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Solid-Gas Equilibria in Caso3-H2o(g) System 

and Lewis-Acid-Base Alloys 

by 

Bea-Jane Lin 

ABSTRACT 

The importance of the role played by calcium sulfite in the flue 

gas desulfurization of lime/limestone scrubbers makes it desirable to 

work out its thermodynamic properties. A thermogravimetric apparatus 

was used to study the equilibria between calcium sulfite hemihydrate 

and calcium sulfite anhydrite under different conditions. From the 

coupling of the dissociation pressures of calcium sulfite hemihydrate 

and its solubility data in aqueous solutions, the physical quantities 

of anhydrous calcium sulfite should be obtainable. Efforts were made 

to analyze the difficulties encountered in the dynamic approach to 

equilibration after calcium sulfate dihydrate failed in calibration of 

the apparatus. In addition, a program for HP-41C calculator was 

utilized to arrive at the equilibrium constants in this system. 

Finally, the kinetics and thermodynamics for the dissociation of 

calcium sulfite hemihydrate were carefully examined and well 

elaborated. 

The confirmation of Engel-Brewer•s correlation between the 

electronic configuration and crystal structure in metallic systems has 

long been pursued in this group by studying the Lewis-acid-base 

interactions. Tantalum-iridium alloys of different compositions were 

brought into equilibrium with various steam/hydrogen mixtures in the 

same thermogravimetric setup. Although the kinetics is limited by the 

a 



maximum temperature of the equilibrating furnace, there ~xist 

indications that tantalum-iridium alloys are very stable. 

Some preliminary studies were carried out on hafnium-platinum 

system, which shows several interesting characteristics worth looking 

into. 
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PART I: SOLID-GAS EQUILIBRIA IN CaS03-H2Q(g) SYSTEM 

INTRODUCTION 

The foreseeable energy crisis calls for the increased use of coal 

as a fuel. Anyone who is concerned with environmental pollution will 

find that the performance of existing flue gas desulfurization units 

needs to be improved and better understood. The removal of sulfur 

dioxide from the coal flue gas utilizes an aqueous lime (calcium oxide) 

or limestone (calcium carbonate) slurry in the scrubbers. The product 

formed by the reaction of sulfur dioxide gas with solutions containing 

calcium ion, calcium sulfite hydrate, is too gelatinous to handle and 

needs to be converted to a more suitable material by oxidation or 

dehydration. 

Calcium sulfite was first reported to form a dihydrate [1]. 

Rohrig even concluded that the dihydrate lost three-quarters of its 

hydration water at .aooc and all of it at 100°C [2]. In Bichowsky's 

work it was mentioned that above 160°C the dihydrate was unstable in 

. contact with water, presumably forming the hemihydrate CaS03•1/2 H20 

[3]. However, he did not give any evidence for the composition of the 

hydrate. Matthews and Mcintosh grew larger crystals of calcium sulfite 

hydrate by diffusion in a H-shaped tube, one of whose legs had two 

grams of sodium sulfite while the other had an equal amount of calcium 

chloride [4]. Chemical analysis of this product showed that it 

contained 8 to 10% water, which is in between the amount of hydration 

water required for the hemihydrate {6.9%) and the dihydrate (23.06%) 

but much closer to the hemihydrate. A recent investigation on the 

crystal structure of calcium sulfite hemihydrate by Schropfer estab-
0 

lished its space group to be Pbna with a
0 

= 6.4844A, b
0 

= 9.8123A, 

1 



0 

and c
0 

= 10.6629A [5]. The anhydrous Caso3 has been shown to decompose 

to CaO and so2 above 600°C and to disproportionate to c~so4 and CaS 

above 680°C [6]. Various possible solid-gas equilibria could occur in 

the Ca-S-0-H system at elevated temperatures. Among them: 

3 Caso4(s) + CaS(s) = 4 cao(s) + 4 so2(g); 

cas(s) + 3/2 so2(g) = caso3(s) + 3/4 s2(g); 

CaS(s) + 2 so2(g) = Caso4(s) + s2(g);.and 

CaS(s) + 3 H20(g) = Caso3(s) + 3 H2(g) 

etc. Obviously, the complexity of this system increases drastically 

with temperature. In order to make a survey of all these phenomena, 

the thermodynamic pro.pert i es and chemica 1 behavior of Caso3 a nhyd rite 

have to be clarified first. The approach to this goal is to measure 

the equilibrium water vapor pressures of CaS03•1/2 H20, which 

will then be combined with its solubilities in water to yield the 

necessary thermodynamic functions of anhydrous Caso3• The working 

scheme is as follows: 

At a given temperature T(~K) 

CaS03•1/2 H20(s) = CaS03(s) + 1/2 H20(g) 
0 1/2 

AG1 = -RT lnKeq, 1 = -RT lnPHzO(g) 

= -1/2 RT lnPHzO{g) 
2+ 2.-

CaS03•1/2 H20(s) = Ca(aq) + S03(aq) + 1/2 H20(L) 
0 AG2 = -RT ln(a+a_) 

= -RT lnai 

= -2RT lna± 

= -2RT ln(m~), 

where m is the solubility and ~is the geometric mean-ion 

. activity coefficient. Applying the extended Debye-Huckel theory 

2 
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of Pitzer and coworkers [7,8,9], Rosenblatt worked out a computer 

program for the estimation of activity coefficients in con

centrated sulfite-sulfate solutions [10]. Then, 
2.+ 2-

CaS03(s) + 1/2 H20(g) = Ca(aq) + so3(aq) + 1/2 H20(~) 
0 D 0 

.1G3 = .1G2 - .1G1 
0 0 () 

= AGf, Ca2T(aq) + AGf, so!-(aq) + 1/2 AGf, HzO(£) 
D 0 

- 1/ 2 ~Gf, H
2
0(g) - .1Gf, CaS0

3
(s) 

therefore, 

AG 0 

f, CaS03(s) 

Once ~Gf of Caso3 is determined, it can in turn yield the ~Hf value 

providing the AS~ is already estimated. 

The equilibria in the Caso4(s)-H20(g) system were attempted to 

calibrate the apparatus without appreciating the complications due to 

metastable intermediate phases. Discussions will be made on the 

feasibility of a dynamic approach to the determination of equilibrium 

water vapor pressures. 

An HP-41C calculator program helped in working out the 

thermodynamics of the dissociation of calcium sulfite hemihydrate. It 

seems that the rehydration of anhydrous calcium sulfite is kinetically 

controlled and could take a couple of days under the experimental 

conditions used here. 

3 



EXPERIMENTAL 

A. Sample Preparation 

Samples of CaS03•1/2 H2o were prepared by reacting the aqueous 

solutions of Na2so3 and CaC1 2•2 H20 (both AR grade, Mallinckrodt 

product) under different conditions: 

Sample 1: Distilled water was first degassed with N2 and then used 

to dissolve the reactants. The reaction took place in a 

vacuum line and the filtration was undertaken in a glove 

bag, which had been purged with N2 for several hours, to 

avoid the oxidation of the product. 

Sample 2: Solid reactants were again dissolved in N2-degassed 

distilled water. But the whole.proce~s was manipulated 

in a N2-purged glove bag and the solution was still 

being degassed during the final filtration. 

B. Apparatus 

X-ray powder diffraction patterns were taken on a Picker Model 
D 

3488K diffractometer with Cu K~.(1.5405A) and later on with Fe K~ 
D 

(1.93728A) as the radiation source at room temperature. 

For infrared spectra, 100 milligrams dry KBr (Harshaw) was 

intimately ground together with about 1 milligram sample and the 

mixture was pressed into a glassy-transparent pellet using a 1/2" 

diameter stainless steel die at 15000 psi for 5 minutes or so. The 

infrared spectrophotometer used was Model 283 by Perkin-Elmer. 

Ultraviolet spectra for solutions of ,.,10-4M were taken on Cary 

118 Spectrophotometer. 

Differential thermal analysis (DTA) was done in a horizontal 

Ar-purged furnace with Pt-Pt/10%Rh thermocouples. Approximately 1 gram 

4 
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powder sample was compacted into a two-hole nickel cell with one hole 

containing some preheated ~-Al 2o3 as the internal standard. The 

heating rate was N10°C per minute. 

A Jubin-Yvon Model HG-2S Ramanor gave Raman scattering spectra~ 
D 0 

Three excitation sources were available: Ar laser at 4880A or 5145A and 
0 

Kr laser at 6471A. All these spectra were scanned at a speed of 100 

cm-1 per minute. Sample powders were sealed in a capillary tube. 

Surface area measurements by BET method were accomplished with the 

help of a Quantasorb apparatus by Quantachrone Corporation. Nitrogen 

and helium served as the adsorbate and the carrier gas respectively. 

Scanning electron micrographs were obtained on a 20kV AMR-150 

microscope. A stub having some Microstik ultrathin adhesive on its top 

face was used to hold sample powders. Then~ it was coated with a thin 

layer of gold to guarantee good electrical conductivity. 

C. Operational Procedures 

The apparatus for steam.equilibrium experiments is shown in Figure 

1. Dry Ar gas with a pressure of ~'~5 psi g was passed at a fl owrate of 

2.0-2.5 ft 3 per hour into a water bubbler train. The latter~ 

consisting of three identical bubblers in series to increase the degree 

of saturation of Argas by steam~ was held in a full visibility water 

bath by Blue M Company (Model MW-1152SSA-1). The fluctuation in the 

temperature of the bath was within 0.1°C. Given the bath temperature~ 

water vapors of a certain pressure were produced inside the bubblers. 

After Ar gas was intermixed with the steam~ the mixture traveled 

through a heated copper tube to reach the reaction chamber inside a 

Marshall furnace (Model P1037)~ whose maximum temperature was 1093°C. 

The heating rate of the furnace was controlled manually by a dial 

5 
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Figure 1. Apparatus for Steam Equilibrium Experiments. 
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setting ranging from 0 to 99.9 millivolts. Three chromel-alumel 

thermocouples of different lengths were equally spaced around the 

sample holder. And the temperature readings good to 5°C were displayed 

on a Leeds & Northrop Speedomax W multichannel recorder. On the 

average, the temperature gradient amounted to N3°C per centimeter. 

Hence the reaction temperature was assigned as the reading of the 

thermocouple which hung at a height· closest to that of the sample 

holder. Less than 2 gram samples of powders were loaded into the 

aluminum foil holder, which was hooked up to the gold suspension chain 

hanging freely from an Ainsworth type RZA microbalance housed in a 

bell jar. A second Ar gas of N3 psig at N2 ft 3 per hour was used to 

purge the balance during each run. The weight was then followed on a 

Bristol type AU-1 recording unit whose sensitivity was better than 10 

milligrams. 

