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ABSTRACT

The literature concerning the Group 4a, -5a and -6a carbides

and nitrides, and the carbides and nitrides of Th, U and Pu has been

reviewed critically. The following properties have been discussed:

preparation, phase relationship, lattice parameter and structure,

appearance, chemical stability, hardness, resistivity, supercon-

ductivity, thermodynamic properties and vaporization. When

possible, each property has been considered in light of the wide

homogeneity range exhibited by these compounds.

Particular attention has been paid to methods by which the

materials can be made oxygen- and nitrogen-free.
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111



.

.

.

8



.

ACKNOWLEDGEMENTS

●

✎

The author wishes to express his appreciation to various members

of Group CMB -3 for sharing their broad experience with refractories.

Discussions with and critical comments by Drs. M. G. Bowman and

D. T. Vier have led to a clearer understanding of these systems and

an improved presentation. In addition, the author is most grateful to

Dr. W. G. Witteman for sharing his knowledge of the uranium-carbon

system and for several encouraging discussions.

This literature review was made at the suggestion of Professor

J. L. Margrave, Rice University, Houston, Texa% and will appear in

the book, Chemistry of Nonoxide Refractories.

v



.

---

.



,?
.’

TABLE OF CONTENTS

Page

.

.

ABSTRACT

ACKNOWLEDGEMENTS

GENERAL 1NTRODUCTION

PART 1, GROUP-4a, -5a AND -6a CARBIDES

Introduction to the Group-4a, -5a and -6a Carbide Systems

Chapter I.. 1 The Group-4a Carbides

1. 1. 1 The Titanium-Titanium Carbide System

I. 1.2 The Zirconium-Zirconium Carbide System

1. 1.3 The Hafnium -Hafnium Carbide System

Chapter 1.2 The Group-5a Carbides
1. 2.1 The Vanadium -Vanadium Carbide System

1. 2.2 The Niobium -Niobium Carbide System
1. 2.3 The Tantalum -Tantalum Carbide System

Chapter 1.3 The Group-6a Carbides

1. 3.1 The Chromium -Chromium Carbide System
1. 3.2 The Molybdenum -Molybdenum Carbide System

1. 3.3 The Tungsten-Tungsten Carbide System

Bibliography

Figures

1. 1.1 Phase Diagram of the Ti-Ti C System

1. 1.2 Lattice Parameter of the TiC Phase as a Function

of Composition

1. 1.3 Lattice Parameter of ZrC as a Function of Composition
1. 2.1 Phase Diagram of the V-VC System
1. 2.2 Lattice Parameter of the VC Phase as a Function of

Composition
I. 2.3 Phase Diagram of the Nb-NbC System

. . .
111

v

1

3

4

7

9
20

28

31
33
44

56

66
68
74
83

91

13

15

24

36

39
46

vii



.,, ,

Figures (Part I continued)

1. 2.4 Lattice Parameter of the NbC Phase as a Function
of Composition

1. 2.5 The Heat Content of NbC
0.99

as a Function of
Temperature

1. 2.6 Phase Diagram of the Ta-TaC System
1. 2.7 Lattice Parameter of the TaC Phase as a Function of

Composition

1. 3.1 A Comparison of the Reported AFO Values for M02C

1. 3.2 Phase Diagram of the W-WC System

Tables
1. 1.1

1.1.2

1. 2.1

1.2.2

1. 2.3
1.2.4

1.3.1

1. 3.2

1. 3.3

1. 3.4

Structure and Lattice Parameter of Ti and TiC

Structure and Lattice Parameter of Zr and ZrC

Structure and Lattice Parameter of V, V2C and VC

Thermodynamic Properties of VC Corrected to VCoe 87

Structure and Lattice Parameter of Nb, Nb2C and NbC
Structure and Lattice Parameter of Ta, Ta2C and TaC
Heat and Free Energy of Formation and Heat Content

Values for the Chromium Carbides
Structure and Lattice Parameter of the Molybdenum

Carbides
Structure and Lattice Parameter of the Tungsten

Carbides
Hardness of Group-4a, -5a and -6a Carbides

PART 11, GROUP -4a, -5a AND -6a NITRIDES

Introduction to the Group-4a, -5a and -6a Nitride Systems

Chapter H.. 1 The Group-4a Nitrides
11.1. 1 The Titanium -Titanium Nitride System

11.1.2 The Zirconium -Zirconium Nitride System

11.1.3 The Hafnium -Hafniurn Nitride System

Chapter H. 2 The Group-5a Nitrides
11. 2.1 The Vanadium-Vanadium Nitride System
11. 2.2 The Niobium -Niobium Nitride System

H. 2.3 The Tantalum -Tantalum Nitride System

Chapter H. 3 The Group-6a Nitrides

H. 3.1 The Chromium -Chromium Nitride System

H. 3.2 The Molybdenum-Molybdenum Nitride

System

11. 3.3 The Tungsten-Tungsten Nitride System

50

55

58

61
81

85

14

23

38

42

49

60

72

’76

87

89

106

107

110
111

120

130

134
136
142
150

156

157

160

163

Bibliography

~ii

165



Figures

11. 1.1

11. 1,2

U. 103

11.1.4

11 .1.5
11 .1.6

.LT..1.7

11.1.8
11.2.1

Tables
11.1.1

11. 1.2

11. 2.1

Ho 2.2

11. 2.3

Phase Diagram of the Ti-TiN System

Heat Content of TiN as a Function of Temperature

Phase Diagram of the Zr-ZrN System

Lattice Parameter of the ZrN Phase as a Function

of Composition

Heat Content of ZrN as a Function of Temperature

Pressure of Nitrogen over ZrN as a Function of
Composition

Pressure of Nitrogen over ZrN as a Function of l/T

Heat Content of HfN as a Function of Temperature
Lattice Parameter of the VN Phase as a Function of

Composition

Lattice Parameter and Structure of Ti and TiN

Lattice Parameter and Structure of Hf and HfN

Lattice Parameter and Structure of V, V N and VN

Lattice Parameter and Structure of the r.?lobium

Nitrides

Lattice Parameter and Structure of Ta, TaoN and TaN

PART ILI, THORIUM, URANIUM AND PLUTONIUM “CARBIDES

AND NITRIDES

Chapter lH. 1 The Th,
HI.l. l
111.1.2

111 .1.3

Chapter HI. 2 The Th,
III. 201
111.2.2
ILI, 2.3

Bibliography

Figures
HI. 1.1

111 .1.2

111. 1.3
111.1,4

ILL. 1.5

U and Pu Carbides
The Thorium -Thorium Dicarbide System
The Uranium -Uranium Dicarbide System

The Plutonium -Plutonium Dicarbide System

U and Pu Nitrides
The Thorium -Nitrogen System
The Uranium -Nitrogen System

The Plutonium -Nitrogen System

Tentative Phase Diagram of the Uranium - Urafium
Dicarbide System

The Effect of Heat Treatment on the Lattice Pararn eter
of Uc
Low Temperature Heat Capacity of UC

High Temperature Heat Capacity of UC

High Temperature Heat Capacity of UC2

113

118

122

123

126

128

129

133

138

115
131

139

144

153

173

174

175
182
212

220

221

223

231

234

190

197
204
205
207

ix



,

.

Figures (Part U.I continued)

111 .1.6 Evaporation Rate of UC and UCZ 209
111. 1.7 Tentative Phase Diagram of the Pu-PuC System 214

III. 2.1 A Partial Phase Diagram of the Uranium2-Nitrogen System 225

111.2.2 Melting Point of UN as a Function of Nitrogen Pressure 227

Tables

HI. 1.1 Structure and Lattice Parameter of Th, ThC and ThC2 178
HI. 1.2 Structure and Lattice Parameter of Plutonium Metal

and its Carbides 217

x



GENERAL INTRODUCTION

This report is a revision of LAMS-267A Parts I and II, to

which a discussion of the nitrides and carbides of U, Th and Pu has

been added. In general the literature covered extends from about 1930,

depending on the system and the quality of the work, to March 1964.

Although an effort has been made to present as complete a description

of each system as possible, only that work which, in the author’s

opinion, would lead to a clearer understanding has been discussed in

any detail. Most early work and some recent measurements have

been largely ignored except to show the effect of oxygen content or to

give an approximate measured value when no other exists. Many of

the references cited, as well as several books, contain complete

bibliographies of the early literature and may be consulted when necessary.

The carbides and nitrides discus sed in this report suffer from

two properties that have led to a considerable accumulation of question-

able data. First, they are commonly single phase over a wide range

of composition, and, second, they will form a solid solution with each

other and with their respective oxide. Both of these factors will affect

the properties of these materials, sometimes in a very striking manner.

Without the use of care in preparing the compounds and the application

of proper analytical techniques, an investigation may offer little mean-

ingful information.
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Because of these difficulties, it is essential that the composition

of the material be indicated. If a chemical analysis is not practical,

often the purity or stoichiometry can be estimated from the lattice

parameter. The assumption that the difference between 100~0 and the

sum of metal and C or N is due to oxygen has been used, but this will

give only approximate answers at best. Even the direct analysis for

oxygen is open to question, especially in the case of the Group-4a

compounds. An excellent summary of analytical techniques has been

published by Kriege (LA-2306, 1959).

In writing about the phase systems, certain conventions have

been followed. The use of Greek letters has been avoided when the

integral stoichiometry of the phase is known. When referring to a

phase irrespective of composition, the integral metal/nonmetal mole

ratio is used. When a particular composition is meant, the nonmetal/

metal mole ratio is used, For example, Nb2C refers to the entire

hexagonal phase and NbCo s indicates a particular composition. Neither
.

designation suggests that the material of interest contains only one phase.

‘bCO. 6’
according to the phase diagram, would contain both Nb2C and

NbC: a Nb2C-phas e with a composition of NbCo s and a NbC.phas e with

a composition of NbCo ~1 . Greek letters are applied to phases for which

the integral composition is not known or to allotropic modifications. Thus ,

p-TiCo. 05 designates the @ form of titanium containing dissolved carbon.

All lattice parameters are reported in angstrom units. Early

values have been converted from kx units by the factor 1.00202. In

some cases, when the unit is in doubt, the unit which would give the

best agreement with later data has been used. In all cases, the

original paper has been consulted for a clarification of this vexing point.

.
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PART I

GROUP-4a, -5a AND -6a CARBIDES
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INTRODUCTION TO THE GROUP-4a,

-5a AND -6a CARBIDE SYSTEMS

These carbides share several very unique properties; they

contain some of the highest melting substances presently known, and

most of the compounds are hard and chemically inert. Such properties

are very attractive to the hard metal industry as well as to the relatively

new field of high temperature chemistry.

These same properties, however, make a study of these materials

somewhat difficult. This difficulty is compounded by the ease with which

these refractories can be contaminated by oxygen, either dissolved in

the starting materials or from the surrounding atmosphere. Also,

because of the high melting points, the temperature needed to reach

equilibrium in a reasonable time is correspondingly higher than that

encountered in normal chemistry. Because insufficient attention has

been paid to these difficulties in the past, most observations are mainly

qualitative in nature.

Several interesting generalities occur in this group of nine elements.

The highest carbide phase, the one which is in equilibrium with graphite,

is either fcc or will convert to this form before melting.
cr3c2 ‘s

apparently the only exception. In all cases, the composition of this

phase lies at or below MCl ~. If another compound forms, it does so

near the composition MC
0.5

and has a structure which is almost hcp,

if only the metal lattice

the chromium system.

is considered. Again the

The composition range of

4

only exception is in

the “hexagonal”

.
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structure is relatively narrow, although the cubic form can exist over an

amazingly wide range. This phenomenon is caused by vacant positions in

the carbon lattice and not by interstitial solution of the metal or a lower

carbide. For this reason, these materials are called defect compounds.

The highest melting point within a Group occurs at the sixth period

and, within a period, the Group-5a carbides generally have the highest

melting point. Thus, TaC apparently is the highest melting carbide,

with a value in excess of 4000” C.

All of the carbides begin to rapidly evaporate both metal and carbon

atoms near their melting temperature. This leads to a congruent vapor-

izing composition which changes in a regular way within the group. The

Group-4a carbides vaporize congruently near MCI 0. Within Group-5a,
.

VC loses metal, NbC goes to NbC and TaC goes to Ta2C. With- /
-0.73’

s ~ loses metal, M03C2 goes to M02C, and Wc willin Group-6a, Cr C

eventually revert to the metal.

The highest heats of formation are found in Group-4a, with a steady

decrease as one moves to the other Groups.

Superconductivity is absent in Group -4a, but occurs at a relatively

high temperature in Group-5a if the composition of the cubic phase is

near MC The temperature in Group-6a is intermediate in value.
1.0”

Trends in hardness and electrical conductivity are less clear be-

cause of the difficulties associated with these measurements. Apparently

VC, TiC and, perhaps, WZC are the hardest carbides. The stoichio -

metric carbides are only slightly more resistive than the pure metals,

and, it is interesting to note, the resistivity increases as carbon is

removed from the lattice.

.

5
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The Group-5a carbides show a characteristic color change from

the usual gray cast when the composition is near MC
1.0”

Unfortunately

this phenomenon has not yet been explored.

These trends are fairly well established and have been used to

some degree in evaluating the data pres ented in the following discussion.

.

6



Chapter I. 1

The GrouD -4a Carbides

Elements of Group Aa form only one carbide. This carbide

has a simple NaC1-type structure, and the lattice is preserved through-

out an amazingly wide range of composition, even to about MC
0.50”

Although the same crystal structure is maintained, most of the physical

properties change drastically. For example, when the maximum amount

of carbon has been removed, the lattice contracts by about O. 01 A, the

melting point drops by over 1400°, and the hardness is almost halved.

Although few properties have been measured as a function of compo-

sition, it is expected that each will show a similar, pronounced variation.

The great stability of these carbides produces, in the case of HfC, one

of the highest melting materials, and gives TiC the highest hardness

measured for a pure metal carbide.

The composition range of ZrC does not extend to the integral

stoic biometry, but that of TiC and HfC apparently does. ZrC and TiC

both show a maximum in the melting point which is not at the integral

stoichiometry, and HfC is assumed to behave in the same way. The

MC compound forms eutectics with both the metal and carbon. This

simple relationship is complicated somewhat by an allotropic trans -

formation exhibited by each metal which is raised by the dissolution

of carbon, forming a peritectoid.

7



Even though these carbides can be prepared from the oxides,

the last trace of dissolved oxygen is very difficult to remove. Its

effect on the lattice parameter and hardness has been demonstrated,

and one would expect the other properties to be affected as well.

Both ZrC and HfC exhibit congruent vaporization near the upper

phase boundary, and TiC loses Ti preferentially at low temperatures

but may become congruent near its melting point.

8



and Rudy, 1960; Farr, 1962), it is more reasonable to expect eutect:

rather than peritectic melting in the TiC system. The peritectoid

reaction, however, seems well established with the earlier work of

Jaffee, Ogden and Maykuth (1950).

c

TiC has a particularly wide homogeneity range. Cadoff and Nielsen

( 1953) place the lower limit at TiCo 49. This is too high according to

Ehrlich (1949), Rengstorff (1947), and Ragone (1951), who give a limit

at TiC
O. 28”

The presence of oxygen, however, will shift the phase “

boundary in this direction. The upper limit of TiC is difficult to obtain

because of the very slow equilibrium with graphite and because oxygen

can fill the lattice sites instead of carbon. Storms ( 1963a) places the limit

at ‘icl. o
after cooling from the melt. Norton and Lewis (1963) give TiC

0.95”

It should be realized when evaluating the results above, that oxygen

and nitrogen in small quantities cause an increase in the melting point

at low carbon contents. In addition, the volubility of carbon in the metal

is increased by the presence of these impurities (Stone ard lMargolin,

1953). Thus, these authors suggest that the material used by Ehrlich

(1949) suffered from the presence of 3-4 wt ‘% oxygen and nitrogen. Also

the peritectic at 17000 reported by Kurnakov and Troneva (1962) can be

explained in this way.

No additional phases other than those mentioned above have been

confirmed.

Reported melting temperatures for TiC fall in the range between

2940° (Engelke, Halden and Farley, 1960) and 32500 (Schwarzkopf and

Kieffer, 1953). The general lack of analytical data, for both carbon and

oxygen in the melted material, makes a choice based on the present

literature highly arbitrary.

A value of 3080 “C for the TiC-C eutectic temperature (Portno~,

Levinshi~ and Fadeeva, 1961) was not supported by a more recent

11
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measurement by Storms (1963a) who observed melting at 2780 + 25” C.

A phase diagram, shown in Figure 1. 1. 1, is based on what seems

to be the most reliable information. The melting point of Ti (16600, was

taken from work of Schofield and Bacon (1953).

Lattice Parameters and Structure

The lattice parameters for TiC and Ti are shown in Table 1.1.1.

The parameters for TiC are given for the quenched-in phase boundary

composition at room temperature. The cubic p-Ti cannot be retained

upon cooling,

Lattice parameter measurements as a function of composition are

shown in Figure 1. 1. 2. Recent work by Norton and Lewis (1963) has

revealed a maximum in the curve similar to that found in the ZrC system.

Several measurements by Storms ( 1963a) support this observation as shown

in the figure. Ehrlich’s values, although they agree with early determin -

ations, are too low because of the presence of oxygen and nitrogen, as

described previously. Thus, it would appear that oxygen lowers the

parameter, makes the curve more gradual and extends the range of

homogeneity. Based on the upper curve in Figure 1.1.2, the density

decreases from 4.91 g/cm3 at TiC ~ ~ to 4, 57 g/cm3 Neutron
. at ‘iCO. 6“

diffraction studies have shown that the carbon atoms are statistically

distributed in the octahedral voids, and all the metal positions are filled

by Ti atoms (Gorbunov et al. , 1961).

Appearance

TiC has a shiny, metallic gray color.

Chemical Stability

Like the other refractory carbides, TiC is very inert to acids, although

it will dissolve in a mixture of HN03 + HF. The stability of the carbides to

attack by acid increases in the following order:

Mo2c-HfC-Zrc -Tic -W C-W2C-NbC-TaC (Kopyleva, 1961),

12
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A-HEATED AT 1950°, NORTON AND LEWIS (1963)

kA-a-9.G Wt% FREE CARBON STORMS (1963a)
— b-25.4 wt% FREE CARBON

MELTED SAMPLES UNDERLINED

o

—

— /1 A

■ CADOFF, NIELSEN AND MILLER (1955)

/

— ● EHRLICH (1949)

O BITTNER AND GORETZKI (1962)

—

0.3 0.4 0.5 0.6 0.7 0.8 0.9 Lo

C/Ti, MOLE RATlO

.

Figure I. 1.2 Lattice Parameter of the TiC Phase as

a Function of Composition
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TiC is oxidized rapidly by oxygen, N20, or C02 at 12000C

(brightness temperature), but does not react with N2, H2, or CO at this

temperature (Pollard and Woodward, 1950). On the other hand, Zelik.tna.n

and Govorits (1950), after a detailed study of the reactior. between TiC

and N
2’

conclude that the amount of nitrogen in TiC should not exceed

a few tenths of 170 at 1800-2000° under a N2 pressure of about O. 01 atm,

with a trend to a lower volubility at higher temperatures. Above 1500°,

a pressure in excess of 1 atm is necessary to cause complete nitriding.

Hydrogen at a pressure of 10
-3

atm does not react with TiC be-

tween 298”and 20000K (Philipp, 1961; Ohlinger, 1959a). However,

May and Hoekstra (1961) find that TiC is attacked at higher pressures.

Hardness

Cadoff, Nielsen and Miller (1955) obtained, with a 300 g load, a

Vickers hardness with values between 1600 and 2800 and an S-shaped

variation with composition. The presence of oxygen raised the hardness

and caused brittleness. On the other hand, Koval’skii and Makarenko

( 1953) found a linear variation which extrapolated to 2900 kg/mm2 at

‘iCl.o“ Jones (1956) reported 3100 DPH when graphite was present

(Table I.3.4). Meerson and Umanskii (1953) cite a value of 2850 kg/mm
2

without giving a composition. Gilman and Roberts (1961) give 3200

kg/mm2, which agrees with the value found by Kieffer and K61bl ( 1949).

Williams (1961) obtained 2300 kg/mm
2

from a large single crystal of

TiC containing graphite precipitated along the 111 phases. TiC appears

to be one of the hardest pure carbides known, and for this reason it is

used extensively in the hard metal industry.

Electrical Resistivity

Recent determinations of the electrical resistivity give the

16



following room temperature values: 52.5 ~ohm-cm (L’vov, Nemchenko

and Samsonov, 1960), 68 #ohm-cm (Rudy and Benesovsky, 1960), 59.5

pohm-cm with -1-1. 52y0/deg (O. 90 pohm-cm/deg) temperature coefficient

(Samsonov, 1956b) and 72 #ohm-cm (Glaser and Ivanick, 1952). The

composition and purity of the samples used were not stated. Since the

resistivity changes rapidly with composit ion, these values have very

little significance except to show that the measurements were made on

material which was close to the stoichiometric composition. Older values

are consistently much higher . Kolomoets and co-workers (1958) obtained

a value of 50 /&hm-cm for a pressed sample of TiC
1.0

+ 0.14wt qo free C.

In a recent paper by Vainshtein and co-workers (1961), measure-

ments of the conductivity as a function of composition, obtained by LIvov,

Nemchenko, Verkhoglyadova and Sarnsonov, were cited. Their work

shows a linear variation between 52 pohm -cm at TiC
1.0

and 180 pohm -cm

at ‘i Co. 59”
Using single crystals, Williams and co-workers (1964) found

a variation that deviated somewhat from a straight line.

Superconductivity

Titanium metal becomes superconducting at about O. 40” K (Steele

and Hein, 1953; Smith, Gager and Daunt, 1953). Hardy and Hulrn

(1954) could find no evidence for superconductivity in TiC above 1. 20K

but, according to Meissner and Franz (1930), the carbide does become

superconducting at about 1. 1 oK.

17



Thermodynamic Properties

.

A determination of AH by combustion calorimetry gave
298

-43.9 + O. 4 kcal/mole for a composition near TiC ~.o( Humphrey, 1951).

The carbide was TiC o 996 (total carbon) with O. 60% impurities and was

the same material used by Naylor (1946) for his heat capacity measurement.

Recently Vidale ( 1961), employing optical absorption to measure the

concentration of metal in the vapor over the metal and carbide, obtained

-35.5 * O. 5 kcal/mole for AF~ (2220 “K) and calculated, using Naylor’s

data, a value of -42, 7 + O. 5 kcal/mole for AHO
298 “

These values apply

to a composition of TiC which is in equilibrium with carbon at 2220 oK.

Kible r and co-workers ( 1963) calculated -42.8 + 1.2 kcal/mole from

a Langmuir study of TiC
0.96”

The first determination of the high temperature heat content was made

by Naylor (1946) on a possibly inhomogeneous sample. His measurements

were express ed by the following equation:

HT-H
298.16

= 11.83T + 4.0 x 10-4T2+ 3.58 x 105/T -4765 cal/mole

(298 -1800”K; + o. 5’%).

Recently workers at the Southern Research Institute (1963) have reported

heat content values in Btu/lb from which the following equation was

recalculated.

HT-H
298.16

= 10.63T + 11.32 x 10-4T2 + 1.7 x 104/T - 3470 cal/mole

(533 -2900”K).

Low temperature heat capacities and entropy were reported by Kelley

(1944) for TiCo 96 containing
.

was given for S“
298’

and C at
P

deg.

No variation of the above

about O. 75% oxygen. A value of 5.8 + O. 1 e.u.

294.9 °Kwas found to be 7.987 cal/mole -

properties with composition has been made.

.

.
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Vaporization

Chupka and co-workers (1958) were unable to obtain mass spectro -

metric evidence for the molecular species, TiC. In spite of this, Bolgar,

Verkhoglyadova and Samsonov ( 196 1) have concluded from Langmuir

experiments that there is a molecular species which decomposes just

after leaving the surface. Their values for the evaporation rate are

so inconsistent with previous measurements, and their conclusion

(see Nb-NbC system) is so unlikely that their results should be viewed

with doubt until further work is done. Fujishiro and Gokcen (196 la)

measured the pressure of Ti over TiC, using Knudsen effusio~but

obtained a pressure 12 times higher than would be predicted from

measured the rmodynamic functions. This discrepancy was pointed out,

but no reason was suggested. Vidale (1961) reports that the pressure of Ti

over the metal at 1666° (the melting point) is equal to the metal pressure

‘Ver ‘iC(s) + c(s)
at 2220 °according to measurements by resonance line

absorption. Langmuir experiments done at General Electric Company

have been summarized in a report by Kibler and co-workers (1963).

In this work the weight lost by TiC was measured between 2109°
0.96 z

-5
and 2540” K with values of 2.42 x 10-8 g/cm -see and 1. 14 x 10

g/cm2- sec at the respective limits. They also presented thermodynamic

arguments which suggest that the Ti-C system vaporizes congruently

only above 2800° K. Although it is clear that vaporization from TiC
O. 96

is nearly congruent, there is insufficient data to show how TiC actually

behaves in this regard.
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I. 1.2 The Zirconium- Zirconium Carbide System

Preparation

As early as 1865, ZrC was prepared from zirconia and

carbon by Troost. Somewhat later, Moissan (1893a) prepared

the carbide by the same reaction in the electric arc. Almost

all early measurements were based on material made by heating

Zr02 and graphite, usually in an evacuated furnace.

The reduction of Zr02 proceeds in three steps with the

formation of Zr203, then ZrO, and finally the carbide. The

Zr203 begins to form at 940-960” , and ZrO is produced above

1240° (Meerson and Samsonov, 1952), If the heating is continued

in a partial vacuum (l-1. 5 torr) to a temperature of 2300° and

held for about 6 hours, according to Zhelankin and co-workers

(1958), the oxygen content can be reduced to below O. 01 mole ratio

( O/Zr). Unfortunately there is still no method which gives a

reliable oxygen analysis, and reported oxygen values are open

to some doubt.

When a low oxygen content is desired, the product is best

produced by reacting Zr or ZrH with carbon. As with titanium,

the reaction between the elements is slow even when a liquid phase

is formed (Anderson and co-workers, 1950). After the carbide

has been produced, a long heating in high vacuum is necessary

to remove the last trace of oxygen. The McKenna process using

a cobalt melt also appears to reduce the oxygen level (Farr, 1962),

Pure crystalline deposits of ZrC can be formed from the

gas phase containing ZrC14 + H2 and a hydrocarbon vapor. The

reaction goes between 1730’ and 2430” (Campbell and co-workers,

1949).

.

.

.

Finely powdered zirconium and, to a lesser extent, the carbide

are pyrophoric and should be handled accordingly.
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Phase Relationships

One carbide having an integral stoichiometry of ZrC and two crystal

modifications of the zirconium-carbon solid solution occur in this system,

A variety of values for the range of the ZrC phase and melting

temperatures have been reported (Koval~kii and Makarenko, 1951;

Samsonov and Rozinova, 1956; Agte and Alterthum, 1930; Brownlee,

1958; Agte and Moers, 1931; Friederich and Sittig, 1925; Schwarzkopf

and Kieffer, 1953). From the techniques used and the reported lattice

parameters, it can be inferred that the materials studied by these

workers contained a significant amount of oxygen and/or nitrogen.

Recent work by Farr (1962) and Sara and co-workers (1963) has

been done under conditions which would prevent this contamination.

Farr (1962) observed Zr-ZrC eutectic melting at 1810°, a melting point

maximum of 3400 + 50° at ZrC
0.82+0.02’

and melting of the ZrC -C

eutectic at 2850 + 50° with ZrC
0.965

in equilibrium with p,raphit e. Sara

and co-workers ( 1963) could find no significant decrease in the Zr

melting point when carbon was present. However, they found that the

ZrC melting point maximizes at 3420 “ and ZrC
O. 85.’

and that the ZrC -C

eutectic melts at 2850°, thus confirming the work of Farr (1962). This

eutectic temperature also compares well with a value of 28000 measured

at the U. S. Bureau of Mines (Anderson and co-workers, 1950).

Benesovsky and Rudy (1960) obtained 18300 for the Zr-ZrC eutectic

temperature.

Eutectic compositions of ZrC< ~ 02 (Sara and co-workers, 1963)
.

and ZrC
0.05 (

Benesovsky and Rudy, 1960) have been reported for the

Zr-ZrC region, and of ZrC
1. 86(

Sara and co-workers, 1963) and ZrC
1.80

(Anderson and co -workers, 1950) in the region between ZrC and C.
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This is another example of a system in which the maximum melting

temperature does not lie at the 1:1 metal-carbon ratio and, in fact, the

integral composition is not even formed at high temperatures. Although

no complete study was made, Farr did find that, by dropping to 2400°,

the carbon content could be raised to at least ZrC The low carbon
0.98”

boundary apparently lies between ZrCo 62 (Sara and co-workers, 1963)
.

and ‘rcoo 55
(Farr, 1962), depending on the cooling rate or temperature.

Zirconium metal has two allotropic modifications, a hexagonal

form below 865° (Duwez, 1951 ) which converts to the cubic form above

this temperature. If the element can be compared to titanium, the

transformation temperature will be raised by the presence of carbon

to give a peritectoid reaction. Preliminary work by Sara and Dolloff

(1962) indicates that this temperature is raised to about 885°.

The melting point of Zr metal is 1855 A 15”, measured by

Deardorff and Hayes (1956).

Lattice Parameter and Structure

ZrC has a NaC1-type crystal structure and, like

forms a subtraction type lattice behveen about ZrC ~
.

other carbide phases have been confirmed (Table 1.1.

the other carbides,

54 and ‘rcO. 98”
No

9\
L] .

Because of the difficulty in maintaining the material free from

oxygen and nitrogen, both of which lower the lattice parameter, most

determinations have given values below 4.69 A. Recent measurements

by Sara and co-workers (1963), using very pure preparations, have

revealed a maximum in the lattice parameter variation. Their values

are shown in Figure 1. 1.3. This very unique observation has been con-

firmed subsequently by Storms (1963a)as indicated in the figure.

The density based on the curve in Figure 1. 1.3 increases from

6.294 g/cm3 at ZrCo 55 to 6.572 g/cm3
at ‘rcO. 98”
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Chemical Stability

ZrC, depending on physical form or fineness, is readily attacked by

oxygen above about 5000. Above 15000 it reacts with nitrogen to form

the nitride. Attack by the halogens leads to the formation of the tetra-

halide.

Nonoxidizing acids have no effect, but the carbide will dissolve in

HN03 + HF or in H2S04.

Hardness

The hardness of ZrC is in some doubt. Meerson

(1953) cite a value of 2836 kg/mm2 obtained by Soviet

and Umanskii

investigators,

Kieffer and Ki51bl (1949) give 2600 kg/mm L, Jones (1956) obtained

2200 DPH (Table 1. 3. 4). ‘:’ The variation of hardness with composition

was found by Koval’skii and Makarenko ( 1951) to be linear. Their curve
2 2

extrapolates to 2700 kg/mm at ZrC1 o, while at ZrCo 52 1850 kg/mm

was measured. A similar result by Samsonov and Rozinova (1956) leads

2 2
to 2900 kg/mm and 2000 kg/mm as the limits. However, because of

the very low lattice parameters (4. 582-4.683 A) and the wide homogeneity

range (Zr C -ZrC ~ o) reported by the latter workers, the presence
0.27 .

of considerable oxygen and/or nitrogen can be inferred,

Electrical Resistivity

Recent room temperature values for the electrical resistivity are

42 pohm-cm (Rudy and Benesovsky, 1960), 56, 6 #ohm-cm with a temp -

b
erature coefficient of +0. 596’%/deg (Samsonov, 1956 ), 50. 0 pohm -cm

(L’vov, Nemchenko and Samsonov, 1960), 65 #ohm-cm with a O. 074

yohrn-cm/deg temperature coefficient (Taylor, 1962), and 67 pohm-cm

(Kolomoets et al. , 1958). The latter value was measured on material

having 88. 19y0 Zr, 11.537’0 bound carbon, O. 12’10 free carbon and

6. 4% residual porosity. The value is corrected for the porosity.

‘~See page 89
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Preliminary work (Taylor and l*~akata, 1962) shows that ZrC
0.93

has

a resistivity of 127 pohm-cm at 800° and 223 pohm-cm at 22000 with

a slight positive deviation from a straight line between these extremes.

Su~ e r c onductivitv

ZrC was found to be a normal conductor down to 1.2 OK (Hardy and

Hulm, 1954). The pure metal becomes superconducting at about O. 60

(Smith and Daunt, 1952; Matthias and Corenzwit, 1955),

Thermodynamic Pro~erties

A value of -44, 1 + 1.5 kcal/mole was obtained for A 0
5

from
298

combustion calorimetry (Mah and Boyle, 1955). This value is compro-

mised somewhat by the presence of O. 78~0 total of oxygen and nitrogen

for which a unique correction could not be made. From vaporization

studies, Pollock (1961) calculated a value of -47.7 + 5 kcal/mole for

‘[29 8
and -38.9 + 1. 5 kcal/mole for AFO

f2675°K”
This applies to

ZrC in equilibrium with graphite. Using optical absorption to determine

the amount of Zr in the vapor over ZrC + C, Vidale (1961) obtained

AF 0
f 2740 OK

= -38.8 + 1.0 kcal/mole, from which a value of

~;298
= -47.6 + 3 kcal/mole was calculated using the heat capacity

estimates of O. H. Krikorian (1955). Kibler and co-workers (1963)

calculated AFO
f2740=

-39.2 kcal/mole from their Langmuir studies.

Low temperature heat capacity measurements have been reported

recently by Westrum and Feick (1963). A recalculation on the basis

‘rc 0.95’
the analyzed composition, gives the following values at

298.15°: C = 9.00 cal/mole-° K, S“ = 7.92 e.u. , and HO-Hg = 1392
P

cal/mole. The high temperature heat content has been measured be-

tween 260 “and 2600° with an ice drop calorimeter by Neel and co-

workers (1960). Their values are in essential agreement with the

estimation of Krikorian ( 1955) which is given by the equation

HT-H
298 = 11.06T + 7.6 x 10-4T2 + 2.43 x 10-5/T -4179 cal/mole.

.

.

.

.
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Vaporization

Pollock ( 1961) has studied the evaporization process by both Knudsen

and Langmuir techniques. At 2673 oK, the Langmuir method gave an evapor-

-6
ation rate of 2.04 x 10 g/cm2-sec. The general consistency between the

two methods led Pollock to conclude that the evaporation coefficient is

unity and that there is essentially no ZrC in the vapor. Coffman and co -

a
workers (1960 ), using the Langmuir technique and the same assumptions,

gave the following pressures over congruent ZrC; log PC = 7.2877 - 3.8586

x 104/T and log Pzr = 7.7282 - 3.8586x 104/T. These equations are

in agreement with the results of Pollock. Bolgar, Verkhoglyadova and

Samsonov (1961) also studied this system by the Langmuir method and

reported pressures that are about 103 higher than those cited above.

