on the Fe-rich 
side, that  the a phase extended to - 2 6  at.% V and the a 
phase was homogeneous beyond - 3 5  at.% V, and at  
40 kbar, these values were shifted, respectively, to - 1 9  
and - 3 0  at.% V. The same change in pressure was indi- 
cated as raising the temperature of the congruent a m a 
transformation from just above 1200 to -1300 ~ 

Unpublished data from Chiriac and Inden [79Chi] for 
the boundaries associated with the a ~ a transformation 
are shown in Fig. 3 for a grid of 12 compositions by 
13 temperatures; long term anneals were used to ensure 
equilibration. The open points in the figure represent data 
based on room-temperature-examination post annealing, 
and the solid points represent data taken at temperature. 
The method of determining the number  and type of phases 
in each alloy has been by X-ray diffraction, and graphical 
reproduction of the results are included in the reports of 

Hack et al. [79Hac], of Spencer [79Spe], and of Gallagher 
et al. [81Gal]. 

Variations in metal  purity undoubtedly contribute to the 
diversity of results. The kinetics [59Bun] of the a ~ a 
transformation also play a role in defeating precise deter- 
mination of the temperature-composition coordinates of 
the a and a + a phase fields. The boundaries that  are 
shown in Fig. 1 are the calculated boundaries of Inden and 
Bfith [83But] and are based upon thermodynamic data 
with inclusion of effects from atomic and magnetic order- 
ing. These calculated boundaries thus represent the prog- 
nosis for the temperature-composition coordinates after 
at tainment of strain-free equilibrium in the pure binary 
system. For comparative purposes, Fig. 3 shows the calcu- 
lated boundaries of Hack et al. [79Hac] and of Andersson 
[83And], together with the experimental data of Chiriac 
and Inden [79Chi]. 

Magnetic Aspects (a  Phase). The Curie temperature of 
the a phase has been measured as a function of com- 
position by a number  of investigators [09Por, 10Hon, 
25Mau, 30Oya, 30Wev, 31Vog, 34Abr, 36Fal] and, with a 
single exception [10Hon] that  can be attributed to poor 
metal  purity, there is agreement that  V additions to Fe 
cause the Curie temperature of the a phase to pass through 
a maximum above 800 ~ and below 20 at.% V. The maxi- 
mum in Fig. 1 between 13 and 14 at.% V near  840 ~ is a 
compromise among the composite data. From studies at 
higher temperatures in the paramagnetic region, Arajs 
et al. [62Ara] placed the maximum of the paramagnetic 
Curie temperature at 880 ~ and 10 at.% V; the difference 
between the ferromagnetic Curie maximum and the para- 
magnetic Curie maximum results from the neglect of cur- 
vature  in the reciprocal susceptibility vs tempera ture  
plots immediately above the temperature intercept. The 
reasons for this curvature are not understood. 

Fallot [36Fal], Nevit t  and Aldred [63Nev], and Aldred 
[72Ald] have examined the saturation magnetization of 
alloys in the a phase as functions of composition and tem- 
perature. With minor differences which are noted, the 
three sets of data are in good accord. The data of Nevitt 
and Aldred [63Nev] were taken from samples quenched 
from above 1200 ~ and, in the composition region where 
the a phase tends to form, control specimens for metal- 
lographic analyses and X-ray diffraction were processed 
together with the magnetic samples to verify that  the pro- 
cessing produced a-phase alloys. Data from the magnetic 
samples for the composition range 0 -< Xv -< 0.62 yielded 
the relationship: 

~B = 2.232 - 3.286 Xv 

where ~s is the average number of Bohr magnetons per 
atom of alloy, and Xv is the mole fraction of V. (Note: The 
trend of moment with composition has curvature if the 
relationship is shifted to the number of Bohr magnetons 
per Fe atom.) 

Below 15 at.% V, the experimental points of Fallot [36Fal] 
fall essent ia l ly  on this  line, but  three  points  above 
15 at.% V drift below the linear relationship, and this de- 
viation is believed attr ibutable to incomplete retention of 
the a phase. Aldred [72Ald] reported data for the com- 
position range 0 to 25.2 at.% V, and, in the range 6.1 to 
25.2 at.% V, Aldred's experimental points are all within 
1.5% of the l inear  relat ionship of Nevi t t  and Aldred 
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[63Nev]. Below 6.1 at.% V, however, Aldred's data show a 
slight curvature that  may be represented as: 

~B = 2.217 - 2.676 Xv - 5.16 X~ 

Ndvitt and Aldred [63Nev] noted the possibility of curva- 
ture in this low-concentration region, and this curvature 
brings the intercept moment per atom into agreement 
with the generally accepted moment for pure Fe. I t  is also 
worthy of comment that  individual atomic moments of the 
order of - 1  ~B for V and 2.0 to 2.2 ~B for Fe were deter- 
mined [82Mirl] by neutron diffraction with alloys in the 
composition range 0 to 25 at.% V. These moments, when 
averaged for composition, are in reasonable accord with 
the saturation magnetization data. 

The l inea r  equa t ion  for ~ s  should become zero a t  
Xv = 0.679. The da ta  of Nevi t t  and Aldred [63Nev] 
showed that, above Xv = 0.62, the moments rise above the 
linear extrapolation, tending toward zero at Xv I> 0.70. 
This behavior is undoubtedly correlated with the obser- 
vation that  there is residual short-range magnetic order at 
low temperatures in alloys with V concentrations above 
Xv -- 0.70. From low-temperature heat capacity data for 
alloys near this composition, Cheng et al. [60Che] and 
Scurlock and Wray [63Scu] found pronounced deviations 
from linearity in plots of Cp/T vs T. The non-linear con- 
tr ibution has been interpreted as arising from mag- 
net ical ly  ordered clusters  wi thout  long-range  order 
[60Che,61Sch,63Scu]. Claus [75Cla] measured ac sus- 
ceptibilities to determine the onset of magnetic ordering as 
16.8 K in an alloy with Xv = 0.705 and as 4.2 K in an 
alloy with Xv = 0.715, with significant differences in the 
magnet iza t ion  depending on whether  or not cooling 
through the ordering temperature was in a magnetic field. 
This behavior is indicative of the existence of giant spin 
clusters in these alloys, and such spin clusters are associ- 
ated with superparamagnetism [68Hah] and with the spin 
glass state [78Myd]. 

