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A COMBINED THERMODYNAMIC STUDY OF NICKEL-BASE ALLOYS 

by 

Charlie R. Brooks 
Peter J. Meschter 

This report covers the progress of research on contract DOE-DE

AS-05-78-0R0-5951 at the University of Tennessee for the third year 

of the contract, June 15, 1980, to June 14, 1981. This research has 

six general, long-range goals: 

1. Measurement of high temperature free energy data in binary 

Ni-base systems such as Ni-Mo, Ni-Nb, Ni-W, and Ni-Ta by a galvanic 

cell method employing an oxide solid electrolyte. 

2. Determination of heat capacities of stable and metastable 

single-phase alloys in the same systems between 4 and 1300 K using 

adiabatic calorimetry. 

3. Correlation of the data ubtair1ed in (1) and (2) to obtain an 

accurate, consistent set of thermodynamic functions (partial and integral 

molar free energies, enthalpies, and entropies of solution) over the 

widest possible temperature and _composition range. 

4. Computer coupling of the measured thermodynamic data, plus 

estimated data as needed, with phase diagram data to generate an integrated 

description of each binary system. 

5. Data analysis to identify physical contributions to the 

results, including elastic, vibrational, electronic, magnetic, and 

ordering terms. 

6. Creation of a specialized data bank on Ni-base systems, firmly 

based on experimental data and suitable for use in phase stability 

calculations on complex systems. 
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In this contract year, we have achieved the following: 

* Initiated a high-temperature study of the Ni-Ta system using the 

galvanic cell technique (goal 1). 

*Continued an Emf cell study of high-temperature thermodynamics in 

the Ni-Mo system (1). 

* Measured heat capacity data on ordered and disordered Ni 4r~o, 300-1200 

K, and derived relative free energies of the ordered and disordered 

a 11 oys (2). 

* Initiated a low-temperuture (20-300 K) calorimetric study of ordered 

and disordered Ni-~1o alloys (2). 

* Completed detailed analyses of physical contributions to the measured 

heat capacities of Ni and disordered Ni 3Fe (5). 

* Initiated an analytical study of magnetic heat capacity contributions 

in Ni and binary Ni alloys, with a view towards developing a predictive 

model for· mag11eLic cOIILr·iuuLions in binary and multi-component ulloys (5). 

*Developed-methods for computer correlation of thermodynamic and phase 

diagram data in binary Ni-base alloys. Applied these methods to data 

evaluation in the Ni-Pd and Ni-Pt systems (4,6). 

* Undertook auxiliary work partially connected with the contract, as 

follows: 

Submitted for publication two papers on computer control of the 

dynamic adiabatic calorimeter (goal 2). 

C. R. Brooks and E. E. Stansbury are co-aut~oring a review 

paper on high-temperature adiabatic calorimetry (2). 

Organized symposia on alloy thermody~amics for the Calorimetry 

Conference and the Electrochemical Society (1, 2, 4, 5, 6). 

Started a review of properties of reference electrodes used 

in solid oxide electrolyte systems (1). 
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These accomplishments are described in sections I to V. 

During the last contract year, Dr. T. M. Ghuneim worked with us 

as a post-doctoral fellow, finishing in August, 1980. In September, three 

graduate students joined our group (A. Choudhury, S. Das, and H. L. Tsai). 

These and other personnel matters are reviewed in section VI. Finally, 

section VII lists publications, presentations, and other activities of the 

principal investigators related to this work. References in the text for 

which a letter is given refer to this section. 

I 
i-
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I. GALVANIC CELL STUDIES (P. J. Meschter, S. Das, H. L. Tsai) 

A. The Ni-Ta System 

Tantalum is an important additive to several nickel-base super-

alloys as a solid solution strengthener and MC carbide former. It is 

also a vital constituent of fiber-reinforced superalloy composites. In 

view of these applications, it is desirable to be able to evaluate the 

thermochemical role of Ta in nickel-base alloys and the effect of Ta 

additions on phase stability. Such an evaluation should start with the 

thermodynamic properties of binary Ni-Ta alloys. Such data are, however, 

not currently available. 

The measurement of high-temperature thermodynamic properties in 

the Ni-Ta system has been selected as the M.S. thesis topic of Sujit 

Das, who joined our group in September from Indian Institute of Technology, 

Kharagpur. He is using the solid-state galvanic cell 

for which the virtual cell reaction is simply 

Ta(b.c.c.) = Ta(alloy) 

The Ta activity relative to pure b.c.c. Ta is obtained simply as ~G = 

- 5 E F = R T ln aTa' where E is the measured open-circuit Emf of the 

cell and F is Faraday•s constant. The expected temperature range of the 

experiments is 800-1150 °C. 

The low oxygen partial pressures associated with cells of type (I) 
-25 0 . (p0 ~ 10 atm. at 1000 C) require the use of doped Th02 electrolytes 

2 
rather than conventio·nal doped Zro2. These electrolytes are not available 

commercially and have had to be fabricated in our laboratory (see part (B)) .. 

The large difference in standard free energy of formation between NiO 

,· 
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and Ta 2o5 means that Ta 2o5 is stable even in the presence of dilute (~ 1 

at. %) alloys of Ta in Ni. Thus, cell (I) should be useable across 

virtually the entire binary Ni-Ta system. 

Alloy compositions prepared for this study are superimposed on 

the Ni-Ta phase diagram (Fig. 1). The system is dominated by the inter-

metallic compounds Ni 3Ta, Ni 2Ta, NiTa, and NiTa 2. Since the solid solubility 

of Ni in Ta is small (aTa ~ 1), Emf studies on the 60, 40, 30, and 15 at. 

% Ta sampl~s are required to establish the standard free energies of formation of 

these four compounds as a function uf temperature. Runs on the more 

dilute alloys serve to determine the behavior of Ta in the f.c.c. 

solid solution. 

The Ni-Ta alloys have been fabricated from the elements by repeated 

arc-melting, followed by homogenization for 2 weeks at 1250 °C (<50% Ta), 

or 1500 °C (>50% Ta). Alloy powders have been ground from the alloy 

buttons, mixed with Ta 2o5, and equilibrated at 1000 °C for 2 weeks under 

a rigorously purified helium atmosphere. At the same time, Ta-Ta2o5, Nb-NbOd 

and Cr-cr2o3 reference electrodes for use in test and experimental cells 

have been prepared. 