Farr ( 1962) observed that even the presence of an inert atmosphere

could not prevent the rapid loss of Zr when Zr-rich ZrC was heated near

its melting point. Heating in vacuum above 3300 “C will eventually lead

to a composition of ZrC o 82 (Farr, 1962). Conclusions that the congruent

composition lies near ZrC ~ o must be re-examined in light of the recently

observed maximum in the ZrC lattice parameter curve. Pollock (1961)

observed a surface lattice parameter which was higher than that of the

bulk material. Instead of having a higher composition than the bulk, as

he assumed, the surface actually was at ZrC i. e., near the congruent
-0.9’

composition. The lattice parameter increase observed by Coffman and

co -workers ( 1960a) also suggests that the initial high stoichiometry

was being lowered by evaporation to a value near ZrC
0.92”

If ZrC is

similar to NbC, the congruent composition should go to a lower value

as the temperature is raised; thus Farr’s value is not inconsistent.
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I. 1.3 The Hafnium-Hafnium Carbide System

Preparation

As with the other carbides, HfC is often prepared from the

reduction of the oxide by graphite. The reaction

Hf02+(x-y+2)C= HfCxOy + (2 - Y)CO + ~p

has been studied between 1743° and 2003° K by Zhelankin and co-workers

(1959), for which they obtain a Qp of -132 + 3 kcal/mole. Samsonov

and Paderno (1961) reported that at 1000- 1200° C &is reduction

proceeded through Hf203; at 1300-1800° the HfC-HfO solid solution

formed; and, finally, between 1800° and 2000” HfC formed with a carbon-

deficient lattice. Repeated 1 hour beatings at 1900” resulted in a

product near HfC ~, o. The final removal of oxygen requires a long

heating in high vacuum (< 1 x 10
-5

torr)

Moers (1931 a)pioneered the technique whereby HfC is produced

from the reaction HfC14 + CH4 + (H2) = HfC + 4HC1 + (H2). Campbell

and co-workers ( 1949) have extended this reaction to produce a

coating of HfC on a heated tungsten filament.

The purest HfC can be produced by reacting the elemental

powders either by arc melting or by powder metallurgy. Like the

other elements in this group, Hf does not react quickly with carbon.

Therefore, some patience is needed to obtain a uniform product

when starting with the elements. The reaction between HfH and C

goes much more quickly and also produces an oxygen-free product

(Nowotny and co-workers, 1959).

Phase Relationship

The phase relationships have been summarized by Benesovsky

and Rudy ( 1960) in a tentative phase diagram based partly on their

work. In this diagram, eutec tic melting between Hf and HfC occurs

at about 2000”, a maximum melting temperature of 3900° is shown

at HfC ~ o and the HfC-C eutectic is estimated to melt at 3000°.
.

The only melting point determination for HfC ~ o, which has been quoted
.

extensively, was reported in 1930 by Agte and Alterthum as 3887°.
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Recently, Avarbe et al. (1962), while measuring the melting point of

various compositions, obtained 3520” C for HfC Their lattice
0.91”

parameter values suggest a severe oxygen contamination which would

cause an increased uncertainty in the melting temperature at lower

carbon contents . Four values have been reported for the HfC-C eutectic

temperature; namely, about 2800° (Cotter and Kohn, 1954), 3260° (Port-

noi et al. 1961), 3276° (average) (Adams and Bean, 1963), and 3150°

(Dolloff, 1963).

According to Benesovsky and Rudy (1960), the lower limit of the

HfC phase lies somewhere between HfC
0.54

and HfCoo 59 at 1550°. The

general form of the phase diagram is expected to be similar to those of

the Ti-C and Zr-C systems. The metal transforms from hexagonal to

body-centered cubic at 1760° (O. 2 wt ~0 Zr) (Krikorian and Wallace, 1964)

and melts at 2222° C (Deardorff and Hayes, 1956).

Lattice Parameters and Structure

HfC has a face-centered cubic (NaC1-type) structure. Reported

lattice parameters have varied from 4.46 A (Becker and Ebert, 1925)

to 4.646 A (Curtis, Doney and Johnson, 1954) for HfC
1.0”

The choice of

the best value is complicated because the presence of Zr (a common im-

purity) raises the parameter, but oxygen and nitrogen, as well as a carbon -

deficient structure, cause a lowering. Probably the best parameter for

oxygen-free HfC ~ o containing no Zr is 4.6390 + O. 0005 (Dolloff, 1963;

Storms, 1963 b). This leads to an x-ray density of 12.67 g/cm3. At the

lower phase limit, the lattice parameter is about 4. 61 A (Benesovsky and

Rudy, 1960). AS with the other Group-4 carbides, the lattice parameter

becomes almost independent of composition as the 1:1 ratio is approached.

,In view of the maximum found recently for the ZrC and TiC phases, such

behavior cannot be ruled out in this system.
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Hardness

The following hardness values have been reported:

(100 g Knoop) for HfC + C (Cotter and Kohn, 1954), 2913 +

(Curtis, Doney and Johnson, 1954), 1675 DPH for HfCo 95
.

2600 kg/mm2

300 (Vickers)

(Table I. 3. 4)

(Jones, 1956), and the formula H = 2000 + 52C, where C is at. 70 carbon

and H is kg/mm’ (Avarbe et al. , 1962). The material used by the latter

workers probably contained considerable dis solved oxygen. Using a 100 g

load, Adams and Bean (1963) found that the Knoop hardness varied from

1815 kg/mm2 at HfCo 42
2

to 2276 kg/mm at HfC1 OO.
. .,

Electrical Resistivity

Rudy and Benesovsky (1960) recently have reported a value of

37 #ohm-cm for the resistivity of HfC. The only other value appears to

b
be 109 #ohm-cm determined by Moers in 1931 .

Superconductivity

HfC is not a superconductor above 1.23 OK (Meissner, Franz and

Westerhoff, 1932). The metal is normal down to O. 08°K (Hein, 1956).

Thermodynamic Properties

Combustion measurements by Zhelankin and Kutsev (1964) have

given AH~98 as a function of composition, with values falling on a nearly

straight line from -5402 + O. 3 kcal/mole at HfCo 99 to -51.7 + 0.4 at HfCo 67.
. .

The equation HT - H
298

= 12.70T i- 2.20 X 10-4T2 + 5.4 X 105/T

-5616 cal/mole (440° -301&K) has been calculated by Kibler et al. ( 1963) to

fit their heat content measurements and those of Neel et al. (1960) . Levinson

(1964), using HfCo 98 with <400 ppm Zr, obtained HT-H310= -20.79 +
.

5.817 x 10-2T + 3.314 x 10-6T2 cal/g (1286° -2805” K, +1. 8Yo), which agrees

with the above work within the stated error.

Vaporization

Kibler et al. ( 1963) measured the evaporation rate of HfC from 2310°

to 3145” K, with values of 3.04 x 10
-9 -5

and 8.74 x 10 g/cm2- sec at the

respective limits. They concluded that HfC%le o vaporizes congruently.

.

.

.
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Chapter I. 2

The Group.5a Carbides

As one examines the carbides Qf each successive Group, one

finds that the phase relationships ~Pd crystal structures become more

complex. Thus, the Group-5a carbides are found to form “hexagonalf’>~

M2C and cubic MC, as well as a rather unstable M3C2 structure. The

crystal structure of the latter compound has not yet been determined.

The M2C phase forms a eutectic with the metal, and melts

peritectically by decomposing into the MC phase. Below the eutectic

temperature, its homogeneity range is very narrow. In general, the

properties of this phase are not well known.

Characteristically, the MC phase has a wide composition range

which extends down to about MC
0.71”

Over this range, the lattice

parameter changes by about O. 04 A and the melting point has extremes

which are about 500° apart. The integral stoichiometry is never formed,

and, in fact, the VC phase terminates at about VC
0.88”

Unique to this Group is a color change that occurs near the high

carbon phase boundary. TaC becomes a golden yellow color, and NbC

>X Recent observations have raised a doubt whether hcp is the correct

structure designation for many of the M C compounds.

?“

Where this
doubt exists the usual hexagonal designa Ion will be contained in
quotes.
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develops a lavender tint from the normally gray color. On the other

hand, VC shows no marked color change, probably because of the low

carbon content at the high carbon boundary.

Recent superconductivity measurements show that the high

transition temperature of NbC and TaC decreases rapidly as carbon

is removed from the lattice. Below about MCO 83 there is no
.

evidence for superconductive behavior down to 2° K. In addition,

the M2C structure, which was thought to be supe reconducting, is

now known to be normal above 2° K.
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I . 2. 1 The Vanadium-Vanadium Carbide System

.

Preparation

Vanadium carbide was first prepared by Moissan in 189 ~ during

his comprehensive studies with the electric arc furnace. By heating

a mixture of V O and sugar charcoal in the absence of air, a carbide
25

‘ear ‘cl. o
was obtained. Since that time, most work has been based

on a carbide prepared in essentially the same manner, from the

reaction of carbon with V205 or V203. These results are highly

compromised because there is always doubt that all of the oxygen

has been removed. This is especially true when low temperatures

and short heating times are employed, as was generally the case.

Meerson and Krein ( 1960) studied the reduction of V203 with carbon

to determine conditions which would produce oxygen-free VC. They

found it necessary to heat for more than 2 hours between 1700° and 1800°

in a CO pressure of 1-10 torr to reduce the oxygen content to below the

limit of detection. Because they did not analyze for oxygen directly,

but relied on the relationship 100 - (V + C total) = wt ‘7’ooxygen, the

limit of detection was about O, 8’7’o. Zhelankin, Kutsev and Ormont

( 1958), while observing the same reaction, found that a temperature

of 2300” C held for about 2 hours with a pressure of 1-1. 5 torr would

reduce the oxygen content below O. 2 wt Yo. In this case, the oxygen

was determined direc tly by activation analysis using the reac tion
15

016( y,n) O . The lowest temperature at which V205 will react

with carbon is 435” C (Elyutin, Merkulova and Pavlov, 1958).

The stoichiometry of the carbide also determines the ease with

which oxygen can be eliminated. This can be inferred from the data of

Krainer and Konopicky ( 1947) which was obtained by heating V205 with

various amounts of carbon at 1500° in a hydrogen atmosphere. Their

results show that the higher the carbon content, the smaller the oxygen

content of the product. The results reported by Gurevich and Ormont

( 1957) also show this effect (Figure I. 2. 2), although the indicated oxygen

contents should not be taken too seriously, because they did not
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analyze for oxygen directly. The amount of deviation to the right

of the curve is a better indication of the impurity content.

Vanadium carbide has been obtained from alloy steel after a

suitable solvent for the iron has been applied. On the basis of this

method the discredited phases V5C (~sawa and dya, 1930), V4C3

(Arnold and Read, 1912) and V2C3 (PUtz, 1906) were reported. It

is now clear that the V5C phase is actually the hexagonal V2C, as

first suggested by Westgren (1930 ),and the V4C3 phase is cubic

VC with a composition near the low carbon phase boundary. Accord-

ing to many author s, this is the usual composition occurring in

vanadium-alloy steels.

Moers (1931a) found that the carbide would deposit on a tungsten

wire when the wire was heated at 15 CQ-2000” in an atmosphere of

VC14, H2 and a hydrocarbon. Campbell and co-workers (1949)

also investigated this reaction. Although the method might be used

to obtain single crystals, it does not give a product of uniform and

predictable chemical composition.

Pure carbide of uniform composition can be obtained conveniently

by starting with powdered vanadium metal or hydride, and carbon.

Because the carbide will react avidly with oxygen and less rapidly

with N2 and CO at high temperatures, it is necessary, when seeking

the purest carbide, to heat in a good vacuum (better than 10
-5

torr).

If a graphite crucible is used and the temperature is held somewhat

below the melting point, volatile metal impurities will also be removed.

If care is taken, pure materials can also be prepared by arc melting.

However, subsequent powdering of the hard button can recontaminate—

the sample. Also, the powdered carbide will react slowly with air.

Phase Relationship

In 1930 ~sawa and ~ya presented a phase diagram which con-

tained the phases V5C and V4C3. Later Goldschmidt ( 1948) combined

his data with the melting point determinations of Ruff and Martin

(19 12) and proposed a diagram showing eutectic melting between

34

.

.

.



.

‘anadlum and ‘4C3 “
Finally, with the confirmation of the hexagonal

.

V2C phase by Hardy and Hulm (1954), Sch6nberg (1954) and Rostoker

and Yamamoto (1954), Hansen and Anderko (1958) drew a partial diagram

from the latter?s data, showing eutectic melting at 16500 between V and

V2C and peritectic melting of the V2C phase. The first complete phase

diagram was reported by Storms and McNeal (1962), Figure I.. 2.1. They

show a solidus which drops from 1888 ‘C at the pure metal to eutectic melting

at 16300 beween ‘co. 09
and VC

0.33; p
eritectic melting of the V2C phase

at 2165° according to the reaction VC
0.5~vc0.60

+ liquid: and peritectic

melting of the VC phase beginning at VC
0.85

and extending beyond VC
1.0

at a temperature of 2650°. The melting point of VC is lower than the

value of 28300 reported by Friederich and Sittig ( 1925), 27500 reported

by Ruff and Martin (1912) and the recent value of 27800 by Engelke,

Halden and Farley (1960). It is suggested that impurities in the material

used in the first two studies and the failure to make emissivity corrections

in the last work are the cause for this discrepancy.

Below the solidus, the phase relationship is similar to the other

Group-5 carbides. Carbon is essentially insoluble in the metal, being

less than VCO ol at about 10000 (Gurevich and Ormont, 1957). V2C is

found betieen ‘co. 47
and VC o ~o, giving it a somewhat wider homo-

geneity range than Nb2C. The VC phase starts near VCO 72 and, it is
.

interesting to note, does not extend to the composition VC1 o. Although
.

this is not unique among the Group-5 carbides, the extent to which the

VC-C phase boundary deviates from the 1:1 ratio is rather unusual.

Early workers placed the upper limit near VC
0.75’

i.e. ,V C (Osawa
43

and Oya, 1930; Morette, 1938), but later work has demonstrated that the

limit is much higher. Sch6nberg ( 1954) observed that compositions above

Vc could not be produced without the presence of free carbon, but
wO.8

he assumed this was due to a slow reaction rate. Meerson and Krein

(1960) also could not produce VC with a composition higher than VCO 92.

Schnell ( 1960), working with pure materials, placed the boundary
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below VC Rudy and co-workers (1962b) found that most of their
0.92”

samples contained free carbon at VC
O. 85”

Storms and McNeal (1962),

as can be seen from Figure I . 2. 1 give VC
0.88

as the limit at 1000° with

a trend to lower carbon contents at higher temperatures. Most other

authors either mention that all of the free carbon had not quite reacted

or assumed that they were working with single-phase VC
1.0”

Two other phases have been reported in this system, a cubic 6 phase

by Gurevich and Ormont (1957) and a { phase by Storms and McNeal

(1962). The s phase was not seen by the latter authors, probably

because their material was more homogeneous. Insufficient work has

been done to confirm the existence of the zeta phase. It is, however,

very similar to the zeta phase found in the TaC system by Lesser and

Brauer (1958). This phase is indicated on the phase diagram (Figure I. 2. 1),

but, because of its hypothetical nature, no effort has been made to modify

the phase boundaries in its region.

Lattice Parameters and Structure

The structure and lattice parameters for the established phases

V, V2C and VC are shown in Table I. 2. 1. Because the V2C and VC phases

have fairly wide homogeneity ranges , the lattice parameters are given

for compositions at the phase boundaries at 1300°. Between these

extremes , the lattice parameters will change with composition as is

shown for the VC phase in Figure I. 2.2. AS shown in the figure,

the lattice parameter at the VC-V2C phase boundary is strongly

influenced by the heating temperature between 1348° and 1430°. Quenching

in vacuum from above 1430° produces a composition of VC
0.73

with a

lattice parameter of 4. 125. A. Below 1344° the composition and lattice

parameter are VCO 738 and 4. 131 A, independent of temperature. This,
.

according to Storms and McNeal (1962), might be due to the

of the ~ phase. In the same manner, VCO 48 is the lowest
.
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sition that can be quenched in by radiant cooling in vacuum.

The x-ray density of the VC phase, calculated from the values in

Figure I. 2.2, is 5.649 g/cm3 at both phase boundaries with a m“inimum

3
of 5. 607 g/cm at VC

0.78”
NbC shows a minimum at this same compo -

sition (Kempter, Storms and Fries, 1960). V2C has an x-ray density
3

of 5. 665 g/cm at VC
0.50”

Chemical Stability

V2C is dissolved slowly by hot 1:1 HCl,leaving a carbon residue. VC

is inert under these conditions (Storms and McNeal, 1962). Both carbides

are attacked by concentrated HNO H2S04 and HC104, slowly at room
3’

temperature and vigorously when heated. Hot NaOH has no effect.

Powdered V2C reacts slowly with air at room temperature.

VC will react with dry HC1 gas at 750° to produce CH4, H2, VC12

and some VC13 (Oldham and Fishel, 1932). It has a high rate of oxidation

in air at 800° (Cockett and Watt, 1950) and will burn in oxygen to produce

VC, when heated in nitrogen,
‘2°5”

will gradually convert to the

nitride, but it is considered structurally stable up to 24000 (Bradshaw

and Matthews, 1959).

Hardness

It is important to keep in mind that all of the physical properties of

VC will be a function of composition. Furthermore, because VC1 o
.

cannot be produced, measured properties should not be attributed to

this composition. An exam~le is represented by the range of hardness

values that have been reported; from 2094 kg/mmz (Meerson and

Umanskii, 1953) to about 3000 kg/mm2 (Gaev, 19 53; Kieffer and Kblbl,

1949). AS Gurevich and Ormont (1957) point out, the hardness will

change with composition. With this in mind, they obtained a hardness of

2140 kg/mm2 for V2C and values between 2850 and 3000 kg/mm2 across

the range of the VC phase. In addition they found the abrading ability
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of high carbon VC to equal that of SiC. Jones (1956), during a study of

the Group-4a, -5a, and -6a carbides, found VC ( containing free carbon)

equal in hardness to WC (2250 DPH) and exceeded only by TiC (3100

DPH) (Table I. 3. 4). The work of Kieffer and K81bl ( 1949) is also

consistent with this observation. It would appear, contrary to popular

belief, that VC (VC o 88) is one of the hardest pure carbides known.
.

Electrical Resistivity

Rudy and Benesovsky ( 1960) have reported a specific

value of 60 ~ohm-cm at 20° C for VC in equilibrium with

can be compared to 156 yohm-cm obtained by Fried erich

( 1925) using material of dubious purity and composition.

resistance

carbon. This

and Sittig

The other mechanical and electrical properties are highly

questionable because, if the overall composition is reported as VC
1.0’

at least 2. 3 wt ~0 graphite will be present to change the gross properties .

Su~erconductivitv

Vanadium metal becomes superconductive at about 5. 10 K, (Corak

et al. , 1956; Hulm and Blaugher, 1961). V2C and VC are not super-

conducting down to 1. 2°K (Hardy and Hulm, 1954; Giorgi et al. , 1963).

The-odynamic Properties

The heat capacity at low temperatures has been reported for VC

by Shomate and Kelley (1949) and the heat content at high temperatures

by King ( 1949), using the same material. The values are shown in

Table I. 2.2. Although they were unable to detect the presence of free

carbon in a material analyzing VC ~ o, there must have been at least
.

2.3 wt 70 carbon present. Therefore, a correction has been applied

and the resulting values for VC o 87 (the composition at the temperature
.

of preparation) are listed. Workers at the Southern Research Institute

(1963) measured the heat content above 533° K of VCO 97. Their values
.

are higher than King’s even after a correction to the same carbon content

has been made.
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.

The heat of formation of VC has been measured recently by several

techniques with good agreement. Mah (1963) obtained AH
298

=-24.35+0.40

kcal/mole by combustion calorimetry using material of uncertain purity

and stoichiometry. Volkova and Geld ( 1963) measured several compositions

of VC by the same technique. Although they give AH298 = -24.5 * 1.8

kcal/mole as the average value, their data fall into two sets about

3 kcal/mole apart, both of which vary with composition as expected.

Using the lower set of values, AH
298

varies from -24.0 to -21.6 kcal/mole

over the range between VC
O. 882 ‘d “0.724”

By studying the variation

of CO pressure with temperature over VC + V203 + C, Worrell and

Chipman ( 1964) calculated AH -24. 1 * 0.7 kcal/mole for VCO 88
298’ .

and estimated -22.2 * 2.0 kcal/mole as the heat of formation of VC
0.73”

Meerson and Umanskii (1953) cite a value of -27.5 kcal/mole for AF
298

and Samsonov ( 1956a) obtained AH = -30.2 kcal/mole at 1550” C from a

tensimetric method. A third law treatment of the vapor pressure data

obtained by Fujishiro and Gokcen ( 1962) gives AH --22. 7+5.0
298-

kcal/mole.

Worrell and Chipman ( 1964) have estimated the heat of formation

of V2C as -35.2 * 5 kcal/mole.

Vaporization

All compositions studied by Storms and McNeal (1962) were

found to lose vanadium preferentially when heated in vacuum. Evapor-

ation became noticeable above 1500°, and an inert atmosphere was

needed to suppress the pronounced loss of vanadium above 18000C.

Using Knudsen effusion techniques, Fujishiro and Gokcen (1962)

have studied the vaporization process between 24820K and 2513” K. In

this interval the vapor pressure of vanadium can be represented by

log P
(atm)

= -30700/T + 7.63. They concluded from weight loss

experiments that atomic vanadium is the only vapor species.



.

.

I. 2.2 The Niobium-Niobium Carbide System

Preparation

Niobium carbide with a composition near NbC ~ ~ was first

prepared by Joly (1877) from the reaction of KoOo 3N~.0= with

carbon. Nb205 has been used as a starting m~terial

early workers and is presently used in the industrial

of the carbide.

The reaction between Nb205 and carbon begins

;y Lost

preparation

at 675”

(Elyutin, Merkulova and Pavlov, 1958). Below 1200 °,Nb02 and

NbCx are the main product% and these react between 1450’ and 1500°

to give a NbC O solid solution (Shveikin, 1958).
XY

Shveikin, in a

series of papers, has studied this reaction in some detail. A

continual rise in temperature at first favors formation of the

carbide, but at higher temperatures and correct stoic biometry,

Nb metal is formed. This reaction has also been used to produce

duc tile alloys of niobium and tantalum (Kolchin and Cheveluva, 1959;

Downing and co-workers, 1961). The form of the carbon determines

the ease with which the reduction will proceed ( Shveikin and

Gel’d, 1961).

Pure NbC can be easily obtained either from the above reaction

or by heating the elemental powders together, provided that a

sufficiently high final temperature is used. This is necessary to

eliminate the oxygen and nitrogen, and to bring about a complete

reaction with the carbon. Storms and Krikorian ( 1960) found that

both oxygen and nitrogen could be essentially eliminated from a

commercial sample of NbC containing O. 28 wt 70 oxygen and O. 66

wt Yo nitrogen if the material was heated in vacuum above 1900°

for about 30 min. However, they found that considerably

longer times are needed to react all of the carbon. The reaction

rates are such that longer than 38 hr at 1800° would be necessary

to bring equilibrium to a mixture of graphite and niobium powders

starting at NbCo 74. A H2 atmosphere or a higher temperature
.

.

*
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can shorten this time considerably.

It is possible to deposit the carbide from the gas phase onto a

hot object. Moers (1931a), by heating a tungsten wire to 900-1000” in

a gas containing NbCl ~, H2 and hydrocarbons, was able to deposit NbC

containing some free metal. The metal can easily be converted to

the carbide by heating it in a hydrocarbon + H2 mixture as was demon-

strated by Campbell and co-workers (1949). Protective coatings have

been applied to graphite by exposing the surface to NbC15 vapor while

at high temperature (Blocher and co-workers, 1958). In this process

the formation of NbC is

Phase Relationship

Three solid phases

solid solution of carbon

the fcc compound NbC.

diffusion-controlled.

are known in the Nb-Nb C system: the bcc

in Nb metal, the “hcp” compound Nb2C and

Golds chmidt in 1948 and Pochon et al. in 1959

have given tentative phase diagrams, but the first complete study was

reported in 1960 by Storms and Krikorian, and confirmed in its

major respects by Kimura and Sasaki (1961). Their results along with

the data of Brauer and Lesser (1959a) and Elliott (1961) are shown in

Fig. 1.2.3. Beginning at the pure metal, the solidus drops from 24670

(Schofield, 1957) to the eutectic temperature of 23350 between NbCo 08

There is very good agreement between other measure-and NbCoo 39.

ments of this temperature, namely, 23350 reported by Pochon et al.

(1959), 23280 obtained by Nadler and Kempter (1960), and 2340 + 20°

measured by Kimura and Sasaki (1961). At NbCoo 39 the melting

point rises to 3090°, whereupon Nb2C decomposes according

reaction NbC
0.52

= NbCo. 56 + liquid. Nadler and Kempter

(1960) and Kimura and Sasaki (1961) obtained 3080° + 50° for

to the

the

peritectic temperature. From the peritectic, the melting point rises
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to a maximum of 3500° at about NbC
0.86

and drops to 3250° with eutectic

melting between NbC and graphite. These temperatures are in good

agreement with those of Nadler and Kempter who have reported 3480°

as the maximum and 3220° for the NbC-C eutectic temperature and

Kimura and Sasaki (1961) who reported 3500 * 50° and 3300 + 50° for the

respective temperatures . Engelke et al. ( 1960) obtained 3420° by

arc melting a material which, according to the lattice parameter, had a

composition of NbC Brownlee ( 1958), using the same technique,
O. 92”

obtained 3485° for NbC A recent paper by Portno~ et al. (1961)
0.95”

claims a eutectic temperature of 3150° for a material of unknown purity.

The melting point range and the displaced maximum demonstrates

again the fallacy of considering only the properties of the stoic biometric

material. In this case, NbC ~ o melts at the eutectic temperature
.

which is almost 200° below the maximum. This same behavior is to

be expected in most of the other systems, with the result that the spread

in reported melting points is probably due to a variation in composition.

The volubility curve for niobium metal, according to Elliott ( 196 1),

shows that only 100 ppm carbon can dissolve at 1500” and, even at the

eutectic temperature, NbC
O. 08 (

1 wt Yo) is the phase limit. Likewise,

the Nb2C phase has a rather narrow range of existence at low temper-

atures. There is, however, some disagreement over this observation,

as can be seen in Figure I. 2. 3. Because of the techniques used, the

work of Storms and Krikorian (1960) probably represents the most

reliable relationship. The NbC phase exists from about NbCo To to
.

NbCoo 99. The disagreement in this region results from the increasingly

slow reaction rates as the 1:1 ratio is approached. The times used to

obtain the corresponding compositions , starting from NbC 0099, are

shown.

47



Recently, two other phases have been reported in this system.

Pochon et al. (1959) found what they suggested was a tetragonally

distorted form of NbC in arc-cast alloys containing about O. 0667’0

carbon. This was designated as a delta phase. But, because it

converted to Nb2C upon annealing at 1200°, it was dismissed as

metastable.

On the basis of one weak powder pattern line at e = 19.70°,

was

being

Brauer

and Lesser (1959a) suggested a zeta phase, the range of which is shown

on Figure 1.2. 3. This is similar to their findings in the Ta-TaC

system (Lesser and Brauer, 1958). Although neither Elliott ( 1961),

Storms and Krikorian (1960), nor Kimura and Sasaki (1961) found

b
evidence of this phase, subsequent work by Storms (1963 ) has con-

firmed its existence, but at a lower temperature than that reported

by Brauer. Recent evidence for a similar phase in the V-VC system

gives additional support to Brauer’s observation (Storms and McNeal, 1962).

Lattice Parameters and Structure

The structure and lattice parameters for the established phases

Nb, Nb2C and NbC are shown in Table 1.2.3. Lattice parameters are

given for the phase boundaries at 2000°. The lattice parameter of the

NbC phase varies with composition according to the equation

a = 4.09847 + O. 71820 (C/Nb) - 0.34570 (C/Nb)2,
o

where C/Nb is the mole ratio (Kempter, Storms and Fries, 1960).

A refraction correction is included. As pointed out by Storms and

Krikorian, the lattice parameter of alloys containing an appreciable

quantity of oxygen and nitrogen will lie to the right of this curve. This

is shown in Figure 1.2.4, where the black circles represent material

containing various amounts of these impurities. Thus, this equation

can be used to verify the purity of a sample if the carbon and niobium
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contents are known or to obtain the C /Nb ratio if the sample is known

to be pure.

An additional factor that will influence how data will fall with

respect to the curve is the uniformity of composition throughout the

material. Calculations of lattice parameters from powder patterns

of single phase material generally produce values for the most

abundant composition, whereas chemical analysis gives the average

composition. Thus, when this information is plotted on Figure I. 2.4,

the points will fall to the left or right depending on whether the sample

has been gaining or losing carbon during its previous treatment.

The density, based on the above equation, drops from 7.788

g/cm3 at NbCOo 99 to a minimum of 7.716 g/cm3 at NbC
0.785 and

rises to 7.730 g/cm3 at the NbC -Nb2C phase boundary. The x-ray

density of Nb2C in equilibrium with NbC is 7.796 g/cm3.

Appearance

Between the metal and about NbC o ~, the powder has a gray
.

metallic color. However, as more

color change begins which develops

Chemical Stability

NbC is exceedingly unreactive;

carbon is adsorbed, a subtle

into a lavender tint at NbC 0099”

even boiling aqua regia will not

attack the powder. A mixture of HN03 and HF is needed to cause

dissolution.

When heated in oxygen, NbC will burn, and in air corrosion

becomes severe above 11OOO. By heating in

the carbide can be converted to the nitride.

There is apparently no reaction with Hz

Hardness

nitrogen + H2 or ammonia

(May and Hoekstra, 196 1).

The hardness of NbC, as well as the other physical properties,
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depends on the composition. Unfortunately, no study of hardness as a

function of composition has appeared. Jones (1956) reported 1950 DPH

for NbC + C (Table 1. 3.4), Foster and co-workers (1950) obtained

2470 kg/mm2 for composition near to NbCl o,

tained some tungsten. Meerson and Umanskii

gators as obtaining 2055 kg/mm~, and Kieffer

2400 kg/mm2 for NbCo 99. The hardness for
.

Electrical Resistivity

but which probably con-

(19 53) quote Soviet investi-

and K’~lbl ( 1949) report

Nb2C has not been reported.

Rudy and Benesovsky (1960) claim a specific resistance of

35 pohm-cm at 20° for NbC in equilibrium with carbon. This contrasts

sharply with the value of 60.2 pohrn -cm reported by Sarnsonov ( 1956 b),

74 pohm-cm given in Schwarzkopf and Kieffer (1953), 51.1 pohrn-cm

obtained by L’vov, Nemchenko and Samsonov ( 1960), and a very early

value of 150 pohm-cm by Friederich and Sittig (1925). With the absence

of analytical data to establish purity and composition, it is impossible to

resolve these differences.

A value for which an analysis is given was reported by Kolomoets

and co-workers (1958). They give a specific resistance at 200 of

59 pohm-cm for NbC
0.99

containing O. 17 wt 70 free carbon and a Nb + C

summation of 99. 69??0. The values show a linear increase with tempera-

ture with a slope of O. 0635 pohm-cm/deg.

Superconductivity

According to Giorgi and co-workers (1962), the transition tempera-

ture of NbC varies with composition, dropping from 11. 10K at

‘bCo. 977 ‘0 1“ ‘5°K at ‘bcO. 829”
In a later publication Giorgi and

co-workers (1963) show that Nb2C is not superconducting down to

2.0 OK and that the previous value of 9.180 (Hardy and Hulm, 19 54) was

probably due to Nb metal in their sample. The transition temperature

I

52



for the metal is 9.4650K (De Sorbo and Nichols, 1961).

Thermodynamic Properties

The heat of formation of NbC at 298 OK has been measured as a

function of composition by Huber and co-workers (1961). The equation

‘H”298
=6.60- 70.95 (C/Nb) + 30.75 (C/Nb)’ was used to fit experi-

mental values obtained from combustion calorimetry. During the same

study, the heat of formation of Nb C was found to vary from -43. 1 * 1.7
2

kcal/mole to -46.6 * 1.2 kcal/mole over its homogeneity range.

Kusenko and Gel Id (1960) also obtained AH” values for NbC as a function

of composition. However, their data suffer from the uncertainty

created by not being able to correct for the large amount of oxygen

present. A recent measurement by Kornilov and co-workers (1962),

using a sample of NbC
0.915’

is in excellent agreement with Huber and

co-workers (1961) if the same heat of formation for ~ O is used in
25

the calculations.

High temperature molar heat contents (cal/mole) have been reported

by Gel’d and Kusenko (1960) as a function of temperature between 3000 and

1800 OK and at various compositions as follows:

Nb C ~ 50( HT - H 298) = 7.94T + 0.750 X 10-3T2 + 1.025x 105 T-1 - 2776

Nb C =8.95 T+1.127x1O
-3 2

T + 1.26 x105T
-1

0.749
- 3190

Nb C
O. 867

= 9.70T + 0.995x 10-3T2 + 2.15 X 105 T-1 - 3485

Nb C = 10.79 T+ O. 863X 10
-3T2+ z 15X ~05T-1

1.00
. - 4013

The composition cited for the last equation is probably nearer NbC
O. 98’

in view of the phase limit at NbC
0.99”

Heat capacity measurements have

been reported between 1490° and 22S6” C. An impure sample of NbC
0.99

(O. 22 wt % O, 0.47 wt ‘% N) showed a peak in the heat capacity at 2164° C

(Barriault et al. , 1961).

Low temperature measurements by Sandenaw and Storms (1964)

have p reduced the following values:
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NbC
O. 702 Cp

= 7.89 cal/mole-deg; S0(298. 15) = 7.41 e.u.

‘bCO. 825
= 8.47 = 7.78

Nb C
0.980

= 8.62 = 8.05

Recent heat content measurements by Neel and co-workers (1960’

Levinson (1963) have extended the range to about 2800” K. These

are compared in Figure I. 2. 5 after being corrected to a common

Vaporization

and

studies

basis.

The vaporization of NbC becomes noticeable in vacuum only above

2500” C. If the material is allowed to remain hot for a sufficient time,

the composition will change until a congruent composition of NbCo 748
.

at 2635° is reached. At higher temperatures the composition shifts to

lower values, being NbCo 735 at 2860° (Storms, 1963 b). Fries (1962),

in a rather complete study of the vaporization behavior by the Langmuir

method, obtained a congruent composition of NbCo 747 at 2670°. His
.

data give a value of 189 kcal/mole of carbon for the heat of vaporization

from compositions near NbC1 o and a carbon pressure according to
.

the equation log Pc(atm) = 5.296 - 3.27 x 104/T. He observed that the

mass evaporation rate becomes greater at lower carbon contents.