In all cases, calcium sulfite hemihydrate powders were first 

heated to N330°C so that some dissociation into calcium sulfite 

anhydrite cQuld occur. Then the reaction temperature was gradually 

brought down to determine if there was any weight increase of the 

system owing to the reaction 

CaS03(s) + 1/2 H20(g) = CaS03•1/2 H20(s)· 

If there was a weight gain, the temperature was increased again in 

order to carefully determine the equilibrium point by bracketing the 

region between weight gain and weight loss. By cycling the furnace 

temperature around this region, one should be able to locate a close 

value of equilibrium temperature for that particular steam pressure. 

Theoretically, the weight profile resembles Figure 2. The solid line 

represents the heating cycle, while the broken line stands for the 
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Figure 2. 

-. 

Theoretical Weight Profile for Steam Equilibrium 

Experiments. 1, 3 are heating cycles, while 2 is 

the cooling period. No weight change is expected 

between A and B. 
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For a given steam pressure: 
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cooling segment. Between the two vertical dashed lines, where no 

weight change can be detected, should lie the true equilibrium point. 

11 



RESULTS AND DISCUSSION 

A. Contamination of CaS03·1/2 H2o by Caso4•2 H20 

In the preparation of Cas03·1/2 H20 as described above, some 

amouQt of CaS04•2 H2o always coprecipitated out. As a matter of fact, 

Setoyama and Takahashi did report on the formation of a series of solid 

solutions between CaS03•1/2 H2o and caso4•2 H20 [11]. 

The following techniques altogether serve sufficiently for the 

qualitative determination of any CaS04•2 H2o present in CaS03•1/2 H20 

samples: 

(i) Differential Thermal Analysis {DTA) 

Figure 3 contrasts the DTA results of prepared CaS03•1/2 H2o 

(upper and middle curves) with that of Caso4•2 H2o (lower curve). The 

upper and middle curves correspond to Samples 1 and 2 respectively. 

For both of them, the first endothermic peak obviously comes from the 

dehydration of Caso4•2 H2o. Sample 2 seems to have less of Caso4•2 H20 

judging from the size of this peak. The second endothermic peak is 

caused by the dehydration of Ca~03•1/2 H2o itself. Whereas the first 

exothermic peak around 720""750°C is not assignable by this study alone, 

it is most probably due to the disproportionation of Caso3 into CaS04 
and CaS. The small endothermic peak right before this one might occur 

with the decomposition of CaS03 to CaO and so2 gas. 

(ii) Infrared Absorption Spectroscopy (IR) 

To furnish an example, Figure 4 shows the IR spectrum for Sample 

1. Listed below are some major infrared absorption bands for both 

12 



Figure 3. Differential Thermal Analysis Results for Sample 1, 

Caso3• ~H2o (upper curve), Sample 2, Caso3• ~H2o 
(middle curve), and Caso 4 •2H2o (lower curve). 
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Figure 4. Infrared Spectrum for Sample 1, Caso3 ·~ H20. 
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Substance Wavenumber(cm-1) 

CaS03•1/2 H20 3400 

1620 

1000~950 

(strong and broad) 

=} 
500 

3600N3400} 

1700 

1620 

1150~1100 

(strong and broad) 

1003 

(weak) 

Mode of Vibration 

OH stretching of H20 

HOH deformation of H20 

JY1 and v3 of so~- group 

(from so~- group) 

J/3 of so!- group 

triply degenerate vib

ration of so~- group 

totally symmetric stre

tching of so!- group 

Since sample 1 shows a strong and broad band between 1100 and 1150 

cm-1, it must contain so~- as a major impurity (but not necessarily 

CaS04•2 H2o on the basis of IR spectra alone). 

(iii) X-ray Powder Diffraction 

The X-ray powder diffraction patterns taken of Sample 2 and fresh 

CaS04•2 H2o (Mallinckrodt AR grade) using Fe K~ radiation are 

compared in Figure 5. The d-values (interplanar distances) for the 
D 

three most intense lines for Caso4•2 H2o are 7.57, 3.06, and 4.26A in 
0 

the decreasing order of intensity. The line corresponding to 3.78A 

d-distance (29 = 29.7 degrees) could be CaS03•1/2 H2o impurity. On 

17 



Figure 5. X-ray Powder Diffraction Patterns for Sample 2, 

Caso3 ·~ H2o (top) and CaS04 •2 H20 (bottom) Using 

Fe K Radiation. 
a. 

Intensity Scale: 100 cps for top, 400 cps for 

bottom pattern. 
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the other hand, the d-spacings for the first several intense lines for 
0 

Sample 2 are found to be 3.15, 2.62, 3.78, 5.52, 1.84, 2.81, and 1.80A. 

These values agree very well with Mcintosh et al's data other than that 

the order of intensity is slightly different [4]. The line with an 
0 

interplanar spacing of 2.03A (28 = 57 degrees) was not indexed by 

Mcintosh. Although this same line also shows up in the diffraction 

pattern of CaS04•2 H20, it hardly assures the presence of caso4•2 H20 

in Sample 2. 

(iv) Raman Scattering Spectroscopy 

Nakamoto's compiled data give the Raman frequencies of so~- group 

and so~- group for Caso4•2 H2o as follows [12]: 
I 

.v1(A1) .t/2(A1) v 3(E) v 4 (E) 

so2-
3 

group 961 633 1010 496 cm~ 1 

v1 Z/2 tl3 t/4 

so2- group 1006 415} 1115 618 cm-1 
t 

499 1136 622 

1144 672 

The main feature of the Raman spectrum for Mallinckrodt's CaS04•2 H20 

as shown in Figure 6 does check pretty well. However, the Raman 

spectrum for Sample 2 (see Figure 7) seems to be shifted upward by 

about 20 cm-1 despite the line at 98.2 cm-1 which can not be assigned. 

Lastly, the line peaked at 1005.1 cm-1 suggests some Caso4•2 H2o is 

contained in Sample 2. 

There are two approaches for quantitative analysis of so~-. One 

is to determine the amount of sulfite ion [SO~-] by iodimetry and the 

amount of calcium ion by chelatometric titration with EDTA. The 

amount of sulfate ion is obtained as the difference in these two 

20 
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Figure 6. Raman Spectrum for CaS0
4

•2 H
2
o. 

0 

Radiation Source: Kr Laser at 6471 A. 
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Figure 7. Raman Spectrum for Sample 2, Caso
3

·!:2 H20. 
0 . 

Radiation Source: Kr Laser at 6471 A. 
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values [Ca2+J - [SO~-], which has an accuracy within 0.07 to 0.09 mol%. 

The other method is using gravimetry after the oxidation of sulfite in 

the sample by H2o2• The difference between these two methods was only 

0.002 mol% [11]. Elemental analysis of Sample 2 indicated 26.6 wt% Ca, 

22.8 wt% total S, and a negligible concentration of so~- ion. 

B. Equilibria in CaS03-H2Q(g) System 

Before any steam equilibrium experiment was undertaken, a blank 

test was run first with the result shown in Figure 8. Except at one 

point, the weight fluctuations were within ~g milligrams. Whichever 

direction the weight shifted, it always settled back to the zero point. 

In this work, the absolute weight change is not so important as the 

tendency of the weight to increase or decrease, which was closely 

watched. 

Figures 9(a) and 9(b) show two typical equilibration runs on 

Sample 2 with both water bath temperatures at 80°C. Curve (a) was 

obtained by heating the sample directly to N335°C, then bringing the 

temperature down to -70°C and finally recycling between N170° and 

130°C. For curve (b), sample was first heated to~335°C in five steps 

and then cooled in 20°C intervals down to ~85°C holding each 

temperature for at least one hour. Through this kind of successive 

reduction in temperature, the detailed structure of the weight profile 

was defined. In both cases, no appreciable weight gain was ever 

observed except for that caused by abrupt unsteadiness of the steam 

flow. More experiments were carried out without any indication of 

steam uptake by the sample. In other words, expectation of the 

theoretical curve could not be realized. 

It was first considered that Caso3 might have decomposed into 
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Figure 8. A Blank Test for Steam E-quilibrium Experiment. 

Water Bath Temperature: 80 °C 
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Figures 9(a). Weight Profile for Steam Equilibrium Experiment on 

1.2982 g Sample 2; CaS03•1/2 H20 with Water Bath 

at 80°C. 

9(b). Weight Profile for Steam Equilibrium Experiment on 

1.57335 g Sample 2, Caso3•1/2 H2o with Water Bath 

at 80°C. 
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Cas2o3 at the working temperatures before rehydration was possible. 

Potentiometric titration using iodine solution to detect the 

coexistence of s2o~- and so~- was planned based on the order of the 

reduction potentials for the following half-reactions [13]: 

E0 = 0.536V 

E0 = 0.17V 

E0 = O.OSV 

Consequently, two distinct end-points were anticipated to be observed 

on the titration curve with s2o;- being titrated prior to so~-. 13 

solution of 0.1 N concentration was prepared by first dissolving 12.5 g 

KI in 10 ml d~ionized water and then adding in 6.36~ g solid 12 with 

constant stirring until the solution was complete. After being 

filtered through a fine sint~red-glass crucible, this solution was 

diluted to 1 liter and was stored in a dark and cool place. Standardi

zation of 13 solution was not done because I wanted to wait and see if 

this method would actually work out. Since the stability of s2o;

solution peaks in the pH range between 9 and 10, 0.009 g Na 2HP04·7 H2o 

was dissolved in deionized water to make 100 ml buffer solution with a 

pH value of 9.19. A mixed solution of 1 millimole each of Na 2s2o3 
pentahydrate and Na 2so3 in 20 ml buffer was placed in a beaker, where a 

Beckman saturated calomel electrode (abbreviated as SCE and represented 

by Hg2Cl 2 (sat'd), KCl(sat'd) I Hg) and aPt indicator electrode were 

immersed. The leads of these two electrodes were connected to a 

Corning Digital 110 Expanded Scale PH Meter whose direct reading was 

used to follow the titration. A magnetic bar provided the necessary 

agitation during the whole process. Hung above the titrated solution 

was a buret with ~50 ml r; solution in it. The intense yellow color of 
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Ii solution was adequate for the indication of the end point. 

Figure 10 is a typical plot for such a titration. Unfortunately, the 

absence of two expected breaks in the voltage rendered this method 

unsuitable for the purpose of detecting s2o;-, if any, in the reacted 

CaS03•1/2 H20. 

Thanks to the detectability of s2o~- by UV spectroscopy (~214 nm), 

Figure 11 rules out the possibility of s2o~- formation. Also, 

the spectrum tak~n of Caso3 after DTA experiment in Ar up to 900°C 

shows a s2- peak at ~228 nm, which confirms the occurrence of its 

disproportionation into Caso4 and CaS at high temperatures. 

