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ABSTRACT

A modified Sieverts1 apparatus was used to obtain 
measurements of the pressure of hydrogen in equilibrium with 
a series of Zr-Ti-H alloys. Measured amounts of hydrogen 
were first added and then withdrawn from specimens having 
a compositional range from pure titanium to pure zirconium.

A large portion of the ternary isothermal section at 
700°C was examined at hydrogen pressures extending from the 
low micron range to approximately 140 mm Hg. Maximum 
hydrogen concentrations obtained ranged from 36 at. % in 
pure titanium to 62 at. % in pure zirconium.

The phase boundaries were deduced from hydrogen fressure- 
concentration plots with the aid of Gibbs' phase rule and 
the isothermal section was constructed. A notable feature 
of the isothermal section is the stabilization of a face- 
centered cubic structure at hydrogen concentrations consider
ably lower than those at which this structure occurs in either 
of the metal-hydrogen binary systems. Both the face-centered
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cubic structure and a body-centered cubic structure, stable 
at lower hydrogen concentrations, have wide ranges of 
homogeneity extending completely across the isothermal 
section.

The measured hydrogen pressures were converted to 
activity coefficients from which the activity coefficients 
for the two metals in the ternary section were calculated. 
This procedure was accomplished with the aid of a form of 
the Gibbs-Duhem equation proposed by Gokcen for application 
to ternary and multicomponent systems. Gokcen1s method is 
applied for the first time to a ternary system with favor
able results.

The Gibbs-Duhem integration extended to the Zr-Ti 
system. Hence, it was possible to calculate the activity 
coefficients for the metals in the Zr-Ti binary system 

i from the measured equilibrium hydrogen pressures in the 
ternary system. This method of obtaining the activity 
coefficients is applicable to many binary systems for 
which the activities, or activity coefficients, are not 
directly measurable.

iv



T-1023

TABLE OF CONTENTS

Page
Abstract...........................................  iii
List of Tables..................   viii
List of Illustrations........................  ix
Acknowledgments ...................................  xi
Introduction„ .....................................  1
Theoretical Background............................. 5
Experimental.......................................  18

Sample Preparation ........................... 18
Arc-Melting Furnace ....................  19
Melting Procedure..........    24
Cutting and Cleaning the Specimens. . . .  29

Equilibrium Pressure Measurements.......  30
Modified Sieverts 1 Apparatus.......  30

Furnace and Reaction Vessel...  34
Temperature Control and Measurement. 37
Hydrogen Volume Measurement...  39
Hydrogen Pressure Measurement. . . .  41

v



T-1023

Page
Hydrogen Generation and Storage. . . 44
Vacuum Pumps and Gauges.........  46

Calibration Data..........     47
Pressure Transducer..........  48
Volumetric Calibration ............  56

Preliminary Outgassing and Conditioning 
of the Specimens...................... 61
Isothermal Equilibration of
Specimens with Hydrogen ................  62

Hydrogen Addition................ 63
Hydrogen Withdrawal.............  65

Experimental Results............    67
Ternary Isothermal Section. . . . . . . .  67

Ti-H System at 700°C..............  94
Zr-H System at 700°C..............  96
Zr-Ti-H System at 700°C............  97

Derived Data.  ........................... . 103
Hydrogen Activities and Activity Coefficients. 103
Gibbs-Duhem Binary Integrations................. 105

Zirconium Activities and Activity 
Coefficients in the Zr-H System...........108
Titanium Activities and Activity 
Coefficients in the Ti-H System...........108

vi



T-1023

Page
Gibbs-Duhem Ternary Integrations ............  108

Zirconium Activities and Activity 
Coefficients in the Zr-Ti-H System. . . . 115
Titanium Activities and Activity 
Coefficients in the Zr-Ti-H System. . . . 130

Zr-Ti Binary Integrations....................... 138
Summary and Conclusions ........................... 142
Appendix 1: Purity of Materials..................150
Appendix 2: Thermocouple Calibration Data........ 151
Literature Cited............   152

vii



T-1023

LIST OF TABLES

Page
Table 1. Calibration of the Pressure Transducer

Using Precision Resistors at 25°C. . . .  54
2A. Calibration of the Pressure Transducer

Using a Mercury Manometer at 25°C. . . .  55
2B. Calibration of the Pressure Transducer

Using a McLeod Gauge at 25°C. Input =
11.000 V . . . . . . . . . . . . . . .  . 55

3. Results of Volumetric Calibration at 25°C 60
4. Equilibrium Hydrogen Pressure - Solubility 

Data at 700oC.  ............  68
5. Phase Boundary Data for the Zr-Ti-H

System at 7000>C .  ........  95
6. Activities and Activity Coefficients of

Zirconium in the Zr-H System at 700°C. . 109
7. Activities and Activity Coefficients of

Titanium in the Ti-H System at 700°C . . 110
8. Activities and Activity Coefficients of

Zirconium in the Zr-Ti-H System at 700°C 118
9. Activities and Activity Coefficients of

Titanium in the Zr-Ti-H System at 700°C. 132
10. Zr-Ti Binary Integrations, . . . . . . .  139

viii



10
11
13
20
21
22
31
32
33

49
83
84
85
86
87
88
89

LIST OF ILLUSTRATIONS

Titanium-Hydrogen Equilibrium Diagram. .
Zirconium-Hydrogen Equilibrium Diagram .
Zirconium-Titanium Equilibrium Diagram .
Diagram of Arc Furnace ................
Photograph of Arc Furnace.............
Photograph of Arc Furnace.............
Diagram of Sieverts' Apparatus ........
Photograph, of Sieverts’ Apparatus. . . .
Photograph of Sieverts* Apparatus. . . .
Wiring Diagram for Pressure-Transducer 
Circuit.................................
Hydrogen Solubility at 700°C ..........
Hydrogen Solubility at 700°C ..........
Hydrogen Solubility at 700°C ..........
Hydrogen Solubility at 700°C ..........
Hydrogen Solubility at 700°C ..........
Hydrogen Solubility at 700°C . ........
Hydrogen Solubility at 700°C ..........

ix



T-1023

Page
Fig. 18. Hydrogen Solubility at 700°C„ . . . . . .  90

19. Hydrogen Solubility at 700°€, . . . . . .  91
20. Isothermal Section of the Zr-Ti-H

System at 700°C . . . . . . . . . . . . .  102
21. Ternary Diagram Showing Lines of

Constant Molal Ratios . . .    116
22. Schematic Plot of log Yy vs. t used in 

the Gibbs-Duhem Ternary Integrations.
Slope of Tangent to Curve Gives
(Slog YH/àt;)s .  ..........   117

23. Schematic Plot of (t/sg)  ̂ Olog
vs. sg used in the Gibbs-Duhem Ternary
Integrations. Area Under Curve Between
Two Points Gives Alog Yzr , . . . . . . .  124

24. Diagram of the Integration Path used in
Evaluating log Yzr From log Yjj I*1 the 
Gibbs-Duhem Ternary Integrations. . . . .  129

x



T-1023

ACKNOWLEDGMENTS

The author gratefully acknowledges the valuable 
assistance given by the following persons:

Dr « R. J. Barton, Department of Metallurgical 
Engineering, who directed the project and gave generously 
of his time and talents.

Dr. N. C. Schieltz, Department of Metallurgical 
Engineering, Dr. J. T. Williams, Chemistry Department,
Dr. J. V. Kline, Physics Department, Professor F. M. 
Carpenter, Mathematics Department, and Professor W. J. 
Chapitis, Department of Humanities and Social Sciences, 
who contributed in many important ways as members of 
the thesis committee.



T-1023

INTRODUCTION

Because of the increased interest in titanium and 
zirconium since World War II, considerable attention has 
been given to the study of the Ti-H and Zr-H systems. Major 
reasons for this attention center around the bonding 
mechanism between the metals and hydrogen, the effect of 
hydrogen on the mechanical properties of the metals, and the 
search for hydrogen-containing materials suitable for use 
as nuclear moderators at elevated temperatures.

The nature of the bonding mechanism is, of course, of 
vital interest to workers in all areas of research concern
ing the two metals. Precipitation of a hydride phase at 
hydrogen contents above the equilibrium solid-solubility 
limits in both metals gives rise to the formation of micro- 
cracks which ultimately lead to brittle fracture or the 
phenomenon known as hydrogen embrittlement. Interest in 
the transition metal hydrides as possible moderating materials 
for thermal neutrons lies in the fact that, although the
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number of hydrogen atoms per unit volume is not significantly 
greater in them than in liquid hydrogen or water, their sta
bility range extends several hundred degrees above room 
temperature.

In a closed system containing hydrogen gas ,and a metal 
such as titanium or zirconium, the concentration of hydrogen 
in the metal is found to be a function only of the gaseous 
hydrogen pressure and of the temperature. Therefore, the 
absorption of hydrogen by these metals, unlike the absorption 
of oxygen and nitrogen and normal alloying.processes, is a 
reversible process which can be treated thermodynamically. 
Furthermore, the rate of reaction between hydrogen and these 
metals becomes rapid at temperatures above 500° to 600°C.
It is not convenient, therefore, to use the conventional 
methods of studying the phase diagrams of these metal-hydrogen 
systems at elevated temperatures. A simpler method of loca
ting the phase boundaries, first used by McQuillan in 
investigating the Ti-H system (1), involves the application 
of Gibbs’ phase rule to the experimentally determined 
hydrogen pressure-concentration isotherms.

A knowledge of the thermodynamic properties, as well as 
the phase relations, is basic to the understanding of an alloy 
system. Information of this nature is useful in the develop
ment of a new alloy, in the improvement of processes for 
producing a desired alloy, and in attempts to gain an
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understanding of atomic structure and chemical bonding in 
alloy systems.

A thermodynamic property of great utility is the activity 
of a component. From it, the chemical potential can be 
obtained and possible equilibria in a given process can be 
evaluated. Since the hydrogen pressures involved in the 
metal-hydrogen systems being discussed can be measured under 
equilibrium conditions, numerical values of the hydrogen 
activities in the metals can be obtained readily. In any 
binary system, once the activity of one component is known, 
the activity of the second component can be calculated from 
the first by means of the Gibbs-Duhem equation. Although 
this equation has long been used in binary systems, its 
extension to ternary systems is fairly recent.

Several methods have been reported for the application 
of the Gibbs-Duhem equation to ternary systems. All of the 
methods require differentiation and integration along 
pseudobinary lines, but differ in the order of application 
of the two operations and in the manner of performing them. 
With the exception of the method due to Gokcen (2), all of 
them have been tested experimentally and have been found to 
be of about equal merit and ease of application. Gokcen 
claims that his method is a simple one, but gives no illustra
tions of its application to actual systems. Therefore, one 
of the purposes of this study was to apply the method of



T-1023 4

Gokcen to a ternary system in order to examine its ability 
to evaluate certain thermodynamic quantities for two components 
of a 3-component system from the measured values of the 
third component.

Because of the relative simplicity and unique features of 
the Zr-Ti system, together with the fact that both metals 
exhibit high solubilities for hydrogen, the Zr-Ti-H system 
is especially well-suited for an investigation of this nature. 
The three related binary systems have been reasonably well 
established, so that considerable information is available 
to serve as a starting point. The two metals, individually, 
absorb large quantities of hydrogen both exothermically and 
reversibly„ The high hydrogen diffusivity in these metals 
above 600°C assures that absorption is rapid and that 
equilibrium is established in a reasonable length of time.

By means of the hydrogen pressure technique, therefore, 
a relatively large portion of the ternary isothermal section 
can be investigated, the phase boundaries located, and 
hydrogen activity data obtained experimentally. Further
more, high purity titanium and zirconium are available, and 
with reasonable care alloys of any desired compositions can 
be prepared with a minimum of contamination, in an arc- 
melting furnace. It should be possible, therefore, to 
obtain results which are thermodynamically meaningful.
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THEORETICAL BACKGROUND

Hydrogen shows considerable diversity in its inter
action with metals, forming covalent, saline, and metallic 
hydridesj as well as true solid solutions. With the higher 
valency nontransition metalss such as germanium, tin, and 
antimony, hydrogen shares electrons to form relatively 
unstable molecular hydrides. Only the most electropositive 
metals, the alkali and alkaline earth metals, are sufficiently 
strong reducing agents to transfer electrons to the hydrogen 
atom and thereby form saline hydrides. These hydrides are 
white, crystalline compounds having properties which are 
similar in many respects to the corresponding fluorides.
The strong attraction between metal and hydride ions reduces 
the metal-metal distance in the lattice and, as a consequence, 
the saline hydrides are more dense than the parent metals.

The appearance of the d orbitals in the transition 
metals introduces a fundamental change in the nature of 
the interaction with hydrogen. The early transition metals,
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hydrogen vacancies resulting from the presence of impurities 
or edge dislocations. The deviation from stoichiometric 
composition is found to increase with increasing temperature.

It has also been observed that the cubic phase under
goes a second-order transformation to a body-centered tetragonal 
structure in both metal-hydrogen systems (6). In the Zr-H 
system, this is designated as the e phase and differs from 
the tetragonal y phase in having essentially all tetrahedral 
sites occupied by hydrogen rather than only half of them.
Beck (4) considers the y hydride to be formed by a diffusion- 
controlled shear mechanism, whereas the e hydride is formed 
by a diffusionless transformation, both being formed from 
the 6 hydride. The critical temperature for the cubic-to- 
tetragonal transformation in the Ti-H system is reported 
by Yakel (6) to be 37°C. The critical temperature for the 
6-to-c transformation in the Zr-H system has not been 
established, but is known to be above 700°C (4).

Although the two metal-hydrogen systems are qualita
tively similar, examination of Fig. 1 and 2 discloses signifi
cant differences, particularly at high hydrogen concentrations. 
The thermodynamic properties also point out that there is a 
difference and indicate that zirconium has a greater affinity 
for hydrogen than does titanium. For example, the heat of 
solution of hydrogen in a-titanium is only -21.6 kca1/mole Hg
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EXPERIMENTAL

For purposes of discussion, the experimental portion 
of this study can be conveniently divided into three major 
areas: the preparation of the samples, the measurement of
equilibrium hydrogen pressures, and the summarization of 
experimental results. Each of these areas will be treated 
in detail below, in the order in which they were performed.

Sample Preparation 
A total of seven alloys of titanium and zirconium were 

employed. The compositions of these alloys, in atomic 
percent titanium, are: 12.5, 25.0, 37.5, 50.0, 62.5, 75.0
and 87.5. In addition, pure titanium and zirconium samples 
were required. Starting with high purity metals (Appendix 1), 
the alloys were prepared in a specially-constructed arc 
furnace. Specimens suitable for use in the Sieverts'
Apparatus were then cut from the alloy buttons.

18
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Arc-Melting Furance
A tungsten-tipped, water-cooled arc furnace was 

available for preparing the alloys. However, it had 
several features which were considered undesirable in 
the present work because of the increased opportunity for 
sample contamination which they afforded. It was felt that 
the large internal volume of the melting chamber, together 
with the correspondingly large surface area of the walls, 
would seriously limit the quality of the ultimate vacuum 
which could be attained and held. Coupled with this was 
the fact that the vacuum had to be broken each time the 
sample was melted, in order to turn the sample over for 
remelting. An alloy must be turned and melted at least 
two times following the initial melt in order to achieve 
complete homogenization.

Consequently, the decision was made to build an arc 
furnace which would make it possible to prepare homogenepus 
alloys of titanium and zirconium, weighing up to 15 grams, 
with a minimum risk of contamination. Furthermore, additional 
advantage was to be gained by providing for the melting of 
several alloys during a single run.

A furnace was designed and constructed following the 
basic plan reported by Cadoff and Nielsen (14). In Fig. 4, 
a diagram of the furnace is shown. A pyrex cylinder, 8 in.
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Fig. 4. Diagram of Arc Furnace.
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Fig. 6 . Photograph of Arc Furnace.
Shown at close range are the tungsten-tipped copper 
electrode, the turning rod, and the copper hearth.
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in diameter, was mounted between rubber gaskets located 
in grooves in the copper hearth and in the brass plate 
above. The water-cooled, tungsten-tipped copper electrode 
passed through an O-ring mounted on a brass bellows silver- 
soldered to the brass plate. Six cup-shaped depressions 
in the water-cooled hearth served as crucibles for the 
charges during the melting operation. A copper radiation 
shield protected the pyrex cylinder from spatter and from 
direct radiation from the arc. An innovation was the 
incorporation of a turning rod, passing through a small 
O-ring-beHows combination, to make it possible to turn 
the samples over without opening the system.

A Westinghouse Flex-Arc Welder provided an ample 
supply of direct current for melting. Direct current was 
preferable because it provided a more stable arc. In a 
d.c. arc, more heat is generated at the anode than at the 
cathode. Therefore, in order to assist in the attainment 
of maximum homogeneity of the alloys, the hearth was made 
the anode. Provision was made in the circuit for super
imposing a high-frequency current on the cathode to make 
it possible to strike the arc without actually touching 
the sample with the electrode .

The system was evacuated through a 1-in. brass angle 
valve by means of a Duo-Seal vacuum pump. A thermocouple
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gauge was Incorporated in the line to measure the ultimate 
vacuum and the leak rate of the system.

Melting was performed in an atmosphere of high purity 
argon for greatest arc stability. Despite its relatively 
high purity, the argon was further purified before it entered 
the melting chamber, by passage over a magnesium perchlorate 
dessleant at room temperature and a titanium getter at 
900°C to 1000°C. A final cleanup was performed by arc- 
melting a piece of titanium on the copper hearth just before 
melting the samples.

Melting Procedure
Pieces of metal weighing from one to five grams each 

were cut from the original bars with a hacksaw. The metals 
were fairly easy to cut, but both were found to be somewhat 
pyrophoric. Cutting was, therefore, done very slowly with 
frequent interruptions to permit the metal to cool.

Titanium was cleaned by immersing in an etching solu
tion composed of 10% cone. HNOg, 2% cone. HF, and 88%
EgO by volume (15), for periods up to 30 seconds. The 
etching solution recommended by Libowitz (16) (45% cone.
HNO3 , 5% cone. HF, and 50% HgO by volume) was found to be 
satisfactory for zirconium, but because the reaction was 
more vigorous, immersion time was limited to about 10 seconds. 
After being cleaned, the metals were rinsed well in distilled
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water followed by methanol or acetone, and dried in air 
before weighing.

The weighed metals were then placed in the cups on 
the cleaned, degreased copper hearth and the vacuum chamber 
was assembled. Usually only two or three charges, including 
the getter„ were melted at a time because spattering of 
molten metal sometimes contaminated a neighboring cup. 
Therefore, samples were never melted in adjacent cups.
Sample weights ranged from 5 to 15 grams, depending on 
their compositions and melting points.

The mechanical pump was turned on to evacuate the 
system continuously until a satisfactory leak rate was 
attained, as measured by the thermocouple gauge. The 
volume of the closed system during melting was approxi
mately 6800 cc. A leak rate of 10 microns (10”^ mm Hg) 
per hour, therefore, corresponded to approximately 0.09 cc 
(S.T.P.) per hour or 0.0225 cc (S.T.P.) in 15 minutes, the 
maximum mèlting time for any sample. The smallest sample 
melted, in terms of moles, contained 0.063 mole of metal. 
Thus, the maximum pickup of impurities, due to air leakage 
at 10 microns per hour, would have been about 0.0032 at. %. 
Since the leak rate always was less than 10 microns per 
hour when melting was begun, contamination due to air 
leakage was considered negligible in all cases. When
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there was ever any doubt concerning contamination, the 
sample was discarded.

During the first thirty minutes of pumping, the pres
sure usually fell to about 15 microns. The pressure 
decreased very slowly for the next 6 to 8 hours and, 
thereafter, generally leveled off somewhere between 5 
and 10 microns. Continuous evacuation for periods up to 
3 days brought the leak rate down to a value between 4 and 
10 microns per hour. Further pumping appeared to have 
very little effect on either the ultimate vacuum or the
leak rate. After the system had been broken in, a satisfactory
leak rate was generally attained in 6 to 24 hours.