In a recent paper, Bolgar, Verkhoglyadova and Sarnsonov ( 1961)

state that NbC evaporates through a molecular species. This conclusion

was based on their impression that the composition of congruent vapor-

ization is at NbCl o. This premise does not lead to such a conclusion;
.

furthermore, the congruent composition is, in fact, not at the 1:1 ratio.

Although a conclusive study has not been made, present evidence leads

to just the opposite conclusion, that the niobium and carbon evaporate

from NbC in an unbound state. The same authors gave 167 kcal/mole

as

of

the heat of evaporation, in poor agreement with Fries, and the rates

evaporation are much too high, by a factor of at least 10.
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I. 2.3 The Tantalum-Tantalum Carbide System

Preparation

Tantalum carbide was fir st prepared by Joly in 1876 by

heating the pentoxide or tantalites and Na2C03 with carbon at about

1500” C. The pentoxide is a common starting material for modern

investigations, but, as with the other carbides, heating the elemental

powders together leads more quickly to a pure product. A

procedure adopted by Lesser and Brauer (1958) gives satisfactory

results. They heated the outgassed powdered elements in a graphite

crucible in vacuum until, at about 1000°, the materials began to

react, producing an evolution of gas and heat. After the reaction

had subsided, the temperature was raised to about 2000” and held

for about 15 min. Heatings were continued, with intermittent

r, grinding% until a homogeneous and pure product was obtained.

Reducing the compact to a powder between beatings helps overcome

the slow rate with which carbon diffuses into the carbide. Naturally,

the. higher the temperature the more quit k.ly will equilibrium be

obtained. A hydrogen atmosphere will also help.

Although TaC cannot be deposited directly on a W wire

from a hydrocarbon + TaC15 + H2 vapor -- because of the immediate

formation of Ta metal -- the carbide can be obtained by a subsequent

heating in a hydrocarbon atmosphere. (Moers, 193 la; Becker and

Ewest, 1930). Eliminating the fir st step, Robins ( 1959) produced

TaC by heating Ta wires in methane. He also prepared TaC by

melting iron or aluminum containing tantalum and carbon in a

graphite crucible. The TaC crystals were separated by dissolving

the menstruum in HC1.

Arc-melting techniques have also been employed. This,

however, tends to produce carbon-deficient TaC.

Phase Relationships
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The phase relationships reported for this system are in dis-

agreement. Ellinger (1943), the first to publish a complete phase



diagram, gives the following major features: eutectic melting at 28000

between Ta and Ta2C, peritectic melting of Ta2C at 34000, TaC with a

broad range between about TaC
0.79

and TaC ~ o, with a maximum melting

temperature of about 38000, and a TaC-C eutectic melting

work has shown that the melting temperatures are too low,

general shape of the phase diagram is essentially correct.

Ormont (1954, 55, 56a) gave the range of Ta2C as TaCo 38
.

at 3300°. Later

although the

Smirnova and

to TaC
0.50

and that of TaC as TaC
0, 58

to TaC
0.91’

although this range is inconsistent

with their data. In addition, their material suffered from the absence of

equilibrium. Lesser and Brauer (}958) found a somewhat wider range for

Ta2C, namely TaCo Al to TaCo 50. Unfortunately, this was based on one
.

sample in which they failed to detect the presence of Ta, but which had

the same lattice parameter as samples which did contain Ta. This value

should therefore be taken as a lower limit. They also found that TaC

lies between TaCo 74 and TaC McMullin and Norton ( 1953) placed
1.00”

the upper limit of the Ta2C phase at TaC
0.46

instead of TaC
0.50’

and

the limits of TaC at TaC Bowman (1961) agrees with
0.67 and ‘aCO. 988”

the TaC range, giving limits of TaC
0.71

and TaC
0.99

at 2400°, with a

trend to lower carbon content at higher temperatures. Robins (1959)

also was not able to reach the 1:1 ratio, having been stopped at TaC
0.96”

In view of the lattice parameter and his method of preparation, the

highest composition in his sample was probably above this value. Sara

and co-workers ( 1963) have confirmed that the range of TaC lies between

TaC
0.72

and T aC
0.98

at 2250°. The range of Ta2C is still in doubt.

however.

With the above results in mind, coupled with the phase relation-

ships known to exist in the two similar systems, Nb-Nb C and V-VC,

a tentative phase diagram has been constructed as Figure I. 2.6. The

eutectic and peritectic melting temperatures have been taken from
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the work of Nadler and Kempter (1960). The eutectic composition at

TaC o 12 is based on the work of Pochon and co-workers (1959). By

drawing the solidus to match the same general shape as that found for

the temperature of the melting point maximum at about TaC
0.85 has

been estimated. None of the measured values are this high for a good

reason; near this temperature the rapid loss of carbon can scarcely be

suppressed even by a hydrocarbon atmosphere, with the resulting shift

to lower compositions ( Zalabak, 196 1).

NbC,

Not shown on the diagram is a low temperature zeta phase reported

by Lesser and Brauer. In all powder patterns prepared from samples

beween ‘aCo. 5 and ‘aCo. 73’
they discovered extra lines which grew

in very slowly, always with the lines of either Ta2C or TaC or both

present. At 20000 there was some evidence for its partial decomposition,

How this phase should be related to the others has not yet been determined

Lattice Parameter and Structure

The structure and lattice parameters for the phases, Ta, Ta2C and

TaC are shown in Table 1.2.4. Bowman (1961) found that the lattice param -

eter of the TaC phase changes with composition according to the equation

a = 4.3007 + O. 1563 (C/Ta) as shown in Figure 1,2.7.
0

Previous work of

Lesser and Brauer (1958) and recent data of Sara and co-workers (1963)

completely support the variation found by Bowman ( 1961). In view of

the close agreement between the various measurements and the simple

relationship exhibited by this property, one can use the lattice parameter

to determine the composition with a good deal of confidence. It is necessary,

though to apply the cautions discussed in the Chapter 1.2.2, page 51.

Solution of the above equation for x-ray density leads to p = 15.11 -

/

O. 64 (C/Ta). Thus the density is 14.48 g/cm3 at TaC
0.99

and rises as

carbon is removed.
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Appearance

From the metal to about TaCO 85, the powder has a gray metallic

color, At higher carbon contents, the material gradually assumes a

brown cast which develops into the characteristic golden color at TaC
0.99”

Chemical Stability

Like NbC, tantalum carbide is very stable toward acids but will

dissolve in a mixture of HN03 and HF. It is stable in N2 up to 3315°

provided no H2 is present. In pure 02, burning will result above 800 0;

small amounts of oxygen in the atmosphere will cause decarbonization.

Water acts much the same way as oxygen at high temperatures.

Hardness

A number of measurements have been made using material of uncertain

composition. Jones (1956) gives 1400 DPH for TaC in equilibrium with

carbon (Table I. 3. 4); Meerson and Umanskii (1953) cite 1547 kg/mm2;
.

Kieffer and K81bl ( 1949) , using a 50 g load, obtained 1800 kg/mmL; and

Foster and co-workers (1950) measured a Knoop hardness of 1952 kg/mm2

on a high carbon sample which probably contained some tungsten.

This property has been measured as a function of composition, first by

Samsonov and Rukina ( 1957) who observed a linear variation which
2

extrapolated to 1600 kg/mm at TaC ~ o, and recently by Santoro (1963)
.

who found that the hardness maximized near TaCn QQ at 2400 kg/mm2

(100 g load) and 3000 kg/mm2

the phase boundaries.

Ellinger ( 1943) placed

1000 kg/mm2. Samsonov

the

and

U.O.J

(25 g load). The two works agree at

Knoop hardness value for Ta2C at about

Rukina ( 1957) give a value of 947 kg/mm2.

.

.
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Electrical Resistivity

The early measurements of specific resistivity yielded values near

170 pohm-cm (Friederich and Sittig, 1925; Moers, 1931b; Andrews, 1932).

As the technique and material have improved, the values have dropped,

the lowest being 25 pohm-cm reported by Rudy and Benesovsky (1960).

The lack of analytical data leaves most values open to question. Kolomoets

et al ( 1958) give 44 pohm-cm at 250 using a material analyzing TaC
1.0

with O. 04 ~0 Cf and a Ta + Ct summation of 99. 85~0. The values show a

linear increase with temperature with a slope of O. 0667 gohm-cm/deg.

This can be compared with the values: 40, ~ pohm-cm (Samsonov, 1956 b),

< 34 pohm -cm (Samsonov and Rukina, 1957), and 42. 1 #ohm-cm (L IVOV,

Nemchenko and Samsonov, 1960).

Much of this inconsistency probably results because the specific

resistance rises with decreasing carbon content, According to Andrews

(1932), a maximum occurs at TaCo 83, but later workers place it at

Ta2C (Smirnova and Ormont, 1956 b). Three studies have been made of

this property at various compositions (Samsonov and Rukina, 1957;

Cooper and Hansler, 1963; and Santoro, 1963). Although there is some

scatter, the resistivity was found to change in a nearly linear manner

between “-25 pohm-cm at TaC ~ o and 140 pohm-cm at TaC
. 0.70”

Superconductivity

Giorgi and co-workers (1962) have demonstrated that the supercon -

ductive transition temperature changes with composition, with values of

9“7°K at ‘acO. 987 and 2“040K at ‘acO. 848”
Their paper has resolved

the previously conflicting reports ranging from normal conductivity above

1.2 OK (Hardy and Hulm, 1954; Ziegler and Young, 1951) to a transition

temperature of 9. 20K (Meissner and Franz, 1930) and has re-emphasized

the importance of knowing the composition of the material measured.
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Giorgi and co-workers (1963) have also shown that Ta2C is not super-

conducting down to 2. 0 “K, in contrast to a transition temperature of

3. 260K given by Hardy and Hulm (1954). They suggest that this high

value was due to the presence of Ta metal in the sample. The metal

becomes superconducting at 4. 4570K (Milne, 1961).

Thermodynamic Properties

The heat of formation, AHO for TaC in equilibrium with carbon
298’

has been reported as -38.5 * O. 6 kcal/mole by Humphrey (1954) and as

.38 + 5 kcal/mole by McKenna (1936). Smirnova and Ormont ( 1955)

determined AHO
298

as a function of composition. Unfortunately, because

of serious disagreement over the position they found for the TaC-Ta2C

phase boundary (they give TaCo 58 ) and the relationship between lattice

parameter and composition (Figure 1.2. 7), there is considerable doubt

about the correctness of the values reported.

Caa’eful work by Huber and co-workers ( 1962) gives the following

equation to express the variation of AH
298

with composition:

AHf = 22.81 - 103.78 (C/Ta) + 46.88 (C/ Ta)2 kcal/mole.

In the same work, the heat of formation of Ta2C (TaCo 485) was found

to be -45.8 + 3.4 kcal/mole. A recent measurement by Kornilov and

co-workers (1962), using TaC
0.982’

is in excellent agreement with

Huber and co-workers (1962) if the same heat of formation for Ta205

is used in the calculations.

Low temperature heat capacity has been measured by Kelley ( 1940)

using TaC containing 4. 26% free carbon and less than O. 02% other im -

purities. He reports that CP(294. 5) = 8.764 cal/mole-deg and S
298 =

10.1 *0. le. u. Measurement of the high temperature heat content of

TaC by Levinson ( 1963) has yielded the following equation:
0.99

HT-H = -2.407 + 5.942x 10
-2

31OOK
T + 3.442 x 10-6T2 cal/g

(1296 - 2843” K).
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Vaporization

Above 2000°, vaporization of TaC becomes noticeable with the loss of

carbon. According to Andrews (1932), there is virtually no loss of

metal even at 3670° K, although as the composition approaches Ta2C,

metal does begin to evaporate (Coffman et al. , 1960 b). Hoch et al. (1955)

-8
gave an evaporation rate of 2.489 x 10 g/cm2- sec at 2495” K, due

solely to the loss of carbon. Using Langmuir techniques, Coffman and

co-workers (1960b) calculate that carbon evaporates with a heat of

148 kcal/mole from a composition near TaC1 o. They conclude that
.

TaC
1.00

is thermodynamically stable above 22300. This conflicts with

the experimental results discussed previously. The very slow rate at

which carbon diffuses through TaC can lead to errors in vaporization

rate studies and should be kept in mind when these measurements are

evaluated.

Lyon ( 1962) has shown that the congruent composition is somewhat

below TaC
0.50”
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Chapter 1.3

The Group-6a Carbides

.

The following compounds have been reported in the 6a Group:

‘23c6’ ‘7c3’ ‘2c’ ‘5c3’
M3C2 and MC. If one wishes to believe

the present literature, there is apparently only a slight similarity

between the carbides of Mo and W and none between them and the Cr

carbides. This is unusual in view of the marked similarities observed

in the other Groups. The compounds Cr23C6, Cr7C3 and Cr3C2, each

melting peritectically, are said to occur in the Cr-C system. In view

of the methods used to obtain this information and the lack of similarity

to the other systems in this group, further work should be done before

conclusions are based on these observations. Both the Mo and W

carbide systems form a hexagonal (metal lattice only) M C structure
2

and a higher carbide structure having a hexagonal low temperature

form which converts to a fcc lattice before melting. This compound

occurs at M03C2 in the molybdenum system but, in the tungsten system,

it is designated WC.

The metals exhibit higher melting points than the corresponding

elements of the other Groups, and the dissolution of carbon causes a

more drastic reduction in the melting point. Apparently, the strong

metal-metal bonds, which are broken by dissolved carbon, are not

replaced by stronger carbon-metal bonds in the carbide. The low heat

of formation confirms this view and shows that these carbides are much

less stable than those of Groups-4a and -5a.
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In spite of this lower stability, the hardness of WC is quite high,

sufficient to warrant its use in the hard metal industry.

.

.

.
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I. 3.1 The Chromium.- Chromium Carbide System

Pre~aration

The carbides of Cr have been observed since 1893L when

Nloissan prepared Cr3C2 and “Cr4C” in the electric arc and blast

furnace.

Because of the useful properties chromium imparts to

steels, most of the knowledge about this system has been obtained

by isolating the carbides from steels and other alloys. Even

chromium metal is apt to have iron as a major impurity. Thus ,

many of the data to follow should be viewed with the reservation

that they might better apply to the Fe-Cr-C system.

Technically, Cr3C2 is produced by heating a mixture of

Cr203 and carbon in hydrogen at 16000c. Below 1300°, Cr7C3

is the major product, while above this temperature Cr3C2

begins to form. Boiling HC1 can be used to remove the lower

carbides (Kosolapova and Samsonov, 1959). The thermodynamics

of the carbon reduction of Cr O can be found in a comprehensive
23

paper by Kelley and co-workers (1944).

Layers containing Cr. and Cr3C2 have been produced by the

thermal decomposition of chromium carbonyl (Owen and Webber,

1948; Lander and Germer, 1948). The metal will react with

methane at 600-800° (CampbeU and co-workers, 1949).

These carbides can be prepared by reacting the powdered

elements. However, because chromium has a very high vapor

pressure at its melting point (3. 9 torr), arc melting can result

in a substantial loss of the metal.

Phase Relationship

.

.

The literature, at the present time, contains evidence for
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the three phases Cr23C6, Cr7C3 and Cr3C2. Early workers gave

Cr4C as the formula of the first phase. Epprecht (1951) reported

a cubic CrC phase above about 2000’, but this is unconfirmed.

A phase diagram has been reported by Bloom and Grant

(1950) which shows peritectic melting of each phase at 1520°,

1780° and 1895°, respectively, and a Cr-Cr C eutectic which
23 6

melts at 1498°. Friemann and Sauerwald (1932) give this latter

temperature as 1515’, which was lowered to 1475° when the

C was suppressed by rapid cooling. Markovskii
formation ‘f cr23 6

and co-workers (1957) measured the melting point of Cr C in
32

contact with graphite at 1850°. The homogeneity range of these

phases has not been reported.

The metal melts at 1915° with an allotropic transition

at 1840° (Grigor’ev and co-workers, 1960). These workers also

report a transition at 16500 w’nich i.s stiH unconfirmed. However,

Edwards (1960) concludes that the normal bcc form is the only

one firmly established at the present tire: , According to Smith

(1957), the volubility of carbon in Cr is very slight (O. 32 wt % )

even at the eutectic temperature. If this is true, the effect of carbon on

the melting point of Cr is striking, amounting to about - 13°/ 100 ppm C,

At the present time, there is insufficient information to

cclnstruct a ph,ase diagram that can be viewed with confidence.

Lattice Parameters and Structures—- —.-

Cr23C6 is reported to be complex face-centered cubic

(D: - type) with 116 atoms per unit cell and a = 10, 66 A (Westgren,

1933). This is supported by the electron diffraction work of

Brown and Clark (1951). When this phase was formed in steel,

Allten and co-workers (1954) designated it (Cr, Fe) 23C6 and gave
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a= 10.6OA. The Cr C base has also been found in steels (Crafts73P

and Lamant, 1949}. A hexagonal structure with a = 4.53, c= 14.01 A

was reported by Westgren (1933). Kelley and co-workers (1944)

gave parameters of a = 4.5, c = 13. 98A to this phase.
Cr3c2 ‘as

first reported as orthorhombic by Hellstr~m and Westgren (1933),

and parameters of a = 2.82, b = 5.52, c = 11.46A were reported

by KeUey and co-workers ( 1944). This structure was later con-

firmed by Meinhardt and Krisement (1960),

16
and a space group D2h - Pbnm (Prima) was

Chemical Stability

using thermal neutrons ,

assigned.

In powdered form, all of the carbides begin to oxidize at

700°. However, massive samples of Cr C and Cr 23C6 remain
32

practically unaffected up to 1000°. Cr7C3 is attacked at 800°

(Kosolapova and Samsonov, 1961). These carbides are even more

reactive in steam. Kelley and co-workers (1944) observed that

Cr3C2 burned in O? below 1050° and was insoluble in hot H2S04,

but would dissolve in boiling perchloric acid; Cr7C3 required

1100-1150° to burn and would dissolve in hot dilute H2S041; and

Cr4C gave incomplete combustion even at 1200° and was easily

soluble in warm dilute H ~SO Boiling 1:1 HC1 will also dis solve
4“

C and Cr7C3 (Grigor’eva and Klimenko, 1959).
cr23 6
Hardness

Kieffer and K~lbl (1949) reported a hardness of 1300 kg/mm2

for Cr3C2. Other workers have obtained values between 1000 and 1400

kg/m,m2 . Westbrook ( 1957), from a study of the effect of temperature

up to 800°, found room temperature values for Cr C
~ 73 and Cr23c6

of 1600 kg/m,,l 2 and 1000 kg/mm , respectively.
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Electrical Resistivity

Electrical resistivity and other electrical properties were

determined by L’vov and co-workers ( 196 1). They give the follow-

ing values of the electrical resistivity:

cr23c6 - (5.33 Wt %c) = 127 + 2 p.ohm-cm

cc
73

(9. oowt %c) = 109 * 4

Cr3C2 - (13.33 Wtyoc) = 75+5

Cr — 18.9

Superconductivity

Hardy and Hulm (1954) report that Cr23C6, Cr7C3 and

Cr3CZ are normal conductors as low as 1. 20” K. The metal is

normal below O. l°K (Hulm and Blaugher, 1961).

Thermodynamic Properties

A complete study of the thermodynamic properties of the

chromium carbides was undertaken by Kelley and co-workers ( 1944

From the reaction between Cr203 and graphite, AH and AFO were

measured as a function of temperature. High temperature enthalpy

.

was also measured up to 1500” K. The values are shown in Table I. 3. 1.

From these measurements , they concluded that each carbide is

thermodynamically stable with respect to decomposition to the higher

or lower carbide at room temperature. A more recent determination

of high temperature enthalpy of Cr3C2 by Oriani and Murphy ( 1954) gave

values which are somewhat below those of Kelley. This is due,

they suggest, to the higher oxide content of Kelley ’s preparations .

Using the same material, DeSorbo (1953) measured the low temper-

ature heat capacity.
‘e ‘ePorts ‘~98. 16

= 20.42 + 0.05 e.u. and

CP(298. 16) = 23.53 cal/mole-deg. The entropy value is in excellent

agreement with that reported by Kelley et al. (1944) (20, 4 e.u. ).

71



.

+
+‘E

+
u

-lo
o

A‘E
+

u-lox

A‘
E
+

m
o.
+

x

I

I
.

x
4

N
;

s
1+

m
l’

u
-l

H
o
’

0
C

.-1
I

+
N

1+
m

1

+
o

+
o

+
N

x
H

u
-l

P-1I
F

o
1=

I

.,

d
+r-.
ad

1

0
0

r-l
Z

(-o
t
-
o
.

N
.+

2
(W

N
N

I
I

I

II
II

II
II

II
Ii

II
II

II
II

Q

.



Vaporization

Vaporization produces a rapid preferential loss of Cr

throughout the Cr-C system, and, according to Fujishiro and

Gokcen (1961b), the vapor is mostly, if not all, chromium. Mea-

surement of the dissociation pressure from a graphite Knudsen

cell at 1900° to 2237° K by these workers led to the following

equations for the pressure (atm) of Cr:

log Psolid = -21. 194/T + 6.525

10g ‘liquid = -19.535/T + 5.76.
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I. 3.2 The Molybdenum- AMolybdenum Carbide System

Preparation

Like most of the other carbides, M02C was prepared by

Moissan (1893, 1895, 1897) in an electric arc. Later he and Hoffmann

( 1904) obtained “MoC” from an aluminum menstruum.

The reduction of Mo03 by carbon leads to the carbide in two

steps: between 420°and 640”M002 is formed by an exothermic reaction, and

above 820° the metal begins to form. The carbide M02C results

only after the oxide has been eliminated (Heged&s and Neugebauer,

1960). This, however, does not preclude the possibility of a solid

solution between the carbide and oxide. The reaction is promoted

by the presence of hydrogen halides (Hiittig and co-workers, 1950).

Molybdenum metal can be converted to M02C by the action

of CO (Browning and Emmett, 1952; Hilpert and Ornstein, 1913);

the reaction with CH4 will produce M02C and Mo3C2(Tutiya, 1932);

and the direct reaction with graphite will lead, under the proper

conditions, to both carbides. The latter reaction starts at about

1000° (Arkharov and co-workers, 1960; Htittig and co-workers, 1950)

forming the M02C phase first. The thermodynamics of the CH4

reaction have been studied by Browning and Emmett ( 1952).

Deposition from the gas phase can be accomplished by

heating a wire to 300-800° in an atmosphere of molybdenum carbonyl

and hydrogen (Lander and Germer, 1948; Campbell and co-workers,

1949) or by heating graphite in molybdenum chloride vapors (Pring

and Fielding, 1909).

Fused-salt electrolysis of carbonate -borate-fluoride-metal

oxide salt baths has produced both carbides, which deposit as silvery

.

.

crystals on a graphite electrode (Weiss, 1946).
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Phase Relationship and Lattice Parameters

The lower carbide has been established

stoichiometry of M02C and an orthorhombic

to have an integral

structure. The integral

stoic hiometry of the higher carbide , which has been referred to as

MoC, has been placed in some doubt by the work of Rudy and co-

workers (1961, 1962a). They report that this phase actually has a

composition corresponding to Mo C
32

,which is hexagonal at low temp-

eratures but which converts to a cubic structure before it melts.

Of the known phases, only M02C is thermodynamically stable

at low temperatures and pressures (below about 1000° ). Apparently

it can have a composition between approximately MoC
0.44

and MoC
0.50

at about 1400° (Sykes and co-workers, 1935; Wallace and co-workers,

1963). MoCO so melts peritectically at 2410 * 15° (Nadler and Kempter,
.

1960; Sykes and co-workers, 1935; Friederich and Sittig, 1925).

Between the M02C phase and Mo there is a eutectic, melting at

2200 + 25°, with a composition of about MoC

1935). Beyond Mo 2C,

o. 15 (Sykes and co-workers,

the melting point rises regularly to 25750 at

M03C2 (Wallace and co-workers, 1963). The hexagonal structure,

based on x-ray studies, has been modified by Parth6 and Sadagopan

(19 63) using neutron diffraction techniques. They found that M02C is
14

orthorhombic ( D 2h-Pbcn) with a = 4.724, b = 6.004, and c = 5. 19
9“

However, the hexagonal metal structure is normally seen when x-ray

techniques are used. For this reason, the hexagonal parameters are

listed in Table 1.3.2.

There has been considerable controversy in the literature concerning

the crystal structures that should be assigned to the compound Mo C
3 2“

At least four structures have been observed, depending on the conditions

of preparation. Kuo and H~gg ( 1952) observed a hexagonal structure
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(a = 2.932, c = 10. 97A), designated Y’ , when MO and CO were allowed

to react at low temperatures. Above 800° it converted to another

hexagonal structure a = 2.898, c = 2.809 A (WC-type), designated ?’.

Nowotny and co-workers (1954 b), when they were unable to obtain

the 7 phase and found higher parameters for the ?’! phase, suggested

that the disc repancy might be due to oxygen contamination. Their

preparation gave lattice parameters of a = 3.01, c = 14. 61.Aand was
4

assigned to the space group D6h. If only the strongest lines in the

hexagonal pattern are considered, a cubic indexing results, and

a = 4. 27 can be calculated. With the addition of a little NbC (Rudy

and co-workers, 1961), ThC, UC and VC (Rudy and co-workers, 1962a),

ZrC (Wallace and co-workers, 1963), or WC (Dawihl, 1950), the

cubic lattice can be stabilized. By employing a very rapid quench from

the melt, Rudy and co-workers (1962a) were able to retain the cubic

phase in the binary system. The use of high pressures will also produce

the cubic form. At O. 6 kilobars and 1750°, only the hexagonal form

was observed (Koval’skii and Semenovskaya, 1959), but at 40-70

kilobars and 1800 -2500 °, Clougherty and co-workers (1961) found that

upon cooling the cubic form had been retained. From the analyzed

compositions and the fact that the melting point is independent of

composition beyond MoC (Wallace and co-workers, 1963), one
-O. 69

can conclude that the cubic form is a high temperature allomorph of

M03C ~ rather than an unstable form of MoC. With this in mind, the

cksignation used to describe the hexagonal M03C z (TI) and the cubic

form (a) might better be changed to (a) for the low temperature

form and ( (3) for the cubic form, thus making this system consistent

with the W-WC system.
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The temperature of the hexagonal cubic transformation and the

phase limits have not been reported for the M03C2 phase. This phase

decomposes into M02C and carbon below 18000 (Rudy and co-workers,

1962a). Melting point determinations of what was thought to be MoC

have given values of 28700 (Engelke and co-workers, 1960) and 26920

(Agte and Alterthum, 1930). A melting point of 25750 for compo-

sitions beyond MoC
0.69’

recently measured by Wallace and co-workers

(1963), sheds doubt on the previous values.

The metal melts at 2620 * 200 (Taylor and co-workers, 1961;

Worthing, 1925) and apparently has only one crystal form up to at

least 2250° (Demarguay, 1945).

The various lattice parameters and structures are summarized

in Table I. 3. 2.

Appearance

All compositions have a metallic color which becomes darker as

the carbon content increases.

Chemical Stabilitv

The molybdenum carbides are rapidly attacked in air even at

700-8000 (Powell and co-workers, 1955). According to Schwarzkopf

and Kieffer ( 1953), the higher carbide is dissolved by concentrated

HF, by cold HN03, and by boiling H2S04, but concentrated HC1 has

very little effect. Also this carbide is attacked by the halogens to

a varying degree.

The carbides are stable in H2below 20000 (Ohlinger, 1959 b).

Hardness

The following values have been reported for the hardness of

M02C: 1479 kg/mm2 (Meerson and Umanskii, 1953), 1500 kg/mm2

(Kieffer and K~lbl, 1949) and 1550 DPH (Jones, 1956; Table I . 3.4) .
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Schwarzkopf and Kieffer (19 53) report that Btickle obtained a value of

2
1800 kg/mm . M03C2 is reported as being somewhat harder than

M02C, but no values have appeared.

Electrical Resistivity

According to Friederich and Sittig (1925), the specific resistivity

of M02C is 97. 5 #ohm-cm, and the value for Mo C is 49 #ohm-cm.
32

A more recent determination gives 71.0 pohm -cm for Mo 2C (L’vov

and co-workers, 1960).

Superconductivity

Matthias and Hulm ( 1952) have confirmed the early resistance

measurements of Meissner and Franz (1930) with values of 2. 78 OK

and9.26° Kfor T of M02C and Mo C
c 3 2’

respectively.

Transition temperatures between 0, 92 and O. 98 have been reported

for pure Mo metal (Horwitz and Bohm, 1962; Hein and co-workers, 1963;

Geballe and co-workers, 1962).

Thermodynamic Properties

The free energy of formation of M02C and M03C2 has been estimated

by numerous authors from equilibria in multicomponent systems. Some

of this work is in errcr because the results are based on incorrect

compositions for the equilibrium phases . These results have been re -

calculated in light of later findings .

Browning and Emmett ( 1952) measured the free energy by studying

the equilibrium involving H2 and CH4. The following values at 950 “K

were calculated from their data after making appropriate corrections.

It should be realized that most of the calculated values in their paper

are in error, as noted by Kempter (1956).

(1) 2.27 Mo + CH4 = 2.27 MoCO ~4(Mo2C)+2H2 AFO = -12.3 kcal/mole;
.

(2) 6.0 MoCO so (M02C) + CH4 = 6.o MoCO 667 (M03C2) + 2H2
. .

AFO = -2.2 kcal/mole;
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(3) Mo + 0.44C = MoC 0 ~4(Mo2C) AFO = -4.0 kcd/mole.
.

If it is assumed that AFo for the reaction MoCO 44 + O. 06C = MoCO so
. .

is small, then the following values can be calculated:

(4) Mo + O. 667C = MoCO 667 (M03C2) AFO = -0.6 kcal/mole;
.

(5) MoCO. ~o(M02 C) + O. 167C = MoCO 667 (M03C2) AFO = -0.2 kcal/mole.
.

Thus both compounds are stable with respect to the elements, but

M03C2 will decompose to give MOZC and C at 950 oK, as has been ob-

served.

Gleiser and Chipman ( 1962a) measured the pressure of CO and C02

over M002 + M02C + Mo in the range 1200 -1340” K and expressed the

free energy of formation of M02C as

AFO = -11.710 - 1. 83T cal/mole.

However, they made no effort to determine or correct for possible oxygen

contamination of the Mo C phase. It should be noted that the values
2

were applied to MoC
0.5’

not to the actual composition of the Mo C phase, i. e~
2

‘°Co. 44”
A1.ekseev and Shvartsman (1962), using the Mo + M02C -t H2 -t CH4

equilibrium, obtained the formula

AFO = +3800 - 14. 84T cal/mole

for the free energy of formation of M02C in the range 873°- 1123° K. The

free energy values from these studies are compared in Figure 1.3. 1.

AF~ for M03C2 has been estimated from equilibrium studies within

solid systems. By studying the Nb-Mo-C system, Rudy and co-workers

( 1961) proposed that the free energy of MoC1 ~ was between -6 and -9

kcal/mole at 2120”K. Wallace and co-workers (1963) re-examined this

value in light of a more reasonable composition for the equilibrium

phases and suggested that the free energy of MoCO 61( M03C2 ) lies
.
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between -1 and -4 kcal/mole. Using a similar analysis of the Zr-Mo-C

system, Wallace and co-workers (1963) obtained -2.6 * 1.5 kcal/mole

for AF~ over the temperature range 1720-2370 “K.

Mah (1961) measured the heats of formation of M02C and “MoC”

by combustion calorimetry and obtained -11.0 * O. 7 kcal/mole and

-2.4 + 1.0 kcal/mole, respectively. However, the “MoC” sample ,

for which analysis gave MoCO 86, was assumed to be a mixture of
.

MoC and Mo 2C. Since the high-carbon carbide actually has a stoich-

3 z, the material was no doubt a mixture of M03C ~ andiometry of Mo C

free carbon. Any M02C that might have been present would have resulted

from the decomposition of the M03C z into M02C and C upon cooling.

Therefore, the uncertainty for this value is a good deal larger than

that indicated.

Workers at the Southern Research Institute ( 1963) have reported

heat content values for M02C above !533° K. Th?ir least-squares fit

of six points has been converted from Btu/lb to cal/mole in the following

equation:

‘T-H273
= 3.09 X 10-3T2 + 13.88T + 9360/ (T-255) - 4538

(533 - 2200” K).

Vaporization

No vaporization studies have appeared except the work of Bolgar

and co-workers (1961).
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I. 3.3 The Tungsten-Tungsten Carbide System

Preparation

Starting with Moissan ( 1893, 1896, 1897), the tungsten carbides

have been prepared by melting together either W or W03, and carbon.

Most later work has been based on preparations obtained by heating

the powdered metal or tungsten compounds with carbon or CH
4’

sometimes in the presence of H ~, but below the melting point.

WC can be prepared by heating tungstic acid (H2W04) or

ammonium paratungstate in a mixture of H
2

and CH at 850” to
4

1000”. With tungstic acid, the reduction to W metal is complete

before carbonization takes place (Newkirk and Aliferis, 1957).

The reaction between W03 and carbon proceeds in a similar

fashion. Intermediate oxides are formed between W and unreacted

W02, leading to the formation of the carbides only after the oxide

has been eliminated (Heged& and Gad6, 1960).

Carbide formation from the powdered elements is possible at

1050° (H[ttig and co-workers, 1950). Below 650° this reaction leads

mainly to W2C, but above this temperature WC is formed (Kot~ and

Suzuki, 1948). The presence of H2 or a hydrocarbon gas promotes

this reaction. A final heating in vacuum above 1500° should be

used to remove the last trace of oxygen.

Methods of producing carbide coats from the gas phase have

been described by Campbell and co-workers (1949) and Lander

and Germer (1948).

Phase Relationshi~

Numerous papers have established the existence of the two

phases, W2C and a- WC:and recently evidence for f.3-WC phase has

been reported. Until recently, however, knowledge of the phase
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relationship has rested on the work of Sykes (1930) as modified by Norton

(see Schwarzkopf and Kieffer, 1953). The latest work, by Sara and Dolloff

(1962 ),has shown that the system is somewhat more complicated, and

that the melting temperatures are much higher than thought.

Their phase diagram, Figure I .3.2, has the following features:

eutectic melting between W and W2C at 2710 0; congruent melting of

W2C at 27950 and a composition of WC
0.43

; a high temperature phase

(3-WC, which forms at 25250; peritectic melting between (3-WC and carbon

at 2785°; and the dissociation of CY-WC into P-WC and graphite at 2755”.

The W-W2C eutectic temperature agrees well with 27270 measured by

Barnes (1929) and 2732° reported by Nadlerand Kempter (1960). The

latter authors also reported that a composition of WC1 ol melts at 2720°.
.