Besides the sample preparation outlined above, Mr. Das has rebuilt 

and vacuum-tested his experimental apparatus, completed a large part of 

his thesis proposal, and has taken or is taking most of the course work 

for his M.S. He is now ready, in exceedingly good time, to tackle the 

actual experimental portion of the work. 
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B. The Ni-Mo System 

We have been measuring high-temperature thermodynamic properties 

in the Ni-Mo system using the cell 

Mo(Ni),Mo02 I electrolyte I Mo,Mo02 (II) 

where the electrolyte is Zr02(CaO), Zr02(v2o3
), or Th02(v2o3). Several 

preliminary measurements on f.c.c. alloys containing 16-22.5 at. % Mo 

with a Zr02(CaO) electrolyte were reported on last year, along with 

details on experimental design and construction. 

During his last months with us, Dr. Ghuneim made several attempts 

to extend the Ni-Mo study to smaller Mo contents in order to more precisely 

define the thermodynamic behavior of the technologically important f.c.c. 

solid solution. These cells all showed unsteady and flow-rate-dependent 

Emfs, indicating the presence of oxygen transport from the alloy-oxide 

electrode to the reference electrode. This transport apparently occurred 

both through the vapor phase via gaseous Mo oxides and through the 

electrolyte, either due to electron transport or molecular transport 

of oxygen through internal pores or along pore walls. The commercially 

available Zr02-base electrolytes were of highly variable density; even 

dense Zr02-based materials apparently allowed enough countercurrent 

electron and oxygen transport to permanently polarize the reference 

electrode through formation of a thin Mo02 layer on the Mo particles. 

To overcome these problems, both experimental redesign and 

local fabrication of electrolyte materials to assure quality were found 

to be necessary. These changes have been undertaken by Mr. H. L. Tsai, 

who joined the project as a Ph.D. candidate in September. The new cell 

design isolates the electrodes from one another, thus eliminating the 
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vapor transport path. It was decided to fabricate Th02(v2o3) electrolytes, 

which have a much smaller electronic transport number in the temperature 

and p0 range of the experiments than do Zr02(CaO) or Zr02(v2o3). This 
2 

fabrication is a difficult experimental problem involving high-temperature 

(2000 °C. for 6-8 hr.) sintering of an a-particle emitter having an 

appreciable vapor pressure. A new transformer and control unit had to be pur

chased and installed in order to allow an existing vacuum furnace to operate 

reliably under the required conditions. 

Mr. Tsai has successfully evolved an interesting and relatively 

simple sample preparation procedure involving evaporation of an 

aqueous solution of Th and Y nitrates. The resulting mixed nitrate crystal 

decomposes into an oxide solid solution with a fine (< 1~) average particle 

size upon heating to 350 oc. This fine powder is easily pressed into 

crack-free green electrolyte pellets. Further sintering at 2000 °C yields 

dense, translucent P.lectrolytes suituble fot· ·immediate use in experimental 

cells. These electrolytes are now available for Mr. Das's and Mr. Tsai 's 

work, and a new series of runs on Ni-Mo alloys using cell (II) is 

currently underway. 
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II. CALORIMETRY (C.R. Brooks, A. Choudhury) 

A. High~Temperature Work 

The emphasis in the calorimetry work in this contract year has been 

on high temperature measurements. Dr. Higashigaki left us in October, 1979, 

with the low temperature calorimeter completed, and some preliminary measure-

ments on an empty cell that showed that the calorimeter operates properly and 

accurately from 20 to about 320 K. No student or research associate was avail-

able to immediately continue the low-temperature work. We felt at this stage 

that high temperature data would be more immediately useful, so it was de

cided to concentrate on high temperature measurements, arid delay continuation 

of low temperature measurements until September 1980, when Mr. Ashok Choudhu~ 

joined the program as a graduate student. His work is described in section 

B. 

The alloy chosen for initial measurements was Ni- 20 at.% Mo. There are 

several reasons for this choice. We made some measurements on this alloy 

several years ago, and had some feeling of how the heat capacity should be

have. Also, we have studied the physical metallurgy of this alloy for several 
' years. This alloy is the basis of the commercial alloys Hastelloy B and 

Hastelloy B2, the only signi.ficant difference between the commercial alloys 

and our alloy being 0.5-4.0% iron. The iron serves to suppress formation of 

brittle ordered Ni 4Mo. Whether it does so by making the ordered arrangement 

thermodynamically unstable, or by affecting only the kinetics of the ordering, 

is unknown. This is one question which we can address when sufficient thermo

dynamic information is available on the binary Ni-Mo system. 

Figure 2 shows the Ni-rich portion of the Ni-Mo phase diagram. The 20% 

Mo alloy is designated 8 if it is ordered. Above 868 °C the alloy is face-

centered cubic and disordered, and is designated a. The ordering reaction 

can be suppressed by water quenching of a; the a phase will decompose to 8 if 
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held below 868 oc for a sufficient length of time. The maximum rate of 

isothermal decomposition of a occurs near 750°C. Decomposition of a to B 

will begin in about one minute at· this temperature, and be completed in 

about 15 minutes. 

The heat capacity results are sensitively dependent upon the initial 

treatment of the alloy. For example, if the alloy is completely ordered, 

then upon heating continuously from 300 to 1300 K, the heat capacity-temper

ature curve will be that designated B-a in Fig. 3a. The peak in the heat 

capacity curve represents the equilibrium order-disorder transformation and 

above 868 the curve is that of the a phase. 

If the alloy is cooled rapidly to retain the disordered a, and if the 

decomposition to B is suppressed during heating to measure the heat capa

city, then the heat capacity-temperature curve would be the dashed line 

(below 868 °C) marked a, and the solid line marked a above 868 oc (see 

Fig. 3a ). However, at the heating rates used in our calorimeter (e.g., 

10 °C/min.) the ordering reaction cannot be suppressed. Thus, upon heating 

an alloy which is initially disordered, in the low temperature range the 

heat capacity of disordered a is obtained. (See Fig. 3b.) At a sufficiently 

high temperature (e.g., 300,°C), a begins to decompose to B, giving off 

heat, which lowers the measured heat capacity. If the heating rate is suf

ficiently low, a temperature is eventually reached where the alloy is now B, 

and upon further heating, at or near 868 °C this ordered B must decompose 

into the disordered a. This behavior gives the solid curve shown in Fig. 3b. 

