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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes afly warranty, express of implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, of usefulness of any infermation, apparatus, product, or
provess disclosad, or represents that its use would not infringe privately owned rights. Refer-
ence herein 1o any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state of reflect those of the

United States GGovernment or any agency thereof.

gt Las ee
ot the LS
|

- "This work supported by the U. S. Department of Energy ,
AR |
Ca_ 00

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED

Ay

I " . ! " oo - E :
utt Ve e S



vl

Thermodynamic Analysis of Phase Equilibria in the Iron~Zirconium System®
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1. Introduction

An advanced reactor that employs a U-Pu-~Zr alloy fuel is being developed. The poten-
tial advantages of this reactor are (1) a high degree of passive safety, resulting from use of
the metallic fuel with a sodium coolant and (2) competitive economics, resulting from low
costs for reactor construction and fuel recycle Because the alloy fuel will be clad in stainless
steel, there is particular interest in phase diagrams of fuel and stainless steel components,
particularly iron. In previous work, we presented our assessments of the U-Zr [1], Fe-U (2],
and Pu-U (3] phase diagrams and this,effort is continued here with our assessment of the

Fe-Zr system.

Massalski [4] presented the Fe-Zr diagram shown in Fig. 1, which was derived by Arias
and Abriata [5]. Kubaschewski [6] gave a somewhat different Fe-Zr diagram shown in Fig. 2.
We undertook a thermodynamic study of this system because of its complexity and the

apparent uncertainties in some of the phase relations
2. Calculational Method

The general methods used in our analysis have been discussed previously {1-3] and will
only be summarized here. The calculations are performed with programs of the F*A*C*T
(Facility for the Analysis of Chemical Thermodynamics) computer system based in Montreal
[7,8) and involve determining equations for the Gibbs energy of all phases existing in a

system as functions of temperature and comnposition. A least squares optimization of all

*This work supported by the U. S. Department of Energy
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available thermo‘dynamic’ data provides a self-consistent polynomial power series for the
thermodynamic properties. Binary phase diagrams are derived from the thermodynamic
properties of the phases by calculating the lowest common tangents to the Gibbs energy-
composition curves, This procedure ensures thermodynamic consistency of the resulting
phase diagram and provides a powerful means for assessing conflicting data.
3. Thermodynamic Calculations
3.1. Free Energies of Pure Zr and Fe

The Gibbs energies of transition for pure Fe and Zr were required in this analysis. The
equations for the Gibbs energy of transition AG°(transition), of iron were taken from the
JANAF tables (9] and are the same as used previotsly in our analysis of the Fe-U system
[2). As before we have neglected magnetic transitions. Iron has three ;Hotropes: a, §, and
4. The a and § forms have a body-centered cubic (bee) structure while the 4 form is face-
centered cubic (fcc). The equations for Gibbs energies of transition are given below, where

the subscript £ represents liquid:

AG®(Fe,a — v) = 900. — 0.761T (1)
AG°(Fe,y — &) = 836.8 — 0.502T (2)
AGP(Fe,§ — ) = 13807 — 7.632T (3)

Here AG®(transition), is in joules/mole, and T is in Kelvin.

The equations for the Gibbs energies of transition of zirconium used in the present work
are the same as those used earlier [1] and were taken from the compilation of Hultgren [10].
There are two allotropes of solid zirconium: hexagonal Zr(a) and bec Zr(8). The equations

for Gibbs energies of transition are

AG°(Zr,a — B) = 7273.5 — 27.008T + 2.929TIn T (4)
AG®(Zr,B — &) = 9656.7 + 68.927T + 23.012 x 107*T? - 10.234TIn T (5)

3.2. Properties of the liquid phase
In optimizing the properties of the liquid, we chose one peint on the iron-liquidus

curve, namely, the eutectic point at 8.8 at.% Zr and 1335°C from Fig. 2. The eutectic

)
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given in Fig. 1, 9.8 at.% Zr and 1337°C, is within expected uncertainties. One point on the
zirconium-liquidus curve was also chosen, namely the eutectic point from Fig. 1 (76 at.% Zr
and 928°C) in equilibrium with solid Zr(3) with an activity (a[zjr) of 0.94. Figure 2 gives the
eutectic at the same composition but 947°C. We have accepted the judgment of Abriata and
Arias on this point. From these two eutectics the liquidus was optimized as a sub-regular

solution with excess entropy (s¥) and excess enthalpy (h%) given by:
s£(8) =0 (6)

hB(2) = XpeXz,(—66984 — 20050z, ) (7)

L4

where X indicates the atom fraction of the subscripted element.