On the other hand, there was the possibility that the micro

structure of the powdered sample might undergo a change that would 

prevent rehydration or restrict 1t only to the surface. Figures 12 and 

13 demonstrate the comparison between scanning electron micrographs for 

Sample 2 before and after equilibrium experiment. There did not seem 

to exist any considerable difference that would indicate a change in 

hydration rate. The results of.surface area measurement, e.g.~2.9 m2/g · 

for fresh Sample 2 and -9.4 m2/g for Sample 2 after the steam equili-

brium experiment, point out the solid was crumpled more or less during 

each run. Nevertheless, this does not eliminate the possibility that 

the final lattice loses its sites for hydration water molecules so that 

it can not accommodate any surrounding water. A Jeol hot-stage 

scanning electron microscope which can be operated up to 1700°C, was 

once used to better examine the dissociation process of Caso3·1/2 H20 

(Sample 2). But the resolution of the microscope was not good enough 

(5000X magnification at best) to reveal any useful information. 
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Figure 10. Potentiometric Titration Curve for Thiosulfate

Sulfite Solution by Iodine Solution. 
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Figure 11. -4 UV Spectra for 10 M Solutions of 

(i) Caso3 ·~ H2o (Sample 2): (Absorbance Scale 

Factor A=l.O) 

(ii) CaS0 3 ·~ H2o after DTA in Ar: ------ (A=O.S) 

(iii) CaS : -- • -- • (A=2.0) 

(iv) CaS03 ·~ H2o after Steam Equilibrium Experiment: 

------ (A=l.O), and 

(v) Cas2o
3

·6 H20 Recrystallized from the Solution of 

Na2s 203•S H20 and CaC1 2•2 H20 :--- x--- (A=l.O). 
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Figure 12. Scanning Electron Micrograph of Unreacted Sample 2, 

Caso 3 ·~ H
2
o (magnification 9513X). 
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Figure 12 XBB 818-7915 



Figure 13. Scanning Electron Micrograph of Sample 2 after Stearn 

Equilibrium Experiment (magnification 9513X). 
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C. Calibrating Apparatus with Equilibria in Caso4-H2Q(g) System 

Intuitively, it is very straightforward and worthwhile to 

calibrate the apparatus against the equilibrium between anhydrous Caso4 

and Caso4 dihydrate. The well known thermodynamic properties of these 

two substances allow one to check the experimental steam pressures with 

the calculated equilibrium constants. 

Basically, the equilibrium setup here was the same as that shown 

in Figure 1 except for four modifications for some final runs. They 

are: 

(1) The copper tubing from the water bubblers to the bottom of the 

furnace was shortened to reduce the transit time of the 

gases. 

(2) A concentric Al rod with a smaller hole (-1/4" diameter) at the 

center was installed inside the tube furnace to allow the direct 

projection of the incoming gaseous stream onto the sample holder. 

The distance between the top of this Al rod baffle and the 

nearest thermocouple end was "'1". 

(3) The Al foil sample holder was replaced by a new one made up of 

porous AL2o3 grinding wheel to enhance the contact 

between the sample and the gas mixture. This cylindrical holder 

has dimensions 1.5 em (width) x 2 em (height) x 2 mil (thickness). 

(4) Above the sample holder was placed a thin Al plate center-punched 

onto the three thermocouples to increase the retention time of 

the gas mixture in the reaction chamber. 

The outcome of the equilibrium experiments can be divided into two 

categories: (i) Very little weight change was observed during the 

cooling period of the furnace (as exemplified by Figures 14 (a) to 14 
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(e)). (ii) Quite substantial variation in weight was accompanied along 

the cycle (as exemplified by Figures 14 (f) to 14(i)). Curves (a) and 

(b) imply that the equilibrium temperature for water vapor pressure of 

~355.1 mm-Hg (corresponding to water bath temperature at 80°C) is 

somewhere above 160°C and 300°C respectively. Were it not for some 

uncertain weights between 160°C and 300°C on curve (a), these two might 

yield the same lower limit for the equilibrium temperature. However, 

curve (c) (water bath temperature at 80°C) is not supportive of this 

observation. In fact, the weight between 101°C and 70°C on the cooling 

part of the profile, being more or less constant with the temperature, 

appeared to contradict the behavior of curves (a) and (b). Curve (d) 

indicates that the equilibrium temperature corresponding to 149.38 

mm-Hg steam pressure (water bath temperature at 60°C) is somewhere 

around 102.5°C. Curve (e) was carried out with the water bath at room 

temperature and the cooling segment from 190°C to 115°C does not seem 

to be in parallel to the previous c~rves (i.e. The smaller the 

saturated water vapor pressure, - the lower the equilibrium temperature 

is.). While curves (a) to (e) give a rough idea about the highest 

possible equilibrium temperature for any given saturated pressure of 

steam, they really do not offer a reasonably narrow range in which the 

sought temperature can be located. To this end, much more weight 

change and more cycles would be indispensable. Curve (f) brackets the 

temperature range from 178°C to 182°C for saturated steam 

pressure obtained at 80°C. Curve (g), with the same water vapor 

pressure in the reaction chamber, deviates from curve (f) by 25°C or 

so. In this plot, it is very obvious that the weight did drop upon 

cooling from 182°C to 178°C. This means the equilibrium temperature 
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Figures 14(a). Weight Profile for Steam Equilibrium Experiment on 

1.71575 g Caso4·2 H2o with Water Bath at 80°C • 

. (b). Weight Profile for Steam Equilibrium Experiment on 

1.9142 g Caso4•2 H2o with Water Bath at 80°C. 

(c). Weight Profile for Steam Equilibrium Experiment on 

3.7989 g Caso4·2 H2o with Water Bath at 80°C. 

(d). Weight Pr6file for Steam Equilibrium Experiment on 

0.93045 g CaS04•2 H2o with Water Bath at 60°C. 

(e). Weight Profile for Steam Equilibrium Experiment on 

2.26965 g Caso4•2 H20 with Water Bath at 

Room Temperature. 
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Figures 14(f). 

14(g). 

14(h). 

14(i). 

Weight Profile for Steam Equilibrium Experiment on 

1.46165 g Caso4·2 H20 with Water Bath at 80°C. 

Weight Profile for Steam Equilibrium Experiment on 

2.50035 g Caso4·2 H20 with Water Bath at 80°C. 

Weight Profile for Steam Equilibrium Experiment on 

0.86250 g Caso4•2 H2o with Water Bath at 60°C. 

Weight Profile for Steam Equilibrium Experiment on 

2.1497 g CaS04•2 H20 with Water Bath at 

Room Temperature. 
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should be lower, which is not in accord with what we concluded from 

curve (f). For curve (h) (water bath temperature at 60°C), the last 

cooling segment (as represented by squ~res) should have patterned 

itself after the first one (as represented by inverted triangles). 

Ignoring this internal inconsistency for the moment, the diamonds and 

inverted triangles point to a range from 147°C to 155°C for the equili

brium temperature. This is then in disagreement with curve (d). 

Finally, curve (i) indicates that the equilibrium temperature for water 

bath at room temperature should lie within 152°C to 191°C, which obeys 

the inference from curve (e) but still does not lead to any specified 

reading. Actually, curves (f) to (h) appear more as the adsorption

desorption curves for the moisture than as the dehydration-rehydration 

curves for crystalline CaS04• Otherwise, the .. assigned .. equilibrium 

temperature range should have had weight gains on its left (as the 

furnace temperature was lower) and weight losses on its right (as the 

furnace temperature was higher) no matter if the whole system was being 

heated up or cooled down. Moreo~er, no discernible weight change 

around spots (i) an4 (ii) on curve (f) while the furnace temperature 

was held fixed for over 10 hours suggests that the process must be 

kinetically restricted assuming the dehydration-rehydration was really 

taking place. By the way, the morphology of the fresh sample does not 

differ much from that of the reacted one (see Figures 15 and 16) except 

that some grains are much smaller afterwards. 

Initially, the poor performance of the apparatus was blamed for 

the nonreproducible results and all kinds of bugs I had encountered 

while operating it. For one thing, the magnitude of the change in some 

parts of the weight profiles was even smaller than the sensitivity of 
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Figure 15. Scanning Electron Micrograph for Fresh Caso
4

•2 H2o 

(magnification 4757X). 
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Figure 15 XBB 818- 7914 



Figure 16. Scanning Electron Micrograph for Caso
4

•2 H
2
o after 

Steam Equilibrium Experiment (magnification 4757X). 
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the electrical microbalance such that it is hard to tell if what was 

really picked up was due to any reaction at all. Based on this, the 

four aforementioned major modifications on the apparatus were made to 

allow improvements of the working condition. However, not a better 

data point was come by after these adjustments and my own careful 

manipulation. 

It is evident from previous studies [14-19] that much confusion 

exists. Fortunately, the detailed study by Kelley, Southard, and 

Anderson has characterized the source of the confusion [20]. Kelley 

et al found that there are only two thermodynamically stable phases 

corresponding to the mineral: insoluble (or natural) Caso4 anhydrite 

and Caso4•2H20 selenite. The dihydrate usually occurs in nature as 

the fine-grained, compact mass of small crystals known as gypsum. It 

also occurs as large transparent crystals of selenite, which show 

pronounced cleavage planes. The thermodynamic properties of these 

phases were determined and it was established that Caso4•2 H20 is the 

stable phase saturating the aqueous solutions up to 313°K and that the 

insoluble anhydrite is the stable phase in equilibrium with the 

saturated solution at higher temperature. However, the actual 

chemistry of this system is complicated by the existence of four other 

metastable phases. Two are close in compositions to insoluble 

anhydrous Caso4 and are called~- and ~- soluble anhydrite. The other 

two are called~- and ~-CaS04 •1/2H20. The metastability of these four 

phases is clearly established by their much higher solubilities in 

water than the solubilities of anhydrite or selenite. When CaS04•2H20 

is decomposed in the presence of water or a saturated steam atmosphere 

above 370°K, ~-CaS04 •1/2H20 is formed. Gallitelli described its 
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structure as being of a deformed monoclinic one with 12 CaS04•1/2 H2o 
molecules in a unit cell [15,16]. The lattice possesses great 

stability because the calcium atoms and sulfate tetrahedrons are 

arranged in such a way that there are strong forces between the calcium 

atoms of one layer and the sulfate groups of the adjacent layers. 

However, channels where the water molecules are situated do exist in 

the lattice. The interactions between these water molecules and the 

calcium atoms as well as sulfate groups are weaker than those between 

the last two because of the relatively greater distances involved. 

This apparently permits at least part of the water to be removed 

without seriously disrupting the structure of the crystal. In 

addition, there has been an extended argument as to whether the water 

in the hemihydrate was combined in a definite proportion, as in 

ordinary hydrates, or in continuously varying proportions, as in 

certain hydrated silicates. When this hemihydrate is further 

dissociated, the water is lost with apparent retention of the same 

basic structure to form ~-Caso4 which contains very little water and 

which does not convert to the stable anhydrite at an appreciable rate 

until temperatures above 1100°K. When CaS04•2 H20 is partly dehydrated 

in a vacuum at 373°K or under conditions of low water partial pressure, 

~-CaS04•1/2 H2o is formed. It has a higher energy content and a higher 

solubility than the ~-hemihydrate, hence, it is less stable. 