a '  Phase. The ~' phase is a metastable phase with the 
CsC1 structure; conditions which lead to the formation of 
the phase are discussed in the next section of this evalu- 
ation. Nevitt and Aldred [63Nev] measured the saturation 
magnetization of this phase at four alloy compositions: 
Xv = 0.400, Xv = 0.470, Xv = 0.549, and Xv = 0.618. 
They found the magnetic moments of the a '  phase tended 
to be lower than the moments of the a phase, with the 
difference amounting to about 0.4 ~B near equiatomic stoi- 
chiometry. Values for their four alloy compositions have 
been read with limited precision from their graph of one 
co[umn width, respectively, as 1.25, 0.93, 0.75, and 0.50 ~s 
per Fe atom. Chandross and Shoemaker [62Cha] used neu- 
tron diffraction to evaluate a magnetic moment of 0.7 ~B 
per Fe atom for an alloy with Xv = 0.533. This value is in 
good accord with the value of 0.75 ~B per Fe atom found 
by Nevit t  and Aldred [63Nev] for the composition of 
Xv = 0.549. 

a Phase. Nevitt and Beck [55Nev] initially reported a 
Curie temperature of 203 K for the ~ phase whose alloy 
composition was Xv = 0.524. Parsons [60Par] found Curie 
temperatures to be somewhat lower, with values of 130 K 
forXv -- 0.422, 72 K forXv -- 0.455, 44 K forXv = 0.480, 
and 40 K for Xv = 0.50. Spontaneous magnetization data 
for the ~ phase from Parsons [60Par] and from Nevitt  and 
Aldred [63Nev] fall on a single straight line when plotted 
against  at.% V. The mean magnetic moments in Bohr 

magnetons per atom of alloy were reported as 0.261 for 
42.2 at.% V, 0.177 for 45.5 at.% V, 0.110 for 48.0 at.% V, 
and 0.091 for 50 at.% V by Parsons [60Par] and 0.29 for 
40.0 at.% V and 0.14 for 47.0 at.% V by Nevitt and Aldred 
[63Nev]. These moments are about a factor of three lower 
than those of the a and a '  phases. These moments extrapo- 
late to zero between 53 and 54 at.% V, and experimental 
tests on a 54.9 at.% V alloy by Nevitt  and Aldred [63Nev] 
confirmed that  it is not ferromagnetic in the a phase. 

High-Pressure and Metastable Phases. Loree [64Lor] 
checked for pressure-induced transformations in Fe-V al- 
loys by applying explosive shock loads. He found that  the 
high-pressure transformation, which occurs in Fe near  
130 kbar  and is thought to be a bcc ---> cph transformation, 
also occurs in Fe-V alloys. In an 11 at.% V alloy, the requi- 
site pressure for the t ransformat ion was found to be 
250 kbar, and the transformation was accompanied by a 
volume contraction of -5%. The requisite pressure was 
reported to rise rapidly with increasing V content to 
exceed 500 kba r  at  compositions in the range  21 to 
27 at.% V. 

A metastable a '  phase with the CsC1 structure has been 
observed at compositions in the central portion of the Fe-V 
system. This phase is apparently competitive with, but 
less stable than, the cr phase; however, the kinetics are 
such that  a '  can form before ~ at temperatures below 
700 ~ At room temperature,  the kinetics of a --> a '  and of 

--~ c~ are so slow that  c~ itself can be retained by quench- 
ing from temperatures above the stability limit of the a 
phase. This was recognized early [30Wev], and quenched 
specimens were utilized to obtain lattice parameters for 
the a phase across the complete composition range. In fact, 
the low-temperature kinetics of the a -* a transformation 
are so sluggish that  Dwight [59Dwi], in a survey of binary 
V systems for ~ phases, found only the bcc structure of 
the a phase with no ~ in the Fe-V system; his choice of 
X-radiation, Co Ka and Cu Ka,  would not distinguish a '  
from a. The kinetic studies of Bungardt and~Spyra [59Bun] 
showed that  above 700 ~ the a --> ~r transformation pro- 
ceeds directly, but below 700 ~ the a '  phase occurs as a 
metastable intermediate. 

A number of investigations [56Bec, 57Phi, 63Nev] showed 
tha t  initial quenching from above 1200 ~ to retain the a 
phase, followed by annealing for a few hours at 600 to 
625 ~ caused the appearance of the a '  phase. Specifically, 
with Cr Ka  radiation, the superlattice lines (100), (111), 
and (210) appeared after such heat  t reatment  and were 
superimposed over the regular h + k + l = 2n lines in the 
powder diffraction patterns.  The wavelength of Cr Ka  
radiation lies between the V and Fe absorption edges and 
makes possible the distinguishing of the V diffraction con- 
tribution from the Fe diffraction contribution. A neutron 
diffraction study [62Cha] of a 53.3 at.% V alloy, which was 
homogenized at 1250 ~ quenched, and then annealed for 
6 h at 600 ~ showed the atomic ordering to be -77% 
complete with 17.3% V and 82.7% Fe atoms on sites of 
type 1 and 89.3% V and 10.7% Fe atoms on sites of type 2. 
Dilatometry, thermal analyses, and microhardness data 
also corroborate a --> a '  ordering in the central portion of 
the Fe-V system [64Dai]. 

Zakharova and co-workers [57Zak, 58Zak, 59Zak], in a se- 
ries of papers, reported the existence of an fcc phase in the 
central portion of the system. They followed the procedure 
of quenching from above 1200 ~ and then annealing near 
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Table 1 Fe-V Crystal Structure Data 
Composition(a), Pearson Space 

Phase at.% V symbol group Prototype 

(aFe) or (V) 
or a . . . . . . . . . . .  0 to 100 cI2 Im3ra W 

(~Fe) or T . . . . . . .  1.01 cF4 Fm3m Cu 
. . . . . . . . . . . . . . .  29.6 to 60.1 tP30 P42/rnnm ~Cr-Fe 

Metastable phase 

a'. . . . . . . . . . . . . . .  50 cP2 Pm3m CsC1 

(a) From the phase diagram. 