The range of W2C was shown by Sara and Dolloff (1962) to be wider

than thought, from W C
0.39

to Wc
0.50

at 24000, and a-WC apparently has

a negligible composition range. The (3-WC, like the other cubic carbides,

has a wide homogeneity range, but it is impossible to quench in by normal

cooling. In addition, this phase was undoubtedly prepared by Lautz

and Schneider ( 1961) although they refer to it as a cubic form of W2C.

By sparking two electrodes made of CY-WC together under oil, they

collected the pure phase, a = 4. 25 A, as a fine powder. Golds chmidt and

Brand ( 1963) also found a cubic phase by sparking W against graphite.

Although they designated it p-W2C , their evidence is not sufficient in

view of the work of Sara and Dolloff ( 1962) to establish this phase as the

high temperature form of W~C rather than P-WC.

Tungsten,

melting metal.

Brand, 1963) is

&

with a melting point of 3407° (Zalabak, 196 1), is the highest

The dis solution of only @. 3 at. Yo carbon (Golds chmidt and

sufficient to lower the melting point to the eutectic temper-

ature. The metal is bcc at room temperature.
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Lattice Parameters and Structure

The structures of W2C and a-WC are both simple hexagonal, and

(3-WC is fee. Recent proposals that the cubic structure is a high temper-

ature form of W2C, as indicated by the initial work of Becker ( 1928),

are without sufficient supporting evidence.

Until recently the exact crystal structure of CY-WC was in doubt.

The originally proposed structure of Westgren and Phragm~n ( 1926)
!1

was questioned by Hagg ( 193 1) who suggested that a NiAs -type structure

would also fit the x - ray data. However, until neutron diffraction was

used, it was not possible to assign an unambiguous structure. Using

this technique, both Leciejewicz (1960) and Parth~ (1961) assigned the

space group D ~h- P6m2, corresponding to the structure proposed by

Westgren and Phragm&n ( 1926). Electron diffraction studies of

Butorina ( 1960) gave the same result. The homogeneity range of this

phase is unknown. For this reason, lattice parameters are listed in

Table I. 3.3 only for samples for which an indication of the composition

was given. The trend in ‘c’ values suggests that the a-WC phase might

have some width, in contrast to what has been assumed.

The newly found (3-WC phase has a parameter of 4.215 A (Sara and

Dolloff, 1962) which is remarkably close to the value obtained when the

lattice parameter of the TiC-WC solid solution

WC (Metcalfe, 1946).

The W2C phase (hcp, L’3-type) also shows

is extrapolated to

a variation in ‘c’

across the single-phase region (Nowotny and co-workers, 1954a).

Chemical Stability

WC is stable in air to 700°, it is decarbonized when heated in

hydrogen, and it is not attacked by N even at high temperatures.
2

W2C is attacked by C12 at 300-400°, but WC is unaffected.

86
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TABLE I. 3.3

Structure and Lattice Parameter of the Tungsten Carbides

Lattice Parameter, A Analysis or Phases
Investigator a c in Equilibrium— —

Q-WC

Metcalfe (1946) 2.9063 2.8368 Wc
1.0

Parth~ (1961) 2.90 2.83 Wc
0.986

Coffman and

co-workers (1960a) 2.906 2.823 Wc
0.973

(3-WC

Sara and Dolloff (1962) 4.215 Wc
0.82

W2C

Westgren and
Phragm% (1926) 2.992 4.722

Coffman and
. co-workers (1960a) 3.028 4.729

Nowotny and

co-workers (1954a)
r

2.99 4.72

12.99 4.69

w

Wc
0.52

W2C -1- Wc

W2C + Wc

W2C + w

Parrish (1960) 3.16522 + 0.00009 pure

87



.

Dilute 1:4 HN03 + HF will

WC after the solution has been

Hardness

dissolve W2C at room temperature, and

heated (Kachik et al. , 1946).

Most hardness values for these carbides were obtained in the

middle 1940’s when the technique was less accurate than now.

Consequently there is rather poor consistency between the values. More

recently, Jones (1956), Table I. 3..4, reported 2250 DPH for WC when

W2C was present
2

, while Kieffer and K~lbl (1949) reported 3000 kg/mm

(50g load) for W2C when WC was present. On the other hand, Dolloff

and Sara (1961) give 1450 and 2085 kg/mm2 as being representative of

W2C and WC, respectively.

Electrical Resistivity

Three recent values for the room temperature resistivity of WC

are 25 Vohm-cm (Rudy and Benesovsky, 1960), 19.6 p ohm-cm (L’vov

and co-workers, 1960), and 50 pohm-cm with a linear slope of O. 240

pohm-cm / deg (Kolomoets and co-workers, 1958). The latter value

applies to a sample of WC
0.99

containing O. 02 wt YOfree carbon and

having zero porosity.

Recent values for W2C are lacking. Becker (1928) reported a

room temperature value of 80 p ohm-cm and an increase in the resis -

tivity-vs-tempe rature slope at about 2300°. From this he suggested

that W2C has a high temperature form. Andrews (1923) observed

that the resistivity of W2C is greater than that of WC.

Superconductivity

a -WC has been reported to be a normal conductor above 1. 28° K

(Ziegler and Young, 1953; Lautz and Schneider, 1961).

Lautz and Schneider (1961) found that a cubic form of !’W2C” became

superconducting at 5. 2°K (center). As discussed above, this material

I

88



.

Compound

TiC(a)

Zrc(b)

HfC(a)

Vc(a)

NbC(c)

TaC(c)

c, ~ (a)
32

M02C(C)

WC(’)

TABLE I. 3.4
Hardness of Group-4 a,- 5a and -6a Carbides

(Jones, 1956)

Impurities, Carbon,
Wt 70 Wt 70

Zr : 0.OO1-O.O1 20.2

Hf : 1. O-lO. O
Ti : 0. 1-1.0
Si : 0. O1-O.1
v : trace
Cr : trace
Mo: trace

Zr : -1.0
Ti : trace
v : trace

Ca : 0. O1-O.1
Cr : trace
Fe : trace
Ba : trace

Zr : 0. 01-0.1
Ti : 0.01
Fe : trace
Mo: trace

Mo: -0. 1
Ti : “-0.01
Cr : trace
Fe : trace

Al: -1.0
Si : 0. 01-0.1
Ca : -0.01
Ti, V, Mn,
Co, Cu: trace

Si : 0. 01-0.1
Ti, Fe, Ni:

trace

Fe : 0. 1-1.0
Ti : 0.01
Cr : 0.01
Si, Mn: trace

(a) Prepared from oxides
(b) Prepared from hydrides
(c) Commercial product

12.5

6.o

21.6

11.5

6.3

13.1

5.8

5.8

X-ray Lattice Hardness,

Analysis Parameter, A DPH

graphite 3100

graphite 4.698 2200

HfC only

graphite +
unidentified
lines

NbC only

TaC only

mostly Cr C or
Cr7C3. ?O c?xide

M02C only,
variable
composition

Wc + W2C

1675

2250

1950

1400

1860

1550

2250

. . .

.
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was no doubt (3-WC. W2C is superconducting below 2.74° K as confirmed

by Matthias and Hulm ( 1952).

From a study of alloys, Hulm and Blaugher ( 1961) concluded that

tungsten metal should have a negative transition temperature. No

evidence of superconductivity has been seen above O. 035° K (Strongin

and Fairbank, 196 1).

Thermodynamic Properties

The combustion measurement of McGraw and co-workers (1947) was

recalculated by Huff and co-workers (1948) to give a AH” value for
298

CY-WC equal to -8.4 + O. 2 kcal/mole. Mah (1963b)obtained AHO
298 =

-9.6 * O. 4 kcal/mole for a sample of a-WC which was reported to contain

O. 53% tungsten metal . A study of the system WC + C02 = W + 2C0 has

yielded a value of -8.34 * O. 3 kcal/mole for AF~ between 1215” and

1266° K (Gleiser and Chipman, 1962 b).

Mah (1963b)obtained AH~98= -6.3 + O. 6 kcal/mole by burning a

sample of W2C which contained both W and WC.

The high temperature heat content of Q-WC has been measured by

the Southern Research Institute (1963) and by Levinson (1964). The latter

worker, using very pure WC o 99, fit his data by the following equatiorx
.

‘T - ‘310°= -
17.15 + 5.140 x 10-2T + 4.589 x 10-6T2 cal/g

(1276° -2642° K, *2. 0’%).

Vaporization

Both carbides lose carbon rapidly when heated above 2400°, leading

eventually to the metal (Andrews and Dushrnan, 1921; Andrews, 1923).

WC heated above 2000° will rapidly form a surface layer of W2C

through which the diffusion of carbon is not quite rapid enough to insure

equilibrium (Coffman and co-workers, 1963). The evaporation rate

studies of Hoch and co-workers (1955) and Coffman and co-workers

( 1963) show that the total pressure of carbon over W2C + QWC is

e ssentially equal to the C ~ pressure over graphite, and that no metal

evaporates up to 2700” K.

90

.



Adarns, R. P. and Beall,

Agte, C. and Alterthum,

Agte, C. and Moers, K.

BIBLIOGRAPHY

R.A. ( 1963) BM-RI -6304.

H. (1930) Z. tech. Physik 11, 182.—

(1931) Z. anorg. Chem. 198, 233-43.—

Alekseev, V. 1. and Shvartsman, L, A. (1962) Izv. Akad. Nauk

S. S. S. R. , Otd. Tekhn. Nauk, Met. i Toplivo, No. 6, 171-5.

Allten, A. F. , Chow, J. G. Y. and Simon, A. (1954) Trans ASM

46, 948-72.—

Alyamovskii, S. I. , Geld, P. V. and Matveenko, 1. 1, (1961) Zh.

Strukt. Khim. 1961, 445-8.

hderson, C. T. , Hayes, E. T. , Roberson, A. H. and Kroll, W. J.

(1950) U. S. Bur. Mines Rept. Invest. 4658.

Andrews, M. (1923) J. Phys. Chem. 27, 270.—

Andrews, M. (1932) J. Am. Chem. Sot. 54, 1845-54.—

kdrews, M. and Dushman, S. (1921) J. Franklin Inst. 192, 545.

Arkharov, V. I. , Konev, V. N. and Gerasimov, A. F. (1960) Fiz.

Metal. i Metalloved. , Akad. Nauk S. S. S. R. 9, 695-700.—

Arnold, J. O. and Read, H. A. (1912) J. Iron Steel Inst. , 85, 215.—

Avarbe, R. G. , Avgustinik, A, I. , Vilk, Iu. N. , Omelchenko, Iu. A.

and Ordanian, S. S. (1962) Zh . Priklad. Khim. 35, 1976-80.—

Barnes, B. T. (1929) J. Phys. Chem. 33, 688.—

Barriault, R. J. et al. (1961) ASD-TR-61-260, Part 1, Vol. 1.

Becker, K. (1928) Z. Physik 51, 481; Z. Elektrochem. 34, 640;— —

Z. Metallk. 20, 437.—

Becker, K. and Ebert, F. (1925) Z. Physik 31 268.—’

91



Becker, K. and Ewest, H. (1930) Z. tech. Physik 11, 148-50.—

Benesovsky, F. and Rudy, E. (1960) Plans eeber. Pulvermet. 8, 66-71.—

Translation in GA-tr-2611.

Bickerdike, R. L. and Hughes, G. (1959) J. Less-Common Metals 1, 42-9.—

Bittner, H. and Goretzki, H. (1962) Monatsh. Chem. 93, 1000-1004.—

Blocher, J. M. , Jr. et al. (1958) BMI-1200.

Bloom, D. S. and Grant, N .J. (1950) Trans AIME 188, 41-6.

Bolgar, A. S. , Verkhoglyadova, T. S. and Samsonov, G.V. (1961) Otd.

Tekhn. Nauk, Met. i Izv. , Akad. Nauk S. S. S. R. , Toplivo 1961,

142-5.

Bowman, A. L. (1961) J. Phys. Chem. 65, 1596-8.—

Bradshaw, W. G. and Matthews, C. O. (1959) LMSD-2466.

Brauer, G. and Lesser, R, (1959a) Z. Metallk. 50 8-10.—’

Brauer, G. and Lesser, R. (1959b) Z. Metallk. 50, 487-92.—

Brauer, G. , Renner, H. and Wernet, J. (1954) Z. anorg. Chem. 277, 249.

Brown, J. F. and Clark, D. (1951) Nature 167, 728.

Browning, L. C. and Emmett, P.H. (1952) J. Am. Chem. Sot. 74, 4773-4.—

Brownlee, L. D. (1958) J. Inst. Metals 87, Part 2, 58.—

Burgers, W.G. and Basart, J. C. M. (1934) Z. anorg. Chem. 216, 209,

Butorina, L.N. (1960) Kristallogr. U.S. S.R. 5, 233.—

Cadoff, 1. and Nielsen, J. P. (1953) J. Metals 5, 248; see also Cadoff,—

1. and Palty, A.E. (1952) WAL-401/14-30.

Cadoff, 1., Nielsen, J. P. and Miller, E. (1955) Plansee Proc. 2nd

Seminar 1955, 50.

Campbell, 1. E. , Powell, C. F. , Nowicki, D. H. and Gonser, B. W.

(1949) Trans. Electrochem. Sot. 96, 318.—

Chupka, W.A. , Berkowitz, J. , Giese, C. F, and Inghram, M.G. (1958)

J. Phys. Chem. 62, 611.—

92



.

.

.

Clougherty, E. V. , Lothrop, K. H. and Kafalas, J. A. (1961)

Nature 191, 1194.

Cockett, G. H. and Watt, W. (1950) RAE-TN-MET-124.

Coffman, J. A. , Kibler, G. M. and Riethof, T. R. (1960a) NP-9791.

Coffman, J. A. , Kibler, G. M. , Riethof, T. R. and Watts, A. A. (1960b)

WADD-TR-60-646, Part 1.

Cooper, J.R. and Hansler, R. L. (1963) J. Chem. Phys. 39, 248.—

Corak, W. S. , Goodman, B. B. , Satterthwaite, C. B. and Wexler, A.

(1956) Phys. Rev. 102, 656-61.

Cotter, P.G. and Kohn, J.A. (1954) J. Am. Ceram. SOC. 37, 415.

Crafts, W. and Lament, J. L. (1949) Trans. AIME 185, 957-67.

Curtis, C.E. , Doney, L. M. and Johnson, J. R. (1954) ORNL-1681.

Dawihl, W. (1950) Z. anorg. Chem. 262, 212-17.

Dawihl, W. and Rix, W. (1940) Z. anorg. Chem. 244, 191-7.

Deardorff, D.K. and Hayes, E. T. (1956) Trans. AIME 206, 509.11.

DeSorbo, W. (1953) J. Am. Chem. SoC. 75, 1825-7.—

DeSorbo, W. and Nichols, G.E. (1961) Bull. Am. Phys. SOC. H, 6, 267.—

Dolloff, R. T. (1963) Progress

Dolloff, R. T. and Sara, R. V.

Downing, J. H. , Colton, N. B,

Brit. Pat. 870,930.

Report, NCRL-PR-5.

(1961) WADD-TR-60-143, Part 11.

and Chadwick, C.G. (1961)

Duwez, P. (1951) Trans. AIME 191, 765-71.

Edwards, A. R. (1960) J. Australian Inst. Metals 5, 182-4.—

Ehrlich, P. (1949) Z. anorg. Chem. 259, 1.

Ellinger, F.H. (1943) Trans. ASM 31, 89.—

Elliott, R.P. (1961) Trans. ASM 53, 13-28; ARF-2120-4 (1959).—

Elyutin, V. P. , Merkulova, P. F. and Pavlov, Yu. A. (1958) Priozv.

i Obrabotka Stali i Splovov, Moskov, Inst. Stali im 1. V. Stalina

Sbornik 38, 79-87.—

93



Engelke, J. L. , Halden, F. A. and Farley, E. P, (1960) WADC-TR-59-654.

Epprecht, W. (1951) Chimia 5, 49-60.—

Fansteel Metallurgical Corp. (19 56) Technical Data Bulletin.

Farr, J. (1962) private communication.

Foster, L. S. , Forbes, L. W. , Friar, L. B. and Moody, L. S.

(1950) J. Am. Ceram. Sot. 33, 27.—

Friederich, E. and Sittig, L. (1925) Z. anorg. Chem. 144, 169-89.

Friemann, E. and Sauerwald, F. (1932) Z. anorg. Chem. 203, 64.

Fries, R.J. (1962) J. Chem. Phys. 37, 320-27.—

Fries, R.J. and Kempter, C.P, (1960) hal. Chem. 32, 1898.—

Fujishiro, S. and Gokcen, N.A. (1961a) J. Phys. Chem. 65, 161-3.—

Fujishiro, S. and Gokcen, N. A. (1961b) Trans. AIME 221, 275-9,

Fujishiro, S. and Gokcen, N. A. (1962) J. Elect rochem. Sot. 109, 835-8.

Gaev, I. S. (1953) Zh. neorgan. Khim. 2, 193.—

Geballe, T. H. , Matthias, B. T. , Corenzwit, E. and Hull, G. W., Jr.

(1962) Phys. Rev. Letters 8, 313.—

Gel’d, P. V. and Kusenko, F. G, (1960) Izv. Akad. Nauk S. S. S. R, Otd,

Tekhn. Nauk, Met i Toplivo 1960, No. 2, 79-86.

Gilman, J. J. and Roberts, B.W. (1961) J. Appl. Phys. 32, 1405.—

Giorgi, A. L. , Szklarz, E. G. , Storms, E. K. , Bowman, A. L. and

Matthias, B. T. (1962) Phys. Rev. 125, 837.

Giorgi, A. L. , Szklarz, E. G. , Storms, E. K. and Bowman, A. L.

(1963) Phys. Rev. 129, 1524-5.

Glaser, F. W. and Ivanick, W. (1952) J. Metals 4, 387.

Gleiser, M. and Chipman, J. (1962a) J. Phys. Chem. 66, 1539-40.—

Gleiser, M. and Chipman, J. (1962b) Trans. AIME 224, 1278-9.—

Golds chmidt, H. J. (1948) J. Iron Steel Inst. 160, 345.

Golds chmidt, H. J. and Brand, J. A. (1963) J. Less-Common Metals

~, 181-194. See also: ASD-TDR-62-25 Pt I (1962).

94



Gorbunov, N. S., Shishakov, N. A., Saidkov, C. G. and Babad-Zakhryapin,

A.A. (1961) lZV. Akad. Nauk S. S. S. R. , otd. Khim. Nauk 2093-5.

Grigor’ev, A. T. , Sokolovskaya, E. M. , Simanov, Yu. P. , Sokolova, 1. G. ,

Pavlov, V. N. and Maksimova, M. V. (1960) Vestn. Moscow Univ.

Ser. H 15, No. 4.

Grigor’eva, V, V. and Klimenko, V. N. (1959) Issled. po Zharoproch.

Splavam, Akad. Nauk S. S.S. R. , Inst. Met. 4, 317-22.—

Gurevich, M. A. and Ormont, B. F. (1957) Zh. neorgan. Khim. 7,—

1566-80; translated in Russ. J. Inorg. Chem. 2, No. 7, 183-212,—

H%gg, G. (1931) Z. physik. Chem. B12, 33-56.

Hansen, M. and Anderko, K. (1958) “Constitution of Binary Alloys, “

McGraw-Hill Book Company, Inc. , New York.

Hardy, G. F. and Hulm, J. K. (1954) Phys. Rev. 93, 1004.—

Hegedt3s, A.J. and Gad6, P. (1960) Z. anorg. Chem. 305, 227-35.

Hegedtis, A. J. and Neugebauer, J. (1960) Z. anorg. Chem. 305, 216-26.

Hein, R.A. (1956) Phys. Rev. 102, 1511-18.

Hein, R. A. , Gibson, J. W. and Pablo, M. R. (1963) Phys. Rev. 129,

136-7.

Hells trdm, K. and Westgren, A. (1933) Svensk. Kern. Tidskr. 45,.

141-50.

Hilpert, S. and Ornstein, M. (1913) Ber. Deut. Chem. Ges. 46, 1669.—

Hoch, M. , Blackburn, P. E. , Dingledy, D. P. and Johnston, H. L.

(1955) J. Phys. Chem. 59, 97.—

Holmberg, B. and Dagerhamn, T. (1961) Acts Chem. Stand. 15, 919-25.—

Horwitz, N.H. and Bohm, H.V. (1962) Phys. Rev. Letters 9, 313.

Huber, E.J. , Jr. , Head, E. L., Honey, C.E. , Jr. , Storms, E.K.

and Krikorian, N.H. (1961) J. Phys. Chem. 65, 1846-49.—

95



Huber, E. J., Jr. , Head, E. L. , Honey, C.E. , Jr. and Bowman, A. L,

(1962) J. Phys. Chem. 67, 793,—

Huff, G. , Squitieri, E. and Snyder, P. E. (1948) J. Am. Chem.

SOC. 70, 3380-1.—.

Hulm, J. K. and Blaugher, R. D. (1961) Phys. Rev. 123, 1569-80.

Humphrey, G,L. (1951) J. Am. Chem. Sot. 73, 2261.—

Humphrey, G. L. (1954) J. Am, Chem, Sot. 76, 978-80.—

Htittig, G. F. , Fattinger, V. and Kohla, K. ( 1950) Powder Met.

Bull. , 5, 307.—

Imai, Y. , Ishizaki, T. and Y ano, N. (1957) Japan Patent 634.

Jaffee, R. I. , Ogden, H. R. and Maykuth, D. J. (1950) Trans. AIME

188, 1261-6.

James, W.J. and Straumanis, M. E. ( 1961) Z. Physik. Chem. (Frankfurt)

29, 134-42.—

Joly, A. (1876) Compt. rend. 82, 1905.—

Joly, A. (1877) Ann. Sci. Ecole Norm. 6, 145.—

Jones, T. (1956) AEC-TID-7567, pp 32-45.

Kachik, E. A. et al. (1946) Progress Report on the Metallurgical Aspects

of Metal and Metal Ceramic Bodies for use at High-Temperature in

Jet and Rocket Engine Surface. Report 5, School of Mineral

Industries, The Pennsylvania State University.

Kelley, K. K. (1940) J. Am. Chem. Sot. 62, 818-9.—

Kelley, K. K. (1944) Ind. Eng. Chem. 36, 865-6.—

Kelley, K. K. , Boericke, F. S. , Moore, G. E. , Huffman, E. H. and

Bangert, W. M. (1944) U. S. Bur. of Mines, Technical Paper 662.

Kempter, C.P. (1956) J. Am. Chem. Sot. 78, 6209-10.—

Kempter, C.P. and Nadler, M.R. (1960) J. Chem. Phys. 32, 1477.—

96



Kempter, C.P. , Storms, E.K. and Fries, R.J. (1960) J. Chem.

Phys . 33, 1873-4.—

Kibler, G. , Coffman, J. , and Coulson, K. (1963) WADD-TR-60-646, Part II.

Kieffer, R. and K?51bl, F. (1949) Powder Met. Bull, 4, 4.—

Kimura, H. and Sasaki, Y. (1961) Nippon Kinzoku Gakkais 2, 98-104—

(English).

King, E.G. (1949) J. Am. Chem. Sot. 71, 316.—

Kolchin, O. P. and Cheveluva, N. P. (1959) Tsvetn. Metal. 32, 60-4.—

Kolomoets, N. V. , Neshpor, V. S. , Samsonov, G. V and Semenkovich,

S.A. (1958) Zh. tekhn. Fiz. 28, 2382-9.—

Kopyleva, V. P. (1961) Zh. Prikl. Khim. 34, 1936-9.—

Kornilov, A. N. , Leonidov, V. Ya. and Skuratov, S. N. ( 1962) Moscow

Univ. , Vestn. Ser. Khim. 17, No. 6, 48-50.—

Kosolapova, T. Ya. and Samsonov, G. V. (1959) Zh. Prikl. Khim. 32,—

1505-9.

Kosolapova, T. Ya. and Samsonov, G.V. (1961) J. Phys. Chem.

U.S.S.R. 35, 363.

Kot6, H. 1. and Suzuki, K. (1948) X-Sen (X-rays) 5, 15-20.—

Koval’skii, A. E. and

Microhardness,

Koval’skii, A. E.

265-6.

Koval’skii, A. E.

Koval’skii, A, E.

Kraine r, H. and

92, 166.—

Krikorian, N. H.

Krikorian, O. H.

and

and

and

Makarenko, T.G. (1951) “Trans. Conf. on

“ Acad. Sci. U.S.S.R. Press, Moscow, p. 187.

Makarenko, T. G. (1953) Zh. Techn. Fiz. 23,—

Semenovskaya, S. V. (1959) Kristallografiya 4, 923.—

Umanskii, Ya. S, (1946) Zh. Fiz. Khim. 20, 769.

Konopicky, K. ( 1947) Berg-u. HUttenmann.

and Wallace, T. (1964) to be published.

(1955) UCRL-2888.

.

Monatsh.

Kuo, K. and H~gg, G. (1952) Nature 170, 245-6.

97



Kurnakov, N.N. and Troneva, M. Ya. (1962) Russ. J. I.norg. Chem,

7, 80.—

Kusenko, F.G, and Gel’d P.V. (1960) Izv. Sibirsk. Otd. Akad,

Nauk S. S. S.R. 1960, No. 2, 46-52.

Kutsev, V.S. and Ormont, B. F. (1955) Zh. Fiz. Khim. 29, 597-601.—

Lander, J,J. and Germer, L.H. (1948) Trans. AIME 175, 648-92.

Lautz, G. and D. Schneider (1961) Z. Naturforsch. 16a, 1368-72.

Leciejewicz, J. (1960) Polish Acad. Sci. , Inst. Nucl. Res. Report

No. 142/I-B, March; See also USAEC translation NP-9682.

Lesser, R. and Brauer, G. (1958) Z. Metallk. 49, 622.—

Levinson, L. S. (1963) J. Chem. Phys. 39, 1550-1.—

Levinson, L.S. (1964) J, Chem. Phys. 40, 1437-8,—

Llvov, S. N. , Nemchenko, V. F. and Samsonov, G. V. (1960)

Dokl. Akad. Nauk S. S. S. R, 135, 577-80.

L’vov, S, N. , Nemchenko, V. F. and Samsonov, G. V. (1961) Fiz.

Metal. i Metalloved. , Akad. Nauk S. S. S.R. 11, 143-5.—

Lyon, T. F. (1962) presented at the “International Symposium on

Condensation and Evaporation of Solids, “ Dayton, Ohio, Sept. 12-.14.

Mah, A. D, (1963a) BM-RI-6177,

Mah, A. D. (1963b) BM-RI-6337.

Mah, A. D. and Boyle, B. J. (1955) J. Am. Chem. Sot. 77, 6512.—

Markovskii, L. Ya. , Vekshina, N. V. and Shtrikhman, R.A. (1957)

Ogneupory 22, 42-6.—

Matthias, B. T. and Corenzwit, E. (1955) Phys. Rev. 100, 626-7,

Matthias, B. T. and Hulm, J. K. (1952) Phys. Rev. 87, 799.
—

May, C.E. and Hoekstra, P. D. (1961) NASA-TN-D-844.

McGraw, L. D, , Seltz, H. and Snyder, P.E. (1947) J. Am. Chem.

SOC. 69, 329-21.—

98



McKenna, P.M. (1936) Ind. Eng. Chem. 28, 767-72.—

McMullin, J.G. and Norton, J. T. (1953) Trans. AIME 197, 1205-8.

Meerson, G.A. and Krein, O.E. (1952) Zh. Prikl. Khim. 25, 134-47;

Henry Brutcher Translation 3121,

Meerson, G. A. and Krein, O. E. (1960) Zh. Neorgan. Khim. 5,—

1924-30.

Meerson, G. A. and Samsonov, G.V. (1952) J. Appl. Chem. U.S. S,R.

25, 823-6.

Meerson, G. A. and Umanskii, Ya. S. (1953) IZV. Sektora Fiz.

Khim. Akad, Nauk S. S. S.R. 22, 104-10.

Meinhardt, D. and Krisement, O. (1960) Z. Naturforsch. 15a, 880.

Meissner, W. and Franz, H. (1930) Z. Physik 65, 30.—

Meissner, W., Franz, H. and Westerhoff, H. (1932) Z. Physik 75,
—

521.

Metcalfe, A. G. (1946) J. Inst. Metals 73, 591-607.—

Milne, J.G. C. (1961) Phys. Rev. 122, 387.

Moers, K. (1931a) Z. anorg. Chem. 198, 243.

Moers, K. (1931b) Z. anorg. Chem. 198, 262.

Moissan, H. (1893a) Compt. rend. 116, 1222.

Moissan, H. (1893b) Compt. rend. 116, 1225.

Moissan, H. (1893C) Compt. rend. 116, 349.

Moissan, H. (1893, 1896) Compt. rend. 116, 1225; Compt. rend.

Mois sari, H. (1895, 1897) Compt. rend. 120, 290; Compt. rend. i25,

839.

Moissan, H. (1893, 1895, 1897) Compt. rend. 116, 1225; Compt.

rend. 120, 1320; Compt. rend. 125, 839.

Moissan, H. (1893, 1896, 1897) Compt. rend. 116, 1225; Compt.

rend. 123, 13; Compt. rend. 125, 839.

99



Moissan, H. and Hoffmann, M. K. (1904) Compt. rend. 138, 1558.

Morette, A. (1938) Bull. SOC. Chim. France 5, 1063-9.

Nadler, M.R. and Kempter, C.P. (1960) J. Phys. Chem. 64, 1468.—

Nakagawa, M. (1957) Kogyo Kagaku Zasshi 60, 379-83.—

Naylor, B.F. (1946) J. Am. Chem. Sot. 68, 370-1.—

Neel, D. S. , Pears, C. D. and Oglesby, S. , Jr. (1960) WADD-TR-60-924,

Newkirk, A. and Aliferis, 1. (1957) J. h. Chem. Sot. 79, 4629.—
Norton, J. T. and Lewis, R, K. (1963) NASA-CR-321,

Nowotny, H and Kieffer, R. (1952) Z. anorg. Chem. 267, 261-4.

Nowotny, H. , Kieffer, R. , Benesovsky, F. and Brukl, C. (1959)

Monatsh, Chem. 90, 86.—

Nowotny, H. , Parth~, E. , Kieffer, R.
a

and Benesovsky, F. (1954 )

Z. Metallk. 45, 97-101,—

Nowotny, H. , Parth~, E. , Kieffer, R. and Benesovsky, F. (1954b)

Monatsh. Chem. 85, 255-72.—

Ohlinger, L. A, (1959a) U. S. Govt. Res O Repto 32, 83; PB 135661
—

Ohlinger, L.A. (1959b) U. S. Govt. Res. Rept. 32, 82; PB 135682.—

Oldham, S. E. and Fishel, W.P. (1932) J. Am. Chem. Sot. 54,—

3610-2.

Oriani, R. A. and Murphy, W. K. (1954) J. Am. Chem. Sot. 76,—

343-50

~sawa, A. and ~ya, M. (1930) Sci. Rept. Tflhoku Univ. 19, 95.—

Owen, B. B. and Webber, R. T. (1948) Trans. AIME 175, 693-98.

Parrish, W. (1960) Acts Cryst. 13, 838-49.—

Parth<, E. (1961) AFOSR-1721, 12 p.

Parth<, E. and Sadagopan, V. (1963) Acts Cryst. 16, 202-5.—

Philipp, W. H. (1961) NASA-TN-D-1053.

100



Pochon, M. L, McKinsey, C. R. , Perkins, R. A. and Forgeng, W. D.

(1959) Metallurgical Society Conference, Vol. 2, “Reactive Metals, 1!

p. 327, Inters cience Publishers, New York, N. Y.

Pollard, F. H. and Woodward, P. (1950) Trans. Faraday Sot. 46, 190.—

Pollock, B. D. (1961) J. Phys. Chem. 65, 731.—

Portno~, K. 1., Levinshi~, Yu. V. and Fadeeva, V.I. (1961) Izv. Akad.

N.auk S. S. S. R. Otd. Tekhn. Nauk Met. i Toplivo (1961) 2, 147-9.—

Powell, C.F. , Campbell, I. E. and Gonser, B. W. (1955) “Vapor Plating, “

John Wiley and Sons, New York.

Pring, J,N. and Fielding, W. (1909) J. Chem. Sot. 95, 1497.—

Piitz, P. (1906) Metallurgic 3, 649-56.

Ragone, D, V, (1951) B. S, Thesis, Department of Metallurgy,

Massachusetts Institute of T ethnology, Cambridge, Mass.

Rare Metals Handbook ( 1961) Reinhold Publishing Corp. , Chapman

and Hall, Ltd. , London, second edition, p. 563.

Rengstorff, P. W. (1947) M. S, Thesis, Department of Metallurgy,

Massachusetts Institute of Technology, Cambridge, Mass.

Robins, D. A. (1959) Natl. Phys. Lab. Symp. 9, vol. 2, paper 7B,

2-1o.

Rostoker, W. and Yamamoto, A, (1954) Trans. ASM 46, 1136-63.—

Rudy, E. and Benesovsky, F. (1960) Plans eeber. Pulvermet. 8,—

72-82. Translated in Ga-tr-2600.

Rudy, E ., Rudy E . and Benesovsky, F. (1962a) Plans eeber. Pulvermet.

10, 42-64.

Rudy, E. , Benesovsky, F arid Rudy, E. , (1962b) Monatsh. Chem. 93,—

693-707.

Rudy, E. , Benesovsky, F. and Sedlatschek, K. (1961) Monatsh. Chem.

92, 841-55.—

Ruff, O. and Martin, W. (1912) Z. angew. Chem. 25, 49.56,—

101



Samsonov, G.V. (1956=) Ukr. Khim. Zh. 23, 287-96; translation in—

AEC-tr-3387.

Samsonov, G, V. (1956b) Soviet Phys. ~, 695.

Samsonov, G.V. and Paderno, V.N. (1961) Zh. Prikl. Khim. 34,—

963-9.

Samsonov, G. V. and Rozinova, N. S. (1956) Bull. Section Phys. Chem.

Anal. Acad. Sci. U. S. S. R. 27, 126-32.

.

.

Samsonov, G. V. and Rukina, V. B. (1957) Dopovidi Akad. Nauk Ukr.

R. S. R. 1957, 247-9, translation Np-tr-435.

Sandenaw, T. and Storms, E. K. (1964) to be published.

Santoro, G. (1963) Trans. AT.ME 227, 1361-8.

Sara, R. V. and Dolloff, R. T. (1962) WADD-TR-60-143, Part 111.

Sara, R. V., Lowell, C. E. and Dolloff, R. T. (1963) WADD-TR-60-143,

Part IV, Work supported by Aeronautical Systems Division, Air

Force Systems Command, U. S. A. F.

Schnell, W. D. (1960) PhD. Thesis, University of Freiburg, Freiburg i.