Fig. 4 shows a typical heat capacity curve for the alloy initially in the 

ordered condition. Integration under the peak gives the enthalpy of the B to 

a transformation. Examination of the data in detail, however, clearly shows 

the sensitivity of the results to the previous history. In Fig. 5 are shown 
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the measured data in the range 0-800 oc for three different previous histories. 

Treatment 1. in which the alloy was held at 800 °C and 865 oc, has a larger 

degree of order than the other two treatments. Thus, upon heating to about 

200 °C, the alloy in the conditions induced by treatments 2 and 3 undergoes 

further ordering with a decrease in heat capacity. Eventually, above 800 °C, 

the heat capacity increased as the 8 transformed to a. 

These three treatments gave almost identical temperatures for the trans-

formation (Table 1) in good agreement with the literature (see Fig. 2). The 

values are based on an essentially constant temperature for 1000 to 3000 

seconds as 8 transformed to a. The energy absorbed during this period, which 

is a good approximation to the enthalpy of the 8 to a transformation, is tab-., 

ulated in Table 1. Note that treatment 1 induced considerably more order than 

the other two treatments. 

The enthalpy of disordering or LrectLHH:!rlt 1 of 2780 J may be compared with 

the calculated ~H of 4750 J if all of the order in the 8 phase is dissipated 

at the transformation temperature. This result is in good agreement with 

previous research here on Ni 4Mo,which shows a considerable degree of short

. range ordering in the disordered alloy above the transformation temperature, 

and possibly some disordering in 8 below the transformation temperature. 

Fig. 6 shows heat capacity data for a sample initially disordered 

(quenched from a). Note that the ordering effect depicted in Fig. 3 is actually 

comprised of two minima. Only the lower temperature minimum is shown in Fig. 6. 

Measurements were terminated at 700 °C. If measurements had been continued, 

the heat capacity curve would have increased as the 8 transformed·to a. The 

interpretation of these data was discussed in the previous progress report. 

The purpose of showing this figure is to point·out the similarity of the a 

and the 8 heat capacity,·which can be compared from 20 to 200 oc before a 

begins to transform to 8. From the enthalpy of transformation at 868 °C the 
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Table 1. The enthalpy of the a to s transformation, and the transformation 
temperature, for three different prior heat treatments oft~ alloy 
Ni 4~1o. 

Prior 
Treatment 

ll00°C, water 
quenched; 
heated to 800°C, 
slowly cooled; 
ht!dLed tu 865°C, 
slowly cooled 

slowly cooled from 
950°C; heated to 
250°C, slowly 
cooled 

slowly cooled 
from 950°C; 
heated to 250°C, 
slowly cooled 

Curve 
in Fig. 5 

2 

Transition 
Temperature 

(OC) 

867.5 (± 1) 

865. 5 ( ± 1 ) 

865.5 (±1) 

ilH 
(J/mole) 

2780 

1870 

2060 
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free energy difference between the a and S forms of Ni 4Mo can be determined by 

assuming that the heat 

difference 6G 0 'S+a may 

2.44 T (J/mole), 293-

capacities of the two phases are identical. This free 

.· k · [T~ k be expressed as 6H 0
' [Tt] - f 6H 0

' [Tt] = 2780 -
1150 K. ~ 

B. Low-Temperature Work 

energy 

Dr. Y. Higashigaki, working as a post-doctoral fellow in 1978-79, completed 

the construction of the low temperature calorimeter and obtained some preliminary 

measurements on the empty cell to evaluate the operation of the calorimeter. For 

his M.S. thesis, A. Choudhury, who joined us in September, is to measure the heat 

capacity of disordered (a) and ordered (S) Ni 4Mo from 20 to 330 K. These data 

will be used to evaluate the contributions to the heat capacity from electron 

excitations and lattice vibrations, and, with the high temperature data, allow 

the determination of the heat capacity of a from 20 to 1300 K. 

Since Mr. Choudhury was not experienced in calorimetry, he has spent con

siderable time in learning to operate the calorimeter. This has been time con

suming, but it is important to understand exactly how to make the measurements. 

This involves knowing the proper procedure for adding liquid N2 and liquid He 

to the cryostat, the operation of the precision potentiometers in order to measure 

resistance of the platinum and germanium thermometers, and the operation of the 

controllers for the adiabatic shields. Then to obtain the heat capa~ity requires 

only one set of measurements on the empty cell, and one on the alloy in both the 

disordered and the ordered condition. Mr. Choudhury will have completed measure

ments on the empty cell soon, and will be ready to begin measurements on the alloy 

in June. 
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III. THERMODYNAMICS-PHASE DIAGRAM CORRELATION AND DATA BANKING (P. J. Meschter) 

Calculation of the phase relationships and thermodynamic prop

erties in a multi-component Ni-base alloy re.quires in principle a 

knowledge of the free energy equation of state for each phase in the 

alloy. It is impractical to measure all the quantities in the equation 

of state for each phase in every alloy of possible interest. Therefore, 

predictive methods are required for construction of approximate 

equations of state for complex alloys from available data for simpler 

(unary, binary, and ternary) systems. A carefully evaluated data base 

of free energy equations for phases in the simpler systems is required 

which is consistent with both the measured thermochemical properties 

and the measured phase relationships. 

We have developed methods for constructing free energy equations 

for Ni-base binary systems, and for correlating these equations with 

the measured phase relationships to generate consistent data sets and 

estimate thermodynamic properties in temperature-composition regions 

where these have not been measured. We have applied these methods to 

the systems Ni-Pd and Ni-Pt, for which no previous evaluations exist. 