Table 2 Fe-V Lattice Parameter Data 
Lattice p a r a m e t e r s  (a), 

Compos i t i on ,  n m  Refer- 
Phase at.% V a c ence 

(aFe) or (V) or a . . . . .  0 0.2866 ... (b) 
10 0.2877 ... 
20 0.2888 ... 
30 0.2898 ... 
40 0.2908 ... 
50 0.2920 ... 
60 0.2933 ... 
70 0.2949 ... 
80 0.2968 ... 
90 0.2994 ... 

100 0.3032 ... 
(~Fe) or T . . . . . . . . . . .  1.01 0.36543(c) ... [64Han] 

0.36631(d) ... 
0.36717(e) 

. . . . . . . . . . . . . . . . . . .  29.6 0.8865 0.46"05 [64Han] 
34 0.8866 0.4598 [59Stu] 
40.4 0.8915 0.4615 [64Han] 
49.9 0.8956 0.4627 [64Han] 
50.0 0.895 0.462 [52Marl 
52 0.8963 0.4629 [52Peal 
53 0.8978 0.4629 [59Stu] 
60.1 0.9015 0.4642 [64Han] 

a' (f) . . . . . . . . . . . . . . . .  50 0.2910 ... [57Phil 

(a) Data  from Hanneman  and Mariano [64Han] for a 1 at.% V alloy show 
lat t ice parameters  to have the following tempera ture  dependences: 

a phase: aT(nm) = 0.28661 + 4.297 x 10 -e T(~ 25 ~ <- T <- 925 ~ 
, /phase:  aT(rim) = 0.36016 + 8.75 • 10 -e T(~ 925 ~ <- T-<1375 ~ 

(b) Da ta  from Fig. 4. (c) At  1000 ~ (d) At  1100 ~ (e) At  
1200 ~ (f) Metastable phase. 

Fig. 4 Room-Temperature Lattice Parameters 
of the a Phase as a Function of Composit ion 
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600 ~ but  instead of a ' ,  they found two-phase alloys: 
a + /3, with /3 being the fcc phase. In view of the high 
carbon and silicon content of their  unalloyed V, and with 
no subsequent corroboration, it is most  likely tha t  their  fcc 
phase is not  a binary Fe-V phase, but  is an impuri ty effect. 

I t  was  noted earlier, under  the  section on Phase  Re- 
lationships, tha t  H a n n e m a n  et al. [64Han, 65Han] had 
studied the effects of pressure on the a --* T t ransformation 
and on a phase stability with pressures from ambient  to 
50 kbar. The study of the a -* T transformation made use 
of diffusion couples at  high temperatures  and high pres- 
sures with subsequent microprobe analyses. It  was estab- 
lished tha t  the T loop expanded with increasing pressure. 
The study of the a phase stabili ty made use of equili- 
brat ions at  various pressures and temperatures  followed 
by quenchings under pressure. X-ray powder pat terns at  
ambient  pressure were then used to determine the phases 
present  in the quenched specimens. It  was found tha t  both 
the temperature  range and composition range of stability 
of the a phase increased with increasing pressure. 

C r y s t a l l o g r a p h y  

a Solid Solution. The continuous solid solution, which 
extends across the Fe-V system at elevated temperatures,  
has the bcc structure for which Wis the prototype. (Crystal 
structure data  are given in Table 1.) Data  for the lattice 
parameters  [29Osa, 30Wev, 52Mar, 55Sut, 63Che, 64Han] 
are plotted as a function of composition in Fig. 4. The 
vhlues of Chessin et al. [63Che] and of Hanneman  and 
Mariano [64Han] were determined with superior preci- 
sion, and a smooth curve is drawn through their  experi- 
mental  points. Lattice parameter  values from this smooth 
curve for the a phase are listed in Table 2. All data in 
Fig. 4 show negative deviation from Vegard's rule, and 
this is consistent with indications of short-range order tha t  
have been found by Sedykh [78Sed] in a 25 at.% V alloy, 
by Mirebeau et al. [82Mir2] with alloys in the composition 
range  1 to 20 at.% V, and by Boksh te in  and Guglya  
[79Bok] in the composition range 2.5 to 10 at.% V. These 
s tudies  were done wi th  a combina t ion  of MSssbauer  
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Table 3 Atom Positions and Occupancy by Fe 
and V Atoms for the r Phase in Fe-V, with 
Space Group Symmetry P42/mnm 

N u m b e r  
Set Atom of  atoms 
No. set  Posi t ional  p a r a m e t e r s  Fe  V 

I . . . . . . . . . . . . . . .  2b Parameterless 1.7 0.3 
II . . . . . . . . . . . . . .  4f x = 0.103 0 4 
III . . . . . . . . . . . . .  8i x = 0.371; y = 0.037 1.5 6.5 
IV . . . . . . . . . . . . .  8i x = 0.566; y = 0.024 6.8 1.2 
V . . . . . . . . . . . . . .  8j x = 0.316; z = 0.250 2 6 

spectroscopy and neutron analysis [78Sed, 79Bok], and 
with nuclear magnetic resonance and neutron scattering 
[82Mir2]. 