Before melting was begun, the system was flushed with 
argon three times. The purification train between the 
argon tank and the melting chamber consisted of a pyrex 
tube 1 in. in diameter and about 30 in. long, containing 
granules of magnesium perchlorate, and a stainless steel 
pipe of approximately the same dimensions, containing sponge 
titanium chips. The titanium chips were heated by means 
of an asbestos-covered nichrome wire wrapped around the 
pipe and connected to a Variac. For each of the three
flushes, the valve to the vacuum pump was closed, and a
toggle valve to the purification train was opened. Argon
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was bled in slowly until the pressure was about 15 in. Hg 
as measured by a mechanical gauge in the line. The system 
was then evacuated to 20 microns and the flushing repeated 
twice. After the third flush, the system was filled with 
argon to a pressure of about 10 in. Hg.

The cooling water and then the Welder were turned on.
The latter was set for about 200 amp. The tip of the cathode 
was positioned about 0.5 in. above the getter, and the high 
frequency current was then turned on. After the arc was 
struck, the high frequency current was turned off and the 
electrode manipulated to melt the getter. Melting was 
continued for several minutes in order to getter any residual 
impurities in the argon atmosphere. When the gettering 
process was concluded, the power was turned off and the 
getter permitted to cool for several minutes. The electrode 
was then positioned over the first sample which was melted 
in the same manner. However, as melting continued, the arc 
had a tendency to wander and sometimes arced off the side 
of the electrode onto the radiation shield. Whep this 
wandering occurred, the power was turned off and the arc 
struck again. Increasing the current to 225 to 250 amp 
frequently improved the stability of the arc. When the 
first sample was thoroughly melted and homogenized, melting 
was stopped and the sample cooled. The melting process for 
the second sample was similar to that for the first.
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The turning rod was used to flip the samples over so 
that they could be remelted. The bottom of each button 
was, of course, in contact with the water-cooled copper 
hearth. It, therefore, solidified and formed a thin layer 
which served as a cup for the molten metal. Because of 
this behavior, it was difficult to achieve complete 
homogeneity on the first melt. Turning the samples over 
and remelting improved the homogeneity greatly. A third 
melting after turning again usually was sufficient to 
attain complete homogenization, provided the molten metal 
was thoroughly agitated. Occasionally a fourth melt was 
performed, particularly on the higher melting alloys.

When melting was completed, the power and cooling water 
were turned off, and the samples were cooled for at least 
20 minutes before argon gas was admitted to the chamber to 
raise the pressure to atmospheric. The system was then 
opened and the samples removed. A visual examination of 
the samples generally disclosed a bright shiny appearance 
similar to that of the crystal bar. Those samples which 
were suspected of having been contaminated during melting 
invariably had a bluish tinge to their luster and were 
discarded.
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Cutting and Cleaning the Specimens
Each sample was weighed after melting and the weight 

compared with the original weight of the metal before 
melting. In every case, the weight loss was less than 
1%, and in many cases it was less than 0.5%. Since it 
was impossible to prevent spattering completely, some 
weight loss was anticipated and the observed values were 
considered minimal.

Specimens in the range 0.5 to 1 gram were cut from 
the center sections of the buttons in the same manner as 
were the original metals. All surfaces of the buttons were 
cut away,, so that each specimen came from the interior of 
a button. One major factor which limited the dimensions 
of the specimens was the inside diameter of the furnace 
tube at the base of the ground joint. This measurement 
was approximately 8 mm. An allowance also was made for the 
thickness of the tungsten boat in which the specimen was 
placed, although it was possible to place the sample in 
the boat after both were inside the furnace tube. As a 
result, the specimens were cut with one dimension approxi
mately twice the other two. A typical specimen measured 
about 8 mm x 4 mm x 3 mm.

Again, the buttons were relatively easy to cut, but 
the alloys were more pyrophoric than the pure metals.
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Therefore, the alloys had to be cut more slowly. After 
cutting, the alloys were etched, rinsed, and dried in a 
manner similar to that used for the pure metals ; the 
titanium-rich alloys were etched with the titanium etchant 
and the zirconium-rich alloys with the zirconium etchant. 
Each specimen was then weighed on an analytical balance 
and placed in a tungsten boat ready for insertion into 
the furnace tube.

Equilibrium Pressure Measurements 
A modified SievertsT apparatus was used to obtain 

equilibrium pressure measurements for hydrogen gas in 
contact with the pure metals and alloys at 700°C. The 
apparatus will be described, and details of the 
experimental procedure and a summary of the experimental 
results will be given.

Modified Sieverts* Apparatus
A schematic diagram of the apparatus in Fig. 7 con

tains the following basic essentials : a means of heating
the specimen and maintaining it at a desired constant 
temperature ; a means of measuring, accurately, the quantity 
of hydrogen gas picked up by the specimen; a means of 
generating and storing high purity hydrogen for use as 
needed ; and a means of producing, measuring, and maintaining
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Fig. 9. Photograph of SievertsT Apparatus.
Shown at close range are the Chevenard furnace and 

the volume- and pressure-measuring sections.
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a high vacuum. The components which perform these 
functions are discussed individually below.

Furnace and Reaction Vessel. A Chevenard Type 
CTB-HT 158 tube furnace was available and found to be 
quite satisfactory for use in the temperature range 
encountered during this study. It was designed for use 
with the Chevenard Thermobalance for temperatures up to 
1300°C. The grooved ceramic core was 12 in. long overall 
and had an internal diameter of 1.95 in. It was wound 
with 13-gauge Kanthal A-l resistance wire. A ceramic 
shell served to separate the wound core from the insulating 
material. The design of the core made it possible to place 
a dilatable control wire, running the length of the core, 
close to the heating coil so that it was subjected to 
direct radiation from the coil.

An alundum tube, 1.25 in. I.D. and 4 in. long, was 
placed in the center of the core. For further thermal 
inertia, a 4-in. length of 1.25-in. diameter inconel round- 
bar was placed inside the alundum tube. A hole, 0.5 in. 
in diameter, was drilled the length of the inconel bar to 
accommodate the reaction vessel. The furnace was supported 
in a fixed position by a frame constructed from slotted 
aluminum angle. Two close-fitting pieces of firebrick, 
each 4.5 in. long, were placed in the ends of the furnace
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core. Each had a half-in. hole drilled through it 
lengthwise, in order to accommodate the reaction vessel.

Fused silica tubing was used in constructing the 
reaction vessel. Fused silica performs satisfactorily 
in vacuum systems at temperatures up to approximately 
1000°C. After suitable conditioning of the walls at high 
temperature, the silica tube held hydrogen gas at 700°C 
with a negligible leak rate and outgassing during evacua
tion was not a serious problem.

In the design of the reaction vessel, there were 
three main considerations. The internal volume of the 
vessel was to be kept as small as practical so that the 
quantity of hydrogen outside the specimen would be small 
compared with that in the specimen. The furnace could not 
be in too close proximity to the gas-volume and pressure 
measuring sections. Finally, provision had to be made 
for accurately and conveniently measuring the temperature 
of the specimen. These requirements were met with the design 
which follows :

A 10-in. length of tubing, having an O.D. of 11.5 mm 
and an I.D. of approximately 8.5 mm, was fused to an 8-in. 
length of capillary tubing of 2-mm bore. Next a standard- 
taper, male ground joint was fused to the end of the 
capillary tubing and a standard-taper, female ground joint
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was joined to the end of the larger tubing. Then an 8-in. 
length of tubing, whose O.D. was 8 mm, was joined to a 
male joint which fitted the female joint. Insertion of 
the 8-mm tubing into the 11.5-mm tubing decreased con
siderably the dead-volume of the reaction vessel and at 
the same time provided a thermocouple well that extended 
to the point at which the specimen would be located.

The reaction vessel was placed in position by care
fully moving it, male joint first, through the holes in 
the firebrick, the inconel bar, and a heat shield placed 
between the furnace and the gas storage vessels. The 
male joint was then inserted into a matching female, 
water-cooled ground joint located at one end of the volume- 
measuring section. When in this position, the end of the 
thermocouple well coincided with the center of the inconel 
bar, which in turn was at the center of the furnace. Hence 
a specimen would be located in the constant-temperature 
zone of the furnace and the end of a thermocouple, when 
pushed to the bottom of the well, would be as near to the 
sample as possible without actually passing through the 
wall of the silica tube. Since the furnace core was 12 
in. long and the reaction vessel 18 in., excluding the 
lengths of the joints, a total of 6 in. of length extended 
outside the furnace core. Most of this length was on the
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capillary end since it was at this end that the gas 
storage vessels were located.

Temperature Control and Measurement. The Chevenard 
furnace was equipped with a temperature control system 
which was modified slightly for this work. A Variac was 
incorporated in the 110-V a.c. line to the furnace so 
that the input current could be controlled. Also, a 
micrometer caliper head was substituted for the rotating 
cylinder used in programing thermobalance studies. This 
modification made possible minor temperature adjustments 
by manual rotation of the micrometer head. Although the 
control system may appear to be rather complex, in fact, 
it performed quite smoothly with little attention being 
necessary once a constant temperature had been established 
in the reaction zone.

A dilatable wire, positioned near the heating element 
and running the length of the furnace core, was anchored 
at one end to a branch of an invar bridge. When the wire 
contracted while cooling, it actuated a lever supported 
by another arm of the bridge, causing a needle located on 
a flexible blade on the end of the lever to contact a flat 
metal plate. This, in turn, closed a circuit through an 
8-V transformer and a positive relay. Current through 
the circuit caused a U-shaped bar in the relay box to move
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due to magnetic attraction. The bar was mechanically 
linked to a mercury switch which closed under the action 
of the U-shaped bar.

The mercury switch was wired in parallel with a rheo
stat located in one arm of the circuit to the heating coil. 
Thus, closing of the mercury switch increased the current 
through the heating coil and the furnace temperature rose.
At the same time, the dilatable wire expanded, moving the 
lever in the opposite direction and breaking contact between 
the needle and the flat plate. Current through the relay 
was cut off and the mercury switch tipped, breaking the 
circuit through the mercury. This decreased the current 
through the heating coil and the furnace temperature started 
dropping once more.

The position of the micrometer head could be varied so 
as to limit the amount of movement that the lever could 
undergo before contact was made between the needle and the 
flat plate. Thus, it became possible to adjust the length 
of the dilatable wire between two very narrow limits.
Since the length of the wire was a function of the tempera
ture of the furnace, the furnace temperature could be held 
constant within narrow limits. At 700°C, little difficulty 
was encountered in controlling the temperature to ±0.5°C 
with a Variac setting of about 50 V and the rheostat set so
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that a current of about 7 amp flowed through the heating 
coil.

A platinum vs. platinum + 13% rhodium thermocouple 
was used to measure the furnace temperature. It was 
constructed from 0.010-in.-diameter (30-gauge) reference- 
grade thermocouple wire (Appendix 2). The thermocouple 
was insulated by means of a double-hole alundum thermo
couple insulator extending from the hot junction for a 
distance of 12 in., and by flexible vinyl tubing for 
the remainder of its length. The free ends of the thermo
couple were joined to 30-gauge copper wires, forming the 
cold junctions. These wires also were insulated with vinyl 
tubing and were connected to a Leeds and Northrup Type K-2 
precision potentiometer through a pinch-type switch.
The cold junctions were placed in glass wells containing 
mineral oil and the tops were then sealed with black wax. 
Placing the glass tubes in a Dewar flask containing a 
mixture of ice and water completed the construction of the 
reference junction.

Hydrogen Volume Measurement. In order to determine 
the amount of hydrogen entering the specimen for each 
hydrogen addition, it was necessary to know accurately 
the volume, pressure, and temperature of the section con
taining the hydrogen both before and after the hydrogen
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addition. The furnace temperature was known, of course, 
and the remainder of the volume-measuring section was 
either maintained at constant temperature by means of 
water circulated from a constant temperature bath or was 
at room temperature. Pressure measurement will be discussed 
in the following section.

Volumetric measurements were quite simple once the 
volume of each part of this section had been accurately 
determined. The volume-measuring section included two 
water-jacketed gas reservoirs connected through small-bore 
stopcocks and ball-and-socket joints to a manifold of 2-mm- 
bore pyrex tubing. The nominal volumes of the gas reservoirs 
were 0.2 and 2 liters. Determination of their actual volumes 
will be discussed in the section dealing with calibration 
data. The capillary manifold was isolated by two small
bore stopcocks from the silica furnace tube at one end and 
the line to the pumps and manometers at the other. Also 
connected to the manifold was a glass-to-metal seal joined 
at its lower end to a pressure transducer. Since there was 
no stopcock on this artery, its volume was included in the 
manifold volume. A close-fitting glass rod, placed in the 
glass-to-metal seal, limited the total volume of the manifold 
to about 10 ml.
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The fourth portion of the volume-measuring section 
was the furnace tube itself plus a small section of 
capillary tubing connecting the furnace tube to the mani
fold . Although the room-temperature volume was about 
15 ml, it was found to be more advantageous to use the 
"apparent" volume of this fourth portion at the working 
temperature for calculation purposes. At 700°C, the 
"apparent" volume was approximately 9 ml.

The procedure used to determine accurately the volumes 
of these four components will be treated in the section 
dealing with volumetric calibration. It need only be 
pointed out now that once these volumes were known, hydrogen 
volume measurement involved simply adding together the 
manifold volume plus any of the other three volume com
ponents which were open to the manifold at the time the 
pressure was measured.

Hydrogen Pressure Measurement. Although three different 
pressure measuring instruments were incorporated in the 
system, only one of them, a transducer, was used for 
measuring hydrogen pressures. The other two, a McLeod gauge 
and a manometer, were used in calibration work only. Once 
it had been determined that the transducer could adequately 
cover the pressure range encountered in this study, it was 
concluded that any advantages to be gained by using the
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other two instruments were more than offset by dis
advantages. Among the disadvantages were the increased 
possibility of contaminating the sample by adding two more 
ground joints, two more stopcocks, and a mercury surface 
to the system, plus the fact that the dead volume 
would have been greatly increased and less accurately known 
because of the introduction of a large cold trap and 
additional pyrex tubing. The primary advantage to be gained 
was the additional data on equilibrium pressures above the 
transducer range that could be obtained. However, for each 
run that was made, the pressure-composition isotherms 
were so steep at the end of the run, that it appeared 
likely that very little more hydrogen would dissolve if the 
hydrogen pressure were increased to atmospheric or even to 
1 atm.

The pressure transducer was a Statham instrument,
Model PA 24 TC-2 . It was an electromechanical device which 
transduced minute displacements to proportional resistance 
changes. An armature, placed in the center of a stationary 
frame, was supported rigidly in the plane perpendicular 
to its long axis. Four strain-sensitive resistance wires, 
arranged in the form of a Wheatstone bridge, were wound 
between rigid insulators mounted in the frame and in the 
armature. When the armature moved longitudinally, two of
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the wires elongated and the other two contracted. The 
resistances of the wires changed in direct proportion to 
their change in length.

If an electrical input was placed across the bridge, 
the electrical output from the bridge varied as the re
sistances changed. With the connection of the armature 
to a metallic bellows or diaphragm, the instrument could, 
therefore, transduce pressures exerted on the bellows or 
diaphragm into electrical outputs from the bridge.

A trimming resistor was placed in series with one of 
the elements of the bridge during assembly and was adjusted 
so as to equalize the resistance of the four elements.
Hence there would be no output current from the bridge if 
there was no external force on the armature. The transducer 
could then be used to measure absolute pressures since the 
application of a pressure to the bellows or diaphragm 
would produce a proportional electrical current in the 
output circuit of the bridge. The transducer in this study 
was designed for use in the range 0 to 2 psia. If had been 
temperature-compensated so that the zero shift would be not 
more than -1% of full scale per 100°F and the change in 
static sensitivity not more than -1% per 100°F when operated 
with a constant-voltage input circuit.
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For further stabilization of the zero point and 
static sensitivity, water from the constant temperature 
bath was circulated through a coil wrapped around the 
transducer, and the instrument was then encased in a 
styrofoam jacket. Two 12-V storage batteries, connected 
in parallel, provided the required constant 1I-V input 
through a voltage divider. The output from the transducer 
was measured by the K-2 potentiometer. (Further details 
concerning the transducer will be found in the section 
treating its calibration.) Once it had been calibrated3 
the transducer was used to make all measurements of pressures 
over a range extending from a few microns to about 140 mm 
Hg, the range of this study.

Hydrogen Generation and Storage. Tank hydrogen was 
considered for use in this study. It would have been neces
sary, however, to pass it through a purification train 
before use. Decomposition of uranium hydride is also a 
common source of pure hydrogen for studies of meta1-hydrogen 
systems. This compound was not available commercially, 
however, so uranium metal would have had to be hydrided, 
necessitating the use of special equipment.

However, titanium hydride powder, readily available, 
is a convenient source of high purity hydrogen. In fact, 
it can be used as a getter for hydrogen purification. The
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commercial product contains about 3.5% hydrogen. In 
terms of volume, one gram of titanium hydride contains 
about 0.45 liters of Hg measured at S.T.P. Significant 
decomposition of the hydride begins around 3 50°C and 
becomes marked at approximately 450°C. Furthermore, since 
the process is reversible, hydrogen can be reabsorbed and 
stored in the powder, simply by lowering the temperature. 
Titanium hydride, then, was the material chosen as the 
source of hydrogen.

The powder was placed in a fused silica bulb which 
was then connected to the system through a ball-and- 
socket joint. A pot furnace was used to heat the hydride. 
Before hydrogen was generated from the hydride, the bulb 
was evacuated at room temperature and held overnight at a 
pressure below 1 x 10”® mm Hg. Then the pot furnace was 
turned on and the powder heated slowly to about 250°C while 
evacuation continued. The temperature was held at 250°C for 
about one hour and then was increased slowly to 350%.

As this temperature was approached, the pressure began 
rising slowly, despite continuous evacuation. At a pres
sure of about 1 micron evacuation was discontinued and the 
pressure rose steadily. The system was filled with hydrogen 
to a pressure of about 10 mm Hg before generation was 
stopped. The system was then evacuated and a second flush
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was performed with hydrogen. Finally, hydrogen was 
generated at temperatures up to 450°C and stored in the 
two water-jacketed reservoirs as well as in a large storage 
flask.

As the hydride was cooled slowly, the hydrogen in 
the line was reabsorbed until the pressure reached a value 
below 10~^ mm Hg. After closing the stopcock to the quartz 
bulb, the generator was then ready to be used when more 
hydrogen was needed. One generation of hydrogen as 
described above was usually sufficient for a complete run.
As hydrogen pressures in the reservoirs became too low 
for further additions to be made to the specimen, hydrogen 
was transferred through the vacuum line from the large 
storage flask to the reservoirs.

Vacuum Pumps and Gauges. The pumping section of 
the system consisted of a mercury diffusion pump backed 
by a Duo-Seal mechanical pump. A cold trap, immersed 
in a Dewar flask filled with a slush composed of dry ice 
and trichloroethylene, protected the system from mercury 
and other condensable vapors. The pumping section was 
capable of producing and maintaining a vacuum of about 
1 x lO”6 mm Hg in the system.

A cold-cathode vacuum gauge was used to measure 
pressures below 1 micron during evacuation. Lowest pressure
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rjattained, as measured by the gauge was about 5 x 10“' mm Eg. 
A thermocouple gauge, placed between the diffusion pump 
and the mechanical pump, monitored pressures in this region 
in the low-micron range. The transducer was quite useful 
for measuring pressures other than the hydrogen equilibrium 
pressures. For example, during hydrogen generation, 
during hydrogen transfer from storage flask to reservoir, 
and during argon addition to the reaction vessel prior to 
opening it to the atmosphere, the transducer was almost 
indispensable.