Breisgau, Germany.

Schofield, T.H. (1957) J. Inst. Metals 85, 372.—

Schofield, T. H. and Bacon, A. E. (1953) J. Inst. Metals 82, 167-9.—

Sch6nberg, N. (1954) Acts Chem. Stand. 8, 624.—

Schuler, D. (1952) Thesis, Tech. Hochsch. , Zurich.

Schwarzkopf, P. and Kieffer, R. (1953) I!Refractory Hard Metals, “

The Macmillan Company, New York.

Seybolt, A. U. (1954) J. Metals 6, 774-6.—

Shimer, P. W. (1887) Proc. Royal Sot. (London) 42, 89; Chem. News—

55, 156.—

Shomate, C.H. and Kelley, K.K. (1949) J. Am. Chem. Sot. 71, 314.—

Shveikin, G. P. (1958) Tr. Inst. Khim. , Akad. Nauk S. S. S. R. , Ural

Filial 1958, 2, 45-49 translated in AEC-tr-4303; ibid, 51-56

translated in AEC-tr-4304; ibid, 57-62 translated in AEC-tr-4305.

102

. I
I



.

Shveikin, G. P, and GelId, P, V. (1961) Tsvetn. Metal. 34, 39-42.—

Skinner, G.B. and Johnston, H. L. (1951) J. Chem. Phys. 21, 994.—

Smirnova, V. 1. and Ormont, B. F. (1954) Dokl. Akad. Nauk S. S. S. R.

96, 557-60; Henry Brutcher Translation 3376.—

Smirnova, V.I. and Ormont, B. F. (1955) Dokl. Akad. Nauk S. S. S. R.

100, 127; UCRL translation 255 (L).

Smirnova, V. 1. and Ormont, B. F. (1956a) Obshch. Khim. 26, 958-60;—

translated in AEC-tr-2965.

Smirnova, V. 1. and Ormont, B. F. (1956b) Zh. Fiz. Khim. 30, 1327.—

Smith, W.H. (1957) Trans. AIME 209, 47-49; J. Metals 9, 47-49.—

Smith, T. S. and Daunt, J. F. (1952) Phys. Rev. 88, 1172-6.—

Smith, T. S. , Gager, W. B. and Daunt, J. G. (1953) Phys. Rev. 89, 654.
—

Southern Research Institute (1963) ASD-TDR-62-765.

Speiser, R. , Speetnak, J. W. , Few, W.E and Parke, R. M. (1952)

J. Metals 4, 275-7.—

Steele, M. C. and Hein, R.A. (1953) Phvs. Rev. 92, 243-47.

Stone, L. and

Storms, E.K.

Storms, E.K.

Storms, E.K.

Storm s, E. K,

Storms, E.K,

. .—

Margolin, H. (1953) WAL-401/85-21.

and Krikorian, N.H. (1959) J. Phys. Chem. 63, 1747.—

and Krikorian, N. H. (1960) J. Phys. Chem. 64, 1471.—

and McNeal, R.J. (1962) J. Phys. Chem. 66, 1401.—

(1963a) to be published.

(1963b) unpublished work.

Strongin, M. and Fairbank, H. A. (1961) Proc. VII Intern. Conf. LOW

Temp. Phys. , Univ. of Toronto Press, p. 377.

Sykes, W.P. (1930) Trans. &-n. SOC. Steel Treat. 18, 968.
—

103



Sykes, W.P. , VanHorn, K. R. and Tucker, C. M. (1935) Trans. AIME

117, 173.

Taylor, R.E. (1961) J. Am. Ceram. Sot. 44, 525.—

Taylor, R.E. (1962) J. Am. Ceram. Sot. 45, 353-4.—

Taylor, A. , Doyle, N. J. and Kagle, B.J. (1961) J. Less-Common

Metals 3, 265-80.—

Taylor, R.E. and Nakata, M. M. (1962) WADD-TR-60-581 Part 111.

Troost, L. (1865) Compt. rend. 61, 109.—

Tutiya, H. (1932) Tokyo Inst. Phys. and Chem, Res. Abstr. 5, 121.—

Vainshtein, E. E. , Verkhoglyadova, T. S. , Zhurakovskii, E. A. and

Samsonov, G. V. (1961) Fiz. Metal. i Metaloved. 12, 360-63.—

Van Thyne, R.J. and Kessler, H. D. (1954) Trans. AIME 200, 193.

Vidale, G. L. (1961) Technical Information Series R 61 SD147.

Volkova, H, M. and Geld, P. V. (1963) Izv. Vysshikh Uchebn. Zaredenii,

Tsv. Met., Akad. Nauk S. S. S, R., pp. 89-94.

Wagner, F. C. , Bucur, E.J. and Steinberg, M. A. (1956) Trans.

ASM 48, 642-61.—

Wallace, T. , Gutierrez, C. P. and Stone, P. (1963) J. Phys. Chem.

67, 796.—

Weiss, G. (1946) Ann. Chim. (Paris) 1, ser. 12, 446.—

Westbrook, J. (1957) J. Metals 9, 898.—

Westgren, A. (1930) Metallwirtschaft 9, 921-4.—

Westgren, A. (1933) Jernkontorets Ann. 117, 501.

Westgren, A. and Phragmen, G. (1926) Z. anorg. Chem. 156, 27.

Westrum, E. F. , Jr. and Feick, G. (1963) J. Chem. Eng. Data

8, 176-78.—

Williams, W.S. (1961) J. Appl. Phys. 32, 552-4.—

Williams, W. S. , Lye, R.G. , Dolloff, R. T. and Spence, G. B. (1964)

ML-T DR-64-25.

104



Wood, R. M. (1c)62) Proc. Phys. SOC. (London) 80, 783-6.—

Worrell, W. L , and Chipman, J, (1964) J. Phys. Chem. 68, 860.—

Worthing, A. G. (1925) Phys. Rev. 25, 846-57.—

Zalabak, C. F. ‘(1961) NASA-TN-D-761.

Zelikman, A. N, and Govorits, N.N. (1950) J. Appl. Chem. U.S.S.R.

23, 727-33.—

Zhelankin, V. 1., Kutsev, V. S. and Ormont, B. F. (1958) Zh. Neorgan.

Khim. 3, 1237.—

Zhelankin, V. 1., Kutsev, V. S. and Ormont, B. F. (1959) Zh. Fiz.

Khim, 33, 1988-91.—

Zhelankin, V. 1. and Kutsev, V. S. (1964) Zhur. Fiz. Khim. 38, 562-4.—

Ziegler, W. T. and Young, R. A. (1951) Report of the International

Low Temperature Conference, Oxford, England,

Ziegler, W. T. and Young, R.A. (1953) Phys. Rev. 90, 115,—

105



PART 11

GROUP-4a, -5a AND -6a NITRIDES
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INTRODUCTION TO THE GROUP-4a,

-5a, AND -6a NITRIDE SYSTEMS

.

The attitudes developed in the general introduction are applicable

to the nitrides . Briefly these are: The use of Greek letters to designate

the phases has been avoided when the integral stoichiometry of the phase

is known. Otherwise, the generally accepted nomenclature is used even

though this may be inconsistent. Early papers have been largely ignored

except when they were unique in either quantity or quality. And an effort

has been made to understand the effect of oxygen contamination on the

properties and how this can be avoided.

This last point cannot be too strongly emphasized. Oxygen in any

form (except CO), either dissolved in the metal, as the oxide, or in the

gas stream, will react and contaminate the sample. Unlike the corre-

sponding carbides, the nitrides are only slightly self-purifying, if at

all. To make matters worse, the amount of oxygen is difficult to de -

termine analytically. For this reason, most investigators assume, with

some justice, that the difference between 100~0 and the summation of

metal ~0 and nitrogen ~0 is due to oxygen. This assumes, of course, that

these analyses can be obtained with sufficient precision. It is worth

noting in this regard that the Kjeldahl method for determining nitrogen

has been found, on some occasions, to give values which are too low.

The effect of dissolved oxygen has not been determined in most

cases, studies in the Nb-N-O system by Brauer being a notable exception
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(see Brauer and Esselborn, 1961a). However, there are examples of

marked differences in measured properties which can be attributed to

the unrecognized presence of oxygen. Lattice parameter measurements

of VN, shown in Fig. II. 1.2, provide a good illustration. The earliest

measurements, by Epel’baum and Ormont (1947), were made on material

obtained by decomposing NH4V03. Even though the oxygen content

(from summation) was thought to be less than O. 5 wt %, it is clear that

their nitrides were seriously contaminated. Hahn (1949) prepared

purer samples by nitriding the metal, but the metal used contained at

least 5~0 oxygen. In the most recent work, Schnell (1960) took great

pains to exclude oxygen and obtained VN which contained less than

O. 3 wt ~0 oxygen by analysis. It is interesting to note that the presence

of oxygen apparently widens the homogeneity range as well as raises

the lattice parameter. But, in this system, all the measured para-

meters approach the same value at VN
1.0”

This can be attributed to

a decreasing oxygen volubility with increasing nitrogen content, as was

observed by Schnell (1960). Although insufficient work has been done

to know whether this is a general characteristic of all nitride systems,

it should be kept in mind when interpreting experimental data.

Most of the cubic nitrides have been prepared with compositions

higher than MN1 o. The behavior of the lattice parameter and the
.

density in this region indicates that the increase in stoichiometry is

due to the formati on of metal atom vacancies. This creates still

another variable which must be considered when studying these

materials, and it raises some interesting questions about the type of

bonding in the nitride systems.

.

.

.

.

108



So far as is known, all of the cubic nitrides have a yellowish

color. This deteriorates from rich, golden yellow in Group-4a to a

bronze color for VN and pale yellow cast for NbN. The hexagonal

forms are all gray or almost black, except for Cr2N which is said

to be yellow. Once a pure sample has been seen, the color provides

a quick estimation of whether the material is pure and of the highest

stoichiometry.
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Chapter II. 1

The Grouw4a Nitrides

The elements

range of composition

in this group form a single cubic nitride with a

similar in width to the corresponding carbide. The

lower phase limit lies below MNO SO, and the upper limit may be over

MN Because of the very rapid loss of nitrogen at high temperatures,
1.1”

the melting points of these compounds are in doubt. Apparently nitrogen

raises the melting temperature of the metal to produce a peritectic. In

addition, the low temperature hexagonal form of the metal is stabilized

so that it, too, melts peritectically. Formation of the compound pro.

duces an additional increase in melting point, but the amount of this in-

crease will not be known with certainty until measurements are made

under the equilibrium nitrogen pressure. However, the melting temp-

eratures are at least as high as 3000°.

The lattice parameters of the ZrN and HfN phases have been

observed to increase as the nitrogen content is reduced, while TiN is

normal in this respect. It is possible that these compunds have a

defective metal lattice as well as the familiar nonmetal defects. Thus,

as the N/M ratio is decreased, vacancies in the metal lattice are filled

by metal atoms, thereby causing sufficient expansion to compensate for

the contraction attending the removal of nitrogen. This dual defect

.

.

structure has been proposed by earlier investigators

compositions beyond the 1:1 ratio can be obtained.
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II. 1. 1 The Titanium-Titanium Nitride System

Preparation

Early workers prepared the nitride by heating Ti02 with carbon

under a nitrogen atmosphere. This technique, however, can lead to

significant contamination by carbon and oxygen. Ti02 can also be

nitrided by NH
3’

or byN2 + H2, but with a similar uncertainty as to the

purity of the final product (Belyakova and co-workers, 1940). The reaction

with NH3 has been studied in detail by Douglass and co-workers (1961).

Pure TiN is best prepared by heating TiH or Ti in N2 or NH
3“

The reaction of TiH with N2 produces TiN between 1800° and 1900° (Duwez

and Odell, 1950). When NH3 is used, the reaction will go at a lower

temperature (1000° ) (Verkhoglyadova and co-workers, 1961). A satis -

factory method is to heat the pure metal for 24 hours at 1000° in a

stream of pure NH s, pulverize, then heat at about 2000° in pure N
2

(Gutierrez, 1963). The absence of impurities, such as C02, 02, H20,

or hydrocarbons, either in the metal or in the gas, is essential if a

pure product is to be obtained. Even hot graphite near the sample will

furnish carbon by gas transport (Arai and co-workers, 1960). In

addition, because the metal can dissolve considerable amounts of oxygen

without visible effect, it should be analyzed before use. ~~ Once the TiN

has been contaminated by carbon or oxygen, it is almost impossible to

purify.

The reaction between TiC14, N2 and H on a hot W wire, first
2’

studied by van Arkel (1924), has been observed by Wilke (1960) to produce

single crystals (2. 5-70 microns x O. 7-1. 5 mm) of TiN.

‘~The purity of the metal can be estimated from the value of the ‘c’
lattice parameter (Ageev and Model’, 1958). This method is applicable

only after the metal has been heated in vacuum to bring the surface

oxide into solution and to remove dissolved nitrogen.
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Arc melting of Ti in a N2 atmosphere has been used to produce TiN.

Because of the rapid loss of nitrogen and Ti near the melting point, this

method is apt to produce a nitrogen-deficient as well as an inhomogeneous

sample (Palty and co-workers, 1954).

Phase Relationship

Titanium forms one nitride, TiN, with a cubic structure (NaCl -

type) and a wide range of homogeneity. The lower phase limit is near

T iN ~ 38, as reported by Palty and co-workers (1954). The upper phase

limit is generally assumed to be TiN1 ~, but it may be as high as

TIN1. 18 (Brager, 1939 a’ b). According to Brager (1939a), the upper

limit is caused by vacancies in both the Ti and N lattices, as determined

from density measurements. This is based on TiN samples prepared

by heating TiC14 + NH3 to 400°. When the material was heated to

1400-1600°, the composition shifted to TiNl o. No subsequent work has
.

been done to show whether this behavior is typical of the system rather

than due to the method of preparation, as Brager implied.

The phase diagram of Palty and co -workers* (1954), Figure II. 1.1,

shows that the melting point of the metal is raised rapidly by dissolved

nitrogen to a peritectic at 2020 + 250. The a phase is stabilized by

nitrogen and melts peritectically at 2350 * 25°. In ~ples near the

composition TiN o s, they observed additional lines in the diffraction

pattern which could be indexed as tetragonal, a = 4.92, c = 5.61.

Formation of this phase ( < ) was incomplete even after 96 hours at 1000°.

The melting point of TiN is obscured by rapid decomposition into

N2 and Ti vapor at this temperature, but in spite of this, two early

*A more complete description of this work can be found in Cadoff and

Palty (1952). In Figure II. 1.1 the metal melting point used by these
authors (17 25° ) was changed to a better value, 1660” (Schofield and

Bacon, 1953).
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measurements place it near 3000° (Friederich and Sittig, 1925; Agte

and Moers, 1931).

Lattice Parameter and Structure

Unlike the other nitrides in this group, the TiN lattice contracts

as nitrogen is removed. Table II. 1.1 summarizes the phase boundary

compositions and lattice parameters. The lattice parameter varies

almost linearly between the extremes (Ehrlich, 1949; Vainshtein et al. ,

1961). Beyond TiNl o Brager (1939a) reported a sharp drop in the

parameter,
‘0 4“22 ‘at ‘iN1. 16”

Chemical Stability

According to Blocher (reported in Campbell, 1956), TiN is

insoluble in HNO s, HC1 and H2S04, but is dissolved by aqua regia,

fused alkalies o r boiling alkali solutions.

Pollard and Woodward (1950) found that TiN reacts rapidly with

02 above 1400°, forming a stable oxide film (Wakelyn, 1961) . TiN

also reacts slowly with C02 at high temperatures. Both reactions

eventually lead to TiO
2“

There is apparently no reaction with CO or

H2 according to Pollard and Woodward ( 1950). On the other hand, May

and Hoekstra (1961) reported considerable reaction with H
2“

The reaction with oxygen has been studied in some detail by

Miinster and Schlamp (1957) and by Samsonov and Golubeva (1956).

Appearance

Pure TiNl o has a vivid yellow color. Deviations from this

stoichiometry lead to a gray color. In small quantities, carbon produces

a gray-lavender tint (Beattie and Ver Snyder, 1953). Extreme contamination

.

by oxygen or carbon can make the material black (Arai and co-workers,

1960).

.
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Hardness

The hardness of TiN is related directly to the nitrogen content.

Measurements by Samsonov and Verkhoglyadova (1961a) give 1200 kg/mm
2

2

at ‘iNo. 59
and 1900 kg/mm at TiN o 97 (50 g load). In a previous paper,

Samsonov (1952) gives 2160 kg/mm2 for TiNl o.

Electrical Resistivity

Early measurements of resistivity have produced a wide range of
b

values for TiN, from 21. 7 pohm -cm (Moers, 1931 ) to 130 ~ohm -cm

(Friederich and Sittig, 1925). Later work indicates that this variation

is probably due to an extreme difference in the nitrogen content of the

measured samples.

Dissolution of nitrogen in

from 42 pohm -cm (Mc Quillan,

O. 293% N (Jaffee and Campbell,

the metal causes the resistivity to rise

1950-51) through 55.8 pohm -cm at

1949). Measurements by Samsonov and

Verkhoglyadova (1961b) show that once the TiN phase forms, the resistivity

becomes much greater, being 113 pohm-cm at TiNo 56, with a decrease

as more nitrogen is added. Near TiN
1.0

it approaches 27 pohm-cm.

Between these extremes, the variation has a negative variation from

linearity. This can be compared with the value of 60 pohm-cm reported

by Kolomoets and co-workers (1958) for a material containing 79. 95% Ti,

22. 3~0 N and O. 65~0 free carbon (TiN ).
0.95

The temperature coefficient of resistivity for TiNl o is positive

from liquid air temperature (Moers, 1931b) through 1000°, with a value

of O. 0621 pohm-cm/deg between room temperature and 1000° (Kolomoets

et al. , 1958). However, at lower nitrogen contents a wide and variable

maximum forms which shifts toward 900° as nitrogen is removed

(S”arnsonov and Verkhoglyadova, 1961 b).
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Superconductivity

The early resistance measurements of superconductivity by

Meissner and Franz (1930) have been confirmed by Hardy and Hulm

(1954), and by Miinster and Sagel ( 1956) using magnetic susceptibility

measureme-nts. They report TiN to have a transition temperature of

5. 6°K. In addition, this is lowered by dissolved oxygen which, in some

cases, results in a double break in the permeability curve.

In view of the experience with ZrN and HfN, it would be desirable

to measure this property as a function of stoichiometry before the above

value is accepted as correct.

Thermodynamic Properties

The high temperature heat capacity has been measured by Naylor

( 1946) with the following results:

HT-H =11.91 T+4.7x1O “T2 + 2.96 X 105/T - 4585
298.16

(298 -1800” K & O. 5%) cal/mole.

This is compared with the more recent work of Neel and co-workers

(1960) in Figure 11.1.2. Specific heat measurements at low temperature

(Shomate, 1946) give SO
298.16

=7.20 *0.04 e.u. and C
p(298. 16) =

8.86 cal/deg-mole.

Using the same material as Naylor, Humphrey ( 1951) obtained

-80.5 * O. 3 kcal/mole as the heat of formation of TiNl o. This agrees

well with’an earlier value of -80. 3 kcal/mole (Neumann and co-workers,

1931). If Humphrey’s value for the heat of formation of TiO is used
2

(225. 52 kcal/mole), the values become identical. A study by Knudsen

effusion techniques has led to AH 0
298

= -79.4 kcal/mole (Hoch and co-

workers, 1955) for a composition of about TiN
0.79”

Vaporization

Vaporization of TiN results in both gaseous Ti and N2. According
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to Dreger and Margrave ( 1960), the heat of decomposition is 143.1 kcal/mole

if the evaporation coefficient is O. 155. Starting with a sample of TiN
0.79

Hoch and co-workers (1955) measured the evaporation rate from a Knudsen

crucible, They report the following pressures over TiN :
-0.79

log PTi = -2.7859 X 104/T - O.4OX1O
-4

T + 8.263 (atm)

log PN2 = -2.7859 X 104/T -O.4OX1O “T + 7.963.

The manner in which the evaporation rates change with composition has

not been determined. In any case, since this system apparently does

not vaporize congruently, the pressures given above apply to non-

equilibrium conditions .
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H. 1.2 The Zirconium -Zirconium Nitride System

Preparation

ZrN is more difficult to obtain free of oxygen than is TiN when

starting with the oxide. Even when starting with the metal, precautions

ought to be taken to see that the metal is oxygen free. *

As with TiN, the pure nitride has been prepared by heating

the metal or hydride in NH or N2. When Zr and N2 react, the
3

stoichiometry of the product depends on the temperature and pressure,

as can be seen from Figures 11. 1.6 and 11.1.7, as well as the heating

time (Kibler and co-workers, 1962). These measurements show

that the highest nitrogen content results at low temperatures and

high N2 pressures. By heating the metal in N2 ( 1 atm) between

1300° and 1400° for 5 hours, Mah and Gellert (1956) produced what they

called ZrN At lower temperatures Domagala and co-workers
1.0”

(1956) observed a much lower composition limit, probably because

of incomplete reaction. For example, at 800° ZrNo 34 was the

limit, and at 10000 ZrN
0.5

resulted. Even heating at 12000 for

12 hours did not raise the composition above ZrNo 76. An additional

factor influencing the reaction rate, as well as the purity of the

product, is the presence of 02 and H2, in trace amounts, in the gas

stream (Gulbransen and Andrew, 1949).

Arc melting has been used to prepare materials in this system

(Domagala and co-workers, 1956), but the rapid evolution of nitrogen

leaves a nitrogen-poor and inhomogeneous sample.

The deposition from ZrC14 vapor onto a heated wire has been

described by van Arkel and DeBoer (1925), Moers (1931a) and

~:<Under suitable conditions the hardness of the metal might be

us eful as a rough criterion of purity (Kearns and Chirigos, 1962).

.
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Campbell and co-workers (1949). Single crystals as well as poly -

crystalline layers result.

Phase Relationshi~

Cubic ZrN is the only compound found in this system, but the

limits of this phase are not well known.

Domagala and co-workers (1956) have studied the system in

detail below ZrNO 42, using x-ray, metallographic, and incipient

melting techniques . Dissolved nitrogen raises the melting point of

Zr from 1855° to 1880° and stabilizes a-Zr to 1985°, where it melts

peritectically. From diffusion measurements, Mallett and co-workers

(1954) have determined

-2810
T

+ 1.42. This is

and co-workers (1956).

The homogeneity

the volubility of N2 in ~-Zr to be log (wt ‘% N) =

somewhat higher than that found by Domagala

range of ZrN is somewhat narrower than that

of TiN. Although the data are meager, the lower limit is no higher

than ZrNoo 55 at about 15000 (Rudy and Benesovsky, 1961; Smagina

and co-workers, 1960), and probably lower at the peritectic temperature.

Early measurements place the melting point of ZrNl o near 30000

(Friederich and Sittig, 1925; Agte and Moers, 1931; Becker, 1933).

This information is summarized in Figure 11.1.3 as a probable phase

diagram.

No mention has been made of an Cphase, as was found in the

Ti-N system by Palty and co-workers (1954).

Lattice Parameter and Structure

The effect of composition on the lattice parameter is somewhat

unusual. Above ZrN
0.78

it is constant at 4. 577A, but as more

nitrogen is removed the lattice expands. At the lower phase boundary,

the parameter is 4. 584 A. This is shown in Figure 11.1.4. The wide
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scatter would appear to be due to something besides dissolved

oxygen.

Chemical Stability

ZrN is insoluble in HN03 but will dissolve in concentrated

H2S0
4“

Heated alkalies or boiling solutions thereof dissolve the

nitride with the formation of NH4 (Schwarzkopf and Kieffer, 1953)

The oxidation resistance of ZrN is generally considered to be poor.

Appearance

Z rN ~ ~ has a yellow color when pure. A lower stoichiometry

or impurities lead to a darkening until a gray or black color results.

Hardness

A hardness of 1510 kg/mm2 (100 g, Knoop) has been given

by Schwarzkopf and Kieffer (19 53) for ZrN (composition unstated),

and 1983 kg/mm2 (30 g load) was measured by Samsonov (1952).

On the other hand, ZrN
0.91

is reported to have a hardness of

1480 * 85 kg/mm2 (Samsonov and Verkhoglyadova, 1961a) . As

with TiN, the hardness is expected to be a function of composition.

Electrical Resistivity

The following room temperature resistivity values have

been reported: 160 pohm.cm (Friederich and Sittig, 1925), 13.6

pohm-cm (Moers, 1931 b), 11.52 pohm-cm (Clausing, 193 2), and

21. 1 pohm-cm (L!VOV and co-workers, 1960). The temperature

coefficient is positive.

It would be interesting to see this property measured as a

function of composition.

Superconductivity

Hardy and Hulm (1954) have confirmed the early resistivity

measurements of Meissner and Franz (1930) with a transition
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temperature of 8. 90K. The composition of the material was not

given. Recent work by Szklarz and Giorgi (1962) has shown

that the transition temperature of ZrN
1.0

is higher than 10 OK and is

a function of composition.

Thermodynamic Properties

High temperature heat contents have been measured by

Coughlin and King ( 1950) using a nitride containing 86. 75% Zr and

an undetermined amount of nitrogen. Their values fit the following

equation:
-1

‘T -H298.16
= 11.10 T+8.4x10-4T2+ 1.72 x105T -3961

(298 -1700”K, * O. 47’0) cal/mole.

This is compared to the work of Neel and co-workers (1960) in

Figure IT.. 1.5.

Using the same material as Coughlin and King (1950), Todd

(1950) calculated the following values at 298. 160K from measurements

at low temperatures:

S0=9.29+0.05e. u., Cp = 9.655 cal/deg-mole.

Measurements of the heat of formation, by combustion

calorimetry, have given AH 0
298

= -87.3 + O. 4kcal /mole’: (Mah and

Gellert, 1956) and -85. 5 kcal/mole’: (Neumann and co-workers,

1934). This property varies with composition, from -56. 1

kcal/mole~at ZrN to -87.9 kcal/mole’: at ZrN
0.56 1.0’

with a

slight positive deviation from a straight line between these limits

(Smagina and co-workers, 1957, 1959). Hoch et al. (1955) have cal-

culated, from their Knudsen effusion studies, a value of .80 .43 kcal/mole

‘~Calculated using the same heat of formation value for Zr02
(-261. 5 * O. 2 kcal/mole) (Humphrey, 1954).
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I

for what they considered to be ZrN Results by Kibler et al.
0.97”

(1962) indicate (see below) that this material was nearer the

composition ZrN
0.82’

Vaporization

The equilibrium N2 pressures over this system have been

measured on two occasions by Knudsen effusion and by a tensi -

volumetric method. The most recent work, by Kibler, Lyon and

DeSantis (1962), shows that the pressure of N2 increases drama-

tically as the nitrogen content of the solid increases (Figure 11.1. 6).

Thus , not only are vapor pressure measurements complicated

because of the wide composition range, but considerable errors can

result as the composition changes. This is apparent in the work of

Hoch et al. (1955). Even though an initial analysis showed their

‘ateriaL ‘0 be ‘rNo. 97’
a comparison with the results of Kibler

and co-workers (1962) in Figure 11. 1.7 suggests that the final

composition was near ZrN With this assumption, the results
0.82”

are in good agreement. The dashed line corresponds to an equation

for N2 pressure based on thermodynamic arguments by Hoch et al.

(1955). Kibler and co-workers have refrained from making thermo -

dynamic calculations until the nitrogen content of their samples is

better known. Measurements by Smagina and co-workers ( 1960),

using the tensi-volumetric method, gave pressures several orders

of magnitude higher than those reported above, although the same

general trends with composition were noted.
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11. 1.3 The Hafnium -Hafnium Nitride Sys tern

Preparation

From the sparse descriptions in the infrequent studies of

this system, one can assume that HfN can be prepared by the

same methods used to produce TiN and ZrN. Humphrey (1953)

made a composition slightly above HfN ~ ~ by heating the metal

in N
2

at 1400-15000 for 10 hours with intervening grindings.

Glaser et al. (1953) found that HfN would also result if the

temperature was raised to 20000. The reaction rate has been

studied by Edwards and Malloy (1958).

Preparation by vapor-phase deposition has been described

by Moers (1931a) and Campbell and co-workers (1949).

Phase Relationship

Very little information has been published about this

system. According to Rudy and Benesovsky (1961), a-Hf dissolves

nitrogen to give HfN
0.41

at 1700”. The fcc HfN phase extends

from about HfNo 74 to beyond HfN Like TiN, HfN apparently
l.o -

can form a defect m etal lattice so

at least HfN
1.13(

Wallace, 1962).

phenomenon are still very sparse.

that the cubic phase is stable to

However, observations of this

Rudy and Benesovsky (1961) also suggested a Hf2N phase

which as yet has not been verified.

Lattice Parameter and Structure

The lattice parameters at the phase boundaries are listed

in Table 11.1.2. The unknown purity of the samples with respect to

oxygen makes the listed values open to question. It should be

noted that the lattice parameter increases as nitrogen is removed

from the HfN lattice. This same effect has been noted in the Zr-N

system.
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Chemical Stability

The chemical properties are assumed to be similar to those of

ZrN.

Appearance

Like the other nitrides in this group, pure HfN has a yellow color.

Deviation from this color is a good indication of oxygen or carbon con-

tamination, or that the material is deficient in nitrogen. Compositions

beyond the 1:1 ratio have been reported to be olive-drab.

Hardness

Samsonov and Verkhoglyadova (1962) give 1640 * 161 kg/mm2 as

‘he ‘ardness ‘f ‘me. 86”
No other values could be found in the lite ra -

ture.

Electrical Resistivity

A value of 33 * 5 pohm-cm for HfNo 86 has been reported by
.

Samsonov and Verkhoglyadova ( 196 2).

Superconductivity

Recent work by Szklarz and Giorgi (1962) has shown that Zr -

‘ree ‘fN1. o
has a transition temperature of 6.2° K.

Thermodynamic Properties

A heat of formation for HfN ~ 03 of -88. 24 * O. 34 kcal/mole has
●

been given by Humphrey (1953).

Neel and co-workers (1960) have measured the high temperature

heat content up to 2500° C, as shown in Figure II. 108. The material
0

contained 3.4 wt TOZr. S 298 has been estimated by Kelley and King

(1960) to be 10.9

Vaporization

Preliminary

‘fNO. 82 and Hml. o
have been reported by Kibler and Lyon (1962).

*o.3e. u.

measurements of N pressures over HfN between
2
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Chapter II. 2

The Group- 5a Nitrides

The nitride systems in this group are somewhat more complex than

the corresponding carbide systems. These elements all form a hexa-

gonal M2N compound; however, at higher compositions this simple

pattern breaks down. VN is fcc over a wide composition range while

NbN exhibits a fcc structure at high temperatures and a hexagonal con-

figuration, having a narrow composition range, at lower temperatures.

Other crystal structures have been observed in this system, but, as yet,

their relationship is poorly understood. TaN also has a hexagonal

structure with a narrow range of composition, but no cubic form has

been observed. It is not unreasonable to suggest that each MN compound

exhibits an allotropic transition, but that the transition temperature for

VN is too low for the hexagonal phase to be seen readily, and too high,

in the case of TaN, for the cubic form to have been quenched in.

The melting temperature of these nitrides is in serious doubt be-

cause of the very rapid loss of nitrogen from even the metal-rich materials.

Characteristically, the cubic phases have a wide composition range

over which the lattice parameter decreases as nitrogen is removed from

the lattice. The VN phase, under certain conditions, can have a compo-

sition above the 1: 1 ratio, and cubic NbN terminates at about NbN
1.05

under 40 atm pressure. A tetragonal modification of the cubic
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NbN has been observed near NbNO 75. The hexagonal MN phases are
.

stable only very near MN1 ~, although NbN has been found to have a
.

composition up to NbN1 ~18.
.

The high superconductivity transition temperature of cubic NbN

prompted many studies of this compound in the 1940’s; at that time it

had the highest known transition temperature, 16. 2° K(onset). Cubic

VN is also superconductive

a superconducting state has

NbN and TaN.

The preparation of these

below 8.3° K(center). On the other

not been observed in the hexagonal

hand,

forms of

nitrides free of oxygen should not be

difficult, provided pure N2 is used and the metals have been outgassed

-6
in vacuum (10 torr) at 500° below the respective melting points for

several hours. If the reaction is carried out in a tube furnace, it is

essential to prevent diffusion of oxygen through the ceramic by using,

for example, a double-walled tube with pure N flowing between the
2

walls .
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11. 2. 1 The Vanadium- Vanadium Nitride Svstem

Preparation

Impure VN has been prepared by heating V205 with carbon in flowing

nitrogen (Friederich and Sittig, 1925; Dawihl and Rix, 1940) and by de-

composing NH4V03 in NH
a, b

3
at 1100° (Epel’baum and Breger, 1940 ;

Epel’baum and Ormont, 1947; Hahn, 1949). If pure material is desired,

it is important to avoid both carbon and oxygen in the reactants. Con-

tamination by carbon, however, can be removed by heating the powdered

VN in H2 at about 1100° (Shomate and Kelley, 1949). In fact, the carbide

can be converted completely to the nitride by a mixture of N and H2 at
2

1200° (King, 1949).

More recent investigators have heated pure vanadium in N2 or NH3.

Duwez and Odell (1950) heated the metal in N2 at 1650° ; Schnell ( 1960)

found that a temperature of 1250° held for 24 hours was sufficient to

produce VN1 o. The kinetics of the nitration reaction have been studied
.

by Gulbransen and Andrew ( 1950 b).

Low nitrogen alloys have been prepared by arc melting techniques

(Rostoker and Yamamoto, 1954).

Deposits of VN result when an object is heated in a mixture of VC 14,

N. and H. (Moers, 1931
a

; Campbell and co-workers, 1949; Pollard

a~d Fowle~, 1952).

Phase Relationship

Although a complete phase diagram has

certain that two nitrides exist: a hexagonal

not been reported, it is now

VON and fcc VN.
L

Schnell (1960), using pure material, places the V2N phase between

‘NO. 48 and ‘NO. 50
and the VN phase between VN o 72 and VN

. 1.0’
whereas Hahn (1949) gives VNO ~7-VNo 43 and VNO ~ ~-VNl o as the

. . . .
respective limits. The difference between these measurements can be

attributed to the presumably high but variable oxygen content of the

material studied by Hahn (1949). A comparison between the reported
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lattice parameters in Figure II. 2. 1 supports this view. The amount

oxygen in Schnell’s material, although small, also was variable, in-

creasing from O. l% to O. 3% with decreasing nitrogen.

of

Compositions above VN1 o have been claimed when NH4V03 is de-
.

composed at low temperatures in H
2

+ N2 (Epel’baum and Ormont, 1947).

Although this phenomenon has been observed under similar conditions in

other nitride systems and is assumed to result from vacancies in the

metal lattice, later papers have given no evidence to show that it is

characteristic of this system.