Hanneman and Mariano [64Han] measured the lattice 
parameter  of a 1.01 at.% V alloy as a function of tem- 
perature. In the range between room temperature  and the 
bottom of the ~,loop, their  data are adequately described by 
the relationship: 

aT(rim) = 0.28661 + 4.297 • 10-ST (~ 

~/Phase. Hanneman and Mariano [64Han] measured the 
lattice parameter  of the fcc T phase in a 1.01 at.% alloy at 
temperatures of 1000, 1100, and 1200 ~ This phase has 
the fcc structure for which Cu is the prototype. Within the 
-/loop, the lattice parameters  of the 1.01 at.% alloy are 
adequately described by the relationship: 

aT(nm) = 0.36016 + 8.75 • 10 -6 T (~ 

Metastable a' Phase. Philip and Beck [57Phil quenched 
a nominally equiatomic alloy from 1250 ~ and, for the 
as-quenched a phase, found a lattice parameter of 
a = 0.2928 nm. After annealing at 625 ~ for 1 h, super- 
lattice lines were observed, and the lattice parameter of 
the ordered ~' phase was found to be a = 0.2910 nm. These 
lattice parameters indicate that  atomic ordering in the 
central portion of the system produces a volume con- 
traction of - 1.8%. 

Phase. Lattice parameters for the ~r phase in the Fe-V 
system are shown for a number of compositions in Table 2. 
This phase crystallizes with space group symmetry 
P42/mnm and has thirty atoms per unit cell distributed 
among five sets of crystallographically distinguishable 
sites. Kasper and Waterstrat [56Kas] used neutron dif- 
ti-action to determine the statistical occupancy by Fe 
and V atoms of the five different sets from an alloy with 
Xv = 0.60. The results are summarized in Table 3. 

Thermodynamics 
thermodynamics of Phase Formation. Six independent 
investigations of vapor pressures over Fe-V alloys were 
made with the Knudsen effusion method. Saxer [62Sax] 
used the weight loss technique with solid alloys across the 
composition range at temperatures  between 1289 and 
1451 ~ (1562 and 1724 K). Myles and Aldred [64Myl] 
used the torsion effusion technique with solid alloys across 
the composition range at temperatures between 1178 and 
1547 ~ (1451 and 1820 K). Weidner [71Wei], Furukawa 
and Kato [75Furl, Robinson and Argent [76Rob], and 
Kubaschewski et al. [77Kub] all used the mass spectro- 
metric technique. Weidner [71Well examined solid alloys 

in the composition range 0.10 --- Xv -< 0.25 and liquid al- 
loys in the composition range 0.295 -< Xv - 1 at  a tem- 
perature of 1600 ~ (1873 K); Furukawa and Kato [75Furl 
worked at the same temperature and at essentially the 
same compositions; Robinson and Argent [76Rob] exam- 
ined two solid alloys at Xv = 0.0508 and Xv = 0.0999 at  
1550 and 1650 ~ (1823 and 1923 K), and Kubaschewski 
et al. [77Kub] examined liquid alloys through the com- 
position range at 1920 ~ (2193 K). 

Fruehan [70Fru] used an emf technique with solid oxide 
electrolytes to determine the Gibbs energies of formation 
of liquid alloys in the composition range 0 -< Xv -< 0.40 at 
1600 ~ (1873 K). Ilyuschenko et al. [8lily] used an emf  
technique with liquid chloride and liquid bromide electro- 
lytes to measure the activities of solid alloys a t  com- 
positions of Xv = 0.8 and Xv = 0.9, and Balkovoi et al. 
[82Ball measured the activity of V in liquid alloys in the 
composition range 0 --- Xv -< 0.55. Ilyuschenko showed 
that  emf measurements on these alloys are complicated by 
the fact that  both V and Fe tend to change valence state. 

Evaluations of the enthalpies of alloy formation were 
made by adiabatic calorimetry by Spencer and Putland 
[73Spe] for the composition range 0.40 -< Xv -< 0.58 near  
1350 ~ (1623 K), and by Malinsky and Claisse [73Mall 
for an alloy with Xv = 0.48 at temperatures ranging from 
1000 to 1157 ~ (1237 to 1430 K). A calorimetric measure- 
ment of the partial molal enthalpy of solution of V in bcc 
Fe at infinite dilution was made a t  1600 ~ (1873 K) by 
Dyubanov [75Dyu]. Calorimetric measurements of the en- 
thalpies of liquid alloy formation were made by Batalin 
et al. [81Bat, 82Bat] forXv - 0.61 at  1657 ~ (1930 K) and 
by Iguchi et al. [82Igu] at 1600 ~ (1873 K). 

Enthalpies and entropies of alloy formation from the vapor 
pressure and emf measurements show appreciable scatter, 
with values at some compositions differing by order of 
magnitude and even by sign. In contrast, the calorimetric 
data of Spencer [73Spe] and of Malinsky and Claisse 
[73Mall are in good accord. This agrees with the widely 
accepted view that  calorimetric heats are normally to be 
preferred to heats obtained by second law evaluations. 
Among the Gibbs energy data, the data of Kubaschewski 
et al. [77Kub] are preferred because: 

�9 Measurements were extended to very low concentra- 
tions of Fe and of V within the same phase field 

�9 Measurements were made at temperatures high enough 
to obviate kinetic inhibition of equilibrium 

�9 Vapor pressures at the higher temperatures were higher 
and thus could be measured with better precision 

These considerations, when combined with the fact that  
the enthalpy measu remen t s  of Batal in  et al. [81Bat, 
82Bat] and of Iguchi et al. [82Igu] were not yet available, 
make quite reasonable the selection of the enthalpy data 
of Spencer and Putland [73Spe], and the Gibbs energy data 
of Kubaschewski et al. [77Kub], by Hack et al. [79Hac], 
and by Andersson [83And], as the bases for the develop- 
ment of self-consistent sets of thermodynamic functions 
for calculating the phase equilibria in the system. 