The free energy G¢ of any phase ¢ in a Ni-Y binary substitutional 

system is expressed as 

G¢ = (1-x)~~i¢ + x ~~,¢ + RT {x ln x + (1-x) ln (1-x)} 

3 . 3 . 
+ x(l-x) E a.(1~2x) 1 

- Tx(l-x) E b.(l-2x) 1 (1) 
i=O 1 i=O 1 

where x=xy=mole fraction of Y; ~~i¢ and ~~,¢ = standard chemical potentials 

of Ni and Y in phase ¢; a; = excess enthalpy parameters; and b; = excess 

entropy parameters. The first two terms of equation (1) are the free 

energies of the pure components in phase ¢; the third term is the ideal 

configurational free energy of mixing; and the fourth and fifth terms 
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the excess enthalpy and entropy, respectively. These last two terms are 

empirically represented by Redlich-Kister power series. The problem 

then is to develop standard methods of calculating ~~i~ , ~~·~ , the 

a; 's and bi 's from available thermochemical and phase diagram data. 

Determination of equations of type (1) for the f.c.c. and liquid 

phases in the Ni-Pd and Ni-Pt-systems is illustrated in Figs. 7-15 and 
I 

Tables 2-4. First, equations for the standard chemical potentials of 

Ni, Pd, and Pt are derived from knowledge of the melting temperature 

T~; heat of melting 6H 0 [a+l ,Tm]; and expression Cp[l] - Cp[s] = a + bT 

for the heat capacity difference between the f.c.c. and liquid phases. 

The standard chemical potentials of Ni, Pd, and Pt in the liquid are 

arbitrarily set to zero at all temperatures. Then 

"o~a = _b T2 {6Ho[a>l,T~]- ~ .... (a + a 1 n Tam + b Tma) T + o.. T .L,. T 
N~ 2 Ta 

m 

fw[a+l, T~] - (a + ~ T~)T~} (2) 

Values of the parameters in this equation for Ni, Pd, and Pt are 

tabulated in Table 2. 

Excellent Ni activity data in f.c.c. Ni-Pd alloys are available 

from an Emf cell study (1). Slopes and intercepts of the Emf-vs.-T data 
-xs a -xs a were converted to SNi' and HNi' , and the Gibbs-Duhem equation 

integrated to obtain Sxs,a and Hxs,a. The data in the form Hxs,a/x(l-x) 

and Sxs,a/x(l-x) show smooth variation with composition (Fig. 7). They 

are readily fitted to Redlich-Kister power series expansions to obtain 

the a;, bi values in Table 3. The resulting smoothed activities and 

integral molar properties closely fit the measured data (Figs. 8a, 9). 

Liquidus and solidus in this system have been measured (Fig. 10), 

but no reliable liquid thermodynamic data exist. To estimate such data 
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Fig. 11. Predicted excess free energies 
in liquid Ni-Pd and Ni-Pt alloys. 
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phase boundaries· in the Ni-Pt 
system. 
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Table 'Z. Free Energy Parameters for a(f.c.c-.) Ni, Pd, and Pt 

a ~0(~1,T) ~Cp Parameters 
Ele~T~ent Tm(K) (J/mole) m a __ .....:b::__ __ 

N1 

Pd 

Pt 

1726 

1825 

2042 

17,470 

17,560 

19,650 

21.550 

11.104 

10.311 

- 0.01108 

- 0.006209 

- 0.005231 

Table~-· Free Energy Parameters for Phases in the Ni-Pd System. 

Phase 

a(f.c.c.) 

liquid 

j 

Quantity 0 

- 2309.3 

7.0255 

23138 

·o 

Parameter No. (Joule Units) 
1 2 

-~--

8726.8 

0.72326 

'7282.4 
_,-~ 

·0 

1552.0 

o. 11630 

1519 .. 0 
-·~ 

0 

3 

823.7 

- 0.12434 

0 

0 

l 
-~ 

1 

Table 4. Free Energy Parameters for Phases in the Ni -Pt System 

Phase 

a(f.c.c.) 

liquid 

Quantity 

Hxs 

sxs 

Hxs 

Parameter No. {Joule Units} 

0 

-40849 

-098514 

-43928 

1 

-3960.6 

0.60967 

-6237.2 

2 

10917 

4.4774 

4974.8 

3 

4706.9 

2.9968 

0 
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in accord with the measured phase relationships, it is convenient to work 

with the T0 - vs. - x line (see Fig. 10), along which Ga = GL. This line 

must fall within the two-phase a + L field. Along this line, Gxs,L is 

related to Gxs, a by 

Gxs,L 
-=-x -r.( 1.----x') = 

1 0 1 0 Gxs ,a 
,a+_ ,a+ x llN i 1-x llpd ..::.:.x r.;( 1,----x-r) (3) 

Repeated estimation of the T0 - vs. - x line, calculation of liquid 

excess thermodynamic properties from equation (3), and back-calculation 

of the phase boundaries by computer methods previously developed here, 

eventually produced the parameter set for the liquid tabulated in Table 3. 

Estimated liquid phase activities and excess free energies are plotted 

in Figs. 8b and 11, respectively. The f.c.c. and liquid free energy 

equation interaction produces a liquidus in close agreement with the 

measured liquidus (Fig. 10). The predicted solidus lies above ~he 

measured data; the latter are affected by undenool·ing and/or segregation 

and are therefore less accurate than the calculated line. 

A similar evaluation of the Ni-Pt f.c.c. phase is based on 

low-T calorimetric and high-T Ni activity data of Walker and Darby (2). 

The measured ~H(298 K) = Hxs(298 K) data had to be corrected to para-

magnetic conditions, assuming the validity of the Heisenberg model for 

ferromagnetism, for correlation with the activity data. The resulting 

Hxs,a/x(l-x) and Sxs,a/x(l-x) values are not as internally consistent 

as in the Ni-Pd case (Fig. 12), and have been smoothed somewhat. 

The derived a; and b; parameter set for Hxs,a and Sxs,a is tabulated 

in Table 4. These equations are a reasonably good fit to the measured 

data (Figs. 13a, 14). 

Application of the procedures described above to estimate 

a free energy equation for the liquid, using the limited available 
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phase diagram information (Fig. 15) yields the liquid parameter set 

tabulated in Table 4. Agreement of the calcuated and measured phase 

diagram data is good (Fig. 15). Activities of Ni at 1873 K from the 

equation are in excellent agreement with the few measured data of 

Alcock and Kubik (3), thus justifying the applicability of the 

calculation methods. 