High vacuum stopcocks were used throughout the system. 
All were two-way stopcocks except the one serving the 
McLeod gauge and manometer, which was three-way. Apiezon 
N high-vacuum grease was used on all stopcocks and on 
those ground joints which had to be dismantled frequently. 
Ground joints which were dismantled only occasionally 
were sealed with Apiezon W high-vacuum sealing wax.

Calibration Data
Once the apparatus had been assembled, there remained 

the slow laborious tasks of checking it thoroughly for 
leaks and other deficiencies, checking the calibration 
factor for the transducer,.calibrating the volume section, 
and breaking in the system.
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Only after these had been completed was the system 
ready for the first specimen. The first and last of these 
tasks need little mention here. Much of the leak trouble 
was traced to the outgassing of the walls and of the vacuum 
grease. Time and a gas torch solved much of the problem 
concerning the glass tubing. A helium probe and a Tesla 
coil were used to locate pinhole leaks in the walls.
Most of the stopcocks had to be carefully lapped in place 
to make them vacuum-tight. They then had to be turned 
countless times while the system was being evacuated so 
that the vacuum grease could be outgassed. Through per
severance and attention to detail, the system was finally 
brought to the point at which it would hold a good vacuum.

The transducer had to be checked out further and the 
volume calibration had to be performed before the system 
was actually in readiness. The details of these operations 
are discussed below.

Pressure Transducer. A look at the components of 
the transducer circuit should be helpful in understanding 
the operation of the transducer. A wiring diagram of this 
circuit is shown in Fig. 10. The transducer bridge is shown 
on the right. A constant 11-V input to the transducer 
was obtained from a lead-acid battery shown on the left
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Fig. 10. Wiring Diagram for Pressure-Transducer Circuit.
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of the diagram, through 5,000-ohm and 100-ohm multiturn 
potentiometers placed in parallel in one arm of the input 
circuit. A voltage divider placed across the input circuit 
made it possible for the Type K-2 precision potentiometer, 
shown in the lower right corner, to measure the input 
to the transducer by reducing the voltage from 11 V to 1.1 V. 
The output from the transducer was measured directly by the 
potentiometer.

Although the instrument had been temperature-compensated 
to reduce the zero shift as the temperature fluctuated, an 
external balance circuit was incorporated in the system to 
permit zero adjustment. A 100-ohm multiturn potentiometer 
was connected through a 12,OOO-hhm wire-wound resistor to 
the negative input terminal and through a similar 12,000-ohm 
resistor to the positive input terminal. The potentiometer 
wiper was connected to an output terminal through a 
3 0,000-ohm wire-wound resistor.

A series of measurements were then taken to determine 
the correction to be made in the balance circuit or to be 
applied to the transducer output in order to compensate 
for a temperature change. The system was evacuated to a 
pressure below 1 micron, as indicated by the ion gauge.
Then the K-2 potentiometer was set on zero and the dial 
on the 100-ohm potentiometer was adjusted until the K-2 
was balanced, as indicated by the deflection galvanometer.
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The dial setting and the transducer temperature were then 
recorded. Readings were taken over a period of several 
hours, of the temperature and the dial setting needed to ke 
the K-2 potentiometer balanced. Another series of measure
ments was made at pressures below 1 micron, of the effect 
of temperature changes on the transducer output as 
measured by the K-2 potentiometer, for a given setting in 
the external balance circuit.

The first method gave a nearly straight-line plot of 
dial setting vs. temperature, whose slope was minus 7.6 
scale divisions on the 100-ohm potentiometer dial per 
1°C. That is, for a 1°C rise in transducer temperature, 
the setting on the zero adjust dial had to be decreased 
by 7.6 scale divisions. In the second method, plotting 
output from the transducer vs. temperature gave a straight 
line whose slope was 14.3 |aV per 1°C. Combining these two 
results indicated that at constant temperature a decrease 
in dial setting of 1 scale division increased the output 
from the transducer by nearly 2 |iV. This conclusion was 
checked experimentally and verified, not only at very low 
pressures, but over the pressure range of the transducer.

After a bit of experimentation using two different 
methods for correcting for zero point shifts due to 
temperature changes, it was concluded that the two methods
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were about equivalent in merit. That is, it was just 
as easy and just as correct, to decrease the zero adjust 
dial setting by 7.6 scale divisions for each 1°C rise 
in temperature, as it was to subtract 14.3 |iV from the 
output of the transducer for the same temperature rise. 
Eventually the first method was adopted as standard 
procedure.

Another transducer component, which has not been 
mentioned yet, is the calibrating circuit. This merely 
consists of a precision resistor, the calibrating resistor, 
chosen to simulate the effect of a given pressure on the 
output circuit of the transducer. If a number of such 
resistors were individually keyed across one arm of the 
transducer bridge, a calibration of the output circuit 
could be made without the necessity of applying actual 
pressures to the transducer. Such a calibration was made 
using wire-wound and carbon-deposit type precision resistors, 
having 1% tolerances. The relationship between the calibra
tion resistance and the pressure which would produce the 
same output from the transducer was given by

106R_ R-s+R,
“c “R„ = ----  - — — - , where

4PF
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Rc = the value in ohms of the calibration 
resistor,

R0 = 342.1 ohms = the resistance of the 
output circuit,

R^ = 393.8 ohms — the resistance of the 
input circuit,

P = the pressure in mm Hg being simulated 
by the resistor, and 

F = the calibration factor for the transducer 
in [iV output/volt input/mm Hg.

The value of F, as determined by the manufacturer, is 
1111. M-V/V/psi. Since 1 psi is equivalent to 51.715 mm 
F = 21.48 ^iV/V/mm Hg. Substituting for R0, Ri, and F in 
the above equation gave

Rc = 3.982 x 106 _ 1840

or
p _ 3.982 x 106 

Rc + 184.0
The results of the calibration are summarized in Table 1
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TABLE 1
Calibration of the Pressure Transducer 
Using Precision Resistors at 25°C.

Rc(ohms) P(mm Hg) E(uV)* E
P

LiV 
mm Hg,

4.0 X 108 9.96 X lcr8 2.35 236
2.0 X 108 1.991 X 10-2 4.7 2361.0 X 108 3.982 X 10-2 9.4 236
7.8 X i o l 5.105 X 10-2 12.0 23 5
3.9 X 1 0 l 1.021 X io-i 23.9 2342.0 X 1 0 l 1.991 X io-i 47.1 237
8.0 X 106 4.977 X io-i 116.8 235
4.0 X lOf 9.955 X io-i 233.4 2348.0 X 105 4.976 1176.2 236
4.0 X 105 9.950 2348.2 236
2.5 X 105 15.92 3764.7 236
1.5 X 105 26.51 6221.3 235
8.0 X 104 49.66 11737. 236
4.0 X 10* 99.09 2343 0. 236
3.0 X 104 131.9 31150. 236
* Transducer output as measured by the K-2 
potentiometer.

The value 1111. ^V/V/psi is equivalent to 236.3 
jaV/llV/mm Hg. The calibration, therefore, indicated 
that this value for F was reasonable. It also provided 
evidence that the output from the transducer was essentially 
linear over the pressure range measured, at least down 
to the low mircon range.

Further calibration data, obtained with the aid of 
a mercury manometer and a McLeod gauge, strengthened the 
conclusion that the transducer was suitable for use in 
the study to be undertaken. The results are summarized in
Table 2.
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TABLE 2

A. Calibration of the Pressure Transducer Using a 
Mercury Manometer at 25QC.____________________

Transducer 
Input 
(volts)
11.0024 
11.0045 
11.0036
11.0025 
11.0012
11.0007 
10.9998
11.0004

Transducer
Output
(HV)

29648.
23 060. 
16628. 
11574.4
5040.5
1975.4
1611.5
228.8

Manometer 
Reading 
(mmHg)*
125.2
97.5
70.5 
49.1 
21.3
8.4
6.8
0.97

Output
Pressure
/ M-V . mmHg )
236.8
236.5
235.9
235.7
236.6
235.2 237.0
235.9

B. Calibration of the Pressure Transducer Using a 
McLeod Gauge at 25°C. Input = 11.000 V.______

Transducer
Output
(UV)

3173.1 
2768.4 
2446.3 
1953.8 
1528.0 
1230.7
965.5
715.0 
526.4
310.1 
212.8 
167.9
115.6 
63 .6
37.7
11.8 
4.7

McLeod
Gauge
Reading
(mmHg)*
13 .4 
11.7 
10.35 
8.28 
6.48 
5.21 
4.08 
3 .03 
2.23 
1.31 
0.90 
0.71 
0.49 
0.27 
0.16 
0.05 
0.02

Output
Pressure

\AY
mmHg )
236.8
236.6 
236.4
236.0
235.8 
236.2
236.6
236.0
236 
236 
236 
236 
23 5.9 
23 5.6 
23 5.6 
236.0 
23 5.0

* Corrected to 0°C.
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While the calibrations demonstrate the capabilities 
of the transducer, they do not reflect the effort that had 
to be put forth in maintaining a constant set of condi
tions. Minor adjustments had to be made at frequent 
intervals to the input voltage, the transducer temperature 
the zero adjust circuit, and the potentiometer circuit in 
order to obtain satisfactory data. Nevertheless, it was 
demonstrated that over the range involved, pressures could 
be measured more precisely with the transducer than with 
the mercury manometer and McLeod gauge. Additionally, the 
transducer had several other desirable features not 
possessed by the mercury instruments.

Volumetric Calibration. In order to determine the
volume of each component of the volume-measuring section 
of the system, a series of isothermal gas expansions was 
performed between the various components. Since this 
procedure would provide relative volumes only, it was 
necessary to incorporate in the system a component whose 
volume had been determined independently. This component, 
the calibration bulb, was constructed by joining a pyrex 
bulb to a male ground joint through a vacuum stopcock.
The volume of the bulb plus the bore of the stopcock was 
determined by weighing the evacuated bulb and weighing 
the bulb filled with water at 25°C. By difference, the
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volume of the bulb was found to be 22.847 ± 0.001 ml at 
25°C.

The bulb was then connected to the capillary manifold 
through the water-cooled ground joint normally used to 
join the reaction vessel to the manifold. Two stopcocks 
separated the manifold from the known volume. Therefore, 
the intervening volume had to be determined, too. After 
evacuating the system, all stopcocks were closed and gas 
was admitted to the manifold. Four different gases were 
used during the calibration : air, argon, helium, and
hydrogen. No significant difference could be detected in 
the results obtained for different gases. All gases were 
assumed to be ideal gases at the temperatures and pressures 
of the measurements. The transducer, always subjected to 
the pressure of the gas in the manifold, was used to 
measure pressures.

For convenience, the volumes involved in the calibra
tion studies were identified as follows :
Va = Volume of calibration bulb including the bore of its 

stopcock,
Vg = Volume of section between calibration bulb and 

capillary manifold, including the bore of the 
second stopcock,
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Vq = Volume of capillary manifold with all stop
cocks closed,

Vg = Volume of small reservoir, including the bore of 
its stopcock,

Vg = Volume of large reservoir, including the bore of 
its stopcock,

V q  = Volume of the fused silica reaction vessel plus
the section connecting it to the capillary manifold.
The volumes Vb and Vc were determined by expanding 

a gas of known pressure from the manifold into Vg and then 
into V^. Since V& was known, Vg and Vç could be calculated 
with the aid of Boyle's Law.

In order to determine the volume Vg, a gas was expanded 
from the combined volume V^gc into the small reservoir.
Volume Vg was determined by expanding gas from V^gcs into 
the large reservoir.

For the determination of Vq, the calibration bulb was 
replaced by the reaction vessel. For room temperature 
calibration, the system was evacuated and gas from the 
manifold was expanded into the reaction vessel. This 
furnished data from which the value of V q  at 25°C could 
be calculated readily. However, since the furnace tempera
ture was to be 700°C during equilibrium pressure measurements, 
a determination of V q  had to be made with the furnace at
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that temperature. This determination proved to be the 
most difficult one to make♦ The temperature gradient 
within the furnace was minimized by inserting the alundum 
tube, the inconel bar, and the firebrick into the core 
as mentioned previously. Most of the temperature gradient, 
therefore, occurred within the 2-mm-bore tubing which 
extended from well within the furnace core to the water- 
jacketed joint 4 in. beyond the end of the core.

With the furnace temperature at 700°C, hydrogen gas 
was expanded from the manifold into the evacuated silica 
tube. Following the initial pressure drop, the pressure 
continued to fall with a diminishing rate. After 15 minutes, 
the rate was still significant. After 30 minutes, however, 
the rate was extremely small. Since the pressure stabilized 
within a few minutes during the calibration at room tempera
ture, the continued drop in pressure over a longer period 
at 700°C was attributed to the absorption of hydrogen by 
the walls of the silica tube. Diffusion of hydrogen through 
quartz was relatively slow at 700°C so that once the 
surface of the walls had been saturated, further absorption 
took place very slowly.

The procedure adopted, therefore, was to take pressure 
readings over a period of time until the rate of decrease 
in pressure was very small compared with the total change of
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pressure during the expansion. This time period usually 
was 20 to 30 minutes in length. At the end of this period, 
the expansion was considered to have ended and the pressure 
reading was recorded. This pressure was used in calibrating 
the volume V q  at 700oC.

A summary of the results of the calibrations is given 
in Table 3. Each volume is based on data from six different 
determinations with the exception of Vq at 700°C? which 
involved ten determinations. It should be pointed out 
that the values of Va ? Vb ? and Vq at 25°C were determined 
in the course of the calibration, but were not involved in 
the calculations during the hydrogen solubility studies.

TABLE 3
Results of Volumetric Calibration at 25°C.

VA - 22.847 + 0.001 ml
Vb = 2.983 + 0.001 ml
vc - 10.726 + 0.001 ml
vs - 187.56 + 0.14 ml
VL = 1977.9 + 0.6 ml

II 15.055 + 0.002 ml
For a furnace temperature of 700°C, 

V q  = 8.7546 1 0.003 ml
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Preliminary Outgassing and Conditioning of the Specimens
After the pressure and volume calibrations, the 

Sieverts1 apparatus was ready for the meta1-hydrogen 
studies. Therefore, the first specimen was placed in its 
tungsten boat and inserted into the reaction vessel. After 
the reaction vessel was slid through the furnace core and 
joined to the vacuum system, evacuation was begun. The 
system was evacuated continuously at room temperature until 
the pressure approached 1 x 10“® mm Hg, as indicated by 
the ion gauge. During this period, the stopcocks were 
turned frequently to outgas the vacuum grease. Evacuation 
times of from one to three days were required to outgas 
the entire system thoroughly at room temperature. When the 
outgassing was completed, the system held a vacuum below 
2 x 10”® mm Hg with a negligible leak rate.

Before the Chevenard furnace was turned on, hydrogen 
gas was generated and stored in the reservoirs, in the 
manner described previously. The system, except for the 
reservoirs, was once more evacuated and heating of the 
reaction vessel was then begun. Once the reaction vessel 
had been placed in position, it was not possible to move 
the specimen without opening the system. Therefore, the 
sample had to remain in the hot zone during the outgassing 
procedure. Consequently, the furnace temperature was
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increased very slowly while evacua tion continued. The 
rate at which the temperature was increased was kept 
sufficiently low to prevent the pressure due to out- 
gassing from rising excessively. The temperature increase 
was halted whenever there was an indication that the 
pressure was rising too rapidly. After the pressure fell 
again, heating was increased.

Most of the outgassing in the hot zone of the reaction 
vessel took place within the first few hundred degrees of 
temperature rise. Above 500oC , the outgassing level 
remained fairly constant as the temperature rose. Heating 
was continued until the furnace temperature reached the 
vicinity of 1000°C. The specimen was then vacuum-annealed 
at this temperature for a period of several hours.
Finally, the furnace temperature was decreased to 700°C, 
and the reaction vessel was isolated from the rest of the 
system by closing the stopcock.

Isothermal Equilibration of Specimens with Hydrogen
The principal objective during an experimental run 

was to measure the solubility of hydrogen in the specimen 
at 700°C, as a function of the ambient hydrogen pressure. 
From another standpoint, the objective can be considered 
to have been the measurement of the hydrogen partial
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pressures at 700°C for a number of zirconium-titanium- 
hydrogen alloys. In either case, it was imperative that 
the measurements be made under equilibrium conditions. 
Measurements were made both during hydrogen addition and 
hydrogen withdrawal to verify that this was being 
accomplished. At low hydrogen concentrations, measure
ments were more efficiently obtained during the addition 
process, whereas at high hydrogen concentrations, the 
withdrawal process was superior. This difference in 
efficiency between the two procedures was most pronounced 
in a region of two condensed phases. Therefore, it was 
the general practice, when a two-phase region had been entered 
midway through the hydrogen additions, to complete the 
process in one step and then begin withdrawing hydrogen.

Hydrogen Addition. The amount of hydrogen gas in 
contact with the specimen when equilibrium was established 
was seldom, if ever, negligible compared with the amount 
of hydrogen in the specimen. Therefore, it was necessary 
to measure the amount of hydrogen to which the specimen 
was exposed both before and after each hydrogen absorption. 
Since the volume calibration measurements and the hydrogen 
pressure-solubility measurements were made under the same 
temperature conditions, the volume of hydrogen involved 
was easily determined. By measurements of the pressure
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before and after the hydrogen absorption, the number 
of moles of hydrogen absorbed could then be calculated.

A typical run involved some 20 to 30 hydrogen additions. 
For the first addition, hydrogen was admitted to the 
capillary manifold, Vq , from one of the reservoirs. The 
pressure in the manifold was measured with the transducer 
and the manifold temperature, as measured by a thermometer, 
was recorded. The number of moles of hydrogen in the 
capillary could then be calculated from the ideal gas law.
The stopcock leading to the reaction vessel was opened and 
the specimen absorbed hydrogen. Within 30 minutes, on 
the average, equilibrium was established as indicated 
by the stabilization of the pressure. The pressure and 
temperature were again recorded and the number of moles 
of hydrogen remaining in Vqq was calculated. The number 
of moles of hydrogen entering the specimen was obtained 
by subtracting the number of moles remaining from the 
number originally present in the manifold.

The stopcock was then closed and the manifold was 
refilled from a reservoir. The procedure was repeated 
and the calculations were similar to those for the first 
addition except that the number of moles of hydrogen remain
ing in V q  after the first addition had to be taken into 
account. Additions from the manifold alone were made
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until the equilibrium pressure became so high that too 
little hydrogen was being absorbed during an addition.
At this point, the small reservoir was permanently opened 
to the manifold and both of these were filled from the 
large reservoir. Upon opening the stopcock to the 
specimen, the volume exposed to the specimen became 
Vq q s • Usually this volume was sufficient to take care of 
the rest of the additions. Occasionally, the large reservoir 
had to be refilled from the storage flask during additions. 
Generally, the last addition was made, using the manifold 
plus the large reservoir, volume V^l .

Hydrogen Withdrawal. After the last addition, hydrogen 
withdrawal was begun. With the stopcock to the reaction 
vessel closed, hydrogen from the reservoirs and manifold 
was either returned to the storage flask or generator, 
or was removed from the system by the vacuum pumps. Since 
the latter procedure was more rapid, it was the usual 
procedure, except where relatively large quantities of 
hydrogen were involved.

Following the hydrogen removal from the reservoirs 
and manifold, the appropriate stopcocks were closed so 
that only the desired volumes would be open to the reaction 
vessel during hydrogen withdrawal from the sample. Upon 
opening the stopcock to the reaction vessel, hydrogen
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expanded to fill the manifold and any accessible reservoirs. 
As the pressure in the reaction vessel fell, the concentra
tion of hydrogen in the specimen decreased until equilibrium 
was again established. The amount of hydrogen removed from 
the specimen could be controlled to a certain extent 
by opening or closing the large and small reservoirs.
The four possible combinations gave four choices. If 
none of these choices was suitable, an unlimited number 
of intermediate choices could be obtained by retaining 
hydrogen in the manifold and reservoirs during evacuation.
In this manner, equilibrium hydrogen pressure measurements 
were made as the concentration of hydrogen in the specimen 
was reduced. This procedure was continued until the 
hydrogen concentration in the specimen was less than the 
concentration in the specimen before the last hydrogen 
addition.