Hack et al. [79Hac] developed expressions for the  en- 
thalpies and excess entropies of alloy formation in t h e  
form: 

A/-/' or sAS ~ = XvXFe Z,a,(Xv - XF,) ~ 
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Table 4 Coefficients for the Expression [79Hac] 
A/# or EAS' = XvXr~ Z a.(Xv - X~.)" 
in units of J/mol Fe,_xV, for AH ~ and J/K mol Fe~_xVx for EASJ 

Coefficients 
( ~ l l a ~ l ~ t y  a 0 a I a 2 ~13 a 4 

AH". . . . . . . . . . . . . . . . . . . . . . .  - 2 2 8 5 3 . 0  
A H " .  . . . . . . . . . . . . . . . . . . . . . .  - 5 6 5 0 4 . 9  
A H  L . . . . . . . . . . . . . . . . . . . . . . .  - 2 2 8 5 3 . 0  

zh8~ . . . . . . . . . . . . . . . . . . . . . .  - 6 . 5 8 0 1 8  
zhS~. . . . . . . . . . . . . . . . . . . . . .  - 1 4 . 7 8 4 8  
E A s L  . . . . . . . . . . . . . . . . . . . . . .  - - 2 . 4 4 5 5 5  

- 6 7 1 5 . 3 2  - 1 2 2 1 . 3 1  . . . . . .  
- 6 7 1 5 . 3 2  - 1 2 2 1 . 3 1  . . . . . .  
- 6 7 1 5 . 3 2  - 1 2 2 1 . 3 1  . . . . . .  

3 . 9 0 8 1 3  3 . 8 0 5 4 0  - 2 . 1 7 9 8 5  - 2 . 4 6 8 4 0  
3 . 9 0 8 1 3  3 . 8 0 5 4 0  - 2 . 1 7 9 8 5  - 2 . 4 6 8 4 0  
3 . 9 9 7 0 3  3 . 0 2 0 3 8  - 2 . 8 8 0 9 1  - 3 . 0 6 4 0 7  

for the generalized reaction: 

(1 - x)Fe i + xV i --~ (Fel-=V=y 

where i designates the a, or, or L phase. Coefficients for the 
enthalpies and excess entropies for the three reactions are 
listed in Table 4. The a /L  and a / a  phase boundaries were 
calculated by combining these functions with the lattice 
stability relations: 

Fe(a,8) ~ Fe(L): A G ~  r" = 1.38072 x 104 

- 7.63162 T 

V(a)--~ V(L): AGS~ L= 1.82422 • 104 

- 8.36800 T 

Fe(a, 8) --* Fe(~): A G ~  ~ = 4.60328 • 103 

+ 0.22589 T 

V(a) --* V(o~): AG~ ~ = 5.94965 • 10 a + 0.15604 T 

where the numerical values for the fusion reactions have 
been taken from Kaufman and Bernstein [70Kau] and the 
values for the hypothetical a --* ~ transformations from 
Bernard [79Ber]. Use of al ternative expressions such as 
those of Hayes and Kubitz [79Hay] for the a -* or trans- 
formations of pure Fe and pure V should not significantly 
modify the calculated results. 

Hack et al. [79Hac] did not develop relationships for de- 
scribing the a /T  phase equilibria, because Hack's formu- 
lation of the Gibbs energies of phase formation neglected 
magnetic contributions. Recently, Andersson [83And], 
starting with essentially the same thermodynamic input 
as Hack et al., added expressions for the magnetic con- 
tributions to the Gibbs energies of phase formation and 
recalculated the entire diagram with fewer adjustable pa- 
rameters .  He used a three-sublat t ice model for the or 
phase. The details of his calculation are too involved for 
inclusion in the present review, but it may be noted that  
Lhe compositions associated with the a / L  and V-rich side 
of the a/cr equilibria are not much affected by introduction 
of the magnetic energy. However, addition of the magnetic 
energy causes the compositions associated with the a/o~ 
equilibria on the Fe-rich side to have a significantly differ- 
ent temperature trend; Andersson's boundaries for the a / q  
equilibria are shown by dashed lines in Fig. 3. The intro- 
duction of the magnetic energy also allows calculation of 
the boundaries for the a/'y equilibria, and Andersson's 
results are reproduced in Fig. 5. Inden and Bfith's [83But] 
evaluation of the entire system takes  into account both 
chemical and magnetic ordering; however, Bfith's com- 
plete thesis is not yet available to this reviewer, so that  
explicit analytical expressions for the Gibbs energy func- 
tions are not given here. 

Fig. 5 Comparison of the Calculated vs Experi- 
mental Phase Boundaries for the a/~, Equilibria 
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- A n d e r s s o n  [83And] ;  [ ]  ---- F i scher  et al. [70Fis ] ;  
G =- Kirchner and Gemmel  [70Kir]. J.F. Smith, 1984. 

Hanneman et al. [65Han] calculated the a /T  equilibria as 
a function of pressure. For tractability, they introduced a 
number of simplifying, but reasonable, assumptions. The 
reader is referred to the original publication for details. 
They used four items of empirical information as input. 
Two of these items were from ambient pressure data. The 
first consists of the temperature dependence of the ambi- 
ent pressure values for X~ and X~ which are the com- 
positions at the termini of the a and T phase fields; these 
values were taken from the ambient pressure diagram. 
The second item was the volume change associated with 
the a.--* ~ transformation of pure Fe as a function of tem- 
perature  from the lattice parameter  data  of Basinski 
[Pearson 1]. For the third item, Hanneman et al. [65Han] 
took the formulation of Kaufman et al. [63Kau] for the 
pressure and temperature dependence of the Gibbs energy 
change associated with the a --* ~/transformation. For the 
fourth item, the mean volume variation of the a and 
phases as a function of composition was evaluated as 
0.6 cmS/unit mole fraction from high-temperature X-ray 
measurements of Hanneman and Mariano [64Han]. With 
these data as input for the calculation, agreement between 
calculated and experimental points for X~ and X~ was 
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b e t t e r  t h a n  0.005 for  a l l  e x p e r i m e n t a l  p o i n t s  a t  t h e  20, 40, 
a n d  50 k b a r  p r e s s u r e s  of  m e a s u r e m e n t .  