Feitknecht prepared samples from gypsum at low temperatures by disso

ciation in a vacuum desiccator, which should give only the~ form, and 

found that it had the same X-ray powder diffraction pattern as the 

~ form [21]. The ~-hemihydrate is thus crystalline and has a structure 

similar to that of the ~-hemihydrate. Upon dehydration of 
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~-CaS04·1/2 H20 at about 373°K, ~-Caso4 is formed which normally 

contains at least 0.069 moles of water per mole of Caso4 [22,23]. 

Upon further removal of water, the partial pressure of water falls off 

drastically indicating a solid solution of tightly bound water. 

Because of the complication involved with the formation of these 

metastable phases and the range of water compositions for the phases 

which equilibrate with CaS04•2 H20, it is not possible to follow the 

dynamic approach to the direct determination of the equilibrium water 

partial pressure for the equilibrium between insoluble anhydrite and 

selenite. Likewise, Caso3 anhydrite and CaS03•1/2 H20 might each have 

more than one structure, some of which could be metastable and/or non-

stoichiometric. Judging from the Caso4 case, this will also bring 

about some kinetic difficulties in equilibrating the two stable phases 

of Caso3• 

D. Some Thermodynamic Data of CaS03-H 2o(g) System 

For the reaction 

CaS03·1/2 H2o(s) = Caso3(s) + 1/2 H2o(g)' 

as shown in Table A of the Appendix, the free energy function (fef) 

equation for Caso3 hemihydrate only applies up to 320°K. For higher 

temperatures, the free energy functions for~- and ~-CaS04 •1/2 H2o are 

used to estimate it. 

The average for~ and~ yields the following coefficients for the 

free energy function of Caso4•1/2 H20, 

-(G 0 
- H298 )/RT = a

0 
+ _a1T + a2T2 + a3T3 

a = 0 
25.185 

a1 = -7.3765 X 10-2 

a2 = 1.810 X 10-4 
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-7 a3 = -1.2665 x 10 • 

Between 298.15°K and 320°K, the change in -(G 0 
- H298 )/RT for 

CaS03•1/2 H2o is smalle~ than the change for CaS04•1/2 H2o by a factor 

of 8.4585 x 10-1• The values of a1, a2, and a3 for CaS04•1/2 H20 

were multiplied by 8.4585 x1o-1 to obtain estimates for the sulfite 

phase. a
0 

was then obtained from the -(G 0 
- H298 )/RT = 14.7 at 

298.15°K yielding for CaS03•1/2 H2o between 298.15°K and 450°K, 

-(G 0 
- H298 )/RT = 22.532 - 6.2394 x 10-2T + 1.5310 x 10-4T2 -

1.0713 X 10-7T3• 

From the appropriate constants in Table A and the calculator 

program given in the Appendix, equilibrium constants for the 

dehydration of CaS03•1/2 H20 at different temperatures were derived 

and are given in Table 1. 

E. Conclusion 

As the water bath temperature is set at 80°C, the saturated steam 
-1 pressure should be 355.1 mm-Hg, which is 4.6724 x 10 in the unit of 

atmosphere. One derives an approximate equilibrium furnace temperature 

as follows: 

PHzO(g) = 4.6724 x 10-1 atm, which is between the calculated 

H20(g) dissociation pressures for 350°K and 375°K (see Table 1). 

Between 350°K and 375°K, -~(G 0 
- H~98 )/RT for 

CaS03·1/2 H20(s) = Caso3(s) + 1/2 H20(g) 

can be approximated by 8.7307 + 5.04 x 10-4T. Thus 

1/2 ln(4.6724 x 10-1) = - ~G0/RT = 8.7307 + 5.04 x 10-4T - ~H~98 JRT. 
As AH2g8/R = 3.4580 x 103°K, 

-0.3805 = 8.7307 + 5.04 X 10-4T- 3.4580 X 103/T 

or T = (3.4580 X 10 - 5.04 x 10-4T2)/9.1112 = 379.5 - 5.53 X 10- 5T2• 
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Table 1. Equilibrium Constants for the Dissociation of caso3 ·~ H2o 

~Ho /R = 3458°K 
298 

T ( °K) -~(G 0 -H298 )/RT in KT KT PH
20 

(g) ( atm) 

300 8. 7910 -2.7357 6.4850 X 10 -2 4.2055 X 10 -3 

325 8.8669 -1.7731 1. 69 81 X 10 -1 2.8835 X 10 -2 

350 8.9071 -9.7294 X 10 -1 3.7797 X 10 -1 1.4286 X 10 -1 

375 8. 919 7 -3.0165 X 10 -1 7.3959 X 10 -1 5.4699 X 10 -1 

400 8. 9130 2. 6 80 2 X 10 -1 
1. 3074 1. 709 3 

425 8.8953 7.5887 X 10 -1 2.1359 4.5621 

450 8.8749 1.1905 3.2887 1.0816 X 10 1 

The last column lists the equilibrium dissociation pressure derived from the 

corresponding equilibrium constants. 
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- By iteration, T = 371.88°K o~ 98.7°C for the temperature at which 

CaS03•1/2 H2o and Caso3 are calculated to be in equilibrium with 

- 4.6724 x 10-1 atm H2o(g)" Referring back to Figures 9 (a) and 

_ 9 (b), the portions of the weight profiles below 98.7°C did not show 

-any increase. This indicates that the rehydration of Caso3 anhydrite 

is thermodynamically favorable but kinetically 1 imited. so as to make 

the previously described dynamic- equilibration impractical. The 

estimated uncertainty in ~G 0 /R for Caso3 is ±100°K [24]~ Combining the 

uncertainty in ~G 0 /R for ca2+ as well as so;- with the uncertainty in 

the aqueous solubility of CaS03•J/2 H20, one is justified to take 

±400°K as the uncertainty in ~G 0 /R for Caso3·1/2 H20 [25]. Hence, 

~G 0 /R for the dehydration dissociation of Caso3·1/2 H2o has an 

uncertainty of ±500°K. Since 

AG 0 /R = -T lnK = -1/2 T lnPH
2
0(g)' 

the uncertainty in equilibrium steam pressure corresponding to 371.88°K 

is exp(±1000/371.88) = exp(±2.689), which is about an order of 

magnitude. In addition, the two extreme temperatures can be calculated 

in the following way: 

(a) For PHzO(g) = 4.6724 x 10-1 x exp(2.689) = 6.8766 atm, the 

interpolation is carried out between 425°K and 450°K (see Table 

1). - The -~(G 0 -H2 98 )/RT in this range can be approximated by 

9. 2421 - 8.16- x 10-4T. Thus, 

1/2 lnPH
2

0(g) = -~G 0 /RT = -A(G 0
- H2 98 )/RT- ~H298;RT, 

i.e. 1/2 ln(6.8766) = 9.2421- 8.16 x 10-4T- 3.4580 x 103/T 

or T = (3.4580 X 103 + 8.16 X 10-4T2)/8.2780 

By iteration, T = 436.5°K. 
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(b) For PH
1

0(g) = 4.6724 x 10-1 x exp(-2.689) = 3.1747 x 10-2 atm, 

the interpolation is carried out between 325°K and 350°K. Again, 

the -A(G 0 
- H~98 )/RT in this range is well approximated by 

8.3443 + 1.608 x 10-3T. By analogy to the calculation shown above, 

1/2 ln(3.1747 X 10-2) -= 8~3443 + 1.608 X 10-3T - 3.4580 X 103/T 

or T = (3.4580 x 103 - 1.608 x 10-3T2)/10.0693. 

T is found to be equal to 326.4°K. 
-1 Apparently, the pressure of 4.6724 x 10 atm for CaS03•1/2 H20 

dissociation can only be fixed within a range of 372±55°K. 

As for the minimum dehydration temperature, it does depend on the 

heating rate and the ambient atmosphere of the sample. In general, the 

thermograv i grams recorded at -1 °C/mi n in flowing Ar of -760 torr 

exhibit two major breaks. The first one between 130°C and 140°C is a 

consequence of the dehydration of Caso4·2 H2o, while the second one 

around 330°C to 340°C results from the dehydration of Caso3•1/2 H20. 

Nevertheless, it is not possible to separate the dehydration process of 

Caso4•2 H2o into two consecutive steps from the plain thermal gravi

metric analysis under low H2o(g) pressure. The temperature at which 

Caso4•1/2 H2o starts dehydrating is thus not clearly defined. On the 

other hand, differential thermal analysis results (see Figure 3) 

obtained at ~10°C/min also in 760 torr flowing Ar give two first-break 

temperatures, -125°C and -385°C for Sample 1; -116°C and ~321°C for 

Sample 2, as the minimum dehydration temperature for CaS04•2 H20 and 

Caso3•1/2 H2o respectively. The first endothermic peak of Sample 1 

(upper curve) is likely to be mistaken for the two-step dehydration of 

Caso4•2 H20. Actually, the first-break temperature at ~69°C is due to 
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the removal of moisture. As all the steam equilibrium experiments 

indicate, both dehydration and rehydration for either Caso4·2 H20 or 

CaS03•1/2 H20 proceed at very slow rates. For dehydration, one must 

go to a temperature much higher than the equilibrium temperature for a 

given H2o(g) pressure. 

Since the disproportionation of Caso3 into Caso4 and CaS is exo

thermic, the only sharp exothermic peak on the DTA curve (at ~754°C for 

Sample 1 and at ~720°C for Sample 2) is accordingly linked with the 

disproportionation. Therefore, the working temperature range which can 

be used for the dehydration of Caso3•1/2 H2o without CaS formation is 

from 400°C to 700°C. In this range, the reaction 

CaS03(s) = CaO(s) + so2(g) 

also occurs to a very small extent with the calculated equilibrium so2 

pressure varying from ~7.485 x 10-9 atm to N1.725 x 10-3 atm within an 

order of magnitude [24]. Above 700°C, the decomposition of Caso3 to 

CaO and so2(g) takes place to a more substantial amount aside from the 

disproportionation of Caso3 into Caso4 and CaS. - In any event, no 

Cas2o3 was ever observed. For comparison, Kelley's paper [20] plus 

this study suggest that the working temperature range for the 

dehydration of Caso4·2 H2o to ~-Caso4 is 100°C to 140°C. ~-Caso4 
upon heating for an hour at about 900°C converts to insoluble CaSO+ 

anhydrite. The conversion is noticeable at lower temperatures, but the 

rate decreases to an inconvenient magnitude. 