Sudavtsova et al. [11) used solution calorimetry to measure h® for Fe-rich solutions.
At Xz, = 0.4 they report h® ~ —23 kJ/mol, whereas Equation 7 yields ~19 kJ/mol,
in reasonable agreement with the calorimetry. From mass spectrometry measurements
Wagner and St. Pierre [12] determined h® for the similar liquid Fe-Ti alloys and found

hE = —~40585Xp. XTi J/mol and sE~o0. Equations 6 and 7 are thus quite reasonable,
3.3. Solubility of Zr in Fe(6)

Figure 1 shows 4.5 at.% solubility of Zr in Fe(6) at 1357°C, while Fig. 2 shows less
than 1 at.% solubility at 1355°C. By assuming negligible solubility of Zr in Fe(y), we can
calculate the transformation point depression using Eq. 2 and Raoult’s Law. The depression
was calculated as 39°C corresponding to a solubility of 0.15 at.%, in support of Fig. 2.

3.4. Solubility of Fe in Zr

Both Figs. 1 and 2 indicate negligible solubility of Fe in Zr(a). In the present analysis
zero solubility was assumed. Figure 1 gives a transformation point depression to 730°C at 4.0
at.% Fe, while Fig. 2 shows a depression to 795°C at 3.55 at.% Fe . The former requires fairly
large positive deviations from ideality in Zr(3), and the latter requires fairly large negative

deviations In the present analysis, we assumed that Zr(8) is a Henrian solution (i.e., the
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activity of Zr was ideal). Kubaschewski’s eutectoid temperature of 795°C [6) was retained.
The calculated eutectoid composition is 97.3 at.% Zr, which is within the experimental error
limits.
3.5. Fe(§) and Zr(3) Henrian Solutions

If we calculate the Henrian activity coefficient of Zr in Fe(8) to reproduce the catatectic
temperature of 1355°C and the Henrian activity coefficient of Fe in Zr(B) to reproduce the
solidus at 94 at.% Zr and 928°C then

RT In vz, [Fe(6)] = —19514 + 8.0T (8)

RT In v [Zr(B)] = —42677 + 8.0T (9)

These activity coefficients are with respect to pure liquid Zr and Fe as standard states. The
entropic terms used in deriving Eqs. 8 and 9 were set equal to 8.0 J/(mol-K), because this
value is close to the average entropy of fusion of most metals.

4. Phase Equilibria Calculated for Intermetallic Compounds

4.1. FeyZr .

As reported by Arias and Abriata [5], the enthalpy of formation of FezZr from the solid
elements has been measured calorimetrically as —29.7 kJ/mol of atoms at 1487°C (13] and
as —24.7 kJ/mol of atoms at 750°C [14]. Within the error limits of the measurements, the
enthalpy of formation may be assumed to be independent of temperature. We take the more
recent value [13] and change it to the liquid standard state with Egs. 3 and 5. The calculated
enthalpy of formation from the liquid elements is —46.4 kJ/mol of atoms. The melting point
of 1675°C permits the Gibbs energy of formation at this temperature to be calculated. The
result in joules per mole of atoms for the reaction 2/3Fe(l) + 1/3Zr(2) = 1/3FeqZr(s) is:

AG® = 46442 + 9.8T (10)

The magnitude of the entropy used in Eq. 10 is reasonable for an entropy of fusion. The non-

stoichiometry of Fe;Zr is shown in Fig. 2 as extending from 29 to 36 at.% Zr at temperatures
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near 1450°C. In Fig. 1, the range of stoichiometry for Fe;Zr is based upon the work of
Svechnikov et al. [15] (27.7 to 34.3 at.% Zr at 1450°C). However, Aubertin et al. [16]
measured nearly the same range of stoichiometry (27.1 to 34 at.% Zr) in samples quenched
from 700°C. It is unlikely that the range of stoichiometry should remain so constant with
temperature. Past experience and thermodynamics indicate that the range should narrow
with decreasing temperature. Aubertin et al. [16] support a stoichiometry range from 27 to
34 at.the range of homogeneity at 1482°C is from 27.6 to 33.3 at.% Zr. That is, it is assumed
that Zr is insoluble in FeqZr.