When hydrogen withdrawals were completed, the stop
cock to the reaction vessel was closed and the furnace 
cooled to room temperature. The stopcock was then reopened 
and high purity argon was admitted to the vessel. The 
stopcock was finally closed before removing the reaction 
vessel from the apparatus.
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Experimental Results 
Ten alloy and four pure-metal specimens, represent

ing nine different Zr-Ti compositions, were employed during 
the course of the study. The mole-fraction ratios for 
the alloys, expressed as , were: 0.1429, 0.333,
0.600, 1.000, 1.667, 3.000, and 7.000. In addition, one 
zirconium specimen and three titanium specimens were 
used. With the exception of a single titanium specimen, 
all unalloyed specimens were prepared from the crystal 
bar material without arc-melting.

Isothermal hydrogen solubility measurements were 
made at 700°C. Table 4 summarizes the results obtained 
for seven alloy specimens and two pure metal specimens. 
Figures 11 through 19 represent a graphical summary of the 
data. In each figure, the square root of the equilibrium 
hydrogen pressure is plotted against the mole-fraction 
hydrogen in the specimen, for a constant Zr-Ti ratio.

Ternary Isothermal Section
The application of Gibbs’ phase rule to the pressure- 

compos it ion curves provides a means of interpreting them. 
Since the three binary diagrams are known, the ternary 
isothermal section can be constructed. In its most usual 
form, the phase rule states that for a system of C independ
ent components and P coexistent phases in equilibrium,
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TABLE 4
Equilibrium Hydrogen Pressure - Solubility Data at 700oC.
I . Run No. 14 
Xzr/XTi = 0.000
Specimen

(fiV)

Weight = 0.4638
PH (mmHg)

2

grams
PH ^(mmHg)% 2 XH

53 .2 0.2251 0.4745 0.01197
198,6 0.8405 0.9168 0.02389
461.3 1.9522 1.3972 0.03669
856 c 7 3.6256 1.9041 0.04928
1204.5 5,0974 2,2577 0,06372
1211.2 5,1258 2.2640 0.07534
1215.8 5.1453 2 .2683 0,08601
1218.2 5.1554 2.2706 0.09585

32280. 136.61 11.688 0.36704
29568. 125.13 11.186 0.36140
27232. 115.25 10,735 0.35609
25287 » 107.01 10.345 0.35105
23167. 98.043 9.9017 0.34465
20667, 87.463 9.3522 0.33611
17703 . 74,919 8.6556 0.32420
14509.1 61.403 7.8360 0.30805
113 06,4 47.849 6.9173 0,28702
82 03 ,4 34.717 5.8921 0.26270
5482.8 23.203 4.8170 0.23417
4011.3 16.976 4.1202 0.21174
3094.7 13 .097 3.6190 0.19346
2474.9 10.474 3.2364 0.17818
1996.2 8.4479 2.9065 0.16542
1636.5 6.9257 2.6317 0.15465
1401.8 5.9324 2.4357 0.14518
1233.5 5.2202 2.2848 0.13667
1228.7 5.1999 2.2803 0.12796
1224.0 5.1800 2.2760 0.11910
1219.3 5.1601 2.2716 0.11009
1216.8 5.1495 2.2693 0.10092
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II. Run No. 10
Xzr/XTi := 0.1429
Specimen Weight = 0.5125 grams

Ph2(mmHg) (mroHg)^ %WV)
12.0 0.0508 0.2254 0.00547
29.8 0.1261 0.3551 0.01660
81.7 0.3458 0.5880 0.03281
158.2 0.6695 0.8182 0.05069
313 .1 1.3250 1.1511 0.06783
468.4 1.9823 1.4076 0.08428
617.2 2.6120 1.6162 0.10010
826.8 3.4990 1.8706 0.11527
1060.4 4.4876 2.1184 0.12982
1336.1 5.6544 2.3779 0.14374
1631.7 6.9054 2.6278 0.15703
1917.2 8.1136 2.8484 0.16973
223 5.7 9.4615 3.0760 0.18184
2429.8 10.283 3.2067 0.19349
2481.2 10.500 3.2404 0.20523
2508.7 10.617 3.2584 0.21640
2540.6 10.752 3.2790 0.22720

31992. 135.39 11.636 0.43762
28963. 122.57 11.071 0.43327
26352. 111.52 10.560 0.42925
24208. 102.45 10.122 0.42546
22513. 95.275 9.7609 0.42184
21034. 89.016 9.4348 0.41842
19673. 83.256 9.1245 0.41518
18512. 78.343 8.8512 0.41208
1753 5. 74.208 8.6144 0.409 07
16615. 70.315 8.3854 0.40622
15797. 66.853 8.1764 0.40347
15034.8 63,627 7.9767 0.40081
12867.6 54.456 7.3794 0.39118
10552.3 44.657 6.6826 0.37865
8329.9 35.252 5.9374 0.36224
6709.9 28.396 5.3288 0.34564
5265.7 22.284 4.7206 0.32376
4326.2 18.308 4.2788 0.30461
3657.5 15.479 3.9343 0.28754
3141.1 13.293 3.6460 0.27220
2698.3 11.419 3.3792 0.25848
2592.9 10.973 3 .3126 0.24473
2554.7 10.811 3.2880 0.23064
2533 .4 10.721 3.2743 0.21616
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III. Run No. 9
XZr/XTi = 0.333
Specimen Weight = 0.563 5 grams

PH (mmHg) Py 2(mmHg)2 xH(UV)
12.1 0.0512 0.2263 0.00799
37.6 0.1591 0.3989 0.02072
84.7 0.3585 0.5987 0.03 522
142.6 0.6035 0.7768 0.04922
211.3 0.8942 0.9456 0.06269
265.5 1.1236 1.0600 0.07573
363.5 1.5383 1.2403 0.08829
476.2 2.0153 1.4196 0.10038
599.7 2.5379 1.5931 0.11204
743.8 3.1478 1.7742 0.12326
928.7 3.9303 1.9825 0.13404
1103.5 4.6700 2.1610 0.14447
1277.2 5.4051 2.3249 0.15451
1512.1 6.3992 2.5297 0.16410
1720.6 7.2816 2.6984 0.17333
2012.3 8.5161 2.9182 0.18215
2016.5 8.5338 2.9213 0.19079
2021.3 8.5541 2.9247 0.20444
2025.7 8.5728 2.9279 0.21563
2024.4 8.5673 2.9270 0.22651

29967. 126.82 11.261 0.48150
26451. 111.94 10.580 0.47820
23 53 0. 99.579 9.9789 0.47521
21443. 90.747 9.5262 0.47241
19612. 82.998 9.1103 0.46979
18057. 76.417 8.7417 0.46736
16791. 71.060 8.4297 0.46505
14783.2 62.563 7.9097 0.46078
13187.3 55.809 7.4705 0.45686
11842.5 50.117 7.0793 0.45332
10974.3 46.443 6.6149 0.45067
10037.2 42.477 6.5174 0.44717
9231.7 39.069 6.2505 0.44378
8459.4 35.800 5.9833 0.44066
7865.6 33 .287 5.7695 0.43744
7206.2 30.497 5.5224 0.43371
6461.2 27.344 5.2292 0.42897
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III. Run No.

(UV)
5751.7 
4953 .3 
4280.9
3723.0 
3363.5
3016.8
2779.3
2595.4
2441.5
2321.1
2234.6 
2168.0 
2118.3
2085.7
2067.9
2051.2
2038.7
2030.2
2027.3
2022.4
2018.5

9 (continued) 
PH2(mmHg)

24.341 
20.971 
18.117 
15.756 
14.234 
12.767 
11.762 
10.984 
10.332 
9.8229 
9.4568 
9.1750 
8.9646 
8.8267 
8.7514 
8.6807 
8.6278 
8.5918 
8.5795 
8.5588 
8.5423

Ph22(mmHg)2

4.9337 
4.6126 
4.2564 
3.9694 
3.7728 
3.5731 
3.4296 
3.3142 
3.2143 
3.1342 
3.0752 3.0290 
2.9941 
2.9710 
2.9583 
2.9463 
2.9373 
2.9312 
2.9291 
2.9256 
2.9227

%

0.42331 
0.41551 
0.40654 
0.39389 
0.38194 
0.37086 
0.36023 
0.35002 
0.34007 
0.33 032 
0.32068 
0.31103 
0.30133 
0.29151 
0.28152 
0.27131 
0.26086 
0.25015 
0.23916 
0.22787 
0.21624
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IV. Run No. 6
XZr/XTi = 0.600
Specimen Weight = 0.5229 grams

PH„ (mmHg) Ph 4(mmHg)4 xH(UV)
15L5 0.0656 0.2561 0.01490
53.2 0.2251 0.4745 0.03650
120.2 0.5087 0.7132 0.05702
206.9 0.8756 0.9357 0.07652325.3 1.3767 1.1733 0.09506
471.1 1.9937 1.4120 0.11270
637.0 2.6958 1.6419 0.12949
812 .3 3.4377 1.8541 0.14547
1022.8 4.3285 2.0805 0.16070
1246.7 5.2760 2.2970 0.17522
1590.6 6.7314 2.5945 0.18898
1757.4 7.4373 2.7271 0.20223
1748.5 7.3997 2.7202 0.21502
1753.2 7.4195 2.7239 0.22734
1779.0 7.5287 2.7439 0.23920
1781.2 7.5380 2.7455 0.25065
1801.1 7.6223 2.7609 0.26156
1815.0 7.6811 2.7715 0.27223
1823.7 7.7179 2.7781 0.28252
2806.4 118.77 10.898 0.51689

24731. 104.66 10.230 0.51376
22234. 94.094 9.7002 0.51086
20040. 84.809 9.2092 0.50819
18276. 77.344 8.7945 0.50570
15656.2 66.257 8.1399 0.50115
13762.7 58.244 7.6318 0.49709
12964.8 54.867 7.4073 0.49518
1032.2 43.675 6.6087 0.48813
9055.3 38.322 6.1905 0.48391
8085.2 34.217 5.8496 0.48014
7334.5 31.040 5.5714 0.47658
6701.6 28.361 5.3255 0.47313
5634.8 23.846 4.8833 0.46602
5187.7 21.954 4.6855 0.46236
4667.3 19.752 4.4443 0.45806
4179.9 17.689 4.2058 0.45263
3798.4 16.075 4.0094 0.44669
3376.8 14.291 3.7803 0.44006
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lV. Run No.

(MV)

6 (continued) 
Pr (mmHg) PH24(mmHg)i xH

3008.7 12.733 3.5683 0.43240
2692.7 11.396 3.3758 0.42398
2480.1 10.496 3.2398 0.41464
2292.3 9.7010 3.1146 0.40577
2153.2 9.1123 3.0187 0.39716
2073.6 8.7755 2.9624 0.38859
1977.2 8.3675 2.8927 0.38025
1923.1 8.1386 2.8528 0.37186
1891.0 8.0027 2.8289 0.36339
1851.8 7.8368 2.7994 0.35489
1819.9 7.7018 2.7752 0.34629
1798.5 7.6113 2.7589 0.33759
1781.3 7.5385 2.7456 0.32871
1768.7 7.4851 2.7359 0.31968
1760.5 7.4504 2.7295 0.31042
1754.1 7.4234 2.7246 0.30094
1749.0 7.4018 2.7206 0.29126
1746.3 7.3903 2.7185 0.28130
1748.6 7.4001 2.7203 0.27105
1743.7 7.3793 2.7165 0.26052
1741.1 7.3683 2.7145 0.24971
1739.6 7.3620 2.7133 0.23860
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V . Run No. 13
Xg^/XTi = 1.000
Specimen Weight = 0.5245 grams

Pro(mmHg) Ph25 (mmHg)4 xH(MV)
25.3 0.1071 0.3272 0.02433
66.8 0.2827 0.5317 0.04745
131.2 0.5552 0.7452 0.06946
205.7 0.8705 0.9330 0.09044
307.3 1.3005 1.1404 0.11042
439.9 1.8617 1.3644 0.12947
589.1 2.4931 1.5790 0.14763
773.4 3.2730 1.8091 0.16495
976.9 4.1342 2.0333 0.18150
1212.0 5.1292 2.2648 0.19728
1449.7 6.1351 2.4769 0.21236
1776.7 7.5190 2.7421 0.22672
1785.3 7.5554 2.7487 0.24066

30332. 128.37 11.33 0 0,55240
25231. 106.78 10.333 0.54962
21637. 91.568 9.5691 0.54712
18846. 79.756 8.9307 0.54489
16715. 70.738 8.4106 0.54285
15513.2 65.652 8.1026 0.54087
14292.3 60.485 7.7772 0.53900
13105.6 55.463 7.4474 0.53651
11417.5 48.319 6.9512 0.53310
9523.7 40.304 6.3486 0.52741
7461.5 31.577 5.6193 0.51941
5938.9 25.133 5.0133 0.50881
4754.3 20.120 4.4855 0.49798
3981.8 16.851 4.1050 0.48565
3690.6 15.619 3.9521 0.47704
3575.3 15.131 3.8899 0.46710
3186.2 13.484 3.6721 0.45671
2643.9 11.189 3.3450 0.44720
2340.8 9.9063 3.1474 0.43846
2203.5 9.3252 3.0537 0.42994
2115.8 8.9541 2.9923 0.42153
2046.1 8.6591 2.9426 0.41313
1988.9 8.4170 2.9012 0.40476
1940.3 8.2113 2.8655 0.39632
1896.2 8.0247 2.8328 0.38786
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V. Run No.

(UV)
1855.6 
1831.4 
1816.9
1809.3
1807.1
1804.4
1802.5 
1801.3
1796.7 
1794.0
1791.6
1793.2
1789.7
1786.3

(continued) 
Ph2(mmHg)

7.8529
7.7505
7.6891
7.6570
7.6476
7.6362
7.6282
7.6231
7.6036
7.5922
7.5821
7.5888
7.5740
7.5596

1 i
Pflg2(mmHg)2

2.8023
2.7840
2.7729
2.7671
2.7654
2.7634
2.7619
2.7610
2.7575
2.7554
2.7536
2.7548
2.7521
2.7495

XH

0.37934 
0.37069 
0.36187 
0.35284 
0.343 56 
0.33400 
0.32418 
0.31410 
0.3 0372 
0.293 02 
0.28204 
0.27066 
0.25896 
0.24691
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VI. Run No. 5
Xg^/Xrpi = 1.667
Specimen

(UV)

Weight = 0.5252 
Pjj^CmmHg)

grams
PH22(mmHg)2 %

13.0 0.0550 0.2346 0.01670
37.9 0.1604 0.4005 0.03787
74.2 0.3140 0.5604 0.05702
123.5 0.5227 0.7230 0.07440
175.0 0.7406 0.8606 0.09021
243.1 1.0288 1.0143 0.10463
307.7 1.3022 1.1412 0.11781
379.9 1.6077 1.2680 0.12987
458.0 1.9383 1.3922 0.14095
537.4 2.2743 1.5081 0.15110
616.5 2.6090 1.6152 0.16045
694.0 2.9370 1.7138 0.16907
760.1 3.2167 1.7935 0.17702
836.5 3.5401 1.8815 0.18437
907.6 3.8410 1.9599 0.19116
994.5 4.2087 2.0515 0.19884
1090.3 4.6141 2.1481 0.20766
1202.1 5.0873 2.2555 0.21660
1317.2 5.5744 2.3610 0.22562
1520.4 6.4343 2.5366 0.24005
1732.0 7.3298 2.7074 0.25379
1812.2 7.6692 2.7693 0.26699
1855.0 7.8504 2.8019 0.27965
1860.4 7.8732 2.8059 0.28673
1854.8 7.8495 2.8017 0.29330
1831.0 7.7488 2.7837 0.30508
1845.7 7.8110 2.7948 0.31642
1875.3 7.9363 2.8172 0.32735
1894.4 8.0171 2.8315 0.33792
1897.6 8 .03 06 2.8338 0.34809
1915.7 8.1072 2.8473 0.35797
1937.5 8.1995 2.8635 0.36747
2008.0 8.4979 2.9151 0.37665
1990.4 8.4234 2.9023 0.38554
8209.8 34.744 5.8944 0.53002
11857.8 50.182 7.0839 0.53991
18052. 76.396 8.7405 0.55017
29132. 123.29 11.104 0.56100
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VI. Run No.

(UV)
28221.
9792.0 
5645.6
4035.0
3623.2
3544.8
3527.0
3292.5 
2818.4
2577.9
2374.8
2222.0
2131.8
2091.9
1998.3
1950.8
1929.6 
1878.0
1840.7 
1818.2
1817.3
3585.9
3653.2
3703.3
3807.2
3893.2

5 (continued) 
Ph2(mmHg)

119.43
41.440
23.89217.076
15.333
15.002
14.926 
13.934
11.927 
10.910 
10.050
9 <> 403 5 
9.0218 
8.8529 
8.4568 
8.2558 
8.1661 
7.9477 
7.7898 
7.6946 
7.6908 
15.176 
15.460 
15.672 
16.112 
16.476

Pit 2 (mmHg) 2 2
10.928
6.4374
4.8880
4.1323
3.9157
3.8733 
3.8634 
3.7328 
3.4536 
3 .3030 
3.1702 
3.0665 
3.0036 
2.9754 
2.9081
2.8733 
2.8576 
2.8192 
2.7910 
2.7739 
2.7732 
3.8956 
3.9319 
3.9588 4.0140 
4.0591

0.55995
0.53606
0.52023
0.50802
0.49579
0.48380
0.47125
0.45902
0.44811
0.43767
0.42777
0.41815
0.40864
0.39895
0.38940
0.37978
0.36996
0.36011
0.35013
0.33997
0.32948
0.46636
0.47926
0.48538
0.49757
0.50246
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VII. Run
Xzr/Xpi = 
Specimen

(UV)

No. 12 
3.000 

Weight = 0.5123 
PH2 (mmHg)

grams
Pjj22 (mmHg)i XH

20.4 0.0863 0.2938 0.02861
48.7 0.2061 0.4540 0.05561
103.2 0.4367 0.6609 0.08110
170.8 0.7228 0.8502 0.10520
245.9 1.0406 1.0201 0.12801
33 0.5 1.3987 1.1827 0.14963
422.2 1.7868 1,3367 0.17009
519.0 2.1964 1.4820 0.18950
627.6 2.6560 1.6297 0.20793
735.7 3.1135 1.7645 0.22544
836.4 3.5396 1.8814 0.24213
941.8 3.9857 1.9964 0.25800
1073 .4 4.5426 2.1313 0.27310
1176.3 4.9781 2.2312 0.28751
1290.9 5.4631 2.3373 0.30128
1408.2 5.9595 2.4412 0.31443
1516.3 6.4170 2.5232 0.32701
1640.2 6.9413 2.6346 0.33908
1752.4 7.4162 2.7233 0.35066
1869.1 7.9100 2.8125 0.36177
1987.3 8.4103 2.9001 0.37245
2122.7 8.9833 2.9972 0.38272
2256.2 9.5482 3.0900 0.39262
2432.5 10.294 3.2084 0.40210
2654.7 11.235 3.3519 0.41122
2838.4 12.012 3.4659 0.41993
3125.8 13.228 3.6370 0.42831
3467.5 14.674 3.8307 0.43632
3486.1 14.753 3.8410 0.44410

30636. 129.65 11.386 0.59558
25248. 106.85 10.337 0.59293
21485. 90.925 9.5355 0.59056
18640. 78.884 8.8817 0.58841
16531. 69.959 8.3642 0.58646
14841.3 62.808 7.9251 0.58469
13491.2 57.095 7.5561 0.58302
11126.8 47.089 6.8621 0.57951
8671.7 36.699 6.0580 0.57475
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VII. Run No