The melting point of VN1 o is still in considerable doubt. Friederich
.

and Sittig (1925) reported 2050° for very impure material, while Strasser

(1956) lists 2360° without giving a source.

Lattice Parameter and Structure

The a. values for VN obtained by Schnell ( 1960), Hahn ( 1949), and

Epe~baum and Ormont (1947) are compared in Figure II. 2. 1. oxygen

contamination of Hahn’s samples is highly suspect both because he worked

under conditions that would lead to this and because his data are displaced

toward higher vanadium content compared to the work of Schnell. This

comment also applies to the work of Epel’baum and Ormont ( 1947) even

though they report only O. 5 wt YOoxygen. A curve has been drawn, based

on Schnell’s data, that can be represented by the equation:

a = O. 261 (N/V) + 3.878, which gives 4.139 A for VN1 o.
0 .

The lattice parameters of V2N also change with composition.

boundary values are listed in Table II. 2. 1 along with parameters

the other phases in this system.

Schnell also observed the extra

which were assigned previously to

Yamamoto ( 1954), but he assumed

lines between VNo 22 and VNo
. .

a tetragonal phase by Rostoker

that these were due to oxygen.

Phase

of

16

and
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Chemical Stability

.

.

VN is insoluble in HC1 and dilute H2S04, but will dissolve in HN03.

However, the nitride will gradually dissolve in boiling concentrated

HZS04, with the liberation of N ~. Strong alkalies will dissolve VN with

the liberation of NH
3“

Appearance

Pure VN1 ~ has a dark bronze-yellow cast which becomes metallic
.

gray as the nitrogen content is reduced.

Hardness

Hardness values of 1900 * 102 kg/mm2 (50 g load) and

1520 + 115 kg/mm2 have been reported for VNO 338 and VNO 74,
.

respectively (Samsonov and Verkhoglyadova, 1961a).

Electrical Resistivity

The following room temperature resistivity values have been reported

for VN: 200 pohm-cm (Friederich and Sittig, 1925); 85.9 pohm-cm

(Moers, 1931 b); 85.0 #ohm-cm (L’vov and co-workers, 1960); and

123 + 10 pohm-cm and 85 * 4 pohm-cm for VNO 338 and VN
. 0.93’ ‘r-

espectively (Sam sonov and Verkhoglyadova, 1962).

Superconductivity

The early resistivity measurements of Meissner and Franz (1930)

have been confirmed by Hardy and Hulm ( 1954) with a transition tempera-

ture of 8. 3°K. They also demonstrated that dissolved oxygen lowers

the transition temperature. Since none of their samples were oxygen

free or of the 1:1 composition, the reported transition temperature is a

lower limit. A composition of VNO 4 was not superconducting down to

1.20K.

Thermodynamic Properties

Measurement of the high temperature heat content of VNl o has led

.

.

to the following equation (King, 1949):
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HT-H = 10.94T+ 1. O5X1O
-3T2

298.16
(400 - 600 ‘K, * O. 370) cal/mole.

Shomate and Kelley ( 1949) have obtained
o

-1
+ 2.21 X 105T - 4096

8.91 * 0.04 e.u. for

s-298 and 9. 080 cal/mole-deg for C (298. 16) from low temperature heat
P

capacity measurements. The heat of formation has been measured by

combustion calorimetry (Mah, 1963). A value of -51.88 * O. 20

kcal/mole was obtained for VN ~.o( determined from V analysis only),
●

Vaporization

Schnell (1960) has measured the nitrogen pressure over V2N + VN

between 1573-1873 oK. His data can be best represented by the equation:

log PN (atm) = -2.916 x 103/T + 0.521.

2

The pressure over VN V N only) is about 100 times lower. Be-
0.44( 2

cause the composition of the solid phases will change with temperature

in an unknown manner, this equation cannot be used to calculate an

unambiguous enthalpy value.
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II. 2.2 The Niobium -Niobium Nitride Svstem

Preparation

Except for some early work in which Nb205 was used as the

starting material (Friederich and Sittig, 1925), most preparations

have resulted from the reaction between Nb and N2. Various conditions

have been used, but a temperature near 1300° and 1 atm of N seems
2

to be best. At lower temperatures the heating time becomes

excessively long; at higher temperatures the equilibrium pressure

becomes inconveniently high. Bel~w 8500 the stable nitride film

essentially prevents further nitriding (Gulbransen and Andrew, 1950a).

Between 1250° and 1300° after 30-50 hours , with inte rm ediate grindings,

the highest nitrogen content ( e-NbN1 01) was obtained. At 14000 and
.

1 atm of N ~, 6-NbN
0.92

was the equilibrium composition. These

observations and further details can be found in the paper by Brauer and

Esselborn (1961 b). Between the composition extremes, samples can

be prepared by adjusting the temperature followed by a sinter in argon,

Unfortunately, little is known concerning the pressures necessary to

produce various compositions near NbN, although equilibrium pressures

over the metal phase have been reported (Cost and Wert, 1962;

Albrecht and Goode, 1959; Pemsler, 1961). Nb2N is the first compound

to form (Cost and Wert, 1962).

Although NbH and NH3 have also been used as starting materials,

little detailed information is available. V erkhoglyadova and co -WO rke rs

(1961) observed that the formation of NbN is delayed in the presence

of hydrogen. On the other hand, Brauer and Esselborn ( 1961b) found

the reaction of N2 with NbH to be faster than with Nb, possibly, as

they suggest, because the NbH was more finely divided.

Phase Relationship

The Nb-N system is still not well known in spite of several exten-

sive papers on the subject. Therefore, the following analysis

.

.

.

.

.
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will attempt to state the basic and generally confirmed relationships,

and pose some questions that may be best answered by future work.

Nb metal dissolves only a trace of nitrogen at low temperatures, but

as the temperature increases, the volubility becomes much greater. At

24000, where the nitrogen-saturated metal is said to melt, Elliott and

Komjathy (1961) gave 2.5 wt ’70 (NbNo 17 ) as the terminal volubility.

Studies between 1100° and 2000°, by Cost and Wert (1962), have led to

a terminal volubility which can be represented by the equation:

log N2(at. %) = -4.464 x 103/T + 2.995.

This equation gives 3.8 wt y. (NbN ~ 26) at 2400°, but below 1100° the

observed volubility becomes progressively higher than that predicted by

the equation. At 300° Cost and Wert (1962) found O. 006 wt ‘% N2

(NbN o 0004). Their measurements are in quantitative agreement with

those of Ang and Wert (1953), Albrecht and Goode (1959), and Elliott

and Komjathy (1961).

Single -phase Nb2N (hexagonal) has been found between NbNo A. and

NbN o so (Brauer and Esselborn, 1961 b). The temperature to which
.

this range should apply and the manner by which the phase limits change

with temperature were not reported.

Five phases have been reported in the vicinity of NbN (Table 11.2. 2).

Of these, only the tetragonal y phase, the cubic 5 phase, and the

. hexagonal c phase are stable and will be considered part of the system.

A metastable 5’ phase has been observed by several investigators, but

apparently it occurs only during preparation or when the 6 phase converts

to the c phase. Sch6nberg (1954’) described a hexagonal (WC-type)

phase occurring between NbN but efforts by Brauer and Essel -
k 0.8-0.9’

born (1961”) to confirm this were unsuccessful. It was presumed that

this phase was due to oxygen contamination.

The 6 phase is stable only above 13700, but it can be easily retained

upon cooling. Brauer and Esselborn (1961b) place the phase limits

between NbN for their particular cooling rate (unknown) .
0.88-0.98
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By heating under 40 atm N and at 14600,
2

a composition as high as NbN
1.05

has been observed (Brauer and co-workers, 1953). At lower temperatures,

the 6 phase is the stable form. This phase has a very narrow homogeneity

range close to NbC1 o that apparently extends up to NbN Brauer and
1.018(

Esselborn, 1961 b). The role of the tetragonal y phase is somewhat in doubt.

Brauer and Esselborn (1961b) found it to be single phase between

NbN
0.75-0.79

and to occur with the 6 or c phases at higher compositions.

Elliott and Komjathy ( 1961) , by metallographic examination, demonstrated

that the y phase precipitates within the 5 phase upon cooling. This was

also observed by R~gener (1952). Furthermore, after the sample had

been annealed at 12000, producing a total conversion to the e phase, the

y phase had disappeared. Since both the y and 6 phase have a super-

conducting state (the more nitrogen-deficient y phase has the lower trans-

ition temperature) and have almost the same lattice parameter, it is

probable that these are not independent phases. For example, it has not

been shown that the slight tetragonal distortion is not due to an increased

volubility of oxygen as the structure becomes more deficient in nitrogen.

Attempts to resolve this problem are further complicated because none of

the studies using x-ray analysis have shown that quench from the heating

temperature was successful.

Melting of the Nb2N phase has been observed at 24000 (Elliott and

Komjathy, 1961), somewhat below the melting point of the metal--24680

(Schofield, 1956-57; Pemsler, 1961), and NbN is said to melt at 2050°

(Friederich and Sittig, 1925).

Lattice Parameters and Structure

A summary of the lattice parameters and structures found in this

system is given in Table H. 2. 2. The phase designations assigned by

Brauer and Esselborn (1961b) have been followed. Only the most recent

or most reliable

cases additional

values are listed and are self explanatory, but in a few

comment is necessary.
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.
Lattice parameters for the < phase have been reported on two

previous occasions to be a = 2.956, c = 11.275 A(Brauer and Jander,

1952) and a = 2,9513, c = 11.248 A(Sch&berg, 1954=). Sch~nberg (1954=)

assigned a P63/mmc structure to this compound, but Brauer and Essel -

born (1961b) found a better fit between observed and calculated intensities

if a slight distortion to this structure was assumed. Thus, they

proposed that 907’o of the lattice is arranged in the P63 /mmc configuration

and the rest can be described as P6c2.

The 5’ phase is said to be metastable. Earlier measurements of

lattice parameters have resulted in a = 2.94, c = 5.46 A(Brauer and

Jander, 1952), a = 2.968, c = 5.535 A(Sch&berg, 1954 C), and a = 3.017,

c = 5. 580 A(Umanskii, 1940),

The lattice parameters of both the 6 phase and the (3 phase have

been given as a function of composition (Brauer and Esselborn; 1961 b),

Chemical Stability

Both Nb2N and cubic NbN are insoluble in HC1, HNO
3’

and H2S0
4

(Friederich and Sittig, 1925; Brauer and Jander, 1952). NbN dissolves

in strong alkalis, evolving NH but the Nb2N, under similar conditions,
3’

evolves N2 (Schwarzkopf and Kieffer, 1953).

Appearance

Like the other nitrides, cubic NbN has a yellow cast which becomes

gray at lower nitrogen contents. c-NbN is almost black.

Hardness

Sam sonov and Verkhoglyadova ( 196 la) have given a hardness of

1720 + 100 kg/mm2 for NbNo 46
2

and 1396 * 26 kg/mm for NbN
0,96

(hex), both measured with a 50 g load.

Electrical Resistivity

A resistivity of 200 pohm-cm has been reported by Friederich and

.

.
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Sittig (1925) for NbN
0.98

; and Lfvov and co-workers (1960) found

60 pohm-cm for an unspecified composition. From the work of

R~gener (1952) it is clear that the resistivity is a function of both

nitrogen and oxygen content. A value of 40 pohm-cm can be proposed

for NbN
O. 60’

while within the cubic phase region the resistivity can

be considered constant at about 80 pohm-cm. oxygen contamination

can raise this value to above 200 pohrn -cm. Samsonov and Ver.

khoglyadova (1962) list 142 + 6 #ohm-cm, 85 + 2 ~ohm-cm, and

78 * 4 pohm-cm for NbN
0.5’ ‘bNO. 96’

and NbN
1.0’

respectively.

Superconductivity

Discovery of a rather high transition temperature for NbN has

prompted many studies of this property. Although general trends have

been indicated, most measurements have shown broad transition

regions and scattered transition values. This is not surprising be-

cause both the presence of oxygen and the absence of nitrogen lower

the transition. The presence of metal atom vacancies, a phenomenon

which is common in the nitride systems, might also play a part, Unless

the material is heated for a sufficient time under the equilibrium

pressure of oxygen-free N there can be no guarantee of composition
2

uniformity, an essential condition for accurate m easurements.

In addition, the measurements have not been reported in a consistent

way. Sometimes the temperature at the first indication of super-

conductivity is given (onset); in other cases, the center of the transition

range is reported (center) . Recently still another method is used--the

linear portion of the transition curve is extrapolated in order to intersect

an extension of the normal state base line, and this temperature is re-

ported (extrapolated) . These temperatures should be essentially the

same for a pure, uniform sample; but, for many actual materials, they
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are several degrees apart. Lack of information often prevents a

correction to a common basis; and, even if this were done, the

additional values might lead to confusion. For these reasons only the

reported temperatures are quoted with the basis indicated.

A transition temperature for 5-NbN near 16 oK, found first by

Aschermann and co-workers (1941), has been supported by later work.

Horn and Ziegler (1947) found 15. 250K (onset) for 6-NbN
0,90’

which

at that time was the highest transition observed for any material.

Cook and co-workers (1950), by going to a higher nitrogen content

(6-NbN o 97), increased the temperature to 16. 20K (onset). Two

years later, R8gener (1952) verified that this property is a function

of composition, although he obtained his highest T= (15. 98 oK, center)

for 5-NbNo 87. The tetragonal phase was also found to be supercon-
.

ducting, but at a lower temperature. Hardy and Hulm (19 54) confirmed

this and, in addition, reported that Nb2N was normal above 1.2 oK,

The hexagonal c-NbN is normal above 1. 940K, (Schr6der, 1957).

Other studies have supported these results (Sellmeier, 1955; Lautz

and Schr6der, 1956).

Thermodynamic Properties

have been obtained from
‘alues ‘or ‘Hi98. 16

by Mah. For NbN1 o (presumably the hexagonal

of -56.8 * O. 4 kcal/mole was reported (Mah and

combustion calorimetry

form) a heat of formation

Gellert, 1956), while

a rather impure Nb2N (7. 67 mole yO Nb20) gave -61. 1 + 1. 0 kcal/mole

(Mah, 1958). This latter value can be compared to -67 * 2 kcal/mole

obtained from gas pressure measurements by Cost and Wert (1962).

A rather limited and rough measurement of high temperature heat

content has been made by Sato and Sogabe ( 1941), resulting in the

following equation:

.

.
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HH =8.69 T+2.7OX1O
-3T2

T- 298
- 2831

(298 -600”K, * 57.) cal/mole.

Kelley and King (1961) have estimated SO
298.15

of NbN to equal

9.0* 0.5e. u.

Vaporization

The very limited pressure studies by Brauer and Esselborn (1961b)

can be summarized as follows: the decomposition pressure at 14000

and at the upper phase limit of the 6 phase (NbN o 98) is considerably

above 1 atm. With decreasing nitrogen content, the pressure first

drops steeply then more slowly until it equals about 200 torr at the

lower phase boundary (NbN o 88). They also observed a nitrogen loss

when the K phase decomposes into the 6 phase.
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11. 2.3 The Tantalum-Tantalum Nitride System

Preparation

The preparation of TaN is similar to that of NbN and most of the

comments made in the previous section are applicable here. Most in-

vestigators have prepared the nitrides by heating the metal in purified

nitrogen, although Sch&berg (1954a) suggests that the use of ammonia

is better because it is easier to purify. Several extensive studies have

appeared concerning the conditions under which compositions up to

Ta2N will form (Albrecht et al. , 1961; Gulbransen and Andrew, 1950a;

Pemsler, 1961; Andrews, 193 2), but equilibrium conditions in the region

of TaN are not known with certainty. However, at 1 atm pressure and

about 1300°, compositions near TaN can be obtained after several hours

if powdered, outgassed Ta is heated in flowing nitrogen. Past experience

has clearly demonstrated that if an oxygen-free nitride is to be obtained,

the oxygen content of the gas and the metal must be reduced to a very low

level. At a temperature at least as high as 8500, reaction with oxygen

is much faster than the reaction with nitrogen (Albrecht et al. , 1961).

Phase Relationship

.

The two compounds found in this system, Ta2N and TaN, are both

hexagonal. Several additional crystal structures have been reported,

but these are unconfirmed. In particular, Sch&berg (1954a) reported

seeing evidence for a simple hexagonal structure in the region between

T aN
0.80

and TaN
0.90”

The solubili’ty of N2 in the metal is slight at low temperatures but

rapidly increases and reaches about TaN
0.24

at the melting temperature

(Gebhardt and co-workers, 1961; Pemsler, 1961). However, it is not

possible to quench in compositions higher than TaNo 05 by cooling in

vacuum. At very low nitrogen contents there is apparently an

phenomenon which has been reported by Sch6nberg ( 1954a) and

150
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and co-workers (1962). The latter authors propose that the nitrogen

atoms occupy the tetrahedral rather than the usual octahedral sites.

The homogeneity region of Ta2N also broadens with increase in

temperature. According to Gebhardt and co-workers (1961), the lower

phase boundary goes from TaNO 36 at 1000° to TaNo so at 2000°, while
.

the upper boundary, although it has not been studied as completely, is

assumed to remain constant at TaN
0.50”

This range is consistent with

the results of Brauer and Zapp (1954). The melting point of this phase

is unknown.

The hexagonal form of TaN has been reported to lie between TaNo

and TaN1. O. (Brauer and Zapp, 1954). If this system is similar to the

Nb-N system, this phase should convert to a cubic form before melting;

but no evidence for this has been reported. However, a cubic structure

has been found in material heated at high pressures (45 kilobars) and

~1400° C; and from the variation in lattice parameter it can be assume d

that a homogeneity range exists (Giardini and Kohn, 1962). Melting

temperatures of 2890° (Friederich and Sittig, 1925) and 3090° (Agte

and Moers, 1931) have been observed. Because of the rapid evolution

of nitrogen at these temperatures, it is very likely that these melting

points represent the melting point of the nitrogen-free metal.

Lattice Parameter and Structure

Dissolution of No in Ta causes the lattice parameter to increase

98

&

almost linearly with a slope of 0, 0053 A/at.

workers, 1958).

The hexagonal s t ructure now known to

to TaN by an early investigator (van Arkel,

workers found that TaN is also hexagonal in

~0 N2 (Gebhardt and CO-

be due to Ta2N was assigned

1924). However, later

its own right (D~h-P6/mmm)

(Brauer and Zapp, 1953, 1954; Sch?5nberg, 1954a), although the structure
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does not appear to correspond to its counterpart in the NbN system

(c-NbN).

Meager evidence for an additional phase (6 phase) between TaNO SO

and TaN ~ ~0, given by Sch6nberg (1954a), has never been confirmed,
.

and the briefly stated experimental methods do not allow an explanation

to be given.

The observed phases are summarized in Table LT..2.3, with the

most probable lattice parameters.

Chemical Stability

In the absence of measurements, it can be assumed that the chemical

behavior of this system is similar to the niobium nitrogen system.

Appearance

Hexagonal TaN is reported to have a blue-gray cast. This is

similar to the color exhibited by the hexagonal form of NbN. The cubic

form, found by Giardini and Kohn ( 1962), has a yellow color similar

to the other cubic nitrides.

Hardness

According to Samsonov and Verkhoglyadova (1961a), the Ta2N phase

‘n ‘aNO. 58
has a hardness of 1220 * 120 kg/mm2, and T aN

2
~.o~ gave a

value of 1060 * 72 kg/mm , both measured with a 50 g load. In a previous

paper, Samsonov (1952) listed 3236 kg/mm2 as the hardness of TaN.

Gebhardt and co-workers (1961) found the Ta2N phase in TaNo s ~ to have

a hardness of 1820 kg/mm2 (300 g, Vickers).

Electrical Resistivity

An early value of 135 pohm-cm was reported for TaN of dubious

quality by Moers (1931 b). Samsonov (1956) reported a value of 1650 pohm-cm.

But in a later paper (Kolomoets et al. , 1958), this same number is given

as the temperature coefficient (pohm-cm/deg). More recently,

I

.

.
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Samsonov and Verkhoglyadova (1962) list 263 * 22 pohm-cm for TaNO 45

and 128 * 15 pohm for TaN
1.01”

Superconductivity

Neither Hardy and Hulm (1954) nor Horn and Ziegler (1947) were able

to detect superconductive behavior above 1.2° and 1. 880K, respectively.

Apparently the hexagonal forms of TaN and NbN are similar in this re -

spect. It would be very interesting to examine the cubic form of TaN.

Ta2N is not superconducting down to 1.2 OK (Hardy and Hulm, 1954).

Thermodynamic Properties

Mah and Gellert (1956) have measured the heat of formation of TaN

by combustion calorimetry. A sample containing 3. 55’%TaO (assumed

from summation only) gave -60.0 * 0, 6 kcal/mole* for AHO This
298.15”

can be compared to an earlier value of -53.0 kcal/mole’~ (Neumann and

co-workers, 1934) based on material of unknown purity.

Impure Ta2N (3. 31 mole 70 Ta205 + 5.34 mole 7’o Ta, assumed from

summation) was burned by Mah ( 1958) from which a tentative value of

-64.7 * 3.0 kcal/mole* was given for 4?-?’298 15.
.

The following equation was given by Sato ( 1939) to represent the

high temperature heat content of TaN (cal/mole):

H -H
-3T2

=7.73 T+3.9OX1O - 2652 (*57’0, 298-8000 K).
T 298.16

Workers at the Southern Research Institute ( 1963) have measured the

high temperature heat content of a very impure sample of Ta2N (TaNo 42).

Their data, converted from Btu/lb - 0F, are fit by the following equatiorc

HT - H273 = 3.33T + 2.63 X10-3T2 - 7.23 X 104/1 .8 T-459 + 2336

cal/ deg-mole of Tahl
O. 42”

~XCalculated using Humphreyls ( 1954) value for the heat of formation of

Ta205(-488. 8 * O. 5 kcal/mole).
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Vaporization

At sufficiently high temperatures in vacuum, TaN will rapidly lose

all of the combined nitrogen and revert to the m etal. hdrews (1932) has

noticed this to occur at 21 00 OK. Equilibrium pressures have been

determined in the composition range below Ta2N by Gebhardt and co-

workers (1961), Pemsler (1961), and Kibler and Lyon (1962).
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Chapter II. 3

The Group-6a Nitrides

The Group-6a nitrides are characterized by their great instability.

In fact, they are not considered as refractories by some authorities.

Nevertheless, the compounds are of theoretical interest and the elements,

particularly tungsten, furnish useful construction materials which are

inert to nitrogen at high temperatures.

These elements form compounds having the compositions M2N and

MN. In the Cr system, the first is hexagonal and the second is cubic,

but the reverse is true for the Mo and W systems. In addition, tungsten

forms WN2 in the gas phase. In all cases, the volubility of nitrogen

in the metal is slight.

These nitrides become progressively less stable as one goes from

Cr to W. Indeed, tungsten is inert in N2 up to its melting point, and

the nitride can be prepared only at low temperatures in NH
3“

This

instability has led to a lack of interest in these compounds and, as a

result, very little is known about their properties.

Because of the very limited data, the effect of oxygen on the proper-

ties has not been revealed. Therefore, until more information is

available, most of the observations are open to some question.

I
I
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II. 3. 1 The Chromium-Chromium Nitride System

Preparation

The direct reaction of the metal, either with N2 or NH3 at atmos -

pheric pressure, has been used almost exclusively to prepare both

nitrides. Verkhoglyadova and co-workers ( 1961) formed CrN by heating

the metal powder in N ~ for 1-2 hours at 900°, and obtained Cr2N by

heating to 1200° for 1-4 hours followed by a rapid quench to avoid the

precipitation of CrN. Using NH3, Corliss and co-workers (1960) heated

the metal at 1100°, with intermittent grindings, and obtained CrN con-

taining a trace of Cr2N. Caplan and Fraser (1955) also heated Cr in

NH3 between 950° and 1250° C to obtain CrN. The compositions of phases

so prepared were not stated. Kiessling and Liu (1951) found that the

nitrides would result if the chromium borides were heated in NH
3“

Phase Relationship

Chromium forms the two compounds Cr2N and CrN. The first is

hexagonal and the second is face-centered cubic, but very little else is

known about these phases.

The volubility of nitrogen in the metal is slight at room temperature

but increases rapidly as the temperature is increased. For example,

Seybolt and Oriani ( 1956) give the terminal volubility as O. 028 wt 70 at

1000° and O. 26 wt % at 14000. At the melting point of the metal under 1

atm of N z, the volubility increases to roughly 4 wt ~0 (Brick and Creevy,

1940; Adcock, 1926).

The hexagonal Cr2N is said to exist between CrNo 38 and CrN
. 0.50

(Eriksson, 1934). Very little has been reported about this compound,

but the observation by Verkhoglyadova and co-workers (1961) that Cr2N

had to be cooled rapidly to prevent the precipitation of CrN suggests that

either the compound or the high temperature composition is unstable at

lower temperatures.
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The homogeneity range of the cubic CrN is not known. However,

one might assume, from the range of lattice parameters reported, that

it is probably not a line compound.

No melting temperatures have been reported for this system.

Lattice Parameter

A lattice parameter for the CrN phase containing Cr2N has been

measured as low as 4. 13 A(Corliss and co-workers, 1960), and

Sch6nberg (1954d) reported a = 4.149 for CrNl o. Other reported
.

values for mate rials of dubious purity fall within this range.

Parameters for the hexagonal Cr2N phase have been reported to

fall between a = 4.805 and 4.786, c = 4.480 and 4. 463A, depending on

the temperature of preparation (Kiessling and Liu, 1951). These values

apply to material prepared by heating chromium borides in ammonia.

Eriksson (1934) gives a = 4.806-4.760 and c = 4.479-4.438 A as the range.

Chemical Stability

No information could be found.

Appearance

Both nitrides are s aid to be yellow. It is unusual that C rZN should

be yellow because all other hexagonal nitrides in these groups are either

gray or black.

Hardness

The hardness of CrN
0.99

and

1571 + 49 kg/mm2, respectively,

Verkhoglyadova ( 196 la, 1962).

Electrical Resistivity

2

crNo. 47
is 1083 * 93 kg/mm and

according to Samsonov and

.

●

.

.

Samsonov and Verkhoglyadova (1962) list the electrical conductivity

of CrN
00497

and C rN
O. 926

as 79 * 5 pohm-cm and 640 * 40 pohm-cm,

respectively.
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Superconductivity

Matthias and Hulm ( 1952) found C rN of unstated composition to

exhibit no superconductivity down to 1. 28° K.

Thermodynamic Properties

From combustion data, Mah ( 196 O) found the heat of formation of

Cr2N to be -30.8 * 1.1 kcal/mole, at 298. 15° K.

The heat of formation of C rN was obtained by heating the metal in

N2 under pressure and measuring the heat produced by the reaction

(Neumann and co-workers, 193 1). This method gave -29.5 kcal/mole.

Measurements of nitrogen pressure in the temperature interval

1100-1400° K have led to the following thermodynamic values (Sane,

1937):

AH
298

4F
298

As
298

Cr2N -20.6 kcal/mole -17.3 kcal/mole -11. 2e. u.

C rN -24.3 -19.5 -16.0

Vaporization

The above study (Sane, 1937) gave the following formulas for the

N2 pressure over the indicated system:

Cr2N + Cr +N2 log P = -9558/T + 8.103 (torr)

CrN + Cr2N + N2 log P = -12071/T + 10.65

Valensi (1929) states that the N2 pressure over Cr2N at 1000° is

about 400 torr.
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II. 3.2 The Molybdenum-Molybdenum Nitride System

Pre~aration

Because of the very slow rate at which Mo reacts with nitrogen, the

molybdenum nitrides have been prepared almost exclusively from the

reaction with NH
3.

Although it is best to start with the pure metal, the

metal oxide will also produce the nitrides when heated in ammonia

(Uhrlaub, 1857; Matthias and Hulm, 1952).

In order to produce the mononitride from Mo and NH3 at atmos -

pheric pressure it is necessary to keep the reaction temperature below

725° and to heat for extended pe riods of time (H~gg, 1930). Compositions

near MoN were produced after 5 days at 700° (H~gg, 1930). Slow cool-

ling from 800° over a period of 4 weeks also resulted in MoN
-1.0

(Sch6nberg, 1954b). The lower compositions can be prepared by heating

for a proportionately shorter time or at a higher temperature. Verkhog-

lyadova and co-workers (1961) produced M02N by heating 4 hours at 700°.

Arkharov and co-workers (1960) found that a reaction is noticeable at

700° and follows a parabolic rate law up to 1150°. Above this tempera-

ture, neither nitride is formed. The paper by H~gg (1930) should be

consulted for detailed information.

Phase Relationship and Lattice Parameter

Three compounds have been reported to occur in this system: a

face-centered tetragonal structure (~) near MoN
0.39

which is stable

only above 600°, a face-centered cubic phase (y) with a narrow homo -

ge neity range at Mo 2N, and a compound at MoN
1.0

with a simple hexa-

gonal lattice (6).

The volubility of nitrogen in Mo is quite small even at high tempera-

tures (Norton and Marshall, 1944; Sieverts and Zapf, 1936).

The tetragonal ~ phase, first reported by H~gg (1930), was also

observed by Sch6nberg (1954b). This phase is found only in samples .
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which have been quenched from above 600” , in the region near MoN
0.39”

Lattice constants of a = 4.188 and c = 4.024 A were measured by H~gg

(1930). On the other hand, Sieverts and Zapf ( 1936) found only Mo and

the (3 phase in a sample of MoNO 44 after slow cooling from 820°. It is
.

possible that this tetragonal distortion was due to dis solved oxygen

acquired at the higher temperature.

M02N is unusual in that it is cubic rather than hexagonal, a property

it shares with W2N. Although the homogeneity range is narrow at low

temperatures, it widens as the temperature is increased. Troitskaya

and Pinsker (1959), from electron diffraction studies of a thin nitride

film on a crystal of sodium chloride, state that this compound can have

a deficiency in the Mo lattice, depending on the conditions of formation.

They have assigned lattice positions to the atoms and have given a lattice

parameter of a = 4.165 A. On the other hand, H~gg (1930) concludes

that the structure becomes deficient in nitrogen at high temperatures

and finds lattice parameters of a = 4. 136 and 4. 185 A for the terminal

compositions quenched from 1000°. At 600° the parameter at the Mo -

M02N boundary had increased to 4.163 A.

MoN apparently has a very narrow range at MoNl o, and
.

above about 750°. Structurally, this compound is hexagonal,

is unstable

but the

presence of a series of weak superlattice reflections, first seen by ~~gg

(1930), prompted Sch6nberg (1954b) to make a more complete study.

From powder patterns, he assigned a space group of D6~ and lattice

parameters of a = 5.725, c = 5.608 A. Troitskaya and Pinsker ( 196 1),

using the same methods which they applied to the y phase, obse rved

two hexagonal lattices, diffe ring slightly in lattice parameter.

Because of the very poor thermal stability of these nitrides, melting

points would be difficult to obtain and would be of little practical interest.
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However, nitrogen at 1 atm pressure does lower the melting point of Mo

from 2620° to 2450° or below (Olfshanski~, 1948).

Chemical Stabilit y, Appearance, Hardness and Electrical Conductivity

No information could be found in the literature.

Superconductivity y

Matthias and Hulm ( 1952), using materials prepared from the oxide,

found hexagonal MoN to have a transition temperature of 12.0° K. Cubic

M02N became superconducting at 5.0°. According to a previous pub-

lic ation (Hulm and Matthias, 1951) these measurements were made on

a sample containing all three phases, Mo, Mo N, and MoN.2

Thermodynamic Pro~erties

Heat of combustion measurements have led to a heat of formation

for Mo 2N equal to -19.5 * O. 3 kcal/mole at 298.1° (Mah, 1960).

Vaporization

Sieverts and Zapf ( 1936) measured a nitrogen pressure of 362 mm

at 820° over MoN From this they estimated an equilibrium pressure
0.44°

of 1 atm at 860°.

.

.
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II. 3.3 The Tungsten-Tungsten Nitride System

Preparation

Tungsten is inert towards nitrogen at all temperatures, and even

NH3 reacts very slowly. H~gg ( 1930) was able to obtain only WNO 22
.

by heating the metal for 48 hours at 750° in 1 atm of NH
3“

Kiessling

and Liu( 1951) obtained W2N by heating at 825-875° ; at 900° the material

decomposed into W and N2. Sch6nberg ( 1954b) cooled W in NH3 from

800° over a period of 4 weeks and found W2N and WN (WNO 72) in the
.

product. The WN decomposed into W2N and N2 at 600°. This reaction

has been studied in more detail by Mittasch and Frankenburger ( 1929).

The nitride will also result when the oxide is heated in NH3 at 700°

(Matthias and Hulm, 1952) and when ammonium tungstate is decomposed

in NH (Neugebauer and co-workers, 1959).
3

Phase Relationship and Lattice Parameter

The W-N system consists of a cubic W2N,

WN2 phase. Other phases have been reported,

a hexagonal WN, and a

depending on the method

of preparation, but these may not be typical of the system.

Tungsten absorbs essentially no nitrogen at atmospheric pressure.

Norton and Marshall (private communication to S. Dushman, 1949) could

find only 3.8 x 10
-4

wt Yo N2 at 2400° and less at lower temperatures.

The W2N, first prepared by H~gg ( 1930), is isomorphous with the

cubic M02N phase. H~gg (1930) calculated a parameter of a = 4.126 A

when W was present. This was confirmed by Kiessling and Liu ( 1951).

These workers also found that W2N converted to a simple cubic structure,

a = 4. 130, upon heating at 850° in flowing NH
3“

This y phase was later

shown by Kiessling and Peterson ( 1954) to be an ordered defective

structure containing both nitrogen and oxygen. Electron diffraction

studies of a very thin film have revealed a cubic structure ( NaC1-type)

with a = 4. 12-4.14 (Khitrova and Pinsker, 1959). Previously, Pinsker
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and Kaverin ( 1957) obtained a = 4. 118 for W N from x-ray diffraction
2

patterns.

WN is hexagonal and, according to Sch6nberg (1954 b), the lattice

constants are a = 2. 893 and c = 2. 826A when W N is present.
2

Electron

diffraction studies by Khitrova and Pinsker ( 1961) of very thin films on

rock salt have led to parameters of a = 2. 89, c = 22. 85 and a space

group of C~. Earlier (1958), these workers reported a = 2.89, c = 15.30 A

4
and a space group of D ~h-P63/mmc for a composition believed to be WNO 87,

Langmuir (1913) observed that tungsten vapor, from a hot tungsten
.

wire, would react with N2 gas and form WN2. The composition of this

brown compound was later confirmed by Smithells and Rooksby ( 1927).