The Fe;Zr phase was modeled with a general defect model recently developed for non-
stoichiometric phases [17]. The parameters of this model are the energies of formation of the
majority point defects on either side of the stoichiometric composition. .The exact nature of
the defects need not be specified. If the energy of formation is very large, then the range
of stoichiometry on that side of the stoichiometric composition is very narrow. The smaller
the energy of formation of a defect, the wider the range of stoichiometry. The present

optimization uses the following Gibbs energies of formation of defects on the Fe-rich and

Zr-rich sides (AG) and AG; respectively, in J/mol):
AG, = 147591 — 20.9T (11)

AG3 = 251040 (12)

This yields a range of stoichiometry from 27.6 to 33.3 at.% Zr at 1482°C, as shown in Fig. 3.
(Effectively, AGz is extremely large.) A small temperature dependence was included in
Eq. 11. Without this term the calculated range of stoichiometry widens to slightly below 25
at.% Zr near 1300°C, thereby swamping the Fe3Zr phase before narrowing again at lower
temperatures. (However, see discussion of the Fe3Zr phase.)

The calculated liquidus composition at 1482°C is 14.] at.% Zr, as shown in Fig. 3.
This is in excellent agreement with the value of 13.7 at.% shown in Figs. 1 and 2. In

this composition region, the liquidus is quite accurately known [5,6]. This good agreement



supports the optimization of the properties of the liquid and the Fe;Zr phase as given in
Eqgs. 6, 7, and 10-12. On the Zr-side, the liquidus of Fe3Zr is not well known. The liquidus
shown in Fig. 1 [5] was taken from Ref. 15 and that in Fig. 2 [6] is based upon estimates by
Rhines and Gould [18]. The calculated liquidus in Fig. 3 descends somewhat more steeply.
At 1100°C, for example, the calculated liquidus composition is 62 at.% Zr, whereas in Fig. 2
this composition is 66.5 at.% Zr. Basically, the rate of decrease of the liquidus temperature
with composition on either side of the stoichiometric Fe;Zr composition is determined by
the same enthalpy of formation given in Eq. 10. The liquidus cannot descend more steeply
on one side than the other. Furthermore, the liquidus on the Fe-rich side is in excellent
agreement with the calorimetrically measured enthalpy of formation, Eq. 9. The less steep
liquidus of Figs. 1 and 2 could be reproduced by postulating a wide'stoichiometry range
of FezZr extending to about 40 at.% Zr at 1100°C. This, however, is contrary to reported
measurements. By introduction of more enthalpic and/or entropic terms for the excess Gibbs
energy of the liquid in Eqs. 6 and 7 it might also be possible to force a fit, but this is felt to
be unjustified. Note that the calculated liquidus, Fig. 3, does not contradict any measured
points. Because the liquidus in this region in Figs. 1 and 2 is based only upon estimates, we
conclude that the calculated steeper liquidus in Fig. 3 is probably correct. This is an area
in which more measurements would be useful.

4.2. FeZry and FeZr;

The FeZrz phase shown in Fig. 1 is based mainly on the work of Malakhova and co—
workers [19,20] and by Aubertin et al. [16]. These authors do not report FeZrs. However,
several authors have reported both FeZrs and FeZr,, and Kubaschewski [6] in Fig. 2 proposes
tentatively that FeZry rather than FeZr; is stable at high temperatures. Aubertin et al. [16]
in a recent study observed only FeZr;. In the present analysis only FeZr; was considered.
The compound was assumed stoichiometric.

The stoichiometry of FeZr; was reported [19,20] to vary between 66.7 and 69 at.% Zr, as

shown in Fig. 1. In the present analysis, this compound was assumed to be stoichiometric.



In Fig. 2, the compound is shown as always Fe-rich, narrowing to a stoichiometry near 62.5
at.% Zr at lower temperatures. No explanation for this behavior was given by Kubaschewski

[6]. In any case, this is only stoichiometry indicated tentatively by dashed lines in Fig. 2.

The following Gibbs energies of formation of FeZry and FeZr; (in J/mol of atoms) from

the liquid elements were chosen: for 1/3Fe({) + 2/3Zr({£) = 1/3FeZra(s) we have
AG® = —38158 + 9.6T (13)
and for 1/4Fe(¢) + 3/4Zr(f) = 1/4FeZr;(s)

AG® = —42007 + 16.7T (14)

As shown in Fig. 3, the eutectic reported at 928°C [5), the eutectoid reported at 795°C
[6], and the peritectoid reported at 885°C [5] are well reproduced. FeZr; is calculated to melt
congruently at 998°C with a eutectic at 995°C and 64.4 at.% Zr. That is, the melting is just
at the limit between being congruent and incongruent. The incongruent melting at 974°C
shown in Fig. 1 is based upon DTA ('coo]ing curve) studies by Malakhova and Kobylkin
[19], who observed thermal arrests in the range 967°C to 987°C. Although they interpreted
these arrests as being due to a peritectic reaction, they could equally well be interpreted as
indicating a eutectic reaction. No arrests were observed at compositions richer in Zr than
the FeZr; composition. This supports the present interpretation of a eutectic reaction. The
temperature of 974°C shown in Fig. 1 [5] was taken as the average of the temperatures of
the thermal arrests, which were observed over the range 967°C to 987°C. However, it would
be more correct to take the highest observed temperature (987°C) as the true temperature,
since undercooling can easily give spuriously low readings during cooling curve experiments,
but spuriously high readings are harder to explain. Our calculated invariant temperature of

995°C agrees with the reported temperature within experimental error limits.