(UV)
6585.6
5046.8
3981.1
3772.3
3739.4
3705.6
3673.9
3640.2
3607.1
3568.7
3519.8
3475.1

12 (continued) 
PH2(mmHg)

27.870
21.358
16.848
15.964
15.825
15.682
15.548
15.405
15.265
15.103
14.896
14.707

5.2792 
4.6215 
4.1047 
3.9955 
3.9781 
3.9601 
3.9431 
3.9249 
3.9070 
3.8863 
3.8595 
3.8350

0.56872
0.56081
0.55273
0.54319
0.53175
0.51980
0.50738
0.49442
0.48089
0.46675
0.45205
0.43671
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VIII. Run No. 11
Xzr/xTi = 7 .000
Specimen Weight = 0.494(7

Pu (mmHg) (UV) *2

grams
PH 4(mmHg)l 2 XH

2.2 0.0093 0.0965 0.00891
7.1 0.0300 0.1733 0.02299
12 .6 0.0533 0.2309 0.03371
17.5 0.0741 0.2721 0.04611
24.2 0.1024 0.3200 0.0575239.8 0.1684 0.4104 0.06894
57.7 0.2442 0.4942 0.07948
75.3 0.3187 0.5645 0.09092
118.3 0.5007 0.7076 0.11699
181.5 0.7681 0.8764 0.14156
255.4 1.0809 1.0397 0.16475
332.7 1.4080 1.1866 0.18667
415.9 1.7601 1.3267 0.20741
503.6 2.1312 1.4599 0.22708
589.4 2.4943 1.5793 0.24574
679.0 2.8735 1.6951 0.26347
775.7 3.2828 1.8119 0.28028
876.3 3.7085 1.9257 0.29623
988.6 4.1838 2.0454 0.31138
1096.3 4.6395 2.1540 0.32582
1213.1 5.1338 2.2658 0.33956
1339.2 5.6675 2.3807 0.35266
1476.7 6.2494 2.4999 0.36515
1627.0 6.8855 2.6240 0.37705
1791.7 7.5825 2.7536 0.38842
1972.8 8.3489 2.8895 0.39927
2202.2 9.3197 3.0528 0.40963
2452.7 10.380 3.2118 0.41951
2718.8 11.506 3 .3920 0.42896
2948.1 12.476 3.5321 0.43797
5137.9 13(280 3.6442 0,44671
3282.5 13.892 3.7272 0.45508
3310.3 14.009 3 .7429 0.46316
30762. 130.18 11.410 0.61126
24958. 105.62 10.277 0.60864
21016. 89.940 9.4308 0.60631
18117. 76.671 8.7562 0.60418
16029.8 67.838 8.2364 0.60226
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VIII. Run No. 11 (continued)

(UV)
Pfl̂ CmrnHg) PHg2(mmHg)^ xH

14282.4 60.443 7.7745 0.60050
12953.6 54.820 7.4041 0.59889
11839.2 50.103 7.0784 0.59738
10213.1 33.222 6 .5744 0.59460
8630.4 36.524 6.0435 0.59114
7320.7 30.981 5.5661 0.58705
5963.2 25.236 5.0235 0.58239
4851.4 20.531 4.5311 0.57618
4027.8 17.046 4.1287 0.56812
3721.3 15.749 3.9685 0.55843
3700.2 15.659 3.9571 0.54674
3619.1 15.316 3.9136 0.53469
3547.3 15.012 3.8745 0.52221
3470.6 14.688 3.8325 0.50934
3416.4 14.458 3.8024 0.49601
3364.7 14.239 3.7735 0.48208
3319,3 14.047 3.7479 0.46764
3274.8 13.859 3.7228 0.45256
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IX. Run No. 2
Xzr/Xxi = 0.000
Specimen Weight = 0.7612 grams

Pu (mmHg) Pr0^(mmHg)^ xH(UV) 2 2
2.8 0.0119 0.1089 0.00060
13.8 0.0584 0.2417 0.01005
27.5 0.1164 0.3411 0.01891
64.6 0.2734 0.5229 0.03028
101.5 0.4296 0.6554 0.04077
117.1 0.4956 0.7032 0.05049
122.4 0.5180 0.7197 0.05949
123.8 0.5239 0.7238 0.06785
127.5 0.5396 0.7346 0.08093
129.5 0.5480 0.7403 0.09362
131.3 0.5557 0.7454 0.10581
133.5 0.5650 0.7517 0.11790
136.6 0.5781 0.7603 0.12950
151.0 0.6390 0.7994 0.14076
175.1 0.7410 0.8608 0.15169
198.0 0.8379 0.9154 0.16230
222.9 0.9433 0.9712 0.17261
246.9 1.0449 1.0220 0.18262
272.0 1.1511 1.0729 0.19236
296.0 1.2527 1.1193 0.20182
317.7 1.3445 1.1595 0.21102
455.0 1.9256 1.3877 0.25896
551.0 2.3318 1.5270 0.28633
803.0 3.3983 1.8435 0.34593
1240.9 5.2515 2.2916 0.40539
1720.0 7.2790 2.6980 0.43712
1793.0 7.5880 2.7546 0.44066
1876.0 7.9392 2.8177 0.44414
2272.5 9.1672 3.1015 0.45725
2546.9 10.779 3.2831 0.46504
2675.7 11.324 3.3651 0.47282
2683.0 11.355 3.3696 0.50161
2689.5 11.382 3 .3737 0.52136
2697.5 11.416 3.3787 0.5523 5
2702.6 11.435 3.3815 0.56842
2719.8 11.510 3.3927 0.57573
3600.1 15.236 3.9033 0.58833
6590.0 27.889 5.2810 0.60093
13 075.6 55.336 7.4388 0.61137
24778.. 104.86 10.240 0.61907
33480. 141.69 11.903 0.62245



T-1023 83

in

r—I rH

Fi
g. 

11
. 

Hy
dr
og
en
 
So
lu
bi
li
ty
 

at 
70
0°
C



T-1023 84

o<D

in

m

H

tti X

ÎE

<5> 00 (D m 00

,SH ™™ -Hd

Fi
go
 
12
= 

Hy
dr
og
en
 

So
lu
bi
li
ty
 

at 
700

 
C



Run
 
No

. 
9 

Xrj
js/
Xrp
ĵ 
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the number of degrees of freedom F of the system as a 
whole is given by the relation F = C + 2 - P = The number 
of degrees of freedom possessed by a system is the number 
of independent variables whose values must be specified 
in order to define the state of the system. In the 
study of gas-metal systems, temperature, pressure? and 
concentration are all variables.

In Fig. 11 and 19, the number of components involved 
is two. The gas phase, hydrogen, is present at every point 
on the curves except at the origin. Hence, when there is 
only one solid phase present, the number of degrees of 
freedom is two. At constant temperature, the equilibrium 
hydrogen pressure must vary with the concentration of hydrogen 
in the metal. When two solid phases are present, the 
number of degrees of freedom is reduced to one. Therefore, 
at a given temperature, the equilibrium hydrogen pressure 
will remain constant as the hydrogen concentration varies. 
Thus, in Fig. 11 and 19, the rising portions of each curve 
represent regions in which one solid phase is present 
whereas a portion parallel to the concentration axis 
must be a region in which two solid phases are present.
In this region, one crystal structure transforms to 
another as hydrogen is added.
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Fig. 12 through 18 represent 3-component systems.
In these cases, the phase rule becomes F = 5 - P. Adding 
a third component provides an additional degree of freedom. 
So the pressure-composition curves will exhibit invariant 
hydrogen pressures at constant temperature only when 
three solid phases are present. In one- and two-solid- 
phase regions, hereafter referred to as one-phase and 
two-phase regions, the pressure must rise as the hydrogen 
concentration in the alloy increases. In crossing the 
boundary from a one-phase to a two-phase region, a sudden 
decrease in slope occurs. The slope of the curve in a 
two-phase region can be very small, but it must remain 
finite.

Some difficulty arises in locating the boundary 
representing the end of the two-phase region on several 
of the curves. In all cases, an increase in slope indicates 
passage from a two-phase to a one-phase region. However, 
instead of an abrupt change in slope, several of the 
curves exhibit a gradual increase. During hydrogen with
drawal they undergo a corresponding steady decrease in 
slope on approaching and re-entering the two-phase region.
In the few instances in which interpretation presented 
any difficulty, the boundary points were chosen so as to 
give a relatively smooth curve for the phase boundary in 
the ternary isothermal section.
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Once the boundary points had been located on the 
p-c curves, the phases present could be identified with 
the aid of the three known binary diagrams. A summary 
of the boundary points and corresponding phases is 
presented in Table 5.

Ti-H System at 700°C. No experimental data at 700°C 
are reported in the literature on the Ti-H system over 
the pressure range of this study. McQuillan (1) used 
data obtained at 679°C and 727°C in constructing the 
a/(a+@) and (a+@)/3 phase boundaries for this system over 
a temperature range which included 700°C. Interpolation 
on McQuillan*s diagram at 700°C gives values for these 
boundaries of approximately 0.06- and 0.14-mole-fraction 
hydrogen, respectively. The values of 0.059- and 0.138- 
mole-fraction hydrogen reported in Table 5 are considered 
to be in satisfactory agreement with McQuillan's phase 
diagram.

The 3 solution in the Ti-H system does not transform 
to a new structure at 700oC until the equilibrium hydrogen 
pressure is well above 1 atm. The values reported in 
Table 5 for the 3/(@+0) and (3+ô)/ô boundaries, therefore, 
were obtained from McQuillan's diagram by extrapolation.
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TABLE 5
Phase Boundary Data for the Zr-Ti-H System at 700°C.

XH
XZr/XTi a/a+B a+8/8 8/8+6 8+6/6 6/6+?
0.000 0.059 0.138 0.492* 0.59 * —  —
0.1429 — 0.0575 0.187 0.255 ——
0.333 — — — 0.182 0.295 —  —
0.600 — — - - 0.194 0.340 —
1.000 — —  — 0.225 0.358 0.461
1.667 —— — 0.258 0.380 0.470
3.000 — —  — 0.436 0.545 ”  —

7.000 — 0.053 0 0.452 0.5635 --

Zr 0.04625 0.131 0.468 0.581 —

* Extrapolated from McQuillan’s data (1). See also 
Haag and Shipko (17).

6 + ? / 6

0.473
0.500
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An explanation concerning the designation of the 
F.C.C. phase as the ô phase rather than as the y phase 
is perhaps in order here. In both the Ti-H and Zr-H 
systems, the B.C.C. structure transforms to F.C.C. at 
sufficiently high hydrogen pressures. In the Ti-H system 
the F.C.C. phase is usually designated as the Y phase. 
However, in the Zr-H system, according to Beck (4), the 
F.C.C. phase decomposes below the eutectoid temperature 
by a diffusion-controlled twinning process to form a 
metastable B.C.T. phase having a composition corresponding 
to the formula ZrH. This phase is designated by Beck as the 
Y phase, and the F.C.C. phase is called the ô phase.
Since the F.C.C. phase extends uninterruptedly across 
the Zr-Ti-H ternary diagram at 700°C, a choice must be 
made as to its designation. In view of the findings reported 
by Beck, the F.C.C. structure is designated here as the 
6 phase.

Zr-H System at 700°C. The four boundary points 
reported in Table 5 for the Zr-H system at 700°C are in 
good agreement with values obtained by interpolation on 
the Zr-H phase diagram as presented by Beck (4). The 
interpolated values, in mole-fraction hydrogen, are 0.046, 
0.133, 0.467, and 0.575. For comparison, interpolated 
values for the a/(a+8) and (a+8)/@ boundaries obtained
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from the Zr-H phase diagram reported by Ells and 
McQuillan (18) are included here. At 700°C these values 
are approximately 0.053- and 0.139-mole-fraction H, 
respectively. Figures 11 and 19 point out very strikingly 
the difference in affinity for hydrogen shown by titanium 
and zirconium at 700°C. For example, at a hydrogen pres
sure of 100 mm Hg, the hydrogen solubility in titanium 
is less than 35 at. % H and the structure is B.C.C., 
whereas the solubility in zirconium is approximately 62 at 
H and the B.C.C. structure has given way to F.C.C.

Zr-Ti-H System at 700°C. Data are not available for 
direct comparison with the boundary points obtained from 
the p-c plots for the ternary alloys at 700°C. However, 
Pessall and McQuillan (19) investigated the Zr-Ti-H 
system at 750°C and reported the isothermal section at 
that temperature. When allowance is made for the tempera
ture difference between the two studies, agreement is 
considered to be good. All boundaries observed in this 
study above the 8 region were also reported by Pessall 
and McQuillan. They estimated the a/(cc+8) and (a+B)/8 
boundaries at 750°C by comparing the three binary diagrams

Examination of the Zr-Ti binary diagram (Fig. 3) 
indicates that at 700°C for both titanium and zirconium
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the stable crystalline structure is the a (H.C.P.) form.
Hence in Fig. 11 and 19, hydriding begins in the a region.
In both cases, transformation to the 3 (B.C.C.) structure 
occurs. However, as mentioned previously, only zirconium 
transforms to the Ô (F.C.C„) structure in the pressure 
range of this study.

At 700°C, the Zr-Ti alloys used in obtaining Fig. 12 
and 18 have a two-phase (a+3) structure. Slight disconti
nuities in the p-c curves for these two alloys in the 
vicinity of = 0.05 indicate that the a-to-3 transforma
tion has been completed, Further evidence supporting this 
conclusion is provided by the fact that for hydrogen mole 
fractions below 0.05, the equilibrium reaction was sluggish, 
whereas, above Xjj = 0.06, it proceeded smoothly. This 
behavior is consistent with the general observation that 
hydriding proceeded more rapidly in single-phase regions.

The pronounced effect that a relatively small amount 
of zirconium has in Zr-Ti alloys is quite evident in Fig. 12. 
Whereas in the case of zirconium-free titanium, the F.C.C. 
structure does not appear at 700°C until the hydrogen pressure 
is greater than 1 atm, Fig. 12 indicates that the addition 
of 12.5 at. % Zr to titanium stabilizes the F.C.C. structure 
at pressures as low as 10 mm Hg and at hydrogen concentra
tions as low as 20 at. %,
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The Zr-Ti alloys used in obtaining the p-c curves in 
Fig„ 13 through 17 have 0 structures at 700°C„ According 
to the Zr-Ti phase diagram, the alloy containing 25 at. %
Zr might possibly contain a small amount of the a phase, 
but no evidence of a discontinuity can be found in the p-c 
curve of Fig. 13 at low hydrogen mole fractions„ Evidently, 
if there is any a phase present initially, it transforms 
to 3 at hydrogen pressures and concentrations belew the 
sensitivity limits of the equipment used.

The principal transformation occurring in Fig. 13 
through 17, therefore, must be the g-to-0 transformation.
This is apparently the only transformation taking place 
in .Fig. 13, 14, and 17. Figures 15 and 16 are both 
complicated by the appearance of an inflection in the p-c 
curve in the region between 45 and 50 at. % H. A similar 
occurrence was observed by Pessall and McQuillan (19) 
at 750°C in this region of the Zr-Ti-H system. The inflection 
has the general appearance of a phase transformation, 
particularly in Fig. 16. Based solely on phase-rule con
siderations, this conclusion is indicated. However, other 
factors make it evident that the situation may be more 
complex.

Examination of the other p-c curves fails to disclose 
any comparable inflections. If there are any, they must
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occur at hydrogen pressures and concentrations above the 
range of this study. The implication is that if the inflec
tions in Fig. 15 and 16 do represent a narrow two-phase 
region, the boundaries of this region must either curve 
sharply upward or must terminate within the 6 phase.

A miscibility gap in the Zr-H system between the 
ô (F.C.C.) and e (B.C.T.) phases has been reported (20,21). 
Beck (4) suggests that this transformation proceeds by 
a diffusionless mechanism over an extremely narrow com
position range. The critical temperature of this 
transformation has not yet been established, but it is 
known that it is above 700°C. At 700°C the transformation 
takes place at approximately 63.3 at. % H, which is about 
1 at. % H higher than the maximum hydrogen composition 
reached in this study (Fig. 19).

In the Ti-H system a similar transformation occurs 
but the maximum temperature at which the tetragonal structure 
is observed is about 370C (6,22). The extent of tetrag- 
onality increases with decreasing temperature.

It is entirely possible, therefore, that the inflections 
in Fig. 15 and 16 do not actually represent a phase trans
formation. If the assumption is made that a miscibility 
gap exists at lower temperatures in the ô phase, the 
behavior at 700°C can be interpreted as a disturbance
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commonly observed in p-c and p-v curves above a critical 
point. Albrecht et al. (23) observed this behavior in 
the p-c curves over a miscibility gap in the Nb-H system.

The question as to whether a miscibility gap is directly 
or indirectly responsible for the inflections in Fig. 15 
and 16 or whether they result from some other cause cannot 
be answered on the basis of the 700° p-c data alone. Data 
at lower temperatures as well as high temperature x-ray 
data would be extremely helpful in resolving this problem.

The results of the analysis of the p-c curves are 
summarized in the form of the 700°C ternary isothermal 
section in Fig. 20. The broken lines in the center of 
the diagram indicate the region corresponding to the 
inflections observed in Fig. 15 and 16.
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DERIVED DATA

In addition to the determination of a major portion 
of the isothermal section, a second objective of this 
study was the calculation of the activities and activity 
coefficients of titanium and zirconium in the ternary 
system from the measured equilibrium hydrogen pressures 
at 700°C. This can be accomplished with the aid of the 
Gibbs-Duhem equation modified for ternary systems. The 
activities and activity coefficients in the binary metal- 
hydrogen systems are calculated with the Gibbs-Duhem 
equation as it is generally applied to two-component 
systems.

Hydrogen Activities and Activity Coefficients 
Since it is known that hydrogen dissolves atomically 

rather than molecularly in metals, the equilibrium can be 
written

**2(g) = 2H (in solution).

103
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The equilibrium constant expression for this reaction 
is

K =!!» .
%

Rearranging, this becomes, aft = K^aà . The numerical value2
of K is dependent upon the standard state chosen for 
hydrogen. If it is assumed that hydrogen behaves as an 
ideal gas and that Hg gas at 700°C and 1 mm Hg pressure is 
chosen as its standard state, the equation relating the 
activity of hydrogen in solution to the equilibrium hydrogen 
pressure becomes simply

_ § _ ! aH - aH2 ” PH2 -

Accordingly, the activity coefficient for hydrogen in 
solution is then given by

iafl PHo
v« - 5 7  - 5 7  •

It is apparent, therefore, that the values of the 
square root of the hydrogen pressure tabulated in Table 4 
represent the hydrogen activities in solution. Through the 
division of them by the corresponding hydrogen mole fractions, 
the activity coefficients for hydrogen can be calculated.
The hydrogen activity coefficients used in the Gibbs-Duhem
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calculations were obtained by interpolating the activities 
on the hydrogen solubility plots, and converting them to 
activity coefficients. These values are recorded in the 
tables in the succeeding sections which deal directly with 
the Gibbs-Duhem integrations.

It is frequently true that the activity of one 
component of a binary system can be conveniently measured, 
whereas that of the other component cannot. As is the 
case in the present study, one component may have an 
easily measurable vapor pressure, whereas the other does 
not. Under these circumstances, it would be desirable to 
be able to calculate the activity of the second component 
from the experimentally determined values of the first.

The Gibbs-Duhem equation is particularly useful in 
such situations. For a two-component system this equation 
can be written in this form:

where and Xg are the mole fractions and a^ and ag are 
the activities of components 1 and 2 , respectively. 
Rearranging and integrating this equation gives

Gibbs-Duhem Binary Integrations

X^ d log a-L = -X2 d log a2 ,

X2
d log a2 .
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When is plotted vs. log &2, the integral can be
evaluated by measuring the area under the curve between 
the limits Xg and X^. When X^ approaches zero, however, 
a2 approaches zero and log ag approaches minus infinity.
The difficulty in evaluating this integral at low concentra
tions of component 2 is apparent.