In the Caso4 system, equilibrium can be established between 

Caso4·2 H2o and CaS04•1/2 H20, but it is difficult to establish 

equilibrium between CaS04•1/2 H20 and anhydrous Caso4• For the Caso3 
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system, there is no counterpart to the CaS04•2 H2o - CaS04•1/2 H2o 

equilibrium and the equilibration between Cas03•1/2 H20 and anhydrous 

Caso3 is as difficult as for Caso4• The caso3 system has the 

additional complication of possible disproportionation. However, 

CaS03•1/2 H2o can be dehydrated without CaS or Cas2o3 formation between 

400 to 700°C. 
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APPENDIX 

A Calculator Program for Calculating the.Equilibrium Constants 

Table A lists the up-to-date free energy functions between 298.15 

°K and Tmax together with AH2981R, c;, 2981R values for some of the 

relevant substances in this project [20,24-30]. 

For the reaction aA + bB = cC + dO, the constants of Table A for 

each of the reactants and products can be combined to yield an equation 

for -~(G 0 
- H~98 ) I RT as a function of temperature. The ~H~981R 

values can be combined to yield~H2981R for the overall reaction. 

AH2981R = d(~H2981R) 0 + c(~H2981R)C - b(AH~981R) 8 
- a (~H2981R) A 

The equilibrium constant can then be calculated by the equation 

lnKT = -~(G 0 
- H298 ) I RT - {AH2981R) I T 

If lnK is known, the above equation can be used to calculate ~H;981R. 
The following program written by Brewer will carry out these operations 

using the constants of Table A [30]. HP-41C programming is used. 

1. LBL 1AG 1 STO 05 RON STO 06 RON STO 07 RON STO 08 

9. -1.1 STO 10 0 STO 01 STO 02 STO 03 STO 04 STO 12 

17. RTN 

18. LBL A ISG 10 STO IND 10 CLX RCL 05 STx IND 10 

24. RON RCL 06 X ST+ IND 10 RON RCL 07 X ST+ IND 10 

32. RON RCL 08 X ST+ IND 10 RTN 

37. LBL e RCL 09 X ST+ IND 10 RTN 

42. LBL 01 ENTERf ENTER't ENTER1' RCL 04 X RCL 03 + 

50. X RCL 02 + X RCL 01 + X RCL 00 + RTN 

60. RCL 12 Rt + GTO 01 

64. LBL 05 ZREG 13 CL..r. RTN 
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68. LBL H STO 15 RDN XEQ 01 RCL 15 Rt X 2:+ 

77. LAST X RTN MEAN STO 11 RTN SDEV 

83. LBL E XEQ 01 RCL 11 R I RTN E1'X RCL 12 

92. Rt + GTO E END 

The first co 1 umn gives the number of the first step in each row. 

Register 00 1 2 3 4 5 6 7 8 9 10 

.dao ~a1 .!la2 ~a3 ~a4 -a -b c d e A a Index 

11 12 13 14 15 18 

.!lH298/R I ZAH298!R Z(.!1H298/R) 2 1 nK n 

SIZE 019, program has 94 steps using 124 bytes or 18 registers or 

a total of 37 registers needed. Program will set~ registers starting 

at 13. 

Directions: 

( 1) d t c t -b t -a XEQ 'AG' 

Display 

0 

The sign is negative for each reactant coefficient and 

positive for each product coefficient. If the total of 

reactants and products is three, enter d=O. For aA = cC, 

enter 0 t 0 f c t -a. 

(2) (ao)Dt(ao)c1(ao)Bt(ao)A 

[ (2') e STO 09, (a
0

)E 

User A 

User e 

(2') is used only if the total of reactants and products is 

five. Step (2}, and if necessary (2'}, is repeated with a1 
values from Table A, and then again with the a2 values up to 

a4 values if there are a4 entries in Table A for any of the 

reactants or products. If the sum of reactants and products 

is three, no entries are made for D. Similarly, if there are 
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only two species, no entry is needed.of (an}B values. If 
0 there are only a

0 
terms which correspond to the CpiR values at 

298°K given in Table A, no entries are made after the a
0 

entries. However, if any reactant or product has a higher 

term, then entries, even when they are zero, are required 

through the highest an set with at least one non-zero value. 

(3a} T1 XEQ 1 -A(G 0~H~gg} I RTl 

(3b} (If I stored in Rl2) RIS -~(G 0 -Hzgg} I RT 

forT = T1 + I 

(4} After 10.1 STO 10, ~H;ggiR for each product and reactant is 

inserted as in (2)~ and if neGessary (2'). 

(Sa) To calculate average ~H~98 1R from a set of lnKT values, ·xEQ 5 

to set up registers 

T 1' 1 nKT User H 

Repeat T t lnK H for all T 

(5b) RIS, SST 

(6a} After step 4 or 5 has stored ~H2ga1R in Rll, 

User E, SST 

(6b) RIS, SST 

Av .~H2galR, Std. 

Dev. 

1 nKp KT 
1 l 

1 nKT' KT 

forT = T1 + I 

Note: When the -(G0 
- Higa) I RT equation in Table A contains lnT and 

T-l terms, these terms should be entered by step (2) after insertion of 

the a
0 

terms and before insertion of the a1 terms. For an equation 

with lnT, T-1 as well as T and T2 terms, LBL 01 would be modified after 

RCL 02 of step 51 to 

Rt I + Rt LN RCL 01 x + RCL 00 + RTN. 
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Table A. Free Energy Function Equations for 298.15°K to Tmax and ~H298/R, Cp, 298/R Values 

Let fef -(G0
- H298}/RT = a

0 
+ a1T + a2T2 + a3T3 + a4r

4 
~Ho cP,298 

Species Tmax(oK) ao al a2 a3 a4 298 (oK} 
R R 

-1 . 1 055x1 o-2 +3.0494xl0-5 -2.754xlo-8 9.016xlo-12 -29084±5 
--

H20( g) 1000 23.939 4.042 

caso3(s) 1000 12.75 -9.16 xl0-3 . 2. 75 xl0-5 -1.236xlo-8 -139400±500 10.93 

CaS03 ·~ H20(s} 320 20.9225 -4.174 xl0- 2 7. x10-5 -157400±300 (14.0} 

CaSO 
(a~hydrite} 

1000 13.31 -9.10 xl0-3 2.8245xl0-5 -1.246xlo-8 -172500±40 11.987 

Caso4(sol.a} 320 18.186 -3.459 xl0-2 5.8 xl0-5 -171430±50 12.05 

caso4(sol.f3} 320 18.097 -3.399 x10- 2 5.7 x10-5 -170900±50 11.91 

CaS04 ·~ H20(a} 450 24.74 -7.22 xlo- 2 1. 778 xlo-4 -1.253x10-7 -189650±50 14~36 

CaS04 ·~ H20(f3) 450 25.63 -7.533 xl0-2 1.842 x10-4 -1.28 xl0-7 ' -189400±50 14.93 

CaS04·2 H20 400 29.31 -4.183 x10- 2 7.30 x10- 5 -243280±40 22.3 ""-' __, 
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PART II: SOLID-GAS EQUILIBRIA IN LEWIS-ACID-BASE ALLOYS 

INTRODUCTION 

This work is primarily aimed at establishing the bonding model for 

transition metal alloys. Interests in the interactions between as well 

as the bonding mechanism for transition metals find application 

especially in alloy design and catalysis. But, more importantly, it is 

the pre~ictive power of this theoretical model which simplifies our 

attack of materials problems in the real world and helps us avoid all 

sorts of operational difficulties. In this sense, -Engel-Brewer's 

correlation appears a potential candidate for recognizing the roles 

played by s,p electrons and d electrons in alloying processes. The 

interactions between transition metals with vacant d orbitals (Lewis 

acids) and those having internally paired d electrons (Lewis bases), as 

inferred from the aforementioned correlation, thus serve as a support 

for its confirmation. 

To determine the magnitude of these Lewis-acid-base interactions, 

one way of approach is by study of gaseous equilibria, that is to pass 

a certain hydrogen/steam mixture over an alloy mixed with the oxide of 

one metal component and to watch the weight change until neither weight 

gain nor weight loss could be observed. This can be repeated at 

different temperatures. In the case of tantalum-iridium alloys, 

tantalum pentoxide is used. The equilibrium can thus be represented by 

the following equation: 

Ta2o5(s) + 5 H2(g) = 2 Ta(in Ir) + 5 H20(g) 

Evidently, the standard free energies of formation of these 

tantalum-iridium alloys are obtainable from those of the other 

participants in the reaction and the determined ratio of steam pressure 
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to hydrogen pressure. Altho.ugh the solid-electrolyte galvanic cell 

technique was expected to yield good results, side reactions between 

the electrolyte and either electrode in addition to troubles involved 

in manufacturing the cell itself make it essential to devise an 

alternative experiment. The thermogravimetric work described here is 

straightforward and independent; moreover, it offers a check for the 

electrochemical cell studies. 

Hafnium-platinum alloys are among the best examples for the 

illustration of Lewis-acid-base interactions. Despite the researches 

on several intermediate phases in this system, the phase diagram is 

still incomplete. Optical micrographs of some homogenized hafnium

platinum buttons suggest some interesting-looking phases. In addition 

to measurement of their thermodynamic properties by hydrogen I steam 

equilibration, a nitrogen I nitrid~ equilibri~m is also proposed. The 

reaction, shown as 

HfN(s) = Hf(in Pt) + 112 N2{g) 

yields different nitrogen pressures for various hafnium-platinum 

intermediate compounds which come into equilibrium with hafnium 

nitride. From these nitrogen pressure values, the activity of hafnium 

in its alloy with platinum can be derived as in the following equation: 

aHf{in Pt) = PN -112 exp{-dG~ HfNIRT) 
z~ , 
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THEORETICAL BACKGROUND 

A. The Engel-Brewer Correlation 

Chemists have always tried to formulate all kinds of interactive 

forces existing between and within elements themselves. Since it is 

the interactions of electrons with the nuclei that bind atoms in their 

place, the periodicity found in chemical elements lends support to a 

possible simple rule for determining their crystal structures. The 

valence bond method is successfully applied to non-metals and the 

normal metals in terms of the correspondence between the number of 

bonds in the molecule and the value of its valency [1]. 

Hume-Rothery first noted that many varied intermetallic compounds 

with the same average number of valence electrons per atom had the same 

crystal structure [2]. A unique concentration range of s and p 

electrons per atom was correlated with each crystal structure after he 

examined numerous alloy systems in which only s and p electrons contri

bute to bonding. The ambiguity of the valence state of transition 

metals handicapped the generality of this correlation. Later, Engel 

postulated that only outer bonding s, p electrons have an effect on the 

long-range order of transition elements, while inner-shell d electrons 

being more localized only interact with near neighbors [3]. Through an 

examination of solid solution stabilities in alloys between components 

having different outer electron concentration, it was found that 

percent p character had a similar significance in deciding the 

crystalline modification. Inasmuch as most stable crystal structures 

have just one s valence electron, the electron distribution between d 

and p orbitals controls the final lattice bonding. Engel•s correlation 

goes like this: 
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body-centered cubic (bee) structure corresponds to up to sp0•5; 

hexagonal close-packed (hcp) structure is associated with the range 

sp0• 7-1. 1; and 

face-centered cubic (fcc) structure occurs with sp1•5-2•0• 

Considering integral number of p electrons for simplicity, we may 

employ atomic spectroscopy to obta1n the relative energies of dn-1s, 

dn-2sp, and dn-3sp2 configurations, where n is the total number of 

valence electrons [4]. 