When converted to a standard state of Fe(y) and Zr{8) via Eqs. 2-5, the enthalpy of

formation of FeZrz from the solids at 1000°C is —20.7 kJ/mol of atoms, which is very close to
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the value of —20 kJ/mol of atoms calculated by Colinet et al. [21]. In addition, the entropy
of fusion of FeZr; in Eq. 13 is nearly identical to that of Fe;Zr in Eq. 10. Hence, Eq. 13
seems reasonable. The entropy of fusion of FeZr; of 16.7 J/(mol-K) of atoms in Eq. 14, while
rather large, is not unreasonable if FeZr; is an ordered compound.

A eutectoidal decomposition of FeZr; at 554° C was calculated. From X-ray and micro-
graphic analysis, Malakhova and Kobylkin [19] report the eutectoid near 775°C, as shown
in Fig. 1. Aubertin et al. [16] found no FeZr; phase when Fe and Zr were annealed together
at 700°C for 24 hours, but they did observe the phase at 900°C.

From Eqgs. 10, 13, and 14, we find that AG® for the decomposition of FeZry to FepZr
and FeZr3 is only about 800 J/g-atom at 700°C. Small changes in the Gibbs energies
of the compounds cause large changes in the calculated eutectoid ten'npera.ture. A set of
Gibbs energies can easily be obtained from Eqs. 10, 13, and 14 which yields a eutectoid
at 775°C. However, this can only be accomplished at the expense of changing another
calculated invariant temperature (e.g., the 928 C eutectic, the melting point of FeZrj, or
the 796°C eutectoid) by about 10°C.. Accurately measuring a eutectoid decomposition
temperature is very difficult because of the very slow kinetics and the small driving force.
The measurement technique (anneal and observe), involving relatively short annealing times,
tends to give errors suggesting too high a eutectoid temperature. More experimental work

should be done, involving very long annealing times, to find the true eutectoid temperature.
4.3. FeyZr

The Gibbs energy of formation of FesZr was chosen to give a peritectic temperature of

1482°C and a eutectic at 1335°C and 8.8 at.% Zr. For the reaction 3/4Fe(£) + 1/4Zr(£) = 1/4Fe;Zr,

AGP® = —34636 + 6.422T o (18)

in J/mol of atoms. The entropy term in Eq. 15 is reasonable for an entropy of fusion. As
seen in Fig. 3, the calculations predict that FeyZr decomposes eutectoidally below 1175°C.

However, this results from small differences among the Gibbs energies of the solid phases.



Within the error limits of the optimization, a eutectoid temperature cannot be calculated

with any precision.

Aubertin et al. [16] did not observe this compound when the elements were annealed
at 950°C. They propose that the compound may only exist above 950°C. This would be
consistent with the present calculations. Alternatively, they propose that Fe3Zr is actually
not a stable compound and may only result from contamination of the specimens. In this
context, note that the reported eutectic temperature and composition can easily be fitted
without Fe3Zr. By changing Eq. 11 to AG; = 110876 J/mol, which gives about the same
AG) at 1482°C as in Eq. 11, a eutectic at 1339°C is calculated. Furthermore, in this case,
one less parameter is required.

5. Discussion

All the available data on the Fe-Zr system are generally well correlated by our optimized
phase diagram which is based on reasonable and simple thermodynamic expressions. The
analysis predicts a liquidus in the range from 33.3 to 67 at.% Zr, which is lower than the
estimated liquidus in the literature. If'the calculated liquidus were higher, then the Gibbs
energy of formation of FeZr; could be reduced somewhat. This would cause an increase
in the calculated eutectoid temperature of 554°C. On the other hand, raising the liquidus
temperature would require a more complex expression for s¥ and/or hE in Eqs. 6 and 7.
Measurements of the liquidus temperature at one or two points in this composition region
would be useful.
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Fig. 1

Fig. 2

Fig. 3

Fe-Zr phase diagram as assessed by Arizs and Abriata (5] Reproduced from Ref. 4, with

permission.

Fe-Zr phase diagram as assessed by Kubaschewski [6], Reproduced with permission.

Optimized Fe-Zr phase diagram.
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