This situation can be avoided by converting the 
equations above into others involving the activity coef
ficients rather than the activities. This result can be 
attained in the following manner. For a binary system,
Xi + X2 = 1. Differentiating, we have dX^ + dXg = 0. 
Multiplying the first term by Xj/Xi, the second by Xg/Xg, 
and noting that dXi/Xj = din X±, we arrive at the equation

X^ din X-̂  + Xg din Xg — Q.

Rearrangement and conversion to common logarithms give

Xx d log Xx = -Xg d log Xg.

Subtracting this equation from the original Gibbs-Duhem 
equation given above leads to

Xx d log (ax/Xx) = -Xg d log (ag/Xg).

Since ax/X^ = Yx, the activity coefficient of component i, 
this equation can be written as

Xx d log Yx = -Xg d log Y2•
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By integration as before,
t

log - log Yj = ~ / , (Xg/X].) d loS Yg.
x2

When Xg = 0, yg has a finite positive value ; and log 
Yg, therefore, will have a finite value. Furthermore, when 
Xg = 0, y| = 1 and its logarithm = 0o Hence our equation 
becomes

r xg
log Y^ = - (X2/X]L) d log Yg -

J  0

Now when Xg/X-̂  is plotted vs. log Yg ? the area under the 
curve from Xg/X-̂  = 0 to the point corresponding to Xg gives 
the value of the integral at that point, which of course 
is the value of -log Y^ at that composition.

The activity coefficients for titanium and zirconium 
in the Ti-H and Zr-H systems were evaluated graphically, 
using the Gibbs-Duhem equation in this form:

r xh
log Ym = - (XH/XM) d log Yh ,

Jo

where M represents the metal whose activity coefficient 
is being evaluated. The standard state chosen for each 
metal, therefore, was the pure a form at 700°C.

When XH/XM was plotted vs. log Yh ? the value of 
-log Ym &t any desired composition was obtained by
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determining the area under the curve between the points 
corresponding to Xg = 0 and Xg = the desired composition=
The areas were determined with the aid of Simpson's one- 
third rule.

Zirconium Activities and Activity Coefficients 
in the Zr-H System_____________ _____________ __

From the values of log determined graphically,
the values of y^Y were obtained. Multiplying these by 
the corresponding values of Xzr gave the values of azr .
The results are summarized in Table 6 .

Titanium Activities and Activity Coefficients 
in the Ti-H System______________________ _

Table 7 contains the values of a ^  and for titanium
in the Ti-H system at 700°C. These values were determined 
by the graphical integration of the Gibbs-Duhem equation in 
a manner similar to that used to evaluate azr and Yzr in 
Table 6.

Gibbs-Duhem Ternary Integrations
Of the several methods available for the application 

of the Gibbs-Duhem equation to ternary systems, Gokcen's 
method (2) was chosen because it appeared to be the 
simplest and most generally applicable. This method is 
discussed in detail by Pitzer and Brewer (24) and the
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TABLE 6
Activities and Activity Coefficients of
Zirconium in the Zr-H System at 700°C.

XZr xh aH YH YZr a Zr
1.000 0.000 0.000 1.000 1.000
0.990 0.010 0.160 16.00 1.000 0.990
0.980 0.020 0.320 16.00 1.000 0.980
0.970 0.030 0.480 16.00 1.000 0.970
0.960 0.040 0.640 16.00 1.000 0.960
0.9538 0.0462 0.740 16.00 1.000 0.9538
0.953 0.047 0.740 15.75 1.000 0.953
0.941 0.059 0.740 12.54 1.013 0.953
0.926 0.074 0.740 10.00 1.03 0 0.954
0.907 0.093 0.740 7.957 1.052 0.954
0.882 0.118 0.740 6.271 1.080 0.953
0.871 0.129 0.740 5.736 1.094 0.953
0.869 0.131 0.740 5.649 1.097 0.954
0.775 0.225 1.225 5.445 1.107 0.858
0.674 0.326 1.727 5.297 1.118 0.754
0.600 0.400 2.239 5.598 1.082 0.649
0.559 0.441 2.770 6.281 0.9937 0.555
0.536 0.464 3.270 7.047 0.9031 0.484
0.532 0.468 3 .375 7.211 0.8167 0.434
0.475 0.525 3 .375 6.427 0.9142 0.434
0.424 0.576 3.375 5.861 1.023 0.434
0.419 0.581 3.375 5.809 1.036 0.434
0.408 0.592 4.288 7.244 0.7568 0.309
0.398 0.602 5.490 9.120 0.5378 0.214
0.390 0.610 7.025 11.48 0.3774 0.147
0.378 0.622 11.85 19.05 0.1673 0.063
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TABLE 7
Activities and Activity Coefficients of 
Titanium in the Ti-H System at 700°Ce

xTi xH a H
1.000 0.000 0.000
0.990 0.010 0.38450.980 0.020 0.769
0.970 0.030 1.153
0.960 0.040 1.5380.950 0.050 1.921
0.941 0.059 2.270
0.936 0.064 2.270
0.928 0.072 2.270
0.920 0.080 2.270
0.910 0.090 2.270
0.898 0.102 2.270
0.886 0.114 2.270
0.872 0.128 2.270
0.865 0.135 2.270
0.862 0.138 2.270
0.852 0.148 2.485
0.827 0.173 2.905
0.779 0.221 4.409
0.737 0.263 5.889
0.697 0.3 03 7.611
0.661 0.339 9.553
0.634 0.366 11.57
0.633 0.367 11.69

YH YTi aTi
1.000 1.000

38.45 1.000 0.990
38.45 1.000 0.980
38.43 1.000 0.970
38.45 1.000 0.960
38.42 1.000 0.950
38.47 1.000 0.941
35.48 1.005 0.941
31.62 1.014 0.941
28.18 1.023 0.942
25.12 1.035 0.941
22.39 1.047 0.940
19.95 1.062 0.941
17.78 1,079 0.941
16.79 1.088 0.941
16.45 1.092 0.941
16.79 1.088 0.927
17.78 1.076 0.890
19.95 1.046 0.815
22.39 1.008 0.743
25.12 0.9633 0.671
28.18 0.9153 0.605
31.62 0.8595 0.545
31.84 0.8561 0.542
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symbolism employed below closely parallels that of these 
authors.

Gokcen starts with the complete differential of the 
Gibbs free energy at constant pressure and temperature 
for a ternary system:

dG — (J, jdn 2 + |î dn̂  + jĵ dn̂

Here = (àG , the chemical potential of component i
n

and n^ represents the number of moles of component i. 
Holding ng constant and applying the properties of exact 
differentials yields

1̂ 2  
idni i

d^l
n2 • n3 '̂ n2 'n1,n3

Similarly, for constant ng, the following cross differential 
is obtained:

3^3 ’ à M-i '
3 n2 ?n3 ^n3 nl?n2

Thus i-ig and 113 can be evaluated by integration if ^  
is known.

It is generally more convenient to deal with mole 
fractions or mole ratios than with mole numbers. There
fore, Gokcen introduces the following set of independent 
variables :
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S2

s3

n3 x3

t =

(1-t) =

nl + n3 Xi + x3
n2 x2

nl + n2 X1 + x2
n3 X3

n2 + n3 X2 + x3
n2 Xg

n2 + n3 X2 + X3

There are two advantages of choosing the variables in 
this manner. First^ they can assume finite values between 
zero and one. Secondly, constant values of each of these 
correspond to a set of restrictions on one side or the 
other of at least one of the cross differentials above.

Partial derivatives of the above variables can be 
written thus :

[»s2 n3
ànl ng >n3 (nl + n3)2

làs3 1 n2
>ni;

n2’n3 (nl + n2)2

)t j n3
àn21V n3 (n2 + n3 )2

à (1-t) 1 ”2
i n3 nl-n2

(n2 + n3)2
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By substitution in the previous cross differentials

\ lb ̂ 2 p ^2 ’ |%S2 | n3
î nl L o . no ^nl t U s 2 jt iàni It bs2 It (n^ + ng)2 )

and 

iin2 in^, n^
fà^l l>t 1 fà^ii L  n 3
l^n 2 S o l5 t  )so bn2 s o là* S o (n2 + n g ) 2 |

Hence

>^2 i (nx + n3) = fà^l]
bs2 t 's0

A(n2 + ng)  ̂t ;<5 822 2
The equation for pg, obtained by similar methods is

2^ 3  \
^ s3 '(1-t) ^(i-t )

(i-t)

's3

Integration of the last two equations yields, respectively

ia2(s2>t) - UgCsg = l,t)
S2 gt

S o 2
à^i ds9

s2 2_

and

Ug(Sg,(l-t)) - ^g(Sg = 1, (1-t)) =
1 s3

'b ^1
^ ( 1 -1 ) J ds,

*3 (1-t)
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These equations suffer from a disadvantage similar 
to that encountered in the Gibbs-Duhem binary integration 
Since + RT In y±^±} approaches minus infinity
as approaches zero. As a result, it is preferable to 
replace by the excess partial molal free energy,
G-l (excess). Thus,

l̂i = Gf = G^ (ideal) + G^ (excess) = RT In + RT In Yj_.

G^(ideal) = RT In X^ and (L (excess) = RT In Y^.

Therefore RT In Y^, or simply In Y , can be substituted 
for in the equations above. Using In Yj_ gives these 
resulting equations:

Sr,
t^ 'In Y2Cs2,t) - In Y2Cs2 = l,t) =j --

s2
and

In Y3 (s3 ,(l-t)) - In Y3 (s3 = l,(l-t))

p i n Yll dsQ
i à C1"-t ), J

s31 -•
There is no difficulty encountered at the limits s2 -» 1 
and s3 -* 1 for these equations. At these limits
-1.2 z -I \ 2and - T'Y—  approach constants and the partial 

s2 S3
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derivatives
ain Y1| and ^ In v1
. "à t Is 12

are finite when the components have been chosen to ensure 
approach to Henry's law at low concentrations. Consequently 
these integrals are well behaved at their limits.

Zirconium Activities and Activity Coefficients 
in the Zr-Ti-H System__________________ _______

For convenience in performing the ternary integrations, 
hydrogen, zirconium, and titanium were numbered components 
1, 2, and 3, respectively. Straight lines radiating from 
the hydrogen vertex were then lines for which t was constant 
Since these were lines of constant molal ratios of zirconium 
to titanium, they represented the hydriding paths for the 
alloys as well as for the pure metals. The constant Sg 
and constant S3 lines were straight lines radiating from the 
zirconium and titanium vertices, respectively. The lines 
Sg = 0 and t = 0 coincide with the H-Zr edge, the lines 
So = 0 and t = 1 with the H-Ti edge, and the lines s9 = 1
and Sg = 1 with the Zr-Ti edge of the ternary diagram, 
as indicated in Fig. 21.
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1 H

3
Ti Zr

Fig. 21. Ternary Diagram Showing Lines 
of Constant Molal Ratios.

In the ternary system, the activity coefficients 
of zirconium were evaluated with the aid of this 
equation:

The integration of this equation was performed graphically 
by the following series of steps.
A. Numerical values of aH were obtained from the experi
mental data by interpolation for various constant values 
of Sg. The hydrogen activities were then converted to

log YZr (s2,t) - log vZr (s2 = l,t)
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values of log . The log yH values for compositions 
along a given constant Sg line were then plotted versus 
their corresponding values of t. A series of nine such 
plots resulted since nine equally-spaced values of s2 
were involved. The slopes of the tangent lines to the 
resulting curves at the chosen values of t yielded

values of àÀPff, | (Fig. 22). These results are 
& t Jsn

tabulated in Table 8A.

50.9

0.8

0.25 0.50 0.75t (sg - constant)
Fig. 22. Schematic Plot of log Yy vs. t used in

the Gibbs-Duhem Ternary Integrations. Slope 
of Tangent to Curve Gives ( ^log Yu/èt)c .2

B. Each of these values was then multiplied by the value 
2of _JL_ at the point of tangency. The product was plotted 

s22
vs. S g ,  choosing values corresponding to a constant value 
of t for each plot, as illustrated in Fig. 23. The seven 
plots which resulted corresponded to the seven different
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TABLE 8
Activities and Activity Coefficients of 
Zirconium in the Zr-Ti-H System at 700oC.

A. Evaluation of àlogyH Sg From logYjj vs. t Plots for

Constant Sg
H % logyH ^logYH

1. Sg = 0.90
0.125 0.01370 0.127 9.270 0.9671 -2.3709
0.250 0.02703 0.229 8 . 472 0.9280 1.1339
0.375 0.04000 0.418 10.45 1.0191 0.3147
0.500 0.05263 0.580 11.02 1.0422 0.2369
0.625 0.06494 0.802 12.35 1.0917 0.5399
0.750 0.07692 1.102 14.33 1.1562 0.4634
0.875 0.08861 1.453 16.40 1.2148 0.23 54
1.00 0.1000 2.270 22.70 1.3560 2.6965
2. s2 = 0.80
0.125 0.03030 0.215 7.096 0.8510 -2.5185
0.250 0.05882 0.478 8.126 0.9099 0.8962
0.375 0.08571 0.826 9.637 0.9839 0.3005
0.500 0.1111 1.149 10.34 1.0145 0.4349
0.625 0.1351 1.706 12.63 1.1014 0.7231
0.750 0.1579 2.381 15.08 1.1784 0.4731
0.875 0.1795 3.043 16.95 1.2292 0.3860
1.00 0.2000 3.798 18.99 1.2785 0.4080
3 . sg - 0.70
0.125 0.05085 0.291 5.723 0.7576 -1.6495
0.250 0.09677 0.775 8.009 0.9036 0.9357
0.375 0.1385 1.362 9.834 0.9927 0.5319
0.500 0.1765 1.964 11.13 1.0465 0.4679
0.625 0.2113 2.712 12.83 1.1082 -0.4102
0.750 0.2432 2.928 12.04 1.0806 -0.7207
0.875 0.2727 3.647 13.37 1.1261 1.3237
1.00 0.3000 7.470 24.90 1.3962 3.4537
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t XH aH yh logYH ^logyH
% t s2

4. S2 = 0.60
0.125 0.07692 0.472 6.136 0.7879 1.6093
0.250 0.1429 1.128 7.894 0.8973 0.7224
0,375 0.2000 2.055 10.28 1.0120 0.8104
0.500 0.2500 2.743 10.97 1.0402 -0.6000
0.625 0.2941 2.721 9.252 0.9662 -0.5232
0.750 0.3333 3.155 9.466 0.9762 0.5443
0.875 0.3684 6.210 16.86 1.2269 3 .3417
5. s2 = 0.50
0.125 0.1111 0.700 6.301 0.7994 0.8902
0.250 0.2000 1.564 7.820 0.8932 0.9184
0.375 0.2727 2.764 10.14 1.0060 -0.8919
0.500 0.3333 2.762 8.287 0.9184 -0.4878
0.625 0.3846 2.935 7.631 0.8826 0.07997
0.750 0.4286 5.225 12.19 1.0800 3.9115
6. s2 = 0.40
0.125 0.1579 0.996 6.308 0.7999 0.7816
0.250 0.2727 2.121 7.778 0.8909 0.9234
0.375 0.3600 2.817 7.825 0.8935 -0.6272
0.500 0.4286 3.043 7.100 0.8512 -0.07702
0.625 0.4839 6.195 12.80 1.1072 3.8298
7. s2 = 0.30
0.125 0.2258 1.447 6.408 0.8067 0.6046
0.250 0.3684 2.862 7.769 0.8904 1.1656
0.375 0.4667 3.828 8.202 0.9139 0.8583
0.500 0.5385 7.715 14.33 1.1562 6.3122
8. s2 = 0.20
0.125 0.3333 2.216 6.649 0.8228 1.2074
0.250 0.5000 3.930 7.860 0.8954 -0.8827
9. s2 = 0.10
0.125 0.5294 3.894 7.355 0.8666 -0.9324
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B Evaluation of Alogy^ From ft |2 àlogYjj
, I à t s2 -

vs s, Plots

for Constant t
1_'2 , s2

^logYH
52

^logYH \
j

1. a t - 0.125
1.000
0.900 0.01929 -2.3709 -0.04574
0.800 0.02441 -2.5185 -0.06149
0.700 0.03189 -1.6495 -0.05260
0.688 0.03301 -0.9929 -0.03280
0.600 0.04340 1.6093 0.06985
0.500 0.06250 0.8902 0.05564
0.400 0.09766 0.7816 0.07633
0.300 0.17361 0.6046 0.10497
0.200 0.39063 1.2074 0.47165
0.1325 0.89000 0.2964 0.26380
0.100 1.5625 -0.9324 -1.4568
0,090 1.887 1.669 3.149
2 , t — 0.250
1.000
0.900 0.07716 1.1339 0.08749
0.800 0.09766 0.8962 0.08759
0.700 0.12755 0.93 57 0.11935
0.600 0.17361 0.7224 0.12542
0.500 0.25000 0.9184 0.22960
0.400 0.39063 0.9234 0.36072
0.300 0.69444 1.1656 0.80944
0.218 1.3151 -1.0174 -1.3380
0.200 1.5625 -0.8827 -1.3792
0.173 2.0883 1.811 3.7819
3 . t = 0.375
1.000
0.900 0.17361 0.3147 0.05464
0.800 0.21973 0.3005 0.066 03
0.700 0.28699 0.5319 0.15264
0.600 0.39063 0.8104 0.31658
0.500 0.56250 -0.8919 -0.50171
0.425 0.77854 0.7319 0.56980
0.400 0.87891 -0.6272 -0.55123
0.300 1.5625 0.8583 1.3411
0.273 1.8868 1.523 2.8736

s2
AlogyZr

0
0.00487 
0.00706 
0.00905 
0.00063 
0.00714 
■0.00440 
0.00393 
0.00904 
•0.02930 
■0.02892 
0.02154 
0.00256

0
0.00640
0.00722
0.00845
0.01003
0.01350
0.02674
0.04248
0.00540
0.02462
0.00013

0
0.00177
0.00228
0.00184
0.00153
0.00204
0.04017
0.01406
0.02138
0.05600
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4. t = 0.500
1 .000
0.900 0.308640.800 0.39063
0.700 0.51020
0.600 0.69444
0.500 1.0000
0.497 1.0121
0.400 1.5625
0.300 2.7778
5. t = 0.625
1.000
0.900 0.48225
0.800 0.61035
0.708 0.77927
0.700 0.79719
0.600 1.0851
0.555 1.2682
0.500 1.5625
0.400 2.4414
6 o t = 0.750
1.000
0.900 0.69444
0.800 0.87891
0.725 1.0702
0.700 1.1480
0.600 1.5625
0.500 2.2500
7. t = 0.875
1.000
0.934 0.87765
0.900 0.94522
0.800 1.1963
0.718 1.4851
0.700 1.5625
0.600 2.1267

àlogYn t 2
' jiogynj

i ^ t S2 S2 at js2j

0.2369
0.4349
0.4679

-0.6000
-0.4878
0.4831

-0.07702
6.3122

0.073120.16987
0.23874

-0.41666
-0.48778
0.48890

-0.12034
17.534

0
-0.00412
-0.01149
-0.02177
0.00020
0.04723
0.00147
0.01651

-0.48869

0.5399 
0.7231 

-0.3529 
-0.4102 
-0.5232 
-0.2314 
0.07997 
3 .8298

0.26037
0.44133

-0.27500
-0.32699
-0.56776
-0.29350
0.12496
9.3501

0
-0.01788
-0.03687
-0.02427
0.00242
0.04788
0.02148
0.00381

-0.32336

0.4634
0.4731 

-0.6971 
-0.7207 
0.5443 
3.9115

0.32181
0.41580

-0.74600
-0.82735
0.85053
8.8009

0
-0.03806
-0.03773
0.01094
0.02018

-0.00087
-0.45052

0.5589
0.2354
0.3860
0.5357 
1.3237 
3.3417

0.49050
0.22248
0.46182
0.79560
2.0683
7.1068

0
-0.01328
-0.00431
-0.01217
-0.02396
-0.02388
-0.42640
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C . Activities and Activity Coefficients of Zirconium 
Calculated Via the Gibbs-Duhem Equation.