Electron diffraction studies of a thin nitride film revealed a rhombo -

hedral phase,. a = 2.89, c = 16.40 A, in the thinnest parts (Khitrova,

1962). A composition of W3N6 was assigned on the basis of the crystal
c

structure and D ‘
3d

was given as the space group. Khitrova and Pinsker

(1962) have recently published a summary of their electron diffraction

studies in the W-N system.

Chemical Stability, Appearance, Hardness and Electrical Resistivity

No information could be found in the literature.

Superconductivity

Matthias and Hulm ( 1952) found that W2N (prepared from the oxide)

was normal down to 1. 28° K. In view of the superconducting behavior of

M02N, it would be of interest to measure W2N, which is known to be

oxygen free.

Thermodynamic Properties

Brewer and co-workers (Quill, 1950) list -17 kcal/mole as the heat

of formation of W2N.

Vaporization

No measurements of the equilibrium vapor pressures could be found

in the literature.

.

.

.
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Chapter III. 1

The Th, U and Pu Carbides

The fcc MC and a MC ~ compound are both common to the Th, U

and Pu carbide systems. In the U and Th systems the MC ~ structure

converts to a cubic lattice which can form a continuous solid solution

with the MC phase. PuG ~ apparently has but one crystal form and

does not form a solid solution with PuG. Below ‘1750” PuC2 decom-

poses into Pu2C3 and C; UC2 gives U C~ ~ and C below 1500° ; and ThC2

has not been observed to decompose above -1000°. In addition, the

M2C3 phase has not yet been found in this system. The melting point of

the MC ~ phase increases in a regular way in going from PuG ~, reaching

2650° at ThC2.

There are within this group several isolated differences which do

not fit a general pattern. ThC z is the only compound to exhibit a color

(pale yellow); only ThC has been found to show superconducting behavior.

‘uCO. 87
behaves as a semiconductor, whereas the other compounds are

apparently metallic conductors.

In general, these carbides show a much more complicated phase

relationship then do the other refractory carbides and, because of their

high reactivity, are much harder to investigate. The U -C system has

been studied extensively but is still not completely known. The other

.

.

two systems are known only in their general aspects.
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111. 1. 1 The Thorium-Thorium Dicarbide System

Preparation

Most recent studies have used material prepared by either arc

melting the unpowdered elements together or by heating the powdered

elements at a temperature below the melting point. Because of the

ease with which Th metal, especially the powder, reacts with oxygen and

nitrogen, the arc-melting technique should be used if the highest purity

is desired.

Th02 will react with C at 1800-1900° to give ThC or ThC2 of

uncertain purity (Samsonov et al. , 1960). According to Scaife and

Wylie (1958), 997’o of the ThOZ can be

30 minutes at 2130” C. This reaction

and Hincke ( 1927).

Phase Relationships

converted to the carbide after

also has been studied by Prescott

Two compounds comprise this system a fcc ThC phase, and ThC
2

which is monoclinic at low temperatures but which converts to a cubic

form at high temperatures.

The

occasions

Smith and

volubility of C in Th has been measured on

but there is little agreement (Peterson and

Honeycomb, 1959; Peterson, 1961), This

a number of

Mickelson, 1954;

measurement is

made difficult by the ease with which oxygen and nitrogen enter the

lattice thereby changing the volubility of carbon. Thorium metal trans -

forms from fcc to bcc near 1360° (Chiotti, 1954, 1955; McMasters and

Larsen, 1961), and this temperature is raised by the addition of carbon

(Chiotti, 1954, 1955). Recent work by Reid and co-workers (1963) places

the transition at 1325 + 10” C, The pure metal melts near 1725° (Chiotti,

1954; Thompson, 1933; McMasters and Larsen, 1961).

The fcc (NaC1-type) ThC phase can have a defect structure, the
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range of which increases with temperature (Wilhelm and Chiotti, 1950;

Benesovsky and Rudy, 1961 b). However, as pointed out by Hansen and

Anderko ( 1958), the structure should not extend to a-Th as was initially

proposed, Rudy and co-workers ( 1962) placed the range between ThCo Al

and ThC
1.0

at 1500°, but Henney and co-workers (1963a) found single-

phase ThC only between ThCo s and ThCl o at 1600°. The latter workers
. .

noted that the range was apparently widened by the presence of oxygen,

At high temperatures ThC forms a solid solution with ~-ThC2, but,

similar to the UC-UC relationship, it breaks into a bell-shaped misci-
2

bility gap somewhere above 15000 (Brett, Law and Livey, 1960; Benesovsky

and Rudy, 1961 b). ThCl o apparently melts near 26250 (Wilhelm and
.

Chiotti, 1950).

The low temperature form of ThC2 is monoclinic (Hunt and Rundle,

1951). This compound is assumed to convert to the same high temperature

form as does UC2 (Brett, Law and Livey, 1960). Using thermal analysis

techniques, Langer and co-workers ( 1962) observed thermal breaks at

1430° and 1480° when free carbon was present. Marchal and Accary (1963)

found that electron beam melted ThC2 (probably carbon deficient) showed

a thermal expansion increase upon heating at -1290° and contracted upon

cooling at ~1240° . Hill and Cavin ( 1964) have shown that ThC z converts

to a cubic phase at 1415 * 10°. The presence of Th02 caused a large heat

effect at 1470° to 1500°. The composition range of the monoclinic form

is quite narrow but, as yet, the limits have not been established. ThC2

apparently melts at S 2655° and forms a eutectic with carbon which

melts at -2500° (Wilhelm and Chiotti, 1950; Langer, 1963).

Although a number of phase diagrams have been drawn based on

the initial work of Wilhelm and Chiotti ( 1950) (Rough and Bauer, 1958;

Rough and Chubb, 1960; Hansen and Anderko, 1958; Langer, 1963),

additional data are needed

strutted for this system.

before a complete phase diagram can be con-
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It is surprising, in view of the similarity to the U-C and Pu-C systems,

that a Th2C3 phase has not been seen. N. H. Krikorian (1963) attempted

to form this phase by heating the indicated compositions in vacuum at the

following temperatures and times: ThC
1.91’

1200° for 69 hr, 1000°

for 168 hr, 750° for 168 hr; and ThC o 99, 700° for 477 hr. These

beatings resulted only in a sharpening of the diffraction pattern of the

initial carbide.

Lattice Parameter

Because the lattice parameter of ~-Th increases with d~ssolved

carbon, nitrogen and oxygen, the value listed in Table 111. 1. 1 is the

lowest reported.

The lattice parameter of cubic ThC varies in an essentially linear

manner between the extremes shown Ln Table 111. 1. 1 (Henney and CO-

workers, 1963a). These terminal compositions, however, do not necessarily

apply to the temperature from which they were cooled. X-ray powder

patterns have been published by Kempter and Krikorian (1962).

The structure of a- ThC2 has been established as monoclinic by the

neutron diffraction studies of Hunt and Rundle (1951). Recent work by

Kempter and Krikorian (1962) has shown that the structure also can be

indexed as pseudo -orthorhombic. When this was done, they found that

their parameters for pure, arc-melted ThC2 o differed significantly

from the recalculated values of Hunt and Rundle (1951), but agreed

reasonably well with those found by Baenziger (see Wilhelm and Chiotti,

1950). The pseudo -orthorhombic parameters of Kempter and Krikorian,

(1962) are therefore listed in Table 111.1.1. These workers also gave

the powder pattern data for ThC, and transformation equations for the
L

two indexings.

Appearance

Compositions below ThC2 are metallic gray,

broken surfaces of ThC2 have a very pale metallic

darkens with time.

whereas freshly

yellow color which
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Chemical Stability

The metal and especially the carbides are so reactive to water

vapor that they should be handled either in a nonreactive atmosphere

or under a dry liquid. Both carbides can be dissolved by H20, 1:1 HC1,

H2S04, HN03, 257’o tartaric acid, and 5~0 NaOH (Samsonov and co.

workers, 1960), The reaction with water has been studied on a number

of occasions, the most recent being a work by Kempter and Krikorian

(1962).

ThC2 forms only a thin coat of

02, while at 5000 it is fully oxidized

Th02 after 24 hr at 300” in pure

(Brett, Law and Livey, 1960). In

moist air it reacts ten times faster than UC z, being completely con-

verted to the oxide after ~10 hours at 30 “C. The carbon-deficient

material is somewhat less reactive. Although there is no reaction with

nitrogen at room temperature, there is a slight reaction in dry air

(Engle, 1961).

Hardness

The only reported measurement of microhardness was made by

Kempter and Krikorian ( 1962). ThC
0.99 g

ave 850 kg/mm 2(200 g, DPH),
2

and ThC2 gave 600 kg/mm . Because of the uncertain chemical form

of the analyzed oxygen, these compositions might be somewhat lower

than indicated.

Electrical Resistivitv

Using rods of the above composition, Kempter and Krikorian ( 1962)

measured values at 25° of 25 #ohm-cm and 30 pohm -cm for ThC and

ThC2, respectively. On the other hand, Chiotti ( 1950) observed that

the resistance of ThC is about 5 times that of ThC
2“

Superconductivity y

Hardy and Hulm (19 54) could find no evidence for superconductivity
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above 1. 2° K in a sample of ThC of unstated purity and composition.

Recently, however, Costa and Lallement ( 1963) found that ThC became

superconducting at 9 * 1° K. ThC2 apparently has not been measured.

Thermodynamic Properties

Huber and Honey (1962) measured the heat of formation of ThC
0.99

by combustion calorimetry and calculated a value of AH 0
298

=-7+6

kcal/mole. The large uncertainty was believed due to the high percen -

tage of unburned material found after combustion.

Using the values which Prescott and Hincke ( 1927) obtained from

the Th02-CO-C system, combined with estimated free energy functions

and a more recent value for the heat of formation of ThO z, Krikorian

(1955) estimated that AH~(298) = -33 * 8 kcal/mole for ThC2. Egan

( 1964) using emf values from the cell Th, ThF4/CaF2/ ThF4,

ThC2, C calculated AHf = -37. 1 kcal/mole and AFf = -29.4 *O. 3

kcal/mole, both at 800” C.

On the basis of equilibria in the Th-W-C system, Rudy and co-

workers (1962) gave a range of -32 to -23.3 kcal/mole for AF of ThC2

at 1500° C. The thermodynamics of ThC2 have been reviewed recently

by Lofgren and Krikorian (1963).

Valorization

Using a mass spectrometer, Jackson and co-workers (1962) found

that between 2000° and 2422° K the pressure of Th
(g)

and ThC
2(g) are

of comparable magnitude above ThC
2(s) + c(s)”

The pressure of

these species was described by the following equations:

‘hc2(g)’
log Patm = -39364 (*163)/T + 7.20 (*O. 65)

‘h(g) ‘ 10g ‘atm
= -36025 (*144)/T + 5.74 (*O. 57)

180



Lonsdale and Graves ( 1962) studied this system, using target

collection. In view of the above results, their calculated thorium

pressures should be somewhat higher than the sum of the ThCZ and Th

pressures, By comparing the results of Jackson and co-workers (1962)

with the equation obtained by Lonsdale and Graves ( 1962), log Patm =

-37600 (+1000)/T + 7, 39 (*O. 39), one finds that the latter workers ob-

tained pressures which were consistently high by a factor of 4.4.

Lofgren and Krikorian ( 1963) suggest that the temperature measurements

of Lonsdale and Graves (1962) were too low because the hole in their

target was too small to allow the light from the crucible to completely

fill their pyrometer lens.

The pressure of Th over ThC2 + C has been studied by emission

spectrometric techniques (Lofgren and Kirkorian, 1963). Although

some difficulty was experienced in obtaining consistent data, a heat of

formation value near -23 kcal/mole was reported.
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III. 1. 2 The Uranium-Uranium Dicarbide System

Introduction

An enormous amount of work has been directed, of late, to those

properties of UC and UC2 which are important to high temperature

power reactor technology. Most of this work has been done under con-

ditions dictated by economy rather than purity, and much of the emphasis

has been placed on the engineering aspects of the problem. While such

information is necessary and valuable, it adds little to a basic under-

standing of the pure U-C system, and, therefore, is beyond the scope

of this discussion.

In spite of this great interest, the complete phase diagram

not known. Although this is partly due to the complexity of the

the main problem stems from the almost unavoidable presence

is still

system,

of

/ dissolved oxygen and nitrogen. These elements can seriously affect

the properties of the carbides and, unless their presence is taken into

account, there is little hope of consistency between independent measure-

ments. It is therefore worthwhile to consider, first, the changes produced

when carbon is replaced by nitrogen and oxygen.

A. Nitrogen:

Above 1200°, the lowest temperature reported, all or part of the

carbon atoms in UC can be replaced by nitrogen. This substitution

results in a contraction of the lattice (Austin and Gerds, 1958; Williams

and %rnbell, 1959). Indeed, if UC having

indicating integral stoichiometry, is used,

a parameter of 4.9605 A,

the lattice parameter versus
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nitrogen content is almost linear. On the other hand, by starting with

UC having a parameter of 4.9544, a variation is produced which is

almost independent of nitrogen content at first, but then approaches

the value for UN as the nitrogen content is increased (Williams and

Sambell, 1959). Austin and Gerds (1958) noted that when UC2 was

present, the UC-UN solid solution assumed an equilibrium composition

of about 35 mole % UN + 65 mole 70 UC at 1800°. They also found that

nitrogen is essentially insoluble in UC
2

and U C However,
2 3“

the presence

v of nitrogen does seem to inhibit the formation of U C (Henney and co-
23

workers, 1963). According to Rough and Chubb (1959), nitrogen reacts

with the molten carbide to displace carbon from the monocarbide to

produce some UC2. Thus, if only the carbon content is considered,

attempts to locate the high carbon UC phase boundary could result in an

erroneously low composition. Such a contamination can result during

arc-melting if N is present in the gas (Brown, 1963). Chubb and Keller

(1963) found that2UCl o, after being melted in a partial pressure of

0.01 atm of N
2’

contained 700 ppm nitrogen. The amount increased with

nitrogen pressure and as the carbon content was reduced. Atoda and co -

workers (1963) observed that the reaction with N2 (1 atm) started at

600°, increased rapidly up to 1100 ~ and became almost constant between

1100° and 1250°. The nitrogen combined with the uranium, producing

free carbon and U2N3 with a composition between UN1 ~ ~ b, depending
.-.

on the temperature.

B. Oxygen:

The volubility of oxygen in UC and the ease with which this solution

can take place depend on a number of factors, the more important being

the stoichiometry, the annealing temperature and the CO pressure. Even
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though there is no agreement in the literature as to the role each plays,

a brief discussion will be attempted, based largely on the excellent work

of Anselin and co-workers (1963). In order to simplify the presentation,

the composition extremes of the UC phase will be handled separately

beginning with hypostoichiometric UC.

Since UOZ is insoluble in UC, the amount of dissolved oxygen in a

particular sample will depend largely on the rate at which the U02

can be converted to the easily soluble but unstable UO. If free uranium

is present, the reduction can take place above 12000 by the reaction

U02 + u = 2[UO]. >:< Because no gas is evolved it makes no difference

whether heating is carried out in vacuum or in argon. On the other hand,

above 16000 in vacuum, the reaction 2U02 + UC = 3 [UO] + CO can proceed

with the removal of CO, Now the gaseous environment is important.

When heating is done in argon there is a less efficient removal

of CO, partly because the sample will sinter and partly because of the

accumulation of CO in the gas. If the CO pressure is sufficiently high

to stop or reverse this reaction, the UC phase will contain less dissolved

oxygen than if the CO pressure were lower. Thus, it has been proposed

that a lower CO pressure leads to an apparently higher volubility of

oxygen (Sano and co-workers, 1963; Brett and co-workers, 1963). In

the absence of U02 the reaction U(C, O) . [u] + CO can lower the oxygen

content if the CO pressure is sufficiently low. This reaction can produce

free U or just a lower stoichiometry, depending on the conditions. The

CO pressure over U(C o ~500 25) has been measured by Stoops and

Hamme (1964). The evaporation of UO can also reduce the oxygen content.

.

.

* Brackets are used to indicate that the material is dis solved in the

carbide phase.
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When U2C3 or UC2 are present with U02, the initial reaction in

vacuum produces UC with the evolution of CO. After all of the higher

carbide has been removed a reaction takes place between the UC and

the remaining oxide (Harrison and co-workers, 1963). If the CO

pressure is too high to allow these reactions, additional U2C3 might

result above 1400° according to the reaction

3 Uc + Uoz = 2[UO] + U2C3 .

In the absence of UO
2’

the carbide can self-purify through the loss of

U2C3 if the CO pressure is not high.

Below 14000 the terminal composition of U(C, O), in equilibrium

with U02 and U, lies near UC
0.65°0.35

(Anselin and co-workers,

1963; Brett and co-workers, 1963; Accary, 1963). Values for this

composition as low as UC Stoops and Hamme, 1964) and as
0.75°0.25 (

high as UC. ~On ~ (Namba, Imoto and Sane, 1962; Sano and co-workers,
u. (L U.o

1963) have been reported. On the

U2C3 and U02 can dissolve only a

(Anselin and co-workers, 1963).

no oxygen.

other hand, UC in equilibrium with

little oxygen, no more than 5 at. $?o

UC2 and U2C3 dissolve essentially

The effect of this impurity on the various properties is complicated

by being dependent on the carbon content of the material as well as on

the presence of vacancies. Although there is presently insufficient

information to evaluate these variables, they should be kept in mind

when interpreting experimental data. Dissolved oxygen causes the

lattice parameter of UC to go through a maximum. Accary (1963) was

first to report that the extrapolated parameter for pure UC rose

from 4.9598 A to a maximu of 4.9613 A at 1800 ppm oxygen. Witteman

(1963) noted an increase to 4.9625 A when small amounts of U02 were

added to hyperstoichiom etric UC. A similar maximum has been reported
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recently by Brett and co-workers (1963) (4. 9625 A) and by Anselin and

co-workers (1963). As the oxygen content is increased beyond the

maximum, the lattice parameter decreases rapidly to a saturation

value of 4. 9519 + O. 0001 A (Witteman, 1963; Stoops and Harnme, 1964).

Values as high as 4.9568 A (Anselin and co-workers, 1963) and as low

as 4. 9490 A (Vaughn and co-workers, 1957) have been reported.

w The formation of U2C3 is apparently inhibited by the presence of

dissolved oxygen as well as nitrogen according to Henney and co-workers

(1963b). Although U2C3 is the stable phase in contact with graphite

below w15000, it did not form when the nitrogen-oxygen concentration

was in excess of ~100 ppm. Instead, the samples consisted of

Uc ~ XNX and a-UC2 containing a small amount of oxygen. In their

case, self-purification was claimed when annealing was done at 13000 for

-5
times up to 70 hr in a vacuum of 10 torro On the other hand, both

Anselin and co-workers (1963) and Brett and co-workers (1963) observed

the presence of U C
23

in their material even though an oxide phase was

present.

A study of these carbides is made even more difficult because they

hydrolyze so easily. For this reason, it is difficult to know whether

the oxygen content is dissolved in the carbide or has been acquired as

a surface film during handling. For example, Keller and co -workers

( 1961) report that 25 micron UC powder is pyrophoric and that a slightly

coarser powder, stored in argon for 2 months, increased in oxygen

content from 790 ppm to 1200 ppm.

Preparation

A great deal of attention has been given to ways of preparing the

carbides economically and in large quantities. These techniques are,
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in general, unsuitable for the preparation of small, pure research

specimens, and will not be discussed in any detail except to acquaint

the reader with their limitations.

Experience at Los Alamos and elsewhere has shown that the carbides

of uranium can be prepared easily, and, under the proper conditions,

to a high degree of purity by arc melting the elements together. If a

graphite electrode is used, the melt tends to pick up additional carbon,

and, for this reason, a tungsten electrode is sometimes preferred.

Reports of contamination by W or by Cu from the water-cooled

hearth usually give low values, unless the melt was allowed to over-

heat and sputter. A satisfactory procedure is as follows: The proper

amount of uranium, as a freshly cleaned rod, and graphite, as

spectroscopic rods, are placed in a shallow depression in the copper

hearth. Air is evacuated, and the system is back-filled with purified

helium or argon. The use of helium, although it produces a more

unstable arc, allows a shorter melting time which results in less carbon

pickup from the electrode. A zirconium button is melted to further

purify the gas, after which the arc is transferred to the uranium rod.

By playing the arc over the melt, the carbon can be dissolved quite

easily. The button is then turned on edge several times and remelted.

A current between 400 and 600 amps is sufficient to melt ~a charge of

about 100 grams ( Stone, 1962). t

Uranium will react with hydrocarbon gases to produce UC at low

temperatures and UC
2

when the temperature is raised. However,

because carbon diffusion is slow through the initial carbi~e film, the

metal is normally reduced to a fine powder by converting; it to the

hydride previous to carbiding. Methane will give mainly UC below
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650°, and mainly UC2 above 900° (Kalish, 1960). Propane and butane

will react much more rapidly than methane, but the conditions are

more critical to prevent the deposition of free carbon. For these gases,

UC is the major product below 750°. UC can even be produced at 10°

in propane, if the system is exposed to a gamma flux (Sano and co-

workers, 1960). In general, this method has led to an impure product

because of the difficulties in obtaining pure gases. Furthermore, the

resulting fine powder is very reactive and must be handled with special

care.

Economically, the reaction between the uranium oxides and carbon

is very attractive. However, unless considerable time is invested in

high vacuum purification or unless the product is arc melted, impure

material is certain to result. There have been reports that the oxygen

level can be reduced to a low level by heating in flowing argon, but

experience by others (Stoops and Hamme, 1962) have shown that there

are some difficulties connected with this procedure. Unless great

pains are taken to remove all oxygen (free or combined) from the argon,

the net removal of oxygen from the carbide may be quite small.

The preparation of UC from a liquid metal system has been studied

by Johnson and co-workers (1963). A mixture of powdered uranium

and charcoal in liquid Mg-Zn alloy at 8000 gave UC as a precipitate

after 2-5 hours. However, they found oxygen was a serious impurity

in the final product.

Not only are the powdered uranium carbides pyrophoric in air,

+

.
.

.

but even if left in an inert atmosphere for any length of time, they

will acquire what little oxygen is present in the gas. It is advisable,

therefore, to store the material as large pieces and, if necessary,
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make a powder immediately before use.

Phase Relationships

The three compounds, UC, UZC3 and UC2, make up the U-C system.

Fcc UC is stable from room temperature to its melting temperature;

bcc U2C3 decomposes at about 1800° without melting; and UC2 is stable

from about 1500° to its melting point. UC2 converts from a tetragonal

(a) to a cubic (~) lattice at about 1785°. These are the major, well-

known features of the diagram. Many of the details are still in doubt.

A tentative equilibrium phase diagram is shown in Figure 111.1.1.

The positions of many of the phase boundaries are in doubt and are

therefore represented as dashed lines. Insufficient info rmation has

been reported to allow the region near UC2 to be defined. Rather than

add to the already considerable speculation, this area has been left

blank.

Pure uranium has at least three crystal forms. The ~-~ transition

occurs at 667 + 1.3°, the p-y transition takes place at 774.8 + 1.6°

(Blumenthal and co -workers, 1960), and the metal melts at

1132.3 * O. 8° (Blumenthal and co-workers, 1960; Udy and Boulger,

1954). A low temperature phase change has been observed at 420K

(Fisher and McSkimin, 1961). The presence of carbon lowers the

transition temperatures to eutectoids at 665.9° and 771.8°, respectively,

and the melting point of the metal is lowered slightly to 1116. 6°

(Blumenthal, 1960). This author also reports that the volubility of “

v carbon in solid uranium is no higher than 185 ppm even at the eutectic

temperature.

The formation of UC causes the melting point to rise to 2560 * 500

at UC ~ ~ (Witteman and Bowman, 1963). Earlier measurements of
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this temperature include values of 2590 + 50° (Chiotti, 1952),

2350° to 2400° (Mallett and co-workers, 1952), 2520° (Brownlee, 1958),

2275° (Rund)e and co-workers, 1948), and 2280° (Newkirk and Bates,

1959). This last measurement was made using a tungsten vee to hold

the melt and the value is near those found in the W-UC system.

Unlike the other cubic carbides, UC has only a slight homogeneity range,

which at first was thought to be negligible (Rundle and co-workers, 1948).

With the lattice parameter behavior first noted by Williams and co-

workers (1960), a composition range at higher temperatures was

suspected. In an effort to clarify these observations, Buckley ( 196 1)

examined quenched alloys containing various impurities as well as

various amounts of free uranium. He found that the lattice parameter

of quenched UC goes through a minimum when the total composition is

below ‘CO. 8’
in agreement with Williams and co-workers (1960) .

When a sample containing a small amount of free uranium was quenched

from various temperatures, a similar minimum was observed upon

cooling from about 2000°. An anneal at 1300° caused the lattice parameter

to increase to 4.959 A, and small cubic particles of uranium appeared

within the grains. From this Buckley ( 1961) concluded that rapidly

cooled UC retains a defect structure which is characteristic of some

higher temperature. By applying the equation

Tm
lnCs=_

[
ln(C~/C~)-~]+1

T
+ln C

R R 1

where C~ = apparent excess of U in UC ~ o at the solidus boundary,
.

Cl = uranium concentration in the liquidus (values attributed
to Rundle et al. ),

Co and C; = respective values at the melting point of pure UC
s 1.0’

Tm= melting point of UC ~ o (a value of 2350° was used),
.

T = temperature at which C and Cl are measured,
s
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R=

s=

and reasoning

gas constant, and

entropy of fusion of pure uranium (value calculated from

the data of Rauh and Thorn, 1954),

from the behavior of the lattice parameter, he concluded

that the solidus must be retrograde with a lower limit at UC
0.94

and

about 2000°. Magnier and Accary (1963), and Kerr (1963) recently

confirmed this observation but the former workers placed the limit at

Uc
0.96

and 1700°. They suggest this “nose” in the low carbon

boundary is caused by the peritectic formation of an unidentified

compound at this temperature. No experimental support for this

interpretation has been reported. Therefore, the shape of the phase

boundary in Figure III. 1.1 has been based on the work of Buckley ( 1961)

and its position was calculated from the above

preliminary liquidus values of Storms ( 1964),

for UCl o, and a value for C“ /C~ to make C
. s s

at 1300° (Witteman and Bowman, 1963). This

equation, using

a melting point of 2560°

equal to UC
0.980+0.005

leads to a minimum in

the solidus at UC 0.93 and 2000°. It is important when evaluating

experiments in this region of the phase diagram to consider the effect of

dissolved oxygen. The presence of free uranium increases the ease

with which oxygen will dis solve and , if the U02 phase is absent, heating

the U(C, O) solution in vacuum can lead to the formation of free uranium

with the evolution of CO.

The high carbon boundary, below 1800°, approaches UC ~ o
.

when a sample is cooled in vacuum (Witteman and Bowman, 1963).

Burdick and co-workers (1955) placed the boundary at UC ~ 12 when an
.

oil quench from 1700° was used.
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In the region between UC and UC2, the diagram shows several very

interesting features which are still not completely understood. In 1952,

Mallett and co-workers proposed that a solid solution exists between

UC and UC2 in the region between about 2020° and the melting poin~

and that this broke into a two phase field of UC and UC2 below 20200.

Their diagram shows termination of the miscibility gap at 18000 by the

formation of U2C3. These conclusions were based on metallographic

examination of alloys quenched from between 17000 and the melting point.

However, they were unaware of the a-(3 transition of UC Nine years
2“

later, Chubb and Phillips (1961), using the same technique, presented

evidence to challenge this interpretation. Their diagram shows a

miscibility gap which extends to the solidus, forming a eutectic between

UC and p-UC2. They proposed also that UC2 converts from cubic to

tetragonal at a temperature above that at which U Cz ~ forms. Recently

Witteman and Bowman (1963) reported evidence, based on thermal analysis, *’

which completely supports the initial ideas of Mallett and co-workers (19 52).

Alloys cooled from just below the melting temperature show a break in

the cooling rate where the solid solution breaks into UC + p-UC2,

followed by a thermal arrest where cubic UC2 converts to the tetragonal

form. Thus, it is proposed that the hat-shaped miscibility gap has a

critical temperature of 2050 * 50° at UC1 35 * o 05, and the lower

boundary, at 18000, extends between UC
1.06-1.12

and UC
*1.6”

U2C3 has been a very elusive compound which is not normally found

in material quenched from above 18000. Early workers at Iowa State

College suggested, as one explanation for the Widm2instatten structure

exhibited by material quenched from the melt, that a U C pha.s e existed
23

at high temperature, but it could not be retained upon cooling (Rundle

——
‘: Details of this technique can be found in a paper by Rupert ( 1963).
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and co-workers, 1948; Wilhelm and co-workers , 1949). Later, Mallett

and co-workers ( 1952) showed that the actual situation was just the

opposite, that U2C3 was not stable at high temperatures but was formed

only very slowly at lower temperatures. They found this phase required

some mechanical stress to initiate its formation. Later workers also

noted this behavior, but it is clear that other factors are involved.

Recent work at Harwell (Henney, Hill and Livey, 1962) demonstrates

that dissolved nitrogen and oxygen influence the ease with which U C
23

will form. Using very pure material, Witteman and Bowman ( 1963)

observed that it would form easily during cooling, when the composition

‘as ‘ear ‘cl. 5’
and when the material had been cycled across the

decomposition temperature several times. Heating within the solid

solution region was found to reduce the ability of U C to re -form upon
23

cooling. Using material of unknown purity, Chubb and Dickerson ( 1963)

found that formation was complete within 15 minutes at 16000.

Norreys and co-workers ( 1963) and Imoto and co-workers (1963) concluded

that a time delay, depending on temperature, precedes its formation.

The decomposition temperature was placed at 1840° by Wilson (1960),

but this temperature is probably too high. The phase is apparently very

close to a line compound (Mallett and co-workers, 1952; Witteman, 1963).

Although many features of the UC2 phase are still open to discussion,

it is generally agreed that UC2 has a melting point in excess of 2450° and

a transition from cubic to tetragonal at 1800°. There is no doubt that

UC= decomposes into U3C= and carbon at low temperatures, but this
L. (LJ

temperature is still somewhat

be discussed separately.

Work at Los Alamos has

uncertain. Each of these features will

shown that a melting point minimum of

~2450° exists between UC and UC and that UC melts at 2450 + 500 in
2 2
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contact with graphite. In addition, metallographic examination of small

beads of UC2 + C, which were cooled very rapidly from the melting

point, has revealed a eutectic structure (Hoffman; see, Witteman

and Bowman, 1963). Thus, the maximum melting point of the UC2

phase must be in excess of 2450°, Mallett and co-workers (1952) gave

a range of 2450 - 2500°. The very low value of 2200°, reported by

Wilson ( 1960), was probably due to tungsten contamination. The

proposal that UC2 melts peritectically in contact with carbon (Chubb

and Phillips, 1961) has not been supported.

The polymorphic transition at 1800° is so rapid that the cubic d

form of UC2 cannot be quenched in. Using a high temperature x-ray

camera, Wilson (1960) observed the transition at 1820°. However,

thermal arrest work at Los Alamos has placed this temperature nearer

to 1800° (Witteman 1963; Rupert, 1963). The transition is 15-20°

higher when UC is present than when carbon is the second phase (Wilson,

1960; Witteman, 1963).

Under equilibrium conditions UC2 will decompose into U2C3 and

carbon below 15000 (Leitnaker and Witteman, 1962). Temperatures of

1500-1600° (Imoto and co-workers, 1963), 1750° (Henney and co-

workers, 1962), 1600° (Rudy and Benesovsky, 1963) and <1550°

(Huddle and co-workers, 1962) also have been reported. However,

because this reaction is very slow, pure UC2 can be retained from the

melt provided the composition is near UC
1.94”

At lower compositions

UC will form in addition to UC z upon cooling and, if the carbon content

is sufficiently high, graphite will be present as the second phase. When

beatings are carried out below 1500°, or below 1800° when the compo-

sition is lower than UC
1.94’

it is not unusual to find the nonequilibrium

mixture UC + U C + UC + C at room temperature.
23 2
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UC2 is never obtained with an integral stoichiometry. This defect

structure was first noted by Mallett and co-workers (1952) and many

others since then. Depending on the amount of free carbon present and

the thermal history, compositions centering around UC
1.88 and ‘cl. 95

have been found. It has been observed by Witteman and Bowman (1963)

that the composition UC
1.94

can be retained from the melt provided free

., carbon is largely absent. Otherwise a composition of UC
1.89

results.

Finely divided free carbon is thought to act as a precipitation center

allowing the F-UC to acquire a lower composition which is representative
2

of some lower temperature. During a rapid quench, the ~-~ transition

takes place without a change in composition. Imoto and co-workers (1963)

observed that material containing free carbon had a composition of

a-ucl. 86
after being quenched from 22000. However, if graphite-free

‘cl. 86
were allowed to cool slowly from 22000 the presence of UC was

detected. In this case the a-UC2 acquired its equilibrium composition.

From the amount of UC formed, they were able to calculate that ~-UC
2

has an equilibrium composition of UC
1.96+0.04”

Lattice Parameter and Structure

UC is fee, as found first by Litz and co-workers (1948). According

to Figure III. 1.2, the best parameter for hyperstoichiomet ric UC is

4.9605 + 0.0005 A. The higher parameters reported by other workers

are no doubt due to dissolved oxygen. At the low carbon boundary, the

parameter depends on the thermal history as well as on the almost

unavoidable presence of oxygen. By removing the oxygen with Be,

Anselin and co-workers ( 1963) obtained a value of 4.956 A. Carniglia

( 1963) found the same value after zone refining a single crystal which

was reported to be UC ~ o
.

U2C3 was found to be bcc (143d) from x-ray (Mallett and co-workers,

1952) as well as from neutron diffraction studies (Austin, 1959). A

lattice parameter of 8.088 A has almost always been found, regardless

.

.
.

.
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of the conditions of preparation. The compound is known to

dissolve essentially no nitrogen and is a line compound; this suggests

that the volubility of oxygen is equally low. It has been suggested that

the formation of U ~C3 from UC ~ occurs through a slight shift in the

uranium positions and that the transformation is martens itic in nature

(Gillam, 1962). The movement of the carbon atoms by interstitial

diffusion could then account for the slowness of formation. Magnier

and co-workers (1963)

nucleation and growth.

The structure of

observed that U2C3 forms from UC2 by

a- UCO has been determined on two occasions by
L

neutron diffraction studies (Atoji and Medrud, 1959; Austin, 1959).