High-Temperature Heat Capacities. H e a t  c a p a c i t y  d a t a  for 
t h e  r e g i m e  above  r o o m  t e m p e r a t u r e  h a v e  b e e n  a c c u m u -  
l a t e d  f rom a d i a b a t i c  c a l o r i m e t r y  [67Sch,  73Spe ,  73Mal ,  
76Nor ]  a n d  f r o m  h e a t  c o n t e n t  m e a s u r e m e n t s  [ 65Rap ,  
67Sch,  73Ore] .  V a l u e s  a r e  c o m p a r e d  in  T a b l e  5, a n d  in  
m o s t  i n s t a n c e s ,  t h e  o r i g i n a l  d a t a  w e r e  p r e s e n t e d  i n  g r a p h -  
ical  fo rm a n d  could  be  r e a d  w i t h  on ly  l i m i t e d  p rec i s ion ,  

-+0.3 to -+0.4 J / K . m o l  Fel-xVx.  I t  m a y  be  n o t e d  t h a t  a t  
r oom t e m p e r a t u r e  t h e  h e a t  c apac i t y  is e s s e n t i a l l y  inde -  
p e n d e n t  of compos i t i on ,  b u t  a t  e l e v a t e d  t e m p e r a t u r e  t h e  
m a g n e t i c  d i s o r d e r i n g  a n d  t h e  p h a s e  t r a n s i t i o n s  p r o d u c e  
s y s t e m a t i c  d r i f t s  w i t h  compos i t i on .  A s u m m a r y  of  t h e r m o -  
d y n a m i c  d a t a  for  t h e  v a r i o u s  t r a n s i t i o n s  is  s h o w n  in  
Tab le  6. 

Low-Temperature Heat Capacities. N i t i k i n  et al. [66Ni t ]  
found  t h a t  n u c l e a r  h y p e r f i n e  c o n t r i b u t i o n s  f rom V 51 n u c l e i  
a r e  s u b s t a n t i a l  i n  t h e  v e r y - l o w - t e m p e r a t u r e  r a n g e ,  
0 .03 K -< T -< 0.15 K,  i n  F e - r i c h  f e r r o m a g n e t i c  a l l o y s  
w i t h  X v  = 0 .044 a n d  X v  = 0.138. B r e w e r  et al. [64Bre]  
also f o u n d  s u c h  a c o n t r i b u t i o n  i n  a n  a l loy  w i t h  X = 0.10 

f rom m e a s u r e m e n t s  i n  t h e  t e m p e r a t u r e  r a n g e  0.4 K - <  
T -< 7 K,  b u t  t h e  r e l a t i v e  m a g n i t u d e  of  t h e  c o n t r i b u t i o n  
w i t h  r e s p e c t  to  t h e  l a t t i c e  a n d  e l e c t r o n i c  c o n t r i b u t i o n s  de-  
c r ea sed  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  a n d  a b o v e  1 K, o n l y  
t he  T a n d  T 3 t e r m s  w e r e  f o u n d  m e a n i n g f u l .  T h e  i n s ign i f -  
i cance  of  t h e  n u c l e a r  h y p e r i i n e  c o n t r i b u t i o n  a t  t e m p e r a -  
t u r e s  m u c h  a b o v e  1 K is c o r r o b o r a t e d  b y  t h e  a t t e m p t  b y  
Wei et al. [61Wei]  to  r e so lve  s u c h  a c o n t r i b u t i o n  f rom t h e  
h e a t  c a p a c i t y  m e a s u r e m e n t s  of  C h e n g  et al. [60Che]  on  a n  
a l loy w i t h  X v  = 0.33 a t  t e m p e r a t u r e s  b e t w e e n  1.4 a n d  
4.2 K;  m e a n i n g f u l  r e s o l u t i o n  w a s  m a s k e d  by  t h e  exper i -  
m e n t a l  u n c e r t a i n t y  i n  t h e  d a t a .  

A n  e x t e n s i v e  se t  of  l o w - t e m p e r a t u r e  h e a t  c a p a c i t i e s  w a s  
m e a s u r e d  b y  C h e n g  et al. [60Che]  a t  t e m p e r a t u r e s  be-  
t w e e n  1.4 a n d  4.2 K a n d  a t  c o m p o s i t i o n s  t h r o u g h  t h e  
r a n g e  0.33 - X v  -< 0.92. T h e y  f o u n d  t h a t  d a t a  for  a l loys  
w i t h  c o m p o s i t i o n s  0 .33  - X v  - 0 .66  a n d  0 .80  --< X v  -< 
0.92 could  b e  a d e q u a t e l y  f i t  b y  e q u a t i o n s  of t h e  type:  

C = T T  + f iT  3 

w h e r e  t h e  l i n e a r  t e r m  is t h e  e l e c t r o n i c  c o n t r i b u t i o n ,  a n d  
t h e  cub ic  t e r m  is t h e  l a t t i c e  c o n t r i b u t i o n .  Howeve r ,  for  
a l loys  i n  t h e  r a n g e  0.69 -< X v  -< 0.78,  a n  a d d i t i o n a l  t e m -  

Table 5 Experimental Values for the Heat Capacities of Fe-V Alloys 

Tempera ture ,  0 
K (a) 

Heat  capacity,  J / K .  tool Fe]_~Vx 
Composition, at.% V 

0.52 1.15 2.18 14 16.5 30 48 49 50 73 85 87.6 92 
[76Nor] [76Nor] [76Nor] [73Ore] [65Rap] [73Ore] [73Mall [65Rap] [73Spe] [67Sch] [67Sch] [65Rap] [67Sch] 

298 . . . . . . . . . . . . . . . . . . . .  24.98 . . . . . . . . . . . .  25.0 . . . . . .  24.9 ... 25.1(b) 24.7 24.9 25.9 
400 . . . . . . . . . . . . . . . . . . . .  27.36 . . . . . . . . . . . . .  26.0 . . . . . .  25.6 ... 27.0(b) 26.2 25.6 26.9 
500 . . . . . . . . . . . . . . . . . . . .  29.71 . . . . . . . . . . . .  27.4 . . . . . .  26.5 "" 28.3(b) 27.4 26.4 28.1 
600 . . . . . . . . . . . . . . . . . . . .  32.05 . . . . . . . . .  30.5 29.0 28.1(b) "" 27.2 ... 30.7(b) 28.8 27.4 29.3 
700 . . . . . . . . . . . . . . . . . . . .  34.60 35.4 34.6 35.3 33.2 32.0 31.8(b) ..- 28.4 - ' .  32.3 29.9 28.5 30.5 
800 . . . . . . . . . . . . . . . . . . . .  37.95 38.1 36.6 37.2 36.9 36.5 36.2(b) ..- 30.0 "" 33.0 29.4 29.5 30.7 