s2 xZr a H yh YZr aZr
1. t = 0.125
1.000 0.8750 >0.000 1.0441 0.9136
0.900 0.863 0 0.127 9.270 1.0559 0.91120.800 0.8485 0.215 7.096 1.0732 0.9107
0.700 0.8305 0.291 5.723 1.0958 0.9100
0.688 0.8286 0.300 5.651 1.0974 0.9093
0.600 0.8077 0.472 6.136 1.0795 0.8719
0.500 0.7778 0.700 6.301 1.0686 0.83120.400 0.7368 0.996 6.308 1.0590 0.7803
0.300 0.6774 1.447 6.408 1.0372 0.7026
0.200 0.5834 2.216 6.649 0.9695 0.5656
0.1325 0.4794 3 .721 8.232 0.9071 0.4348
0.100 0.4118 3.894 7.355 0.9532 0.3925
0.090 0.3865 3.936 7.050 0.9588 0.3706
2 . t = 0.250
1.000 0.7500 0.000 1.1963 0.8972
0.900 0.7297 0.229 8.472 1.1788 0.8602
0.800 0.7059 0.478 8.126 1.1594 0.8184
0.700 0.6774 0.775 8.009 1.1371 0.7703
0.600 0.6428 1.128 7.894 1.1111 0.7142
0.500 0.6000 1.564 7.820 1.0771 0.6463
0.400 0.5455 2.121 7.778 1.0128 0.5525
0.300 0.4737 2.862 7.769 0.9184 0.4351
0.218 0.3952 3.889 8.232 0.9071 0.3585
0.200 0.3750 3.930 7.860 0.9600 0.3600
0.173 0.3417 3 .999 7.345 0.9597 0.3279

oii-pCO .375
1.000 0.6250 0.000 0.8451 0.5282
0.900 0.6000 0.418 10.45 0.8417 0.5050
0.800 0.5714 0.826 9.637 0.8373 0.4784
0.700 0.5384 1.362 9.834 0.8337 0.4489
0.600 0.5000 2 .055 10.28 0.83 08 0.4154
0.500 0.4546 2.764 10.14 0.8269 0.3759
0.425 0.4141 2.773 8.232 0.9071 0.3756
0.400 0.4000 2.817 7.825 0.9369 0.3748
0.300 0.3333 3 .828 8.202 0.8919 0.2973
0.273 0.3125 4.027 8.054 0.7840 0.2450
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s2 XZr aH

oII+-» .500
1 .000 0.5000 0.000
0.900 0.4737 0.580
0.800 0.4445 1.149
0.700 0.4118 1.964
0.600 0.3750 2.743
0.500 0.3333 2.762
0.497 0.3320 2.762
0.400 0.2857 3.043
0.300 0.2308 7.715
5. t = 0.625
1.000 0.3750 0.000
0.900 0.3507 0.8020.800 0.3243 1.706
0.708 0.2981 2.708
0.700 0.2958 2.712
0.600 0.2647 2.721
0.555 0.2497 2.750
0.500 0.2301 2.935
0.400 0.193 5 6.195
6 . t = 0.750
1.000 0.2500 0.000
0.900 0.2308 1.102
0.800 0.2105 2.381
0.725 0.1947 2.920
0.700 0.1892 2.928
0.600 0.1667 3.155
0.500 0.1429 5.225
7. t = 0.875
1.000 0.1250 0.000
0.934 0.1178 0.946
0.900 0.1139 1.453
0.800 0.1026 3.043
0.718 0.0933 3 .369
0.700 0.0909 3.647
0.600 0.0790 6.210

yH YZr a Zr

0.8833 0.4417
11.02 0.8750 0.4145
10.34 0.8521 0.3788
11.13 0.8105 0.3338
10.97 0.8108 0.3041
8.287 0.9040 0.3013
8.232 0.9071 0.3011
7.100 0.9422 0.2692
14.33 0.3058 0.0706

0.9223 0.3459
12.35 0.8851 0.3104
12.63 0.8131 0.2637
13.21 0.7689 0.2292
12.83 0.7732 0.2287
9.252 0.8633 0.2285
8.232 0.9071 0.2265
7.631 0.9150 0.2106
12.80 0.4346 0.0841

0.8927 0.2232
14.33 0.8178 0.1888
15.08 0.7497 0.1578
13.21 0.7689 0.1497
12.04 0.8054 0.1524
9.466 0.8038 0.1340
12.19 0.2849 0.0407

0.8703 0.1088
16.45 0.8439 0.0994
16.40 0.8356 0.0952
16.95 0.8125 0.0834
13.21 0.7689 0.0717
13.37 0.7277 0.0662
16.86 0.2726 0.0215
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Zr-Ti alloy compositions which were hydrided. The area 
under a curve between two values of sg represented the 
value of A log between the two compositions involved.
These areas were determined with the aid of Simpson's 
one-third rule and are tabulated in Table 8B„

CM
m

- 1.0
+->

- 2.0  1---1---1--- 1--- 1 i I___ i
1.0 0.80 0.60 0.40 0.20 0sg (t = constant)

Fig. 23. Schematic Plot of (t/sg)^ ( ^log y%/&t)sg vs.
s used in the Gibbs-Duhem Ternary Integrations. 
Area Under Curve Between Two Points Gives 
A  l o g  Y z y .

C . It is log YZr(sg,t) which is desired and not merely 
the A log yZr values along the lines of constant t. Hence 
a method is required whereby the numerical value of 
log Yzr at one point on each constant t line can be 
evaluated from knowledge of the numerical value of log Ygr 
at some reference point in the system. Neither of the two 
solutions suggested by Gokcen are applicable to the present 
system. The hydrogen vertex is the only point on the 
ternary diagram common to all constant t lines. However,
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this point is far out of range of the present study ? the 
maximum hydrogen concentration reached by any specimen 
being about 62 atomic percent.

Gokcen*s other suggestion requires a knowledge of the 
activity coefficients of zirconium in the Zr-Ti binary 
system. Since one of the objectives of the present study was 
to evaluate these activity coefficients from the hydrogen 
equilibrium pressure data for the ternary system, it is 
evident that this suggestion need not be pursued further, 
either.

The eventual solution to the problem came from an 
area not considered by Gokcen. Schuhmann (13) provided 
the impetus when he pointed out that the reduction in the 
number of independent variables, when a second (condensed) 
phase appears ? removes the restriction of integrating 
along pseudobinary lines. In other words, in two-phase 
regions, the integrations above need not follow paths for 
which t is constant. Since there were several two-phase 
regions involved in the present study, one of which extended 
completely across the ternary diagram, it appeared advisable 
to examine the implications of this statement in more 
detail.

Close scrutiny of the hydrogen activity coefficient 
data revealed that successive constant t lines were
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connected, in at least one two-phase region, by hydrogen 
isoactivity coefficient curves„ It was known (13) that 
in these two-phase regions, the isoactivity curves for 
all three components coincide, since these are the tie
nnes . If it could be shown that the same is true for the 
isoactivity coefficient curves, then the integration 
could be completed and the numerical values of log 
would be known at all points in the ternary system for 
which the A log Yzr values were available.

The proof that the isoactivity coefficient curves 
do coincide in two-phase regions can be given in the 
following manner » For a ternary system, the Gibbs- 
Duhem equation can be written as

rij d log Y % + n2 d log Y2 + n3 d log Y3 ■= 0 „

Applying the methods of exact differentials gives

'à log 2 ' àni
1 ^I'ngfUg

By integration, this equation becomes
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This is equation (11) in Schuhmann$s paper (13). For the 
reason given above, the restriction of integrating this 
equation along a line of constant ng/ng is removed in a 
two-phase region « Examination of the limits of integration 
indicates that along an isoactivity coefficient curve for 
component: I. log y ” - log y ’ . Thus the value of the 
integral is zero along an isoactivity coefficient curve. 
Hence , along these curves ,, log yg** = log y g * . The iso- 
activity coefficient curves for components 1 and 2 coincide 
in a two-phase region of a ternary system. By the inter
change of all the subscripts 2 and 3 in the last equation, 
the equation relating the activity coefficients of 
components 1 and 3 can be written as

It follows, therefore, that in a two-phase region, an 
isoactivity coefficient curve for component 1 is also 
an isoactivity coefficient curve for component 3. It may 
be summarized thus: In a two-phase region of a ternary
system- an isoactivity coefficient curve for one component 
is an isoactivity coefficient curve for the other two 
components.

log Yg log Yg d log y^
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After the validity of this conclusion had been
established, there remained the task of laying out the
path from the reference point to and through the two-
phase regions that would make it possible to convert the
A log Yg values of Table 8B to log Yg^ values and ultimately
to values of y and a . The path chosen is outlined Zr Zr
below and is shown in Fig. 24.

Starting at the zirconium corner of the ternary diagram, 
where Yg " 1, the integration proceeds along the Zr-H 
edge of the diagram to the (a+3)/3 boundary at Xgp = 0.869.
At this point, Yff = 5.65 and y^r “ 1 • 10. From this point, 
the isoactivity coefficient curve for hydrogen appears to 
follow the (a+3)/3 boundary into the ternary system and 
intersects the line t  ̂ 0.125 at Xg = 0.829. At this 
point, therefore, Y^ =* 5.65 and y^T - 1.10. Proceeding 
through the 3 region along the line t = 0.125, the 
3/(0+0) boundary is intersected at X^^ = 0.479 where 
Yh “ 8.232 and YZr 88 0.907. The hydrogen isoactivity 
coefficient curve which enters the (3+6) region at this 
point, intersects the line t = 0.250 at XZr = 0.395, the 
line t - 0.375 at Xg^ = 0.414, the line t = 0.500 at 
XZr = 0.332, and the line t = 0.625 at XZr = 0.250.
Since this isoactivity coefficient curve leaves the two- 
phase region before intersecting the line t = 0.750, the
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integration path is then directed along the line t = 0.625
to the point in the (3+0) region at which XZr = 0.298.
At this point yH == 13.21 and Yzr = 0.769. Following
the hydrogen isoactivity coefficient curve from this
pointj the line t = 0.750 is intersected at XZr = 0.195
and the line t = 0.875 at XZr = 0.093.

Having reached the line t = 0.875, the integration
path has thus intersected all of the constant t lines
within the ternary system. Therefore, all of the A log yZr
values of Table 8B can readily be converted to log y^r
values and then to y_ and values. The final results1 Zr Zr
of the integration for zirconium are tabulated in 
Table 8C.

Titanium Activities and Activity Coefficients 
in the Zr-Ti-H System________________________

Since the Gibbs-Duhem ternary integration for
titanium differs little from the zirconium integration
described above, it will be discussed only briefly here.
The equation used in the integration is similar in form
to that used for zirconium :

log Ypp̂  (sgj(l“t)) - log Y'PÎ (sg — 1 , ( 1-t ) ) —

f .

3, ,(1-t) / ^log yh

1 à (1-t)
ds3

(1-t)
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The steps involved in the integration process are
essentially the same as those of the previous integration.
The slopes of the tangent lines to the curves resulting
from the plotting of log y versus (1-t) for constantn
Sg are found in Table 9A. These slopes represent values 

Slog yHof
S(1-t) Sg

Only eight such plots were required

in this integration.
Multiplying these values by the corresponding values

of (1-t) /s and plotting the product versus s for constant 3 d
(1-t) values produced a series of seven more curves. The 
areas under the curves between the desired limits were 
again measured with the aid of Simpsonfs one-third rule.
The equivalent A log values appear in Table 9B.

The integration path for titanium originated at 
the titanium corner of the ternary diagram and proceeded 
along the Ti-H edge to the (a+6)/@ boundary. At this 
point the numerical value of was 0.862, of y^ was 16.45,
and of Yrp̂  was 1.09. The hydrogen isoactivity coefficient 
curve followed the (cc+0 )/6 boundary to its intersection 
with the line (1-t) = 0.125, at which point = 0.825.
Here also, the numerical values of y^ and y ^  must be
16,45 and 1.09, respectively.

Procedure along the line (1-t) = 0.125 through the 
3 region and into the (3+6) region, led to the point at
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TABLE 9
Activities and Activity Coefficients of 
Titanium in the Zr-Ti-H System at 700°C.

A . Evaluation of ^logYH \ From logYu vs. (1-t) Plots 
£(l-t) /s3

for Constant sq.
(1-t) XH aH H log YH dlogYH 

3(l-t)

1 • s3 = 0.90
0.125 0.01370 0.306 22.34 1.3491 -3.8653
0.250 0.02703 0.442 16.35 1.2135 -0.2049
0.375 0.04000 0.504 12.60 1.1004 -0.5154
0.500 0.05263 0.580 11.02 1.0422 -0.4383
0.625 0.06494 0.632 9.732 0.9882 -0.5127
0.750 0.07692 0.620 8.060 0.9063 -0.8423
0.875 0.08861 0.554 6.252 0.7960 -1.0451
1.000 0.1000 0.740 7.400 0.8692 6.7536
2. S3 = 0.80
0.125 0.03 03 0 0.554 18.28 1.2620 -2.4300
0.250 0.05882 0.891 15.15 1.1804 -0.4178
0.375 0.08571 1.057 12.33 1.0910 -0.9580
0.500 0.1111 1.149 10.34 1.0145 -0.2921
0.625 0.1351 1.322 9.785 0.9906 -0.3127
0.750 0.1579 1.242 7.866 0.8958 -0.9214
0.875 0.1795 1.133 6.312 0.8002 -0.5832
1.000 0.2000 1.109 5. 545 0.7439 -0.43 00
3. S3 = 0.70
0.125 0.05,085 0.850 16.72 1.2232 -1.1603
0.250 0.09677 1.358 14.03 1.1471 -0.3733
0.375 0.1385 1.752 12 .65 1.1021 -0.4281
0.500 0.1765 1.964 11.13 1.0465 -0.3684
0.625 0.2113 2.184 10.34 1,0145 -0.4812
0.750 0.2432 1.894 7.788 0.8914 -0.7996
0.875 0.2727 1.755 6.436 0.8086 -0.6182
1.000 0.3000 1.593 5.310 0.7251 -0.6942
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(1-t) XH aH yh logyH logYH

4. S3 = 0.60
0 » 125 0.07692 1.261 16.39 1.2146 -0.1052
0.250 0.1429 2.115 14.80 1.1703 -0.2835
0.375 0.2000 2,711 13.56 1.1323 -1.5444
0.500 0.2500 2.743 10.97 1.0402 -0.8050
0.625 0,2941 2.767 9.408 0.9735 0.2406
0.750 0.3333 2.577 7.732 0.8883 -0.8853
0.875 0.3684 2.529 6.865 0.8366 -0.5916
1.000 0.4000 2.239 5.598 0.7480 -0.73 57
5. s3 = 0.50
0.125 0.1111 1.823 16.41 1.2151 -0.0480
0.250 0.2000 2.919 14.60 1.1644 -2.4446
0.375 0.2727 2.720 9.974 0.9989 -0.8869
0.500 0.3333 2.762 8.287 0.9184 -0.4786
0.625 0.3846 2.892 7 7520 0.8762 -0.1387
0.750 0.4286 3.644 8.502 0.9295 -1.0042
0.875 0.4667 3 .738 8.009 0.9036 -0.5593
1.000 0.5000 3 .375 6.750 0.8293 -0.5692
6 . S3 = 0.40
0.125 0.1579 2 .632 16.67 1.2219 0.5401
0.250 0.2727 2.942 10.79 1.0330 -1.6130
0.375 0.3600 2.811 7.808 0.8925 -0.8391
0.500 0.4286 3.043 7.100 0.8512 0.4026
0.625 0.4839 3 .874 8.006 0.9034 -0.6454
0.750 0.5294 3.974 7.507 0.8755 -0.0832
0.875 0.5676 4.110 7.241 0.8598 0.4583
1.000 0.6000 5.165 8.608 0.9349 0.6584
7. S3 = 0.30
0.125 0.2258 3.270 14.48 1.1608 -2.1933
0.250 0.3684 3.535 9.596 0.9821 - -0.2060
0.375 0,4667 4.940 10.58 1.0245 0,6002
0.500 0.5385 7.715 14.33 1.1562 1.5451
8 . s3 = 0.20
0.125 0.3333 4.970 14.91 1.1735 1.0448
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B . Evaluation of AlogYT  ̂From

for Constant t
1-t

Vb3
jlogYH

1-t I 2 j ̂ logYjj
. , S3 j I <} ( 1-t )

1-t |2

V S  . S 3 Plots

s3
^logYH j 
ja^fj s3

1. (1-t ) = 0.125
1.000
0.900 0.01929 -3.8653 -0.07456
0.800 0.02441 -2.43 00 -0.05933
0.700 0.03189 -1.1600 -0.03700
0.669 0.03491 -1.6233 -0.05667
0.600 0.04340 -0.1052 -0.00457
0.500 0.06250 -0.0480 -0.003 00
0.400 0.09766 0.5401 0.05274
0.300 0.17361 -2.1933 -0.38078
0.267 0.21918 -1.1173 -0.24489
0.200 0.39063 1.0448 0.40813
2 . (1-t) = 0.250
1.000
0.900 0.07716 -0.2049 -0.01581
0.800 0.09766 -0.4178 -0.04080
0,700 0.12755 -0.3733 -0.04761
0.600 0.17361 -0.2835 -0.04922
0.500 0.25000 -2.4446 -0.61115
0.468 0.28536 -2.2226 -0.63424
0.400 0.39063 -1.6130 -0.63009
0.3 00 0.69444 -0.2060 -0.14306
3. (1-t ) = 0.375
1.000
0.900 0.17361 -0.5154 -0.08948
0.800 0.21973 -0.9580 -0.21050
0.700 0.28699 -0.4281 -0.12286
0.600 0.39063 -1.5444 -0.60329
0.593 0.39990 -1.5066 -0.60249
0.500 0.56250 -0.8869 -0.49888
0.428 0.76767 -0.6903 -0.52992
0.400 0.87891 -0.8391 -0.73749
0.300 1.5625 0.6002 0.93781

AlogYTi

0
0.00555
0.00673
0.00480
0.00147
0.00210
0.00037
0.00204
0.01659
0.01074
0.00258

0
0.00388
0.00294
0.00451
0.00486
0.03476
0.01997
0.04346
0.04135

0
0.00610 
0.01444 
0.01658 
0.03 513 
0.00423 
0.05105 
0.03672 
0.01791 
0.003 09
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1-t
S3

JiogYH’
s3

1-t
S3” STT-tyjss.