Free energy equations for the ordered phases NiPt and NiPt3 

in this system have not yet been derived. Once this has been done 

and the magnetic free energy modeled, the methods needed for correlation 

in all Ni-base binary systems will have been developed. We can then 

apply the methods to Ni-base systems of more directly technological 

interest. 

A paper based on this work has been submitted for the proceedings 

volume of the "Carl Wagner Commemorative Symposium" at the AH1E meeting 

in Chicago, Feb. 22-26, 1981 (ref. (B)}. 
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IV. PHYSICAL CONTRIBUTIONS TO THERMODYNAMIC QUANTITIES 

Our eventual goal in this project is to be able to predict 

phase stability, phase boundaries, and thermodynamic properties in 

multicomponent Ni-base superalloys on a physically meaningful basis. 

We can never hope to have available all of the required thermodynamic 

and phase diagram measurements for every complex alloy of current or 

future interest. Thus, the emphasis must be on obtaining a reliable 

data base for simple (unary and binary) systems; developing correlation 

techniques for phase boundary and thermochemical data; and analyzing 

available data on relatively simple systems for physical contributions, 

utilizing all available physical property data. Once these techniques 

have been developed in accord with measurement on simple alloys, they 

may be applied in more complicated situations to predict behavior 

or direct experimentation to truly critical temperature-composition 

regions. 

In this contract year, we have started to develop physically 

based predictive methods by analyzing available heat capacity data on 

pure Ni and disordered Ni 3Fe. The same general approach was found to 

be valid for both materials. 

A. Pure Nickel (P. J. Meschter, C. R. Brooks) 

We have combined previously unpublished sets of heat capacity 

results obtained by T. G. Kollie (pulse calorimetry)( 4) and J. w .. 

Wright (adiabatic calorimetry)( 5). These results are shown in comparison 

with those those of other investigators in Figs. 16-18. The evaluated 

data set represented by the smooth curves is a significant improvement 

on the evaluation of Hultgren et al. ( 6) near TC = 633 K and above 

1300 K. 
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The smoothed Cp data have been analyzed in classical fashion into 

dilatational, vibrational harmonic, electronic, and magnetic contributions 

with the aid of elastic constant, expansion coefficient, vibrational 

and electronic density-of-states, and magnetic susceptibility data 

obtained from the literature. Vibrational anharmonic and vacancy 

contributions were found to be negligible. The analysis revealed the 

following significant features: 

l) Application of the thermodynamic dilation correction to 

obtain Cy from CP lectds to Cv values which increase slightly with 

temperature above about 800 K. This behavior is inconsistent with 

theories of anharmonic vibrations which predict large negative values 

of the anharmonic heat capacity. 

2) The vibrational harmonic heat capacity CVH is well-described 

by Debye theory with a variable Debye temperature (Fig.l9). Agreement 

with several calculat1ons of CVH based on different interatomic force 

models is qualitatively good. 

3) The electronic term CVE is strongly infiuenced by the electron

phonon interaction at low temperatures (Fig.20). Band structure calcu

lations were used to guide the evaluation of heat capacity curves for 

both ferromagnetic and paramagnetic Ni. The electron-phonon interaction 

was satisfactorily calculated according to a simple model developed by 

Grimvall. It is emphasized that free-electron theory is not adequate to 

deal with the observed heat capacity data. 

4) The magnetic heat capacity CVM differs somewhat in temperature 

dependence from that derived in previous analyses (7, 8 )(Fig.21). Of 

the several localized-electron theories of ferromagnetism, the simple 

Heisenberg model best fits the data, as it provides the best prediction 

of the internal energy required to disorder the magnetic spins (Table 5 ). 
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Fig. 20a. Electronic specific heat coefficient 
of Ni. 1 -ferromagnetic Ni; 2-
ferromagnetic with electron-phonon 
correction; 3 - paramagnetic Ni; 4 -
paramagnetic, with electron-phonon 
correction; 5 - paramagnetic, from 
band structure calculation. 

b. Electronic specific heat of Ni. 1 -
ferromagnetic; 2 - paramagnetic; 3 -
actual curve; 4 - free electron 
theory . 

Fig. 21. Magnetic specific heat 
of Ni. 1 -Our analysis; 
2 - Analysis of Hofmann 
et a 1. ( 7). 
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~ SM 6Srn'Tc> 
~ !!.!!.:.. P£1110lcl ~J£molc IQ (J/molc K) 

This analysis 16SO:!: 200 3.S42 :!: 0.3 7.02 

Theoretical 3.5SO 
entropy 

HofCilDD ~~- 2 1760! 210 3.389 : 0.1) 

Braun, Kohl baAs l 17CJO 

' 
Heisenberg cs>dd 2 1610 

i. 7.67 1 Molecular field 62 
I model 
I 

lsi:~g codel 63, 2210 8.33 
64 

Cons cant c:cup11ng .. .. li5.- 1910.- .. - ·- ---· __ 3-60 .. 
~.<11 (;§ - ---- -·- -- -- ·-- ....,..-·-=~· ~-" 

.. ·-- --- ~· ·-

Table 5. Magnetic thermodynamic properties of nickel 
according to several data analyses and models. 
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This result is reasonable, as the Heisenberg theory applies to an 

isotropic medium and is well followed by the magnetic contribution to 

the expansion coefficient . The entropy of spin disordering pre-

dieted from the thermodynamics of mixing is in excellent agreement 

with that derived from our evaluation. 

In deriving a predictive formalism for magnetic thermodynamics 

of alloys, it is important not only to calculate the overall magnetic 

internal energy and entropy contributions, but to model the variation 

of these quantities and the magnetic free energy with temperature. Such 

a detailed analysis has been undertaken in a separate piece of work 

(see (C)). 

The Ni analysis has been completed and a paper submitted for 

publication (ref.A)). The next step is to extend the analytical methods 

to those binary Ni alloys for which relatively large amounts of heat capacity 

and physical propP.rty rlata are available. One alloy with which we have 

had considerable prior experience is the disordered Ni-25 at. % Fe 

composition (disordered Ni 3Fe). This alloy became the subject of the 

next analysis. 