�9 " 31.9 "" 33.5 30.2 31.1 32.1 
�9 .. 34.3 "" 37.8 31.3 32.3 33.6 

900 . . . . . . . . . . . . . . . . . . . .  43.10 43.4 42.4 38.6 41.5 42.8 4 6 . 2 ~  
1000 . . . . . . . . . . . . . . . . . . . .  54.43 54.9 52.0 49.5 48.9 51.3 ~'42.--8 

- - -  - - T o - -  . . . . . . . .  T o -  . . . . .  
1100 . . . . . . . . . . . . . . . . . . . .  46.40 45.7 43.4 42.9 56.5 58.7 36.3 I 32.0 36.7 "" 

1200 . . . . . . . . . . . . . . . . . . . .  34.02 !_40.6  36.8 35.2 38.5 38.7 33.4 I 32.7 38.5 "" 
1300 . . . . . . . . . . . . . . . . . . . .  34.85 36.5{._36.._0(b) 33.9 35.1 38.2 33.1 I 33.5 40.8 34.0 
1400 . . . . . . . . . . . . . . . . . . . .  35.69 36.6 36.5 ] 34.5 33.5 39.3 "'" I 34.2 43.6 36.4 

I " - - - - a ( - ~ - a  
1500 . . . . . . . . . . . . . . . . . . . .  36.53 37.4 36.5 I 36.1 "'" 39.6 "'" 36.0 41.4 30.1 
1600 . . . . . . . . . . . . . . . . . . . .  37.36 37.6 [. 37.4(b) . . . . . . . . . . . .  38.6 -.. 36.1 

- - - - a  ~ T - - I  
1700 . . . . . . . . . . . . . . . . . . . .  41.46 . . . . . . . . . . . . . . .  

37.7 32.3 33.8 35.0 

39.8 33.4 35.4 36.5 
42.0 34.5 38.5 37.9 

�9 ~ 1 7 6  . ,  . . . . . . .  

e S m  

. ~ 1 7 6  

o . .  

(a) [Hultgren, Binary]. (b) Values may be applicable to two-phase material or to a metastable phase. 

Table 6 Transition Data with Enthalpies in J/mol Fel-xYx and Entropies and Heat Capacities 
in J/K. mol Fel_xVx 

Curie 
Composition, temperature Transitions 

at.% V (To), K CI,(Tc ) HM~ ~ g  ~ / / ~ r  A S ~  h H ~ =  ASr ~= h H ~ =  A ~  ,~= Reference 

0.52 . . . . . . . . . . . . . . . . . . . .  1046 85.8 6330 7.90 681 0.55 753 0.49 . . . . . .  [76Nor] 
1.15 . . . . . . . . . . . . . . . . . . . .  1054 77.5 6060 7.56 . . . . . . . . . . . . . . . . . .  [76Nor] 
2.18 . . . . . . . . . . . . . . . . . . . .  1063 69.2 5700 7.68 . . . . . . . . . . . . . . . . . .  [76Nor] 

14 . . . . . . . . . . . . . . . . . . . . . .  1096 72.5 . . . . . . . . . . . . . . . . . . . . . . . .  [73Ore] 
16.5 . . . . . . . . . . . . . . . . . . . . .  1110 59.4 . . . . . . . . . . . . . . . . . . . . . . . .  [65Rap] 
30 . . . . . . . . . . . . . . . . . . . . . .  997 58.9 . . . . . . . . . . . . . . . . . . . . . . . .  [73Ore] 
40 . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . .  3011 2.13 [73Spe] 
48 . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . .  3155 2.21 [73Spe] 
48 . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . .  3230 2.23 [73Mall 
50 . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . .  3130 2.19 [73Spe] 
58 . . . . . . . . . . . . . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . .  2156 1.59 [73Spe] 
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Table 7 Parameters for Low-Temperature Heat Capacity Data for Fel-xVx in the Form 

C = aT  + p'P + -[exp(#~-J--~ - 1 exp(aE/T) for Temperatures above I K 

P h a s e  Temperature  
Composit ion,  ~, g 8 0E range,  

at.% V ( m J / m o l -  K ~) (mJ/mol .  K 4) ( m J / m o l .  K) (K) K Reference  

10 . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .38  
33 . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .61  
55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 .48  
66  . . . .  . . . . . . . . . . . . . . . . . . . . . . .  6 .99  
68  . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 .66  
70 . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.12 
74 . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .30  
80  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .83  
80  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 .93  
85 . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 .11  
85  . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 .19  
90  . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 .35  
92 . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 .74  
95 . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 .66  

100 . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 .47  

0.0294 0 ... 2 to 7 [64Bre] 
0.0384 0 "" 1.4 to 4.2 [60Che] 
0.0196 0 "" 1.4 to 4.2 [60Che] 
0.0363 0 ... 1.4 to 4.2 [60Che] 
0.0156 3.97 5.55 1.5 to 16 [79Ohl] 
0.0114 10.15 3.84 1.5 to 16 [79Ohl] 
0.0177 4.7 0.002 1.5 to 16 [79Ohl] 
0.0276 0 -.. 1.5 to 16 [790hl] 
0.0147 0 "" 1.4 to 4.2 [60Che] 
0.0318 0 ... 1.5 to 16 [79Ohl] 
0.0166 0 "" 1.4 to 4.2 [60Che] 
0.0290 0 ... 1.5 to 16 [79Ohl] 
0.0279 0 "" 1.4 to 4.2 [60Che] 
0.0381 0 ... 1.5 to 16 [79Ohl] 
0.0427 0 "" 1.5 to 16 [79Ohl] 

p e r a t u r e  dependence was evident .  This  addi t ional  con- 
t r ibu t ion  was in te rpre ted  by Schr6der  [61Sch] as being due 
to t h e r m a l  oscil lat ions of magne t ic  c lus ters  with g ian t  mo- 
ments .  This  in te rp re ta t ion  has  been accepted and is consis- 
t en t  wi th  subsequent  data.  Scurlock and Wray  [63Scu] 
found the  magne t ic  cluster  contr ibut ion  to occur in the  
composit ion range  0.68 < Xv < 0.78, and  Ohlendor fe t  al. 
[79Ohl] found 0.66-< X v -  0.78. The t e m p e r a t u r e  de- 
pendence of the  cluster  contr ibut ion  has  been adequate ly  
represen ted  by E ins te in ian  functions,  so t ha t  the  hea t  ca- 
paci ty  da t a  can be represented  by: 