As gaseous atoms in their ground state come close enough to 

condense into solids, the repulsion due to the neighboring completely-

filled outer orbitals can be alleviated only by unpairing the 

electrons. With one paired valence electron per atom promoted to the 

next higher vacant orbital, better bonding could be achieved. Never-

theless, the promotion energy has to be at least offset by the 

resultant bonding energy for that particular electronic configuration. 

to prevail in a solid phase. The difference between these two energies 

is the heat of atomization, which is the energy required to abstract 

atoms from the metallic bonding state to the gaseous ground state. The 

point here is that the condensed phase normally has a different 

electronic configuration .from the gas phase. 

Tungsten can be taken as an illustration. Its energy 1 evel 

diagram as shown in Figure 1 compares the order of stability in the 

metallic state of d4sp and d5s configurations as opposed to d4s2 

gaseous ground state configuration [4]. Although both excited states 

have substantial pr~motion energies (55 kcal/mol for d4sp; and 8 

kcal/mol for d5s), they are more than counterbalanced by the bonding 

energy (243 kcal/g atom for d4sp; and 211 kcal/g atom for d5s). 

78 



Figure 1. Energies of d
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Whereas the unavailability of the electrons in the closed s2 orbital 

for bonding makes d4s2 configuration unimportant for the condensed 

metal. The net enthalpy of atomization for d5s is 15 kcal/mol higher 

than that for d4sp, so d5s is the predominant configuration in solid 

tungsten. Bonding energies for each type of bonding electrons of the 

various main shells have been tabulated [5] and the spectroscopic data 

for gaseous atoms have been compiled [4]. This allows one to do 

calculations to decide upon the correct electronic configurations in 

the solids, which then enable one to predict the metallic behavior. 

Recognizing the distinct spatial distribution of d orbitals 

compared to s, p orbitals, Brewer came up with some immediate 

predictions as follows [6-8]: 

1. Effect of Pressure upon Transition Metal Phase Equilibrium 

- The poor overlap between d orbitals can be greatly enhanced by 

applying external pressure on the metal. As a result, the 

crystal structure corresponding to the configuration with the 

most bonding d electrons is stabilized at higher pressures. For 

instance, the bee structure for group IVA elements (d3s confi

guration) is stabilized with respect to the hcp structure (d2sp 

configuration) which by the same argument is stabilized relative 

to the fcc structure (dsp2 configuration) with increasing 

pressure. 

2. Effect of Alloying upon Transition Metal Phase Equilibrium 

-Again, let•s look at group IVA elements for the moment. Their 

bee structure and hcp structure have three and two bonding d 

electrons respectively. Because all the transition metals to 

the right have more than two and a half bonding d electrons, any 
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substitutional replacement by them sacrifices more bonding 

energy in hcp structure than in bee structure so that bee 

structure is stabilized relative to hcp structure whatever .the 

actual structure of the alloying metal is. On the other hand, 

the introduction of non-transition metals having no bonding d 

electrons in the substitutional sites will stabilize the hcp 

structure instead. 

3. Magnetism of Transition Metals 

- Magnetism is expected of those transition metals whose d 

orbitals do not overlap well enough to split up the degenerate 

levels in the free gaseous atom. Under this condition, all 

these levels are not fully occupied and the unpaired electron 

spins lead to magnetism. As 4d and 5d orbitals extend 

appreciably beyond the closed 4p and 5p shells and the inter

action between atoms through d-orbital overlap becomes quite 

significant, 4d and 5d metals display no magnetism except for 

the slight paramagnetism caused by the excitation of electrons 

from the topmost energy levels. At the beginning of the first 

transition series, 3d orbitals are rather diffuse and extended 

in space. The increase in nuclear charge with increased atomic 

number contracts 3d orbitals to the extent that Cr toNi still 

retain some gaseous degeneracy and are magnetic. 

4. Multicomponent Phase Diagrams 

- Taking into account the electronic configurations, internal 

pressures and atomic radii of the component metals, Brewer was 

able to make predictions about the equilibrium phases and the 

composition range of each phase for many unexplored systems. 
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Electronic configurations as suggested by the Engel's theroy is 

the most important factor in fixing the thermodynamic and 

structure properties of intermetallic phases. Internal pressure 

defined as the quotient of the molal energy of vaporization 

divided by the molal volume is a measure of the interatomic 

attractive forces. Through regular solution theory [9], these 

internal pressures can be used to find out the solubility limits 

of one element in the other. As the critical mixing temperature 

Tc = (V/2R) [(~El/Vl)l/2 - (~E2/V2)1/2]2 

implies, the greater the difference between two internal 

pressures, the lower the solubility is. Size ratio becomes 

decisive in the way that atomic mismatch increases the free 

energy of an intermetallic compound and thus lowers its· 

stability. Figure 2 represents a multicomponent phase diagram 

of Hf with W, Re, Os, Ir, and Pt projected along the temperature 

axis. The abscissa gives the atomic percent of Hf, while the. 

right ordinate indicates·the average electron concentration per 

atom for metals from W to Pt. For any horizontal line drawn 

across the diagram, the intersected points with each phase 

region yield the maximum extent at the optimum temperature. 

Such type of condensed form of information aids in estimating 

the possibility of metallic interactions before any attempted 

materials research. 

The above four predictions were found to agree pretty well with experi

mental data available. However simple it may seem, the Engel correla

tion does remarkably account for over 90% of metallic structures. 
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Figure 2. Multicomponent Phase Diagram for Hf with Elements from 

W to Pt. The Right Ordinate Represents the Average 

Number of Valence Electrons per Atom. 
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B. Preview of Ta-Ir System 

One of the most pronounced consequences of the Engel-Brewer corre

lation is the generalized Lewis-acid-base interactions between transi

tion elements from opposite sides of the periodic table [10] •. Figure 

3 outlines the alloying process for Ta and Ir. Body-centered cubic Ta 

with a configuration d4s has one vacant d orbital available for bonding 

and face-centered cubic Ir with a configuration d6sp2 has two 

internally paired d electrons unused for bonding. As these two metals 

are alloyed together in 1:1 ratio, the transfer of a d-electron pair 

from Ir to Ta will occur to make full use of the available d orbitals 

as well as d electrons in bonding. Owing to this electron transfer, 

the resulting intermediate compound Talr with a configuration d5sp is 

expected to be extraordinarily stable. 

To gauge the stability of Ta-Ir alloys with varying compositions, 

the electrochemical study using a solid-state-electrolyte cell 

Pt, Ta2o5, Talrxf calcia-stabilized zirconia (CSZ) f Nb02, Nb2o4•8, Pt 

has long been investigated in our group [11]. CSZ having lots of 

oxygen ion vacancies conducts oxygen ions from the high potential end 

to the low potential end [12]. The equation used to calculate the 

partial molal free energy of Ta in alloys is 

~GTa(in Ir) = RT lnaTa(in lr) 

= 1/2 AGf, TalOS + 25/4 ~Gf, NbOz 
D 

- 25/8 6Gf, Nb2.04:B - 5 F f. 

where aTa is the activity of Ta, F is Faraday•s constant and~ means 

the electromotive_force of the cell. Although anticipated to offer 

good results, this technique has many more complications than can be 

solved in a short time. Mixtures of Ta2o5 and CSZ loaded in an alumina 
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Figure 3. The Alloying Process between Ta and Ir. 
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boat were heated in a muffle furnace to a temperature between 1250°C 

and 1300°C for 22.5 hours. The X-ray powder diffraction patterns 

indicated the formation of ternary oxide CaTa2o6• This side reaction 

obviously calls for a need to check upon the effect of such a reaction 

on the cell operation. 

The probe adopted in this work is the gaseous oxidation-reduction 

process. Saturated steam/hydrogen mixtures of a wide range of com

positions should serve this purpose well. With the aid of Ta-Ir phase 

diagram worked out by Grant et al (see Figure 4) and the free energy 

function values for the reactants along with the products [13], one can 

approximate the working range of Psteam I Phydrogen as follows: 

(i) For Ta2o5 ·+ 5 H2(g) = 2 Ta(s) + 5 H20(g) 

at T=1500°K 

- _A(G 0
- H~98 )/T = 2(15.13) + 5(50.60) - 65.25 -5(36.95') 

= 33.26 cal/°K 
0 

~· AH298 = 5(-57798) - (-488800) = 199810 cal 

:. -AG 0 /T = 33.26 - 199810/1500 = -99.947 cal /°K 

-AG 0 /RT = lnK = -75450 eq 
s :z. 5 -22 

so Keq = PHzO(g)aTa/[PHz(g)aTaz0
5

] = 1.428x10 

let the standard state of Ta be its pure state, then aTa = 1, 

hence PHzO(g)/PH
2
(g) = 4.275x1o-5 for pure Ta. 

Similarly, at T = 1000°K 
0 

-~(Go- H298)/T = 2(13.13) + 5(47.01)- 52.86- 5(34.76) 

= 34.65 cal/°K 

-~G0/T = 34.65- 199810/1000 = -165.15 cal/°K = R lnKeq 
5 5 -37 

so Keq = PH
2
0(g)/PH

2
(g) = 8.008x10 

:. PH.2.0(g/PH
2

(g) = 6.04x10-8 for pure Ta. 
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Figure 4. Ta-Ir Phase Diagram. 
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(ii) Based on the electrochemical study, it was assumed that the excess 

partial molal free energy of Ta for dilute solutions of Ta in Ir 

was about -60 kcal independent of the composition [11]. 

·:4G;: = RT lnoTa = -60 kcal for dilute solution of Ta in Ir • 

. · . .o Gra/RT = 1 naTa = 1 nirTa + 1 nXTa 

= -30196/T + lnXTa 

(iii)For Ta2o5(s) + 5 H2(g) = 2 Ta(in Ir) + 5 H20(g) at 1500°K, 

considering the Ir-rich limit of ~-Tair3 phase: 

xlr = 0.76, 

phase diagram. 