B. Disordered Ni 3Fe (C. R. Brooks, P. J. Meschter) 

This alloy is one-phase, f.c.c., configurationally disordered and 

paramagnetic from the solidus (~ 1442 °C) to 600 °C. Between 600 and 

500 °C, it is one-phase, f.c.c., disordered and ferromagneti~. At 

500 ± 3 °C the alloy undergoes a first-order transformation to an 

ordered structure of cu 3Au type which is likewise ferromagnetic. 

Although heat capacity measurements have been made on Ni-Fe 

alloys, the Cp-vs.-T curve for the disordered condition had not been 

measured over the entire range 25-1000 °C until the work of Kollie ( 4 ). 
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The disordered condition can be retained by cooling rapidly from above 

the critical temperature; however, upon reheating to measure the heat 

capacity the heating rates of ~bout 10 °C/min usually employed were too 

slow to prevent ordering. Kollie ( 4) employed a pulse calorimeter capable 

of heating rates up to 60 °C/sec, and hence was able to measure the heat 

capacity of the configurationally disordered alloy from 20 to 1400 °C. 

We have combined the data of Kollie, literature data, and estimations 

by analogy with the analysis on nickel to estimate the dilation correction 

and hence Cv. The vibrational harmonic and electronic contributions were 

calculated following the approach used for nickel and in keeping with 

calculations from density-of-states measurements. The results, assuming 

once more that anharmonic vibrational and vacancy terms are negligible, 

are summarized in Fig. 22. The magnetic heat capacity CVM obtained by 

subtracting CVE + CVH from Cv is shown in Fig.23. As in the case of 

nickel, the pulse calorimetric method has allowed establishment of 

a discontinuity in CVM" The localized-spin contribution to CVM 

is significant up to about 2TC in agreement with the results on nickel. 

Table 6 lists the energy and entropy of magnetic disordering 

and the discontinuity in the magnetic heat capacity at Tc derived from 

the data of Figure H. Also listed are the values obtained for pure 

nickel in our work and those of Kollie ( 4) for pure Fe. Table 7 

compares values for the energy, entropy, and heat capacity discontinuity 

with those predicted by several models. 

As in the case of nickel, the predictions of all models for the 

energy of magnetic disord~ring except the Heisenberg model are 

definitely too large. The line marked 11 Heisenberg 111 assumes that all 

atoms in the alloy have one electron spin per atom, regardless of 

whether they are Ni or Fe atoms. This assumption is in keeping with 

# 



-31-

0 .-

I l l
-'7 '. C,\

71\04=                                                               I
IZS

'21- _'-_-1   1...   0/

0/*
th.     -111          /4,

S
It        .1--    ,2 p

20.-
I. .00          6= .0 1". W. ,/. 16(0     Xe

........r.  l. 1

Fig. 22.  Summary of heat capacity con-
tributions for Ni Fe.

3

10'

-.-- . 1. ..+.  .1.
+.-- .  --   .  .      -*- -  -*--r   .---/ -

t .-i_ -4.
8

• it
. -  -I

11.       -»

411   1- 4  .1  -3 1       1, - ..1-1.-

6     1  t. I  --1.- . - : . - i·i· ·   t..--'r-...   .r; - » ' -r

F      ,-- -»37---Tj  -   liT--3 2  -"IR. 77:- 7; 4 1
i 4

1
-It-1        1

-.. 1- 71.·-- -4-· 14·ZlT-
1 1+-- ,.   ... 1. , -

-- - --1. . ' .Ii ..t--1-:\ .- _- *. - 1  -.-rrl- -I, t--1-*_-- 1-.          --  --4 -
1/         4

/-                                            -

1., -* .-
0

0 700 - = = 1/0 L/0 14,10 1,00     1:,00

1 ...I.hill (1)

Fig. 23.  Magnetic heat capacity of Ni3Fe.

r



-32-

Table 6. The energy and entropy of magnetic disordering, and 
the discontinuity in the magnetic heat capacity at 
the Curie temperature, for Ni (1, 29), Fe (4, 29) and 
Nile· 

~um 

(Joules/mole) 

~sm 

(Joules/mole-K) 

Ni 

1650 (1) 
1758 (29) 

3. 542 ( 1). 
3.38 (29) 

~em 7.02 v- --- ----· ----- ----

Disordered Ni 3Fe 
3107 (± 500) 

4.84 (± 0.2). 

5.58 

Fe 
10,600 (4) 
8075 (29) 

11.13 
---- ·--- .. ---- --- --· - -- ------- -- ·-

(Joules/mole-K) 

Curie Temperature 633 873 1043 

(K) 

Tab 1 e 7. Comparison of ~U , l\S and ~em for disordered Ni 3Fe m m v 
to va 1 ues ·predicted by severa 1 mode 1 s . 

8U ~sm ~em 
m v 

I 

1 Model (Joules/mole) (Joules/mo1e-K) (Joules/mole-K) 

Ising (as, 36) 5652* 15.0* 

; Constant 
Coupling (37, 3B) 4862* 11. 8* 

~1ol ecul ar 13.8* 
Field {39) 

Heisenberg l {29) 4000* 6.34 

Experimental 3107 4.84 5.58 
Value 

. 
: Heisenberg II ' 3172 s·._l7 

* N = 1.1, S = 1/2 
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the observation that the Bohr magneton number for this alloy is 1 .1. 

This can be interpreted as one spin per atom with a spin-orbital interaction 

of 0.1 Bohr·magneton. The corresponding entropy of disordering is then 

1.1 R ln 2, which is definitely too high; the disordering energy is 

also too large. 

A more realistic assessment of the disordering energy and entropy 

can be made if it is assumed that Ni and Fe have the same spin structures 

in the alloy as they do in the pure metals. Such an assumption is 

supported by inelastic neutron scattering measurements which 

show that the magnetic moments of Fe and Ni in the alloy are about 

the same as in the pure metals, and approximately constant from pure 

Ni to about 40 at. %Fe. Under this assumption Fe has spin 1, and its 

entropy is l. l R ln 3, while Ni has 56% of its atoms magnetic with 

spin l/2 and an entropy of 0.616 R ln 2. Prorating these numbers 

according to the alloy composition yields a predicted entropy given 

in the line "Heisenberg II," in good agreement with our analysis. 