4. (1-t) = 0.500
1.000
0.900 0.30864 -0.4383 -0.13528
0.800 0.39063 -0.2921 -0.11410
0.700 0.51020 -0.3684 -0.18796
0 600 0.69444 -0.8050 -0.55902
0.500 1.0000 -0.4786 -0.47860
0.497 1.0121 -0.4677 -0.47336
0.400 1.5625 0.4026 0.62906
0.300 2.7778 1.5451 4.2920
5. (1-t) = 0.625
1. 000
0.900 0.48225 -0.5127 -0.24725
0.800 0.61035 -0.3127 -0.19086
0.700 0.79719 -0.4812 -0.38361
0.600 1.0851 0.2406 0.26108
0.552 1.2820 0.1586 0.20333
0.500 1.5625 -0.1387 -0.21672
0.400 2.4414 -0.6454 -1.5757
0.385 2.63 54 -0.2286 -0.60245
6 , (1-t) = 0.750
1.000
0.900 0.69444 -0.8423 -0.58493
0.800 0.87891 -0.9214 -0.80983
0.700 1.1480 -0.7996 -0.91794
0.600 1.5625 -0.8853 -1.3833
0.500 2.2500 -1.0042 -2.2595
0.455 2.7111 -0.03776 -0.10237
0.400 3.5156 -0.08320 -0.29250
0.385 3.7949 0.00982 0.03727

(1-t) = 0.875
1.000
0.939 0.86833 -0.03679 -0.03195
0.900 0.94522 -1.0451 -0.98785
0.800 1.1963 -0.5832 -0.69768
0.700 1.5625 -0.6182 -0.96594
0.600 2.1267 -0.5916 -1.2582
0.516 2.8755 -0.1041 -0.29934
0.500 3.0625 -0.5593 -1.7129
0.400 4.7852 0.4583 2.1931

A logy»p j_

0
0.00892
0.01266
0.01404
0.02717
0.05295
0.00143
0.00467

-0.16758

0
0.01678
0.02188
0.02891
0.00719

-0.01155
-0.00205
0.09690
0.01976

0
0.06370 
0.06938 
0.08724 
0.10924 
0.18400 
0.05613 
0.01066 
0.0033 0

0
-0.00762
0.02515
0.08410
0.08259
0.11141
0.06870
0.01518

-0.00947
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C . Activities and Activity Coefficients of Titanium 
Calculated Via the Gibbs-Duhem Equation.

s3 •H

&

1. ( 1 - t ) = 0.125
1.000 0.8750 0.000
0.900 0.8630 0.3060.800 0.8485 0.554
0.700 0.8305 0.850
0.669 0.8247 0.946
0.600 0.8077 1.2610.500 0.7778 1.823
0.400 0.7368 2.632
0.300 0.6774 3.270
0.267 0.6517 3 .369
0.200 0.5834 4.970
2 . ( 1 - t  ) = 0.250
1.000 0.7500 0.000
0.900 0.7297 0.442
0.800 0.7059 0.891
0.700 0.6774 1.358
0.600 0.6428 2.115
0.500 0.6000 2.919
0.468 0.5843 2.920
0.400 0.5455 2.9420.300 0.4737 3.535
3. ( 1 - t ) = 0.375
1.000 0.6250 0.000
0.900 0.6000 0.504
0.800 0.5714 1.057
0.700 0.5384 1.752
0.600 0.5000 2.711
0.593 0.4969 2.708
0.500 0.4546 2.720
0.428 0.4163 2.750
0.400 0.4000 2.811
0.300 0.3333 4.940

Yh Yfi &Ti

1.0461 0.9153
22.34 1.0595 0.9144
18.28 1,0761 0.9131
16.72 1.0880 0.9036
16.45 1.0917 0.9003
16.39 1.0970 0.8861
16.41 1.0979 0.8540
16.67 1.0928 0.8052
14.48 1.1354 0.7691
13.21 1.1638 0.7585
14.91 1.1569 0.6749

0.9884 0.7413
16.35 0.9973 0.7277
15.15 1.0041 0.7088
14.03 1,0146 0.6873
14.80 1.0260 0.6595
14.60 1.1115 0.6669
13.21 1.1638 0.6800
10.79 1.2862 0.7016
9.596 1.4147 0.6701

0.9759 0.6099
12.60 0.9897 0.5938
12.33 1.0231 0.5846
12.65 1.0630 0.5723
13.56 1.1519 0.5760
13.21 1.1638 0.5783
9.974 1.3089 0.5950
8.232 1.4244 0.5930
7.808 1.4844 0.5938
10.58 1.4739 0.4913
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s3 XTi aH yh Yti &Ti

4. (1-t) = 0.500
1.000 0.5000 0.000 1.0876 0.54380.900 0.4737 0.580 11.02 1.1102 0.52590.800 0.4445 1.149 10.34 1.1430 0.5081
0.700 0.4118 1.964 11.13 1.1806 0.48620.600 0.3750 2.743 10.97 1.2568 0.4713
0.500 0.3333 2.762 8.287 1.4197 0.47320.497 0.3320 2.762 8.232 1.4244 0.4729
0.400 0.2857 3.043 7.100 1.4398 0.4114
0.300 0.23 08 7.715 14.33 0.9789 0.2259
5. (1-t) = 0.625
1.000 0.3750 0.000 1.2315 0.4618
0.900 0.3507 0.632 9.732 1.2800 0.4489
0.800 0.3243 1.322 9.785 1.3461 0.4365
0.700 0.2958 2.184 10.34 1.4388 0.4256
0.600 0.2647 2.767 9.408 1.4628 0.3872
0.552 0.2484 2 .773 8 .232 1.4244 0.3538
0.500 0.2301 2.892 7.520 1.4177 0.32620.400 0.193 5 3 .874 8.006 1.7721 0.3429
0.385 0.1877 4.024 8.054 1.8546 0.3481
6 . (1-t) = 0.750
1.000 0.2500 0.000 0.3837 0.0959
0.900 0.2308 0.620 8.060 0.4443 0.1025
0.800 0.2105 1.242 7.866 0.5212 0.1097
0.700 0.1892 1.894 7.788 0.6372 0.1206
0.600 0.1667 2.577 7.732 0.8194 0.1366
0.500 0.1429 3 .644 8.502 1.2517 0.1789
0.455 0.1318 3 .889 8.232 1.4244 0.1877
0.400 0.1177 3 .974 7.507 1.4598 0.1718
0.385 0.1137 4.003 7.345 1.4710 0.1673
7. (1-t) = 0.875
1.000 0.1250 0.000 0.6156 0.0770
0.939 0.1184 0.300 5.651 0.6049 0.0716
0.900 0.1139 0.554 6.252 0.6410 0.0730
0.800 0.1026 1.133 6.312 0.7779 0.0798
0.700 0.0909 1.755 6.436 0.9409 0.0855
0.600 0.0790 2.529 6.865 1.2160 0.0961
0.516 0.0685 3 .721 8.232 1.4244 0.0976
0.500 0.0667 3 .738 8.009 1.4751 0.0983
0.400 0.0541 4.110 7.241 1.4433 0.0780
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which Xgy - 0.093. This was the point at which the 
zirconium integration path intersected the line t = 0.875. 
Since the lines t = 0.875 and (1-t) = 0.125 were identical, 
the integration paths for the two metals had to be the 
same at this point. Therefore, the titanium integration 
path could retrace the one for zirconium through the 
(3+6) region until the line (1-t) = 0.875 was reached.
This meant that all of the A log values could be
converted to log y ^  values. Tabulation of the correspond
ing yrjN̂ and a ^  values in Table 9C completed the ternary 
integrations.

Zr-Ti Binary Integrations 
The Zr-Ti edge of the ternary diagram corresponded 

to sg = 1 and S3 = 1. Therefore, in Tables 8C and 9C, 
the numerical values of yZr, aZr, y ^ , and aT  ̂recorded 
opposite s - 1 and s ^ = l  represented values of these 
quantities in the Zr-Ti binary system. Since the binary 
alloys used in this study had compositions spaced uniformly 
from pure zirconium to pure titanium, these activities 
and activity coefficients were also uniformly spaced 
across the diagram. In columns 3 and 4 of Table 10 (A and B), 
these results have been retabulated. It is apparent from 
Table 10 that the activity of each metal decreased with 
increasing concentration of the other metal.
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TABLE 10 
Zr-Ti Binary Integrations

A. Activities and Activity Coefficients of Zirconium in 
the Zr-Ti System at 700°C. Calculated Via the 
Gibbs-Duhem Equation.

xZr •H aTi* Y-ri* Yzr** a%r*

1.000 0.000 0.0000 1.000 1.000
0.875 0.125 0.0770 0.6156 1.035 0.906
0.750 0.250 0.0959 0.3837 1.159 0.869
0.625 0.375 0.4618 1.2315 0.771 0.482
0.500 0.500 0,5438 1.0876 0.851 0.426
0.375 0.625 0.6099 0.9759 0.984 0.369
0.250 0.750 0.7413 0.9884 0.955 0.239
0.125 0.875 0.9153 1.0461 0.713 0.089
0.000 1.000 1.0000 1.0000 0.000

B. Activities and Activity Coefficients of Titaniuml in
the Zr-Ti System at 700 C . Calculated Via the
Gibbs-Duhem Equation.

XTi XZr aZr* Yzr* YTi*** aTi**

1.000 0.000 0.0000 1.000 1.000
0.875 0.125 0.1088 0.8703 1.010 0.884
0.750 0.250 0.2232 0.8927 1.050 0.787
0.625 0.375 0.3459 0.9223 1.033 0.646
0.500 0.500 0.4417 0.8833 1.069 0.535
0.375 0.625 0.5282 0.8451 1.133 0.425
0.250 0.750 0.8972 1.1963 0.503 0.126
0.125 0.875 0.9136 1.0441 0.791 0.099
0.000 1.000 1.0000 1.0000 0.000

* Calculated from the activity coefficients of hydrogen by
means of a Gibbs-Duhem ternary integration.

** Calculated from the activity coefficients of titanium by 
means of a Gibbs-Duhem binary integration.

*** Calculated from the activity coefficients of zirconium by 
means of a Gibbs-Duhem binary integration.
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The change in the activity coefficients with concentra
tion is more complex. Worthy of note is the fact that the 
maximum value of recorded in Table 10 occurs at
X^r = 0.625, and the maximum y ^  occurs at X ^  = 0.750.
The rapid change in the activity coefficient for each 
metal in this composition range paralleled the sharp 
change in direction of the boundaries of the (3+6) region 
occurring at comparable compositions in the ternary system.

As a check on the internal consistency of the two 
ternary integrations, Gibbs-Duhem binary integrations were 
performed with the aid of the activity coefficients given 
in column 4 of Table 10 (A and B). That is, from the 
titanium activity coefficients in the Zr-Ti binary system, 
which were calculated from the hydrogen activity coefficients, 
the zirconium activity coefficients in the Zr-Ti binary system 
were calculated. In like manner, values of y ^  were calcu
lated from those of y_ .Zr

The equations used in the integrations are identical 
in form with those used in the binary Zr-H and Ti-H 
integrations : „
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In each case, the integration path began with the pure 
metal whose activity coefficients were being evaluated,
At this point, = 1 and log y^ = 0 for that metal.
Also, since ” 1 here, the lower limit of integration 
was zero.

Columns 5 and 6 of Table 10 (A and B) give the 
results of the binary integrations. These results can 
be compared with those obtained in the ternary integra
tions, columns 3 and 4 of Table 10 (A and B). Taking 
into account the round-about manner in which they were 
obtained and the relative complexity of the ternary system 
as compared with the Zr-Ti binary system, agreement is 
considered to be satisfactory. There is little doubt that 
use of a larger number of Zr-Ti alloys would have produced 
better agreement. However, due to the difficulties inherent 
in the Gibbs-Duhem integration, complete agreement appears 
to be virtually impossible.
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SUMMARY AND CONCLUSIONS

An experimental and thermodynamic investigation 
on the Zr-Ti-H system was carried out at 700°C. Seven 
arc-melted alloys of high purity zirconium and titanium, 
as well as the unalloyed metals, were equilibrated with 
hydrogen gas at pressures ranging from approximately 
10 microns to 140 mm Hg.

The phase boundaries in the ternary system were 
deduced from the pressure-composition data, and the 
700°C isothermal section was constructed for the pressure 
range involved. A series of Gibbs-Duhem integrations 
was then performed in order to gain a more quantitative 
understanding of the interactions among the elements 
involved.

A form of the Gibbs-Duhem equation proposed by 
Gokcen for application to ternary and multicomponent 
systems was used successfully to calculate the activity

142
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coefficients for the metals in the ternary system from 
the hydrogen activity coefficients » It is concluded 
that Gokcen’s method is comparatively easy to apply and 
appears to be much simpler than the methods which have 
been used previously. For systems which are relatively 
simple, this method requires a minimum of experimental 
data because additional data can be obtained as necessary 
by interpolation. However, in complex systems, where 
interpolation may be difficult, considerably more experimental 
data may be required.

In the isothermal section, the data indicate that a 
broad single-phase region extends across the diagram at 
low and intermediate hydrogen concentrations. It is 
concluded that this phase has the body-centered cubic 
structure known to be present in each of the three binary 
systems at 700°C. The H.C.P. structure, stable in the 
pure metals at this temperature, exists only in small 
triangular regions at the zirconium and titanium corners 
of the ternary diagram.

Hydrogen stabilizes the B.C.C. structure at lower 
hydrogen concentrations, but this structure eventually 
gives way to a F.C.C. modification as the alloys become 
richer in hydrogen. This feature is most strikingly 
demonstrated by the Zr-Ti alloy containing 12.5 at. % Zr.
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Addition of slightly less than 20 at = % H to this alloy 
results in the appearance of the F.C.C. structure. Before 
the hydrogen composition has reached 30 at. % H, the 
B.C.C. phase has been completely transformed. In the Ti-H 
binary system at 700°C this transformation is not complete 
until the hydrogen content is nearly 60 at. % H and the 
equilibrium hydrogen pressure is well above 1 atm.

In the zirconium-rich alloys, a similar though less 
spectacular occurrence is observed. The B.C.C.-to-F.C.C. 
transformation is complete in the Zr-H system at approxi
mately 58 at. % H. For the zirconium alloy containing 
25 at. % Ti, the transformation still requires a hydrogen 
composition of approximately 55 at. % H for completion. 
Increasing the titanium composition to 37.5 at. % Ti, 
however, decreases the hydrogen concentration required 
for complete transformation to a value below 40 at. % H. 
Thus the F.C.C. phase appears to have a wide range of 
homogeneity and extends across the ternary diagram in the 
high hydrogen-composition region.

Inflections occurring at high hydrogen concentrations 
in the p-c curves of Fig. 15 and 16 have been noted.
A final conclusion cannot be reached on the basis of the 
available data as to whether these inflections represent 
a phase transformation at 700°C, a disturbance over a
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critical point at a lower temperature, or some other 
phenomenon. Additional hydrogen pressure data at 700°C 
and below, as well as high temperature x-ray data, should 
make it possible to establish the reason for the inflections.

Since each specimen was hydrided to approximately 
the same final pressure, the broken line running across 
Fig. 20, the ternary diagram, gives some indication of 
the relative affinity for hydrogen shown by the alloys.
The line represents the limit of the experimental data 
and indicates that the affinity for hydrogen becomes greater 
with increasing zirconium content in the alloys. This 
observation is consistent with predictions based on a 
study of the data for the Zr-H and Ti-H systems at this 
temperature. At an equilibrium hydrogen pressure of 140 mm 
Hg, zirconium absorbs hydrogen to a concentration of approxi
mately 62 at. % H and is found to have the F.C.C. structure. 
Titanium, at this pressure, absorbs hydrogen to a concentra
tion of only 37 at. % H at which point it still has the
B.C.C. structure. In fact, the transformation to the F.C.C. 
structure does not begin until the hydrogen pressure is 
greater than 1 atm in the Ti-H system at 700°C. At least 
qualitatively, then, zirconium shows a greater reactivity 
toward hydrogen at 700°C than does titanium.
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Using a form of the Gibbs-Duhem equation for binary 
systems, the activity coefficients for zirconium and 
titanium were calculated from the activity coefficients 
of hydrogen in the Zr-H and Ti-H systems, respectively.
Then the activity coefficients for the metals in the 
ternary system were calculated, using Gokcenfs method.
As a final check on the preceding integrations, binary 
integrations were performed in the Zr-Ti system ; the 
zirconium activity coefficients obtained in the ternary 
integrations were used to calculate those for titanium, 
and the titanium activity coefficients from the ternary 
integrations were used to calculate those for zirconium.
The agreement was considered to be very good. In addition, 
the activity coefficients for the metals were converted 
to activities, so that the activities for all three 
components were known over a large portion of the ternary 
system.

There are few surprising results among the calculated 
activities. The maximum activities shown by the two metals 
occur in the pure metals for both. Addition of titanium 
to zirconium lowers the activity of the latter, and addition 
of zirconium to titanium does likewise to the activity of 
titanium.
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The effect of hydrogen on the activities of the 
two metals is similar. In the binary M-H systems, the 
activities of the metals fall slowly as hydrogen is added 
in the a region, fall more rapidly in the @ region, and 
even more rapidly in the Ô region. The combined effect 
of hydrogen and a metal on the activity of the other 
metal is, of course, even more pronounced. A rapid change 
in activity for each metal between the compositions 
62.5 at. % Zr and 75.0 at. % Zr can be seen in Tables 8C 
and 9C. This change parallels the sharp change in 
direction of the (@+0) region of the ternary diagram 
for alloys in this composition range and further emphasizes 
the fact that major changes are taking place within the 
metal in this region.

Despite the marked difference in equilibrium hydrogen 
pressures between the zirconium-rich and the titanium-rich 
alloys, the calculated activities for the metals indicate 
that any difference in the bonding mechanism between 
hydrogen and the two metals is likely to be one of degree 
rather than kind. The change in metal activity with 
hydrogen concentration is of the same general form for 
titanium as it is for zirconium in comparable alloys.

Although the activities of the two metals appear to 
behave similarly, the activity coefficients do not. The
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activity coefficients change for both metals with increasing 
hydrogen content: the general trend is for those of
titanium to rise and those of zirconium to fall.

As a result, a majority of the activity coefficients 
calculated for titanium are numerically greater than 
unity, and those for zirconium less than unity. Further
more, the activity coefficients for hydrogen increase 
with increasing titanium content and decrease with increasing 
zirconium content in the alloys. The general conclusion, 
then, is that titanium and hydrogen raise the activity 
coefficients of each other, whereas zirconium and hydrogen 
depress the activity coefficients of each other in the 
ternary system. As can be seen in Table 10, each metal 
tends to lower the activity coefficient of the other in 
the Zr-Ti binary system.

The trends in the activities appear to be more regular 
than those in the activity coefficients. Consequently, it 
is felt that a greater significance should be attached to 
the changes in the activities. In any event, it must be 
recognized that the calculated results for the two metals 
are subject to the limitations of the Gibbs-Duhem integrations. 
It has been demonstrated that the application of the Gibbs- 
Duhem equation to ternary systems is a valuable method of 
calculating the activities of two of the components from
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those of the third. However, performing the integrations 
requires the exercise of sound judgment and considerable 
care. These observations apply to any Gibbs-Duhem integra
tion, but as Wagner (11) points out, "by and large, the 
attainable accuracy of thermodynamic calculations based 
on activity measurements for only one component and upon 
use of the Gibbs-Duhem relations is even more limited for 
ternary systems than for binary systems.”
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APPENDIX 1 

Purity of Materials 
Iodide-process titanium and zirconium crystal bar were 

obtained from the Foote Mineral Company„ The zirconium was 
of a low-hafnium reactor grade. The chemical analyses 
received from the supplier are shown below in weight percents

Lot No.
Titanium
005-2

Zirconium
102-4

A1 0.003 % <0.005 %
Ca 0.001 % <0.005 %
Cr 0.005 % 0.003 %
Cu 0,0008% 0.0068%
Fe 0.005 % <0.005 %
Mg 0.002 % <0.005 %
Ni 0.010 % <0.005 %
Pb Not detected ———
Si 0.001 % HOd

Ti — <0.005 %
Zr <0.01 %

By difference, the nominal titanium content of Lot 
No. 005-2 was 99.96%. Similarly, the nominal zirconium 
content of Lot No. 102-4 was 99.95%. All samples used in 
this study were prepared from metal cut from these two bars 
of titanium and zirconium.

The argon gas used during the preparation of the 
samples was obtained from the Linde Company. It was re
ported by the manufacturer to be 99.995% argon, and dry.
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APPENDIX 2 
Thermocouple Calibration Data 

A C.P. Platinum vs. Platinum (87%) - Rhodium (13%) 
thermocouple was constructed from 0.010-in. diameter, 
reference grade thermocouple wire purchased from the 
Research and Development Division of Engelhard Industries, 
Inc. The calibration certificate provided by the manu
facturer contained the following calibration data :

EMF vs. Temperature of Measuring Junction 
________ (Reference Junction 0°C)

Millivolts oc
3.404 400
4.464 500
5.570 600
6.728 700
7.934 800
9.184 900

10.477 1000
11.819 1100
13.196 1200
14.583 1300
15.967 1400
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