Xra = 0.24 as extrapolated from the 

~GTa/1500R = lnaTa = -30196/T + ln(0.24) 

= -21.56 

x1r = 0.11, Xra = 0.23 

aGTa/1000R = -30.196 + ln(0.23) = -31.67 

:.aT a = 1. 769x1o-14 

and 

Keq = 8.008x1o-
37 

= [PHzO(g/PH
2

(g)f.(1.769x10- 14 )2 

. -2 
.. PHzO(g)/PHz(g) = 1.913x10 

(iv) Similarly, considering the middle of ~-Ir phase 

at T = 1500°K, Xlr = 0.94, XTa = 0.06 

~Gra11500R = -20.131 + ln(0.06) = -22.94 

:. aT a = 1x1o-10 

Keq = 1.428x1o-
22 = [P~20(g)/P~(g)]•(1x10- 10 ) 2 

. -1 
.. PH

2
0(g)/PH

2
(g) = 4.275x10 
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at T = 1000°K, XIr = 0.94, XTa = 0.06 

AGTai1000R = -30.196 + ln(0.06} = -33.01 

~aTa = 4.61x1o-15 

-37 [ ]~( -15}2 Keq = 8.008x10 = PHzO(g}IPHz(g) • 4.61x10 

.·.PHzO(g/PH.z(g) = 3.275x10 
-2 

Table 1 collects the data of Psteam I Phydrogen ratios going from 

pure Ta to the middle point of ~-Ir phase at three temperatures. 

Presuming that PH
2

(g} is not far from the atmospheric pressure, one 

could convert the PHzO(g) to the saturating temperature of the water 

bath. The lower portion of Figure 5 sketches out the possible 

variation at 1600°C of the Psteam I Phydrogen r~tio across the whole 

phase diagram. It increases with increasing atomic percent of Ir in 

one-phase regions but stays constant in the presence of two phases. 

The salient feature of this plot is, of course, the big rise in the 

ratio and thus the big drop in aTa around 50% Ir. For a Ta-Ir alloy, 

its equilibrium PHzO(g) to PHz(g) ratio at the fixed furnace 

temperature could be taken as the average of the two nearest ratios at 

which weight change is still detectable as shown in Figure 6. It also 

reflects the physical impracticability of determining the very low 

equilibrium ratios since only large enough ratios will give substantial 

weight changes. This is why the dilute solutions of Ir in Ta should 

not be planned for this study. Finally, aTa acquired from the 

PH
2
0(g} I PHz(g) ratio can be used to derive air through Gibbs-Duhem 

equation [13] and the free energy of formation of any particular Ta-Ir 

intermetallic compound equals the weighted sum of these two activities 

as in the following: 
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Table 1. Variation of aTa and PH O(g)/PH (g) Ratio Across the Ta-Ir Phase Diagram 
2 2 

Temperature (°K) Pure Ta 

1000 aT a 1 

PH O(g)/PH (g) 
2 2 

6.04 X 10-8 

1500 aT a 1 

PH O(g)/PH (g) 4.275 X 10-5 
2 2 

2000 aT a 1 

PH20(g)/PH2(g) 9.893 X 10-4 

a-Talr Ir-rich 
3 

1. 769 X 10-14 

1.913 X 10-2 

4. X 10-lO 

2.456 X 10-l 

6.93 X 10-8 

7.229 X 10-1 

a-Irmiddle 

4.61 X 10-15 

3.275 X 10-2 

l. X 10-10 

4.275 X 10-1 

1.66 X 10-8 

1.28 

'' 

U) 

-!==> 
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Figure 5. Schematic Variation of P /P Ratio across the 
H

2
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2
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Whole Ta-Ir Phase Diagram. 



80 
T,oc 'a-r.'\ 

' ··a' 2500 \+ L \ CT+ L a-Talr3+L "- ... -:f LIQUID ,, .. 7_ a·Ir+L 

2000 

1500 

a
To 

01 
I 
I 

at 1600°C I 
PH~ I 

I 
I 

a·Ta 
+CT 

... , ,'I 1"--~=*= 
'·\ 'Cl-Tair3 +~~ : f \ 

\ , I I \ 
, a +L ' _ ,' ~ ~ \ 
' I '>r~-7 ''\a;y"alf'3 
\ ,' / I \ II 

I \ ' ' ~,+a~ 
' ' t 
' ' ,• a CT+a1 a, ., 2 ' a·Tatr3 a·Ir 

" I . I 
11 a2+, a· r 
ua·Tair:• 

I II 3 

XBL 7 8 4- 4876 

96 



97 

Figure 6. Sequence of Monitored P /P Ratio toward 
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j d(lna1r) = - J (Xra!X1r) d(lnara> 

~Gf = RT(XTalnaTa + X1rlna1r) 
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EXPERIMENTAL 

A Sample Preparation 

A certain proportion of tantalum and iridium powders (both were 

99.91 pure) of -325 mesh were first pressed into a pellet in a 7/16" 

stainless steel die under a pressure of -15000 psi for about 1 minute. 

The pellet was next placed in a tantalum crucible without any graphite 

lining to avoid formatlon of tantalum carbide and was sintered in a 

vacuum Brew furnace (pressure c.a. 3x1o-7 mm-Hg) at 1720 oc for over 20 

hours. Then, the pellet was arc-melted into a button on a water-cooled 

copper hearth. Tantalum-gettered Argas was flushed over the sample so 

that the weight loss wa~ no more than 0~1% in most cases and the sample 

was flipped four times to achieve homogeneous melting. After the alloy 

button was pounded into pieces using a mallet and was subsequently 

ground in an agate mortar to -325 mesh, an equal amount of tantalum 

pentoxide powders of the same particle size was added. Then this mix

ture was transferred into a bottle with some alumina balls to be milled 

for 6 hours. The interior faces of the cap and bottom of the bottle 

were each covered with a piece of 8" alumina adhesive disc by Pfizer. 

The process of pressing was exactly the same as before except for the 

application of a lubricant, zinc stearate mixed with 1,1,1-trichloro

ethane, to the inside wall of the stainless steel die since the oxide 

was rather abrasive. Finally, the pellet was heat-treated in a vacuum 

annealing furnace (pressure less than 10-6 mm-Hg) at 1000°C for 20 

hours or so and was ready to be used. 
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B. Apparatus 

The experimental setup as shown in Figure 7 is, on the whole, very 

similar to that for calcium sulfite studies. (But, this study was done. 

first.) The former differs from the latter only in the following ways: 

(1) Instead of a water bubbler train, it has a single bubbler whose 

water-refilling port has a soft connection to the vent for 

hydrogen gas to pop out in case of some pressure buildup in the 

whole system. 

(2) Its sample basket is made of Nichrome wire rather than aluminum 

sheet. 

(3) No baffles were used in the furnace tube to slow down the hydrogen 

/steam flow. 

(4) Its exhaust line leads via a flame arrestor to a Bunsen burner. 

(5) A mechanical pump with its valve interlinking the two manometers 

was used to evacuate the air in the reaction chamber before 

hydrogen gas was ever introduced. Since it was felt that the 

bellow right under the mitrobalance base might be too weak to 

withstand any low pressure, direct pumpdown of the atmosphere in 

the furnace tube was thought to be kind of dangerous for hydrogen 

experiments. 

c. Operational Procedures 

With exhaust valve (valve 4), pump valve, and valves 1, 2, 3 all 

closed, Ar gas was started to sweep through the whole system. In the 

meantime, the mechanical pump was turned on to gradually evacuate the 

dead volumes of the two manometers. Then, valves 2 and 3 were slightly 

opened until enough Ar gas was allowed into the manometers where 

evacuation and purging were repeated alternately for several times. 
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Figure 7. Apparatus for Steam/Hydrogen Equilibrium Experiments. 
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By doing so, it was hoped to eliminate the oxidative atmosphere around 

the sample as much as possible. While Ar gas was continuously flowing, 

H2 gas was bled at a rate slightly higher than 2 ft3/hr into the water 

bubbler so that it could get saturated with steam at the ambient water 

bath temperature. With a view to avoiding any condensation of the 

water vapors and the alteration of the mixing ratio of these two gases, 

the pathway bridging the water bath and the reacting furnace was 

heated. The furnace temperature was varied until no change was 

observed on the weight chart. This would correspond to equilibrium for 

the net reaction, 

2 Ta(in Ir) + 5/2 o2(g) = Ta2o5(s)' 

where oxygen potential is fixed by the gaseous mixture H2/steam. From 

this point of view, the strategy of locating the equilibrium 

temperature for the given PHzO(g) I PHz(g) ratio is the same as that 

involved in calcium sulfite studies. A major precaution taken in this 

project, however, was to burn up exhaust gas in a Bunsen burner 

situated below a roof hood. 
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RESULTS AND DISCUSSION 

A. Likely Drawbacks 

A number of experiments were carried out on a 81.984 wt% Ir alloy 

without significant data accumulated. Chances are the inherited 

apparatus or the alloy system itself might have faults in one or more 

of the following areas: 

(i) Diffusion of Steam/hydrogen Mixture through the Alloy Grains--

The time needed to reach equilibrium could be calculated in a 

simplified manner as shown in the example here: 

For the Ir-rich limit of ~-Tair3 phase at T=1000°K, XIr=0.77, and 

XTa=0.23. Supposing the grain size is about -400 mesh, which is equiva

lent to 37 microns. Then, the radius of each grain is roughly 

1/2 x 3.7 x 10-3 em= 1.85 x 10-3 em. 

The diffusion coefficient for this compound is unavailable and the 

value for a similar phase TaPd3 was used as an upper limit. In the 

equation ·D = D
0
exp(-Q/RT), 

TaPd3 in 700°-1030°C [14]. 

-6 2 D
0 

= 4.4 x 10 em /sec, Q = 23000 cal for 

So,- let's take D = 4.134 x 10-ll cm2/sec for 

Ir-rich end of ot.-Tair3 phase region. Since~ = 210t, where d is the 

diffusion length and t is time in second, t is calculated to be 

2.07 x 104 seconds or about 5.75 hours. As Tair3 is more 

strongly bound than TaPd3, the time would be longer for Tair3• 

Most of the runs were being watched for longer than six hours. 

That no good result was ever obtained ~as ascribed to surface equili

brium only with the temperature not high enough for bulk diffusion. 

(ii) Efficiency of the Intermixing between Steam and Hydrogen----

Hydrogen gas was meant to get well saturated with steam in the water 

bubbler. While this mixture traveled via the heated Cu tubing to the 
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reaction zone, any temperature gradient would separate the two gases. 

According to Chapman and Dootson's work [15], the heavier gas tends to 

migrate toward the colder zone, the lighter toward the hotter zone. 

And the flow rate needs to be higher than 0.9rrr2 in order to avoid this 

Soret effect [16], where r is the magnitude of the radius of the gas 

pathway. The opening of the resistance furnace is about 5 em wide, 

hence the minimum flow rate should be 

0.91fx 2.52 cclsec = 17.67 cclsec = 2.25 ft 31hr. 

Nonetheless, the flow rate also has to be slow enough to establish 

equilibrium. 

(iii) Reaction Temperature-----The highest possible temperature for the 

resistance furnace is around 1360°K, which greatly cuts down on the 

kinetics of the reaction. This is thought to be the main cause why 

nothing much was observed within a reasonable time. 

(iv) Detectability of Weight Change-----The Ainsworth recording balance 

used in this research has a maximum reliability of a. 02 g. For a 

sample weighing on the order of 1 to 2 g, this detectability limit 

requires a significant degree of undergoing reaction and thus makes the 

entire course time-consuming. 