Similarly applying Heisenberg theory separately to Fe and Ni for the 

internal energy of disordering and weighting by the alloy composition 

likewise gives good agreement with the analysis. This agreement suggests 

that Ni and Fe are only weakly coupled to each other magnetically in 

the alloy, which is consistent with the Heisenberg model. Coupling 

does exist, however, as shown by the unique Curie temperature of 872.6 K 

of this alloy. It will be interesting to see whether the above formalism 

is followed by other alloys of Ni with magnetic elements. 
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C. Analysis of Magnetic Thermodynamic Properties 

A model is being developed to predict the magnetic contributions to thermo

dynamic properties of Ni-base alloys. This model should be capable of predicting 

the total magnetic enthalpy and entropy of the alloy, and the variation of Hmag' 

Smag' and Gmag in the alloy with temperature, given the Curie temperature and 

(if available) Bohr magneton numbers and magnetization data of the alloy. 

Based on our analyses of heat capacities of Ni and Ni 3Fe, a model with the 

following features is proposed: 

1) The magnetic enthalpy Hm=Um is given by the Heisenberg theory, where 

the spin disordering of each component of the alloy contributes separately to 

the total enthalpy change. 

2) The magnetic entropy S is the one predicted by the thermodynamics of 
m 

mixing, where again each component of the alloy contributes separately to the 

total entropy change. 

3) About 20% of Hm and 10-15% of Sm are contributed by disordering of 

local moments above the Curie temperature Tc· 

4) Virtually all of the Gibbs free energy change associated with spin 

disordering occurs below about O.BTC. From the free energy point of view, the 

ferromagnetic-to-paramagnetic transition is approximated as a first-order trans-

formation with Tt = O.BTC. Below Tt' Gmag is vi~tually linear in T. 

We are currently drawing curves of reduced magnetic enthalpy H(T)/Hm' 

entropy S(T)/Sm' and Gibbs free energy G(T)/Gm versus reduced temperature T/Tc 

to test the general validity of this model. More work on binary Ni alloys with 

both ferromagnetic and paramagnetic elements is needed to prove or disprove its 

general usefulness. 
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V. AUXILIARY WORK 

A. Papers on Adiabatic Calorimetry (C.R. Brooks, W.M. Cash) 

Two papers related to coupling of the high temperature adiabatic calori

meter with a PDP-15 computer, based on the Ph.D. work of Dr. Cash, have been 

submitted. Dr. Cash was supported for a short time under this grant near the 

end of his work. His results allow us to operate the calorimeter on this 

grant work more rapidly and efficiently than with purely manual control. The 

first paper (D), accepted for publication by Review of Scientific Instruments, 

describes in detail the control algorithms for sample and shield heating and 

control and data logging. The second (E), submitted to Journal of Chemical 

Thermodynamics, describes measurements on the heat capacity of titanium taken 

using the calorimeter under automatic control. 

B. Review Article on Adiabatic Calorimetry (C.R. Brooks, E.E. Stansbury) 

McGraw-Hill and Cindas of Purdue University have begun the ambitious pub-

lication of 42 volumes (comprising 14,000 pages) to compile thermophysical, 

electrical, electronic and magnetic properties of materials, and to cover the 

theory of these properties and methods of measurement. One volume is entitled 

The Specific Heat of Solids, for which one of the editors, Dr. A. Cezairliyan 

of the National Bureau of Standards, invited Dr. Brooks to prepare a review 

article on adiabatic calorimetry in the reg{on above 300 K. Dr. Brooks has 

enlisted the aid of his long-time colleague Dr. E.E. Stansbury to prepare this 

article. It is to be submitted by April 1, 1981, (ref. (F)). 

C. Symposia on Alloy Thermodynamics (C.R. Brooks, P.J. Meschter) 

Dr. Brooks 'Nas se 1 ected to organize a sympos i urn on A 11 oy Thermodynamics 

for the 35th Annual Calorimetry Conference, Eufaula, Alabama, August 18-22, 

1980. This symposium comprised twelve papers in three sessions. Invited 

papers were given by Dr. Bruno Predel, Max-Planck-Institut for Metal Research, 

Stuttgart, on high-temperature calorimetry; Dr. O.J. Kleppa, Univ. of Chicago, 
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on solution calorimetry; and Dr. K.T. Jacob, University of Toronto, on solid

state electrochemical techniques. 

The Electrothermics and Metallurgy Division of the Electrochemical Society 

selected Dr. Meschter to organize a Symposium on Thermochemistry of Intermetallic 

Compounds for its l59th Annual Meeting in Minneapolis, May 10-15, 1981. This 

symposium will have 21 papers in four sessi6ns. Invited papers will be given 

by Professor Leo Brewer, University of California (Berkeley) on properties of 

transition metals and alloys; Professor K.A. Gschneidner. Ames Lah, on low

temperature heat capacity measurements; and Professor Y. Austin Chang, Univer

sity of Wisconsin (Madison), on thermochemistry and defect structures of inter

metallic phases. 

D. Review of Electrodes for Oxide Electrolyte Systems (P.J. Meschter, T. M. 

Ghuneim) 

Although several good reviews exist of solid oxide electrolytes, their 

properties and preparation, no comparable review of commonly used electrode 

materials has been recently published. Dr. Ghuneim undertook to gather and 

analyze data for the most commonly used metal-metal oxide and oxide-oxide 

systems. We decided to expand this activity to include the 30 systems listed 

in Table 8 which involved evaluation of well over 400 references. Typical 

examples of evaluated free energy equations for some of these systems are tab

ulated in Table 9. Completion of the paper, including the remaining data 

analysis and sections on preparation and experimental design techniques in

volving these electrodes, is expected later this year. We intend to submit 

this work to Journal of the Electrochemical Society. 
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TABLE 8 

Reference Electrode Systems for Solid 

Oxide Electrolytes Covered in Review Paper 

Mn-MnO 

Mn0-Mn 3o4 

Mn 3o4-~ln 2o 3 
Re-Re02 
Fe-FeO 

Fe0-Fe3o4 
Fe 3o4-Fe2o3 

Ru-Ru02 

Os-Os02 
Co-CoO 

Co0-Co 3o4 

Rh-Rh2o3 

Ir-Ir02 
Ni-NiO 

Pd-PdO 

Cu-Cu2o 
Cu20-Cu0 

U02-u4o9 
U02-u3o3 

U308-U409 
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TABLE 9. 