~[ OE/T exp( OE/T) 
C =  ~T + flT 3+ [exp (OE/T) -  1 

where  8 is proport ional  to the  number  of clusters  per  mole 
of meta l .  Values  for the pa r ame te r s  a t  r epresen ta t ive  com- 
posi t ions are  given in Table 7, wi th  the  mole refer r ing  to 
the  formula  Fel-xVx and with the  da t a  for pure V refer r ing  
to the  normal  state.  
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The Fe-N-V (Iron-Nitrogen-Vanadium) System 
55.847 14.0067 50.9415 

By V. Raghavan 
Indian Institute of Technology-Delhi 

Most of the published data concern the solubility of N in 
Fe-rich Fe-V alloys in the liquid state, in austenite, and in 
ferrite. Only [78Els] presented two isothermal sections 
covering the entire composition range. The data starting 
with the work of [78Els] are discussed below in separate 
sections, including, in each instance, the experimental 
techniques used. 

Binary Systems 
The Fe-rich end of the Fe-N phase diagram has been deter- 
mined at temperatures below 700 ~ and at very high 
pressures, corresponding to the dissociation of NH3. Three 
intermediate phases, T', Fe4N, (fcc: 19.4 to 20.6 at.% or 
5.7 to 6.1 wt.% N), e (cph: 23.9 to 33.2 at.% or 7.3 to 
11.1 wt.% N) and ~, Fe2N, (orthorhombic: 33.2 to 33.7 at.% 
or 11.1 to 11.3 wt.% N), are known in this range [48Jac]. 
Two eutectoid reactions occur [79Agr]: 

e ~ T +  T' at 650~ and 15.97at .%(4.55wt.%)N 

and 

T ~ a +  T' at 592~ and 8.97at.% (2.41wt.%)N 

Fe-V alloys [84Smi] solidify as a continuous series of solid 
solutions, with an azeotropic minimum at 1468 ~ and 
31.0 at.% (29.1 wt.%) V. At lower temperatures, a closed 
gamma loop forms with the upper limit of the two-phase 
field at 2.0 at.% (1.83 wt.%) V. An intermediate phase, or, 
centered around the composition FeV, has a congruent 
formation temperature of 1219 ~ 

In the N-V system [49Hah, 64Bra], two compounds (V2-3N 
and VN) form, with a fairly wide homogeneity range. This 
phase diagram has not been determined in detail. 

Binary Compounds 
In the phase diagrams presented here, the iron nitride 
phases  do not  appear. For more details on these, see 
[48Jac]. The ~ phase in the Fe-V system is isostrnctural 
with the oCrFe phase, with 30 atoms in the tetragonal cell 
(see Table 1). VN has the NaC1 cubic structure, often defi- 
cient in N. V2-sN has a composition range that extends 
from the formula VsN to V2N. It forms the interstitial-type 
cph structure; lattice parameters are listed in Table 1. 

Metastable, transition V-N compounds, formed by low- 
temperature aging of quenched alloys with 0 to 10 at.% N, 
were reported by [71Hen, 74Pot]. These are not listed in 
Table 1. No ternary compounds were found by [78Els]. 

Isothermal Sections 
[78Els] used X-ray methods, metallography, and micro- 
probe analysis to construct the isothermal sections at 1100 
and 1200 ~ They reported that their results correspond to 
a pressure of -10  -9 MPa of N2. Under such low pressures, 
the V-N compounds shown in their isothermal sections are 
expected to dissociate [64Bra]. Some contamination by 
oxygen was also reported by [78Els]. In view of these and 
the absence of corroborative data by others, the results of 
[78Els] may be considered tentative. Figure 1 shows their 
isothermal section at 1100 ~ redrawn to agree with the 
Fe-V binary data of [84Smi]. The inset shows schemati- 
cally the nominal solubility along the binary axes. The 
congruent formation temperature of the ~ phase was given 
as 1135 -+ 20 ~ by [78Els]. The value from the accepted 
Fe-V binary diagram [84Smi] is considerably higher, 
1219 ~ Thus, the a phase should appear also in the iso- 
thermal section at 1200 ~ even though this section 
presented by [78Els] does not show the ~ phase. [78Els] 
also reported a eutectic reaction in the quasibinary Fe-VN 
section at 1500 -+ 20 ~ at 1 bar of N2 pressure. 

Solubility of N in Liquid Alloys 
The solubility of N in liquid Fe-V alloys was determined by 
the Sieverts' method [29Sie] by [58Kas, 60Peh, 61Rao, 
62Korl, 63Kor, 63Tay, 65Eva, 81Sch, 81Wad]. An inherent 
error here is the vaporization and the subsequent conden- 
sation of the metal in the reaction chamber. This error was 
minimized by [60Peh, 63Tay] by avoiding low total pres- 
sures over the melt through partial evacuation of the 
insoluble gas in the reaction chamber and by using the 
minimum time required for equilibrium. The approach to 
equil ibr ium was checked by [58Kas, 60Peh, 63Tay, 
81Wad] from both directions by rais ing or lowering 
pressure (or temperature). In the sampling method, the 
melt is allowed to reach equilibrium with the gas and 
then a sample is withdrawn, quenched, and analyzed for 
N [40Bri, 60Mae, 82Ish]. Levitation melting followed 
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