(v) Atmospheric Environment of the Sample-----The test run on a Nb-

3% Pd I NbO pellet prepared by D.G. Davis in our group ended up with 

considerable oxidation of Nb or Nb01_x before the steam I hydrogen 

mixture was passed through (Nb01_x might have coated the surface of the 

pellet after vacuum annealing for 110 hours.) This strongly suggests 

that flushing Ar gas to purge the whole system is inadequate for this 

type of investigation. · A good vacuum is very desirable if a new setup 

is to be installed. 
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B. Promising Future Project on Hf-Pt Alloys 

The bonding effectiveness of d electrons increases upon going down 

the periodic table from the first to the third transition series [7]. 

Shown in Figure 8 is the marked increase in bonding energy for 4d 

electrons as compared with 3d electrons. The minimum in all the four 

curves results from the poorest utilization of each d electron in 

bonding as the most possible electron-pair bonds are crowded around an 

atom with d5 configuration. Generalized Lewis-acid-base interactions 

are thus the strongest if only Sd orbitals are involved. Judging from 

the alloying process, as Tair is surmised to be extraordinarily stable, 

so is HfPt which has two additional bonding d electrons per atom 

created upon alloying. 

A complete phase diagram for Hf-Pt system could not be found in 

the literature although several intermediate phases have been reported 

[17-22]. 

To prepare specimens for optical microscopic investigation, a 

suitable proportion of Hf lump~ from Johnson Matthey Chemical Company 

and 0.01" Pt sheets from Lawrence Berkeley Laboratory stock went 

through a sequence of standard procedures [23]: 

(i) arc-melted in a copper hearth to have alloy buttons made 

(ii) buttons wrapped in 1 mil Mo or Ta foil and then encapsulated 

in a quartz tube which was vacuumed up first and backfilled 

with a bit of Ar gas in some cases to avoid the collapse of 

the quartz tube after being homogenized above 1000°C for 2 to 

3 days 

(iii) cold-mounted in a 2:1 (volume ratio) mixture of Koldmount 

powder and liquid and let dry in the air until the mount 
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Figure 8. Valence State Bonding Enthalpy per Unpaired Electron 

in Kcal/gram atom. 
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hardened 

{iv) rough-ground on sand paper so that the alloy surface was well 

exposed 

(v) fine-ground using four different grades of SiC powder bonded 

onto specially prepared papers to remove the deformed layers 

lying right below the surface, specimen rotated about 45° 

from one abrasive paper to the next so that the new scratches 

from the finer abrasive were at an angle to those from the 

preceding stage until the old scratches disappeared 

(vi) polished until mirror shining with 1 micron diamond paste 

placed on a cloth-covered rotating wheel, kerosene used as a 

1 ubri cant 

(vii) etched for around 30 seconds followed by cleaning with soap 

solution and water 

Table 2 summarizes the history for the four alloys under study: 

Hf3•07Pt, Hf1•98Pt, HfPt 1•24 and HfPt3•05 • The weight loss from arc

melting was at best lower than 0.11. 

Auger electron spectroscopy (AES} finds itself a very valuable 

technique for determining surface impurities [24]. In the Auger 

process, a high-energy electron beam (103-105 eV) or high-energy 

electromagnetic radiation (X-ray) is allowed to excite the electrons 

from inner shells (e.g. K shell}. A vacancy thus generated is filled 

by an electron from an outer band (L1 shell), and the energy released 

in this transition is used to kick out a second electron from one of 

the electron levels (L 111 shell). Energy analysis of this ejected 

electron gives the differencies in binding energy of those partici

. pating ~lectronic bands (KL 1L111 in this example) which are 

110 



Table 2. History of the Four Hf-Pt Alloys 

Nominal Weight loss Homogenization Etching 
com~osition after arc-melting atm. tern~ (°C) time cooling agent 

Hf3.07Pt 0.0020 g out of vac. 1200 3 days furnace-cooled 200 ml OW 

2.5055 g, ~ 0.08% 15 ml HN03 
5 ml HF 

Hfl. 98Pt 0.0125 g out of vac. 1200 3 days air-cooled Same as above 

6.8359 g, ~ 0.18% 

HfPt1. 24 0.0692 g out of aqua regia 

6.7320 g, ~ 1.03% vac. 1000 3 days air-cooled (3 HCt + HN03) 

* HfPt3•05 0.0495 g out of reduced press. 

11.9085 g, ~ 0.42% of Argon 1220 3 days water-quenched aqua regia 

* wrapped in Ta foil for homogenization, all the rest in Mo foil. 

--' 
--' 
--' 



characteristic of any given element. For all the four arc-melted 

alloys, Auger spectra taken on a Physical Electronic Industries Auger 

Spectrometer with 5 KeV electron beam contained carbon (272 eV), 

nitrogen (379 eV) and oxygen (503 eV) peaks. Successive surface 

cleaning by sputtering with 3 KeV Ar ion beam up to 5 minutes (about 
() 

2000 A etched away) did not disclose as much impurity in the bulk. 

Figures 9 and 10 are the low electron energy portion of Auger spectra 

for HfPt3•05 before and after sputtering. The atomic composition 

profile, as shown in Figure 11, told of the approximate homogeneity 

although it is not very quantitatively accurate. 

A more reliable quantitative tool is electron probe microanalysis 

(EPMA). The analyzer used in this work is manufactured by Applied 

Research Laboratory (ARL). An electron beam of 1 to 2 micron diameter 

was projected onto 10 micron wide areas on each sample. Both Hf and Pt 
() 

were detected by their characteristic L~ x~ray (1.5696 A for Hf and 
0 

1. 3130 A for Pt) diffracted by Li F crystal. A group of standards were 

prepared, which included Mo, Ir, and Au in addition to 11 pure 11 Hf and 

Pt. Data were collected as a set of$ to 10 readings counting for 20 

seconds each, and then the average count was taken for analysis. The 

ratio of sample to standard counts is proportional to the weight 

percent of each constituent. It was a computer program Magic V which 

corrected for fluorescence, drift and background. The error attributed 

to this kind of microanalysis was lower than 1%. Put together below 

are the EPMA results for three of the four homogenized Hf-Pt alloys: 
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Figure 9. Auger Spectrum of HfPt3 •05 before Sputtering. 
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Figure 10. Auger Spectrum of HfPt
3 . 05 after Sputtering. 
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Figure 11. Atomic Composition Profile for HfPt
3

•05 after Sputtering 

for 5 Minutes. 
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Microprobe Analysis 

Nominal Composition Matrix Small Grains Funny Spots 

Hf3•07Pt Hf 2•14Pt Hf7•90Pt 

HfPt 1•24 HfPt 1•02 HfPt1•04 

HfPt3•05 HfPt2•33 HfPt2•58 
The formulas here only represent the atomic ratio of one component to 

the other. They do not necessarily exist as stable phases. 

Metallographic examination done under an optical microscope (Zeiss 

Ultramicroscope II) are shown in Figures 12 to 15. Cross-checking 

these micrographs with the above EPMA results, one can uncover some 

phase relations around 1200°C: 

Hf3•07Pt is obviously a two-phase region. The matrix as seen in 

Figure 12 falls within the Hf2Pt phase field, which according to 

Nevitt and Schwartz [21] has a Ti 2Ni type structure. The small dark 

grains, seemingly counting about 15% of the total composition, are 

ascribed to a second phase. Since the microprobe analysis gave 7.90 to 

1 as the atomic percent ratio of Hf to Pt and the transformation 

temperature of Hf from hcp (o~.) to bee (~) was reported to be 1740± 20 

oc [25], this second phase is very likely a solid solution of Pt in 

o(-Hf. 

Figure 13 confirms that Hf1. 98Pt is a pretty clean single phase. 

Nonetheless, the dark circles on the grain boundaries suggest that 

something could have precipitated out during the cooling although it is 

in a very small percentage. This is where further exploration comes 

in. 

A strikingly interesting phenomenon revealed by Figure 14 is the 

formation of platelike precipitates for HfPt 1•24 on cooling. These 
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Figure 12. Optical Micrograph of Hf
3

. 07Pt (magnification 2378X). 
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Figure 12 
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Figure 13. Optical Micrograph of Hf
1

. 98Pt (magnification 2378X). 
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Figure 13 XBB 818-7913 
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Figure 14. Optical Micrograph of HfPt1 •24 (magnification 2378X). 
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Figure 14 XBB 818-791 8 
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Figure 15. Optical Micrograph of HfPt 3 . 05 (magnification 2378X). 

+ 
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Figure 15 XBB 818-7910 



precipitates appear to grow along specific crystallographic planes or 

directions of the matrix crystals. Strangely enough, the microprobe 

analysis did not indicate any solute enrichment at all. Dwight et al 

[19] found the equiatomic compound HfPt possesses an orthorhombic CrB 

(Bf) type structure. More studies including transmission electron 

microscopic investigation would help to resolve if there is another 

stable intermediate phase slightly richer in Pt, which comes into 

equilibrium with HfPt. 

In the end, HfPt3•05 exhibits some scattered dendritic segregation 

probably due to supercooling (see Figure 15). The X-ray diffraction 

pattern overlaps satisfactorily with that for HfPt3, which was observed 

by Dwight and Beck [18] to have a TiNi 3-type ordered hexagonal close 

packed structure. However, the depletion in Pt as implied from the 

microprobe analysis has not been clarified yet. 

In view of the fact that the handling of steam/hydrogen mixtures 

is a lot more difficult, nitrogen/nitride equilibration is preferred 

as a future project on the stabilities of Hf-Pt alloys • . The underlying 

principle is rather similar though, by which nitrogen gas acts as a 

_ reservoir at any fixed temperature when Hf redistributes itself between 

HfN and Hf-Pt intermediate phases. The use of a King-type graphite 

tube resistance furnace [26] is strongly recommended for the sake of 

achieving the very high temperature needed for equilibration as 

discussed before. At a given temperature, nitrogen pressure fixes the 

activity of Hf in alloy phase through the equation: 
-1/2 0 

aHf(in Pt) = PN
2

(g) exp (~Gf, HfN I RT). 

The reaction products can then be analyzed by electron microprobe so 

that the compositions of the alloy phases under equilibrium are 

128 



. 
• 

properly combined with the activity data to yield the titration curve. 

c. Summary 

In conclusion, the unusual stability of the so-called Lewis-acid

base alloys makes them hard to experiment with. To overcome the 

kinetic barrier for the gaseous equilibration study, one may well 

promote the diffusion rate by elevating the reaction temperature and 

decreasing the particle size of solid reactants. The future project on 

Hf-Pt system holds promise in providing good clues to the bonding 

mechanism. It will need many varied sophisticated techniques to 

resolve the microstructure and establish the phases in equilibrium with 

the nitrogen gas • 
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