Evaluated Gibbs Free Energy D3ta for Several Reference Electrodes 

6G 0 (J/g a:om O) = a + bT 

Reaction Uncertainty a Uncertainty 
In 6G 0 (J) ,±2o Q!g atom 0) in a {J), ±2o 

Nb + l /2 a2'i=!No0 530 -412,960 2050 

2.5Nb02+ 1/2 02 ::;l..2SN~2o4 . 8 1070 -317,040 1760 

0.4Ta+l/2 o2=0.2Ta2o5 720 -398,69J 2490 

0.95 Fe+l/2 o2=Fe0. 95o 520 -264,080 340 

3Fe0 + l/2 o2=Fe3o4 710 -313,260 530 

Ni + l/2 o2= NiO 420 -232,950 280 

2 Cu + l/2 o2 = Cu2o 620 -166,040 530 

b 
(J L9 atom 0/K) 

85.350 

84.810 

78.971 

64.497 

123.50 

83.487 

70.217 

Uncertainty 
in b {JLK),±2o 

l. 636 

l. 305 

2.608 

0.265 

0.450 

0.158 

0.474 

I 
w 
\.0 
I 
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VI. PERSONNEL 

During this grant year, Dr. Theeb M. Ghuneim completed his post

doctoral appointment and accepted a position on the physics faculty at 

Birzeit University on the West Bank, Palestine. In September, 1980, 

three graduate students started work on this research. Mr. Ashok Choud

hury and Mr. Sujit Das joined our program as M.S. candidates from Indian 

Institute of Technology, Kharagpur, and Mr. Hsien-Lung Tsai transferred 

from another research project tq do his Ph.D. research on this topic. All 

of these young men are sound academically, have good research ability, 

and have progressed up to or beyond the point that we have expected con

sidering their relatively short tenure here. 

In the past two years, the number and quality of applicants for grad

uate studies in our metallurgical engineering program have increased. This 

improvement is due almost entirely to development of reliable personal con

tacts with faculty members at foreign institutions. We believe that appli

cations from these sburces will continue to be strong in the next few years. 

The lack of American applicants remains acute, but is not expected to be 

eased until graduate student stipends and academic salaries are raised suf

ficiently to make pursuit of advanced degrees in metallurgy once more an 

attractive option. 
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VIl. PUBLICATIONS RELATED TO THIS GRANT, 1980-1981 

A. P.J. ~1eschter, J.W. Wright, C.R. Brooks, T.G. Kollie, "Physical Con
tributions to the Heat Capacity of Nickel," submitted to J. Phys. 
Chern. Solids. 

B. P.J. Meschter, "Phase Boundary - Thermodynamics Correlation in 
Binary Ni-Transition Metal Systems," Proceedings Carl Wagner Commem
orative Symposium, Chicago, Ill., Feb. 23-26, 1981, in press. 

C. C.R. Brooks, P.J. Meschter, T.G. Kollie, "The Magnetic Heat Capacity 
of a Configurationally Disordered Ni-25 at.% Fe Alloy," submitted to 
J. Phys. Chern. Solids. 

D. W.M. Cash, E. E. Stansbury, C.F. Moore, C.R. Brooks, "The Application 
of a Digital Computer to Data Acquisition and Shield Temperature Con
trol of a High Temperature, Adiabatic Calorimeter," Review of Scien
tific Instruments, in press. 

E. \~.M. Cash, C.R. Brooks, "The Heat Capacity of Alpha-Titanium from 320 
to 1020 K," submitted to J. Chern. Thermodyn. 

F. C.R. Brooks, E.E. Stansbury, "Adiabatic Calorimetry Above 300 K," 
Specific Heat of Solids, Vol. 1-3, A. Cezairliyan, ed. (McGraw-Hill/ 
Cindas Data Series of Material Properties, Group I: Theory, Estima
tion, and Measurement of Properties). To be submitted by April 1, 1981. 

PRESENTATIONS, June 1980 - May 1981 

C.R. ·Brooks: a. "Preliminary Measurements of the Heat Capacity of Ni 4Mo.," 

35th Calorimetry Conference, Eufaula, Ala., August 18-21, 
1980. 

b. "The Heat Capacity of a Ni-20 At.% Mo Alloy for Various 
Heat Treatments," llOth AH~E Meeting, Chicago, Ill., Feb. 
22-26, 1981. (Alloy Phases). 

P.J. Meschter:a. "Thermodynamic Properties of Nickel," Calorimetry Conference. 
(Preliminary). 

b. "Correlation of Thermodynamics and Phase Diagram in Binary 
Ni-Base Systems," Calorimetry Conference. (Preliminary). 

c. "Thermodynamic Properties of Nickel," llOth AIME Meeting 
(A 11 oy Phases). 

d. "Magnetic Contributions to the Thermodynamics of Ni-Base 
Alloys," llOth AH1E Meeting (Alloy Phases). 

e. "Phase Boundary - Thermodynamics Correlation in Binary 
Nickel - Transition r~etal Systems," llOth AIME Meeting 
(Wagner Commemorative Symposium). 

f.· "Calorimetric Determination of the Phase Stability of 
Ni 4Mo," 159th Electrochemical Society Meeting, Minneapolis, 
MN, May 10-15, 1981. (Thermochemistry of Intermetallic Com
pounds). 
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SYMPOSIA, COMMITTEES, OTHER ACTIVITIES, June 1980-May 1981 

C.R. Brooks: a. Organized Symposium on Alloy Thermodynamics, 35th 
Calorimetry Conference, Eufaula, Ala., August 18-22, 
1980. 

b. Thermodynamic Activity Committee, ASM Materials Science 
Division. 

c. Board of Review, Metallurgical Transactions. 

P.J. Meschter: a. Organized Symposium on Thermochemistry of Intermetallic 
Compounds, 159th Electrochemical Society Meeting, 
Minneapolis, MN, May 10-15, 1981. 

b. AIME Alloy Phases Committee. 
c. ASM Thermodynamic Activity Committee 
d. Board of Review, Metallurgical Transactions. 
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