Both assigned the CaC2 -type structure (14/m mm) . Numerous values

for the lattice parameter have been reported but with rather poor

agreement. Very pure arc-melted samples of UC
1.91 -l.94 have

given a value of a = 3.5241 * 0.0005, c = 5.9962 * 0.0008 A with a

decrease to a= 3.519 * 0.001, c = 5.979 * 0.002 for a composition of

“1.89
containing free carbon (Witteman, 1963). These values are in

good agreement with those of Imoto and co-workers (1963). Since slow

cooling allows UC ~ 86 to decompose into a-UC
. 1.94 and “1. o’ ‘t ‘s

possible for a-UC2, after being cooled slowly, to have a higher parameter

than after being quenched. In addition, if the

slow cooling can result in an unexpected high

second phase.

free carbon content is low,

parameter with UC as the

It is interesting to note that, whereas the C-C distance in CaC2 is

equal to the triple bond, this distance in a-uc
2

is essentially that of

a double bond. Above 1800° this tetragonal structure converts to a

cubic form. Starting with the high temperature x-ray studies by

Wilson ( 1960), most workers have assumed that the cubic form is the
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CaF2 type. Recent work at Los Alamos, using high temperature neutron

diffraction, has ruled out this possibility (Bowman et al. , 1964). They

found that the high temperature form has the pyrite structure, as has

been argued from indirect evidence (Bredig, 1960; Chang, 1961; Accary,

1963).

Chemical Stabilitv

The very high reactivity of the uranium carbides has been,a

limitation to their application and a nuisance to those attempting to

prepare pure materials. No attempt has been made to compile all of the

chemical properties exhibited by these carbides; only those reactions which

would hamper the production of pure materials have been discussed.

Additional information can also be found in the introduction.

Fine UC is pyrophoric and in larger pieces it will slowly react with

oxygen at room temperature. For example, storage of powdered UC in

Ar containing 200 ppm 02 will result in a stable oxygen content of

0, 2-0.4 wt !lo(Sowden and co-workers, 1963). Oxidation of arc-melted

buttons by C02 is measurable above 350° and no protective film is

formed up to at least 700° (Brown and Stobo, 1961; Atoda and co-workers,

1963). At low temperatures free carbon accumulates as the uranium

reacts to form an oxide. Although the reaction of UC with H20 at room

temperature is slow, at 95° the reaction becomes violent. UC
0, 75°0.25

is much more stable under these conditions (Stoops and Hamme, 1964).

Grossman (1963) observed that the surface film, which was produced

when UC was exposed to air, could be removed by heating to above 15300

in vacuum. At temperatures below 14300 this film would re-form even

in a vacuum of 5 x 10 ‘7 torr.

Mallett and co-workers (1952) observed no reaction between

U2C3 and water at 75° unless the solution was made strongly acid.
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Borchardt ( 1959) found that UC
1.69

reacted with oxygen between

150°and 680” to give U02 and carbon. At higher temperatures, the

reaction led to U O
3 8“

According to Brett and co-workers (1960), UCZ is stable in water

vapor at room temperature, and is stable in air up to 200°. At 300° it

reacts to form U O
3 8“

The reaction of UC2 with water has been studied

recently by Kempter (1962). He confirmed the observation that UC2

hydrolyzes faster than UC. Tripler and co-workers (1959) found that

the reaction rate with N202 and H20 increased in this order. UNX was

the end product of the reaction with N2. UCZ is apparently slightly more

reactive to oxidation by C02 than is UC. (Atoda and co-workers, 1963).

Appearance

All of the uranium carbides are gray when powdered and metallic

looking when seen as an arc -melted button.

Hardness

The apparent hardness of these carbides naturally depends on the

composition and purity if cast materials are measured, and on the

annealing temperature if the pieces were sintered from powders.

Because these variables cannot be easily related to the fundamental

property of the material, only microhardness values of reasonably

well characterized material have been listed.

A Knoop hardness of 935 Kg/mmz (100 g load) has been reported

for UC (Tripler and co-workers, 1959). Measurements reported by

Chubb and Dickerson ( 1962), although they show a good deal of scatter,

2
center around 600 kg/mm . More recently, these authors (1963) gave

650 kg/mm2 DPH as the room temperature value for both UCl 02 and

Uc
0.98

with a decrease in hardness at higher temperatures.
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Workers at Battelle have consistently reported 1100 kg/mm2 (both

2
Knoop and DPH) for U2C3 and 500 kg/mm for UC2 (Tripler and co-

workers 1959; Chubb and Dickerson, 1962, 1963; Chubb and Rough,

2
1960). Jones (1956) found 700 kg/mm DPH for UC2. Norreys and

2
co-workers (1963) observed 1500 kg/mm (50 g load) as the hardness

Ofuc
2 3“

Electrical Resistivity

The following room temperature resist ivity values have been re-

ported for UC: 35-40 pohm-cm (Chubb and Rough, 1960); 35 pohm-cm

for Ucl.o (Chubb and Dickerson, 1963); 50-56 #ohm-cm for UC of 90-

92% density (Regan and Hedger, 1961); 40.5 #ohm-cm (Norreys and

Wheeler, 1963); 33-44 pohm-cm (Smith and Rough, 1959); <69 #ohm-cm

(Leary and co-workers, 1963). The latter value may be too high because

it was obtained by the eddy current method (Leary, 1964).

Measurements have been made at higher temperatures on a number

of occasions; Norreys and Wheeler (1963 ) found a gradually decreasing

slope from room temperature to a value of 277 pohm-cm at 22520K.

Griffiths (1962) found a change in slope at 5250 which he showed was due

to dissolved oxygen. A vacuum anneal for 24 hr at 1400° under

10-6
torr pressure apparently removed sufficient oxygen to eliminate

the break. Regan and Hedger ( 1961) quote Griffiths as obtaining a

linear temperature coefficient of O. 15 ~ohm-cm/° C between -180° and

400” C. Grossman (1963) has made measurements between 927°and

17770C and fit them to the following equation:

-6 -9p= 20.4x10 +114. 8Tx1O ohm -cm

The U2C3 phase apparently has a resistivity of 210 pohm -cm

(Chubb and Dickerson, 1962).

Recent work by Chubb and Dickerson (1963) shows a room temp-

erature resistivity for UC
1.96

of 120 pohm-cm, with an arrest in the
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curve at 200 pohm-cm and about 1000°. Above this temperature, the

resistivity continues to increase in a normal manner. They suggest

that this behavior denotes a change ‘in state. No other support for this

conclusion has been reported.

Su~erconductivitv

Hardy and Hulm (1954) found that UC was not superconductive

down to 1. 20K. In view of the preparation procedure and lattice con-

stant, the presence of U02 is. indicated, Using pure materials supplied

by Witteman, Giorgi ( 1962) could find no indication of superconductivity

above 40K for UC
1.91 + c’ “1.16 and ‘2c3”

Thermodynamic Properties

At the present time, the great activity in measuring and estimating

thermodynamic properties of the uranium carbides would quickly render

any review obsolete. In addition, several excellent critical evaluations

have already appeared (Henney and co-workers, 1962; Rand and Kuba -

schewski, 1960; Huber and Honey, 1963; Cunningham and co-workers,

1962; Vienna Panel, 1963). With this in mind, the following was written

to give only a cursory view of the data. The reader might wish to con-

sult the report of the Vienna Panel ( 1963) for a more complete evaluation.

A. Uranium Monocarbide, UC,:

The heat of formation of UC has been measured by combustion

calorimetry on two occasions. Farr and co-workers (1959) obtained

-21.0 * 1.0 kcal/mole after correcting for about 4$’o free uranium and

850 ppm oxygen. Droege and co-workers (1959) gave -20.0 + 5.0

kcal/mole, but corrections were not made for 1450 ppm oxygen and the

uranium metal present. In addition the conversion from constant

volume to constant pressure was not indicated. If a common heat

formation for U308 is used, this value becomes -19.7 kcal/mole.

of

.
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Because of the difficulty in correcting for oxygen, the value of Farr

and co-workers (1959) is considered better. A recent recalculation of

this measurement by Huber and Honey (1963) has led to a value of

-21.7 + 1.0 kcal/mole.

Panel.

A number of heat

These are compared in

(1958) obtained a Cp of

cal/mole-deg at 398° K

This was subsequently accepted by the Vienna

capacity studies have been reported to date.

Figure 111.1.3. Boettcher and Schneider

12.00 + 0.75 cal/mole-deg and 13.25 * O. 75

and 523 oK, respectively. Mukaibo and co-
-2

workers ( 19 62) fit the equation C =5. O1+2.63X1O T-1.92x
P

10-5T2 (cal/mole-deg) to their data and claim an accuracy of *3Y0 up

to 673” K. The material used in this study probably contained some

uranium metal according to the lattice parameter. To plot the data

of Combarieu and co-workers (1963), it was necessary to lift the values

from a graph and, therefore, some error might have been introduced.

Low temperature measurements by Westrum, and Martin and co-workers

(reported in Vienna Panel Report, 1963) give CP(298. 15) = 12.10

cal/mole-deg, SO
298

= 14. 29 e.u. and Cp (298) = 11.9 cal/mole-deg,

= 14.07 e.u. ,
‘>98

respectively. Barrington and Vozzella (1963),

using an ice drop calorimeter, obtained the equation C =

-3 5 -2 P
14.223 +1.574x1O T-4. 118x1OT for the molar heat capacity

between 2730 and 1475” K. As can be seen from Figure 111. 1.4, this

measurement is in excellent agreement with Krikorian’s estimation

(Krikorian, O. H. , 1962) but differs significantly from the values

adopted by the Vienna Panel. High temperature measurements by

Levinson (1963b ) have resulted in the following equation:

-4. O82+3.515X1O
-2 -6 2

‘T ‘H3100K-
T+9.204x1O T cal/g of

Uc The reason for the apparent lack of agreement between
0.99”
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Levinson’s data and what one would reasonably expect is not clear at the

present time.

B. Uranium Sesquicarbide, U2C3:

The heat of formation is -49 * 4 ,kcal/mole according to combustion

measurements by Huber and Honey (1962). No other direct thermo -

dynamic measurements have been reported,

c. Uranium Dicarbide, UC2 :

A recent redetermination of the heat of combustion (Huber and

Honey, 1963) has yielded -21. 1 * 2 kcal/mole as the heat of formation

of Uc
1.90

at 298” K. The Vienna Panel adopted a value of -23 + 2 kcal/mole.

Measurements of the low temperature heat capacity, reported by

Westrum (Vienna Panel, 1963), are compromised somewhat by the un-

certain composition of his material. By assuming, however, that the

sample analyzing UC
1.79

contained the appropriate amounts of UC
2.0

and UC ~ o, he calculated CD (298) = 14.65 and S0 (298) = 16.18 e,u.
.

Using a high tempera~ure drop calorimeter, Levinson ( 1963a) ob-

tained data which fit the following equations:

-4 -5 2
‘T ‘H3100K

= 20.21 + 7.978x 10 T+3. O24X1O T cal/g tetragonal

HT -H3100K= 67.91 - 9.113 x 10-3T + 2.629 x 10-5T2 cal/g cubic.

If a recent value of 18000C for the a-(3 transition temperature is used,

(Witteman and Bowman, 1963), Levinson’s data give 10.2 cal/g or

2.66 kcal/mole as the heat of transition. The various heat capacity

measurements and estimations are compared in Figure 111. 1.5. The

Vienna Panel gave the following equation for the heat capacity of UC2:

-3T
CP =29.90+3.06X10 - 3.71 x 105/T2 cal/mole-deg and

s“ = 16. 2+0.5 e.u.
298

Besides the above more or less direct measurements, thermo -

dynamic information has been obtained from the U-C-Bi system (Rice
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and co-workers, 1962), the U-C-Au system (Alcock and Grieves on, 1962),

and U-(Hf, Zr, Nb, Ta)-C systems (Rudy and Benesovsky, 1963). Most

of this work is open to question because of oxygen contamination as well

as possible solution of the solvent metal in the uranium carbide. In

addition, the basis of the calculations by Rudy and Benesovsky (1963),

i. e. ,that a miscibility gap exists in the UC-HfC system, has been shown

to be false by Krikorian, N. H. and co-workers (1963).

Vaporization

The very high reactivity of the uranium carbides and the high

temperature at which measurements must be made have added many un-

resolved difficulties to a study of their vapor pressure. As a result,

although numerous values have been reported, there is rather poor

agreement. Until the reasons for this poor agreement are determined,

thermodynamic calculations based on the data can only be viewed as

rough approximations.

When heated under Langmuir conditions, the uranium -carbon

system exhibits congruent vaporization. This observation was first re -

ported by workers at Los Alamos (Leitnaker and Witteman, 1962) and

later confirmed by Krupka (Bowman and Krupka, 1963) and Vozzella

and co-workers (1963). These measurements place the congruent

composition between UCl ~7 ~ ~0 in the temperature range 2400 -26000K.
.-.

Recent work by Carniglia (1963) indicates that the congruent composition

lies near UC1 32 at the melting point. This observation is so clear-cut,

it can be used to provide a basis on which to evaluate the more uncertain

pressure data. To do this, the reported vapor pressures have been

plotted in Figure 111. 1.6 as log g-atom /sec-cm2 vs l/T. When the in-

dividual data points were given, they were plotted; otherwise the reported

straight lines have been drawn. Also included is the evaporation rate

of carbon (as C ~, C2 and C3) from graphite (Stun and Sinke, 1956).

.

.
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Figure III. 1.6 Evaporation Rate of UC and UC2
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Since these calculations were made by assuming unity accommodation

coefficients, in the strictest sense, the conclusions can only be applied

to Knudsen measurements. However, Langmuir -type experiments can

also be discussed if the effect of the accommodation coefficient is kept

in mind.

A. Uranium Monocarbide, UC:

Two measurements of the uranium pressure over UC have been

reported. Vozzella ( 1963) calculated evaporation rates, shown as Curve

C in Figure III. 1.6, fr~m the amount of weight lost by a plug of UC ~ ~0
.

while being heated in vacuum. From this data one can conclude that the

pressure of U
(g)

is only slightly higher over UC ~ ~0 than over UC2 + C.
●

The carbon pressure, of course, must be significantly lower. Earlier

work by Vozzella and co-workers (1963) gave a somewhat higher pressure.

Alexander and co-workers ( 1963a) have measured the uranium

pressure over UC contained in a Knudsen cell, Although the crucible

material was not indicated in this paper, previous work by these authors

(1963b) using a W crucible gave essentially the same pressures. Ex-

perience at Los Alamos (Krupka, 1963) has shown that W removes carbon

from UC leading to a uranium-rich composition. Therefore, their

measurements should not be applied to UC ~ ~0, but to some unknown

lower composition. They conclude that under equilibrium conditions

no congruent composition exists; but under steady-state conditions, the

constant evaporating composition would be near UC
1.1”

B. Uranium Dicarbide, UC2:

As shown in the figure, numerous measurements of the uranium

pressure over UC2 + C have been reported, but with generally poor

agreement. The three most complete studies (Curves, E, F and G),

all employing target collection from a graphite Knudsen cell, show

agreement within a factor of two above 2300 oK, but at lower temperatures

e
-.

.

.

the slopes are such as to give increasingly poor agreement. b average
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curve through these measurements predicts that UC + C will lose
2

carbon preferentially above ~2000 OK from an equilibrium cell, and

below this temperature, graphite will accumulate as uranium is lost,

Because of the low accommodation coefficient of carbon evaporating

from graphite, this temperature will be somewhat higher under

Langmuir conditions. This is not inconsistent with the congruent

studies of Leitnaker and Witteman (1962) . On the other hand, the

thermodynamic values adopted by the Vienna Panel (1963) predict a

uranium pressure which is not only significantly higher than the measured

pressure s, but one that would predict a preferential loss of uranium from

UC2 + c. Clearly, additional work must be done before any of the data

can be considered reliable.

Mass spectrometer studies of UC2 have shown the presence of

UC2 molecules in the gas phase, (Lonsdale and Graves, 1962; Eick,

Rauh and Thorn, 1962). At 28000K the ratio of U+ to UC; of 4 was

observed by the latter workers. Preliminary work by Storms ( 1964)

has shown that this ratio is unity at 2700° K when the UC z is in equilibrium

with carbon. Since UC
2(g)

is a significant fraction of the gas phase at

temperatures of interest, the uranium pressures obtained by total

collection must be lowered somewhat.
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III . 1.3 The Plutonium-Plutonium Dicarbide System

Preparation

Studies involving plutonium are a difficult undertaking. Besides

the health hazard associated with its high alpha activity, the element

is very reactive to air. These properties require that all work be

done in a

carbides,

sphere.

dry-box with the attending difficulties and limitations. The

although less reactive, must also be handled in a dry atmo -

The plutonium carbides have usually been prepared by arc

melting either the elements or PuO
2

and carbon together. By starting

with the pure elements and remelting the buttons at least six times,

pure homogeneous materials are said to result. Unfortunately, alloys

near the composition Pu C
23

are very sensitive to thermal shock and

cannot be melted conveniently using the arc. Mulford and co-workers

(1960) mentioned this difficulty but avoided it by melting these comp-

ositions in a previously carbided tantalum crucible, where the heating

and cooling rates were much slower. PU02 can be substituted for the

element if purity is not important. Palfreyman and Keig ( 1962)

frequently found the oxide phase in carbides so prepared. On the

other hand, because the oxide and carbide form a solid solution,

the absence of the oxide phase does not necessarily mean that the

sample is oxygen free.

Powder metallurgical techniques using Puj PuH2 ~ or PU02

T

D

-.

w

212 .



.

.

powders have also

appear to be more

the melt (Kruger,

co-workers (1960)

been employed. However, the resulting porous plugs

reactive with air than the dense alloys prepared from

1962; Drurnmond and co-workers, 1957). Mulford and

observed that the reaction between PU07 and C
IL

became appreciable at 11000 and was essentially complete after the

temperature had reached 1600°. They also report that the reaction

between molten Pu metal and graphite is undetectable below 12000.

Under certain conditions, the carbides are pyrophoric (Ogard and

co-workers, 1961), Even a normally inert dry-box atmosphere will

oxidize the powders (Palfreyman and Russell, 1961).

Phase Relationships

The plutonium -carbon system is composed of the following phases:

plutonium metal with its six crystal forms; a zeta phase at PU3C2; Puc

with a defective cubic NaC1-type structure; another cubic compound at

‘U2C3; and an ‘nidentified high temperature compound at PuC2. This

is shown as a tentative phase diagram in Figure .111. 1.7.

Although the transition temperatures of the metal appear to be un-

affected by carbon (Elliott and Larson, 1961; Mulford and. co-workers,

1960), the melting point is depressed to 630°. Recent work by Rosen

and co-workers (1963) place this eutectic at 637 + 1 0.

Each of the allotropes of Pu transforms in contact with PU3C2 (zeta

phase). These have been measured by Hill (1962) for pure Pu. Thermal

analysis studies by Mulford and co-workers (1960) have shown that Pu C
32

decomposes into C-PU + PuC at 575°. Metallographic studies by Rosen

and co-workers (1963) place

apparently a line compound.

Cubic PuC extends from

this temperature at 558 + 2°. PU3C2 is

Puc
0.77

to Puc
0.92

at -57’00 (Rosen and

co-workers,

more narrow

1963; Mulford and co-workers, 1960), and its range becomes

‘at lower temperatures. Kruger (1963) placed the PuC-PU C
32
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boundary between PuCO 83 ~ 88 on the basis of a metallographic exam-

.-.

ination of alloys which had been held at 4000 for 25 days. A recent report

from Los Alamos (Quarterly Status Report, 1962) places the boundary

between ‘uCO. 72-0.79 and ‘uCo. 75-0.79
when alloys were quenched

from 610° and 555°, respectively. Chikalla ( 1962) found the homogeneity

range of arc-melted samples to lie between PuC
0.66-0.96”

It should be

noted, however, that Kruger (1963) observed a thermal break which ex-

tended over the range from 5600 to 425° when samples of PuC
0.80

were

cooled. Thus, it is not certain that the above composition ranges were

successfully quenched-in and may, therefore, depend on the cooling rate

employed. Although it is well established that PuG like VC, does not

extend to the integral stoichiometry at low temperatures, recent evidence

has been presented to suggest that it does approach PuCl o before it

melts (Rosen and co-workers, 1963). According to Mulford and co-workers

(1960), the PuC phase melts peritectically at 1654°. This observation

was confirmed by additional work at Los Alamos (Quarterly Status Report,

1962). Rosen and co-workers ( 1963) place the low-carbon limit of the

peritectic line at about PuCO 63. Material cooled from the melt shows
.

a cored structure rather than that typical of peritectic melting. This

has led to speculation that either diffusion is very rapid at the peritectic

temperature or that the PuC composition at this temperature is very near

the liquidus composition. (Kruger, 1963; Palfreyman and Keig, 1962).

Cubic PU2C3 also has a homogeneity range. Between 610° and 555°,

the lower phase limit is between PuC ~ Al ~ 46 (Los Alamos Quarterly
.-.

Status Report, 1962) while the upper limit is assumed to lie at PuC1 50.
.

.

This phase melts peritectically at 2050” (Mulford and co-workers, 1960).

Above w17500, a PuC2 phase forms, then melts upon heating to

-2250° (Mulford and co-workers, 1960). The phase limits and crystal
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structure of this phase have not been reported, although it can be retained

in almost pure form,

Lattice Parameter and Structure

The allotropic configurations of pure Pu metal are listed in Table

LII . 1.2 with their lattice parameters. In view of the low volubility of

carbon in Pu, one would expect these parameters to remain unchanged in

the carbide system.

No crystal structures have been assigned to PU3C2 or PuC2.

PuC, with a NaC1-type lattice shows a linear variation of lattice

parameter with composition between the limits indicated in Table 111.

1.2 (Kruger, 1963; Rosen and co-workers, 1963). Agreement between

the various values for the low-carbon limit of PuC is poor, Perhaps, as

Mulford and co -workers ( 1960) point out, this is due to the presence of

oxygen. The effect of oxygen is to cause the parameter to go through a

maximum as the oxygen content is increased. This occurs at 20 at. 7’o

dissolved PuO and a = 4.973 A (Anselin and co-workers, 1963).

Measurements by Chikalla ( 1962) show that the parameter at this boundary

is lowered by repeated arc meltings. h addition there is a minimum in

the lattice parameter variation at PuC
0.66’

similar to the effect observed

in the UC system by Williams and co-workers (1960) (Fig. 111. 1. 2).

Rand and Street ( 1963) observed that PuCO 63 showed an irreversible
.

lattice parameter increase at 215°, 320° and 400° C. The parameter

went from 4.9710 to 4.9780 A. PuCO 84 was normal in this respect.
.

An additional factor in choosing a correct value for the lattice parameter

is radiation self-damage which causes the parameter to increase with

time (Rand, Fox and Street, 1962). Chikalla ( 1962) also observed this

effect.

Although the composition range of bcc PU2C3 is

lattice parameter has been observed when the second

of PuC, as shown in Table III. 1.2.
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Appearance

All compositions in the Pu-C system appear to be gray metallic.

Chemical Stability

According to Drummond and co-workers (1957), PuC will oxidize

slowly when heated to 200-3000 in air, and will burn brightly in O at
2

400°0 A clean, dense surface was observed to remain bright after 2

months in air at room temperature. It was not attacked by cold water

but effervesced steadily in hot water. Cold, dilute HC1 or H2S04

caused hydrolysis, although HN03 showed only a slight action.

PU2C3 was somewhat more stable to acids than PuC,

The above authors also observed that PuC2 was much less stable

in moist air than the other carbides but was more stable to oxidation.

It appears that if metal is present or if the material is porous,

chemical attack will be much more rapid.

Hardness

The hardness of PuC has been observed to vary between 600 and 1000

DPH as the carbon content of the phase increases ( Quarterly Status

Report, 1962). Mulford and co-workers ( 1960) reported that the hard-

ness of PuC in contact with PU3C2 was between 500 and 600 DPH and that

the PU3C2 phase gave a value between 70 and 90 DPH. Palfreyman and

2 2
Russell (1961) give 750 kg/mm and 900 kg/mm as being the DPH of

‘Uc and ‘U2C3 ‘
respectively. Kruger ( 1962) reported that arc-melted

PuC had a hardness of 860 * 25 DPH.

Electrical Conductivity

PuC prepared from the oxide and of unstated composition gave a

resistivity of 2301.1 ohm-cm (Pascard, 1961). Leary and co-workers (1963)

.

.

reported an average value of 269 pohm-cm for PuC
0.87’

and 274 pohm-cm

for PuC1 OO. In the range 25-830” C PuCO 87 behaved as a semiconductor.
. .

.

218



.

Superconductivity

No measurements have been reported.

Thermodynamic Properties

Huber and Honey (1962) have measured the heat of formation of

PuC and PU2C3 by combustion calorimetry. As surning that the PuC

phase had a composition of PuCO 77 and contained ml 0~0 PU2C3, they

calculated a value of AH 0
f

= +3. 7 * 3. 1 kcal/mole. On the basis of the

lattice parameter (a = 4. 9646) and the phase diagram, it is more probable

that the composition was PuC
0.85

containing a small amount of PuC
1.43

(PU2C3).

Their very preliminary value for Pu C is AHOf = -1.7 kcal/mole,
23

No other measurements have been reported.

Vaporization

By measuring the weight loss from a graphite Knudsen effusion cell,

Mulford and co -workers ( 1962) gave the following equation to express the

pressure of Pu over PuC2:

log P (atm) . - 17920 (*250)/T + 2.779 (+0. 11)
(2000 -2500 ”K).

They found that PuC2 10S es Pu preferentially, and therefore no congruent

composition for vaporization exists in this system.

Palfreyman and Potter ( 1963) measured the vapor pressure of PuC
O. 898

by a transpiration method and gave the relationship

log P(atm) = -51, 100/T i- 22.3

for the range 1773° to 1838” K.
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Chapter III. 2

The Th, U and Pu Nitrides

form

The nitrides of U and Th are very

compounds having a stoichiometry

much alike in that they both

‘f ‘N and ‘2N3 s
As yet,

only the MN compound of Pu has been reported. In each case, the MN

compound is fcc (NaC1-type), but this simple relationship is not carried

over to the M2N3 compound. Th2N3 is hexagonal (La203-type), whereas

U2N3 shows, besides this structure, a bcc form at a lower temperature.

The bcc structure (Mn203 -type) is a distorted fluorite lattice which be -

comes perfect at UN
2“

In each system, MN is the most stable compound and can be ob-

tained from the other compounds by heating them at high temperatures

or at low pressures.

The MN compounds have a narrow composition range at low

temperatures, but this probably widens at higher temperatures. The

melting point of the MN phases is pressure dependent, but in excess of

2500” C at 1 atm.

Although these compounds are

volubility of oxygen is generally low.

good getters for oxygen,

Nevertheless, until the

the

effect of oxygen has been determined, all of the reported observations

should be taken with some reservation.
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III. 2. 1 The Thorium-Nitrogen System

Preparation

Although few procedures have been described, the thorium nitrides

can be prepared in essentially the same way as the uranium nitrides.

The reaction rate between N2 and Th has been studied by Gerds and

Mallett (19 54).

Phase Relationshi~ and Lattice Parameters

Two phases have been identified in this system: ThN and Th2N3.

ThN is fcc (NaC1-type) (Rundle, 1948) with a lattice parameter

of a= 5. 20 A(Rundle, 1948; Chiotti, 1952). ThN is sufficiently stable at

high temperatures that a melting temperature of 2630 * 50 “C has been

observed (Chiotti, 1952). However, this temperature probably changes

with pressure as does the melting temperature of UN. Chiotti ( 1952)

found th’at after melting the lattice parameter had dropped to a = 5. 144.

Street and Waters (1962) found a parameter of a = 5.1593.

Th2N3 is hexagonal (La203 -type) with a = 3.883 + O. 002, c = 6.187

* O. 004 (Zachariasen, 1948; Chiotti, 19 52) for a composition analysing

ThN Like the counterpart in the uranium system, Th2N3 is not
1.57”

stable in vacuum above approximately 1500 “C (Chiotti, 19 52).

The volubility of N2 (1 atm) in Th can be expressed by the

following formula (Gerds and Mallett, 19 54):

log c (Wt 70) = -2405/T + 0,9115 (1118 - 1763”K).
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Both nitrides will react rapidly at high temperatures with oxygen

containing gas es, and will hydrolyze in air at room temperature. All of

the above work should be viewed with this in mind.

Appearance

Gerds and Mallett ( 1954) found that ThN formed as a golden-yellow

film. Th2N3 was dark gray.

Chemical Stability

The thorium nitrides appear to be more reactive than the corres -

pending uranium compounds.

Hardness and Electrical Resistivity

No measurements could be found in the literature.

Superconductivity

Hardy and Hulm (19 54) found that a composition of ThNl ~ was not
.

superconducting at 1.2 oK. No analysis was given.

.

.

.

Thermodynamic Properties and Vaporization

No measurements could be found in the literature.
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III .2. 2 The Uranium -Nitrogen Svstem

Preparation

Of the many possible reactions (Taylor and McMurtry, 1961), the

best and most widely used method of preparation is the direct reaction

between the metal or UH3 and N2 or NH3. Although the powdered metal

will react rapidly with these gases, only the massive form can be freed

of the inevitable oxide film by a nitric acid wash. After this treatment

a powder can be obtained by heating first with NH or H
3 2’

then N
2

(Dayton and Tipton, 1956; Chiotti, 1952). Since the nitride is an ex-

cellent getter at the preparation temperature, it is essential to remove

oxygen as well as H20 and C02 from the gas stream (Newton, 1949 ;

Francis and Hedge, 1961). The reaction rates of N2 with U have been

measured by Mallett and Gerds (1955).

If the reaction is carried out at ordinary pressures (ml atm) and

between 800° and 1000°, U 2N3 forms with a composition approaching

UN ~ 75 (Rundle and co-workers, 1948). This can easily be converted

to UN by heating in vacuum between 13000 and 1600° until the evolution of

nitrogen has essentially ceased (Rundle and co-workers, 19 48; Tripler

and co-workers, 1959; Kempter and co-workers, 1959; Chiotti, 1949;

and Olson and Mulford, 1963). By heating in 1 atm of helium

previous to the vacuum treatment or by slowly raising the temperature ,

the rapid evolution of nitrogen can be controlled. The preparation of

UN by arc melting, even under N2, has been found unsatisfactory
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(Williams and Sambell, 1959). In order to prepare UN2, high pressures

(126 atm) have been found necessary (Rundle and co-workers, 1948;

Eding and Carr, 1961). UN2 has also been observed as a minor con-

taminate in UN (Kempter and co-workers, 1959; Mallett and Gerds, ~

1955).

Powdered materials above the composition UNW1 . ~ are pyrophoric

(Kempter and co-workers, 1959; Olson and Mulford, 1963; Eding and

Carr, 1961).

Phase Relationship

A partial phase

phases UN and Uohla

diagram is shown in Fig. 111.2, 1. Besides the

$ a rather unstable UN, phase has been reported, but
(L.J &

its relationship to the others is still largely unknown.

The transition temperatures of uranium metal are unaffected by

the presence of nitrogen, and the melting point of the metal is reduced

only slightly to a eutectic at 11300 (Benz and Bowman, 1964). These

workers also found that UN is very similar to UC in that the lower

phase boundary shows retrograde behavior with an upper limit of UN
0.96

at 1500° and UN
0.80

at 2000°. However, because the defect structure

cannot be quenched in, UN appears as a line compound at room tempera-

ture. The upper boundary lies at UN1 ol * o 02 at 1600°.
.

The melting temperature of UN is strongly dependent on the nitrogen

pressure, thus accounting for the rather scattered values reported in

the past (Rundle and co-workers, 1948; Newkirk and Bates, 1959).

According to Olsen and Mulford ( 1963), the congruent melting point of

UN occurs only above 2.5 atm of N2 at 2850 + 30 “C. Below this

temperature the pressure at the first appearance of liquid can be

determined from the following equation:

log P(atm) = 8.193 - 29.54x 103/T + 5.57 X 10
-18 5

T (1406 -31250 K).

I

.
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Keller ( 1962) found higher melting points than those found by Olsen and

Mulford (1963). These two studies are compared in Fig, 111.2.2. Benz

and Bowman (1964) observed congruent melting at 2835 * 300 under 2 atm

of nitrogen.

The phase relationships of the other phases will be discussed, to

the extent that they are known, in the next section.

Lattice Parameter and Structure

UN is face-centered cubic (NaC1-t ype), according to both x-ray and

neutron diffraction patterns (Mueller and Knott, 19 57; Rundle and co-

workers, 1948). A lattice parameter of a = 4.8897 * O. 0005 A represents

the most probable value based on recent data (Kempter and co-workers,

1959; Williams and Sambell, 1959; Street and Waters, 1962; and Olson

and Mulford, 1963). It should be remembered, though, that oxygen

dissolves in UN and causes the lattice to expand.

U2N3 has a body-centered cubic structure (Mn O -type) which, if
23

only the principal lines are considered, can be indexed as fcc (Rundle

and co-workers, 1948). As nitrogen is added to the structure, the

lattice parameter decreases from a value of a = 10.68 A at the UN-U2N3

phase boundary to a = 10, 58 at UNl 75 (Katz and Rabinowitch, 1951).

At the same time the weak diffraction lines disappear, being apparently

gone at UN1 75. This is interpreted to mean that the distortion in the

basic fcc lattice is reduced by the addition of nitrogen until at UN2 the

structure becomes totally fee. Unfortunately, this process has not been

followed above UNl 75. Not only does this view require an initial
.

lattice contraction as nitrogen is added, but a minimum in the bond

distances in the region between UNl 75 and UN2 o as well. on the other
.

hand, Keller (1962) found two phases present at room temperature in

.

.

.

.
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samples of a composition between UN
1.62 and ‘N1. 75”

At 800°, however,

the change in N2 pressure with composition indicates that a solid solution

exists (Keller, 1963).

After examining surface layers of the uranium nitrides, prepared

by Mallett and Gerds ( 1955), Vaughan ( 1956) proposed a new phase

isomorphous with Th N . Recently, Trzebiatowski and co-workers

(1962) found this pha~e ?n material which was quenched from 10000, but

not in samples containing more nitrogen than UN
1.50”

This phase,

designated ~, has lattice constants of a = 3.700, c = 5.826 A (hexagonal)

and shows ferromagnetic properties at low temperatures, a

behavior which is completely different from the normal bcc a- U2N3.

Benz and Bowman (1964) found the transition temperature at 1120 * 300.

At 13150, the region between UN and U2N3 consists of a two-phase

mixture of UN
1.0

and UN
1.49+0.02”

In view of this work, the doubts

concerning the existence of the (3 form expressed by Evans (1962) do not

seem justified.

Rundle and co-workers (1948) gave UN2 a lattice parameter of

a = 5.301 A.

Appearance

All of the uranium nitrides appear to have a gray to black color

when pure.

Chemical Stability

The nitrides are easily oxidized, U2N3 in particular. At 150-2000

the powder will burn in air. Reaction with 02 begins at 2500, with H20

at 230°. There is apparently no reaction with H2 (Francis and Hedge,

1961).

.

.

.
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UN is attacked by concentrated HNO ~, but cold HC1, H2S04 or

NaOH solution are without effect (Kohlschtitter, 1901) . Molten alkali,

however, will liberate NH The water corrosion resistance of UN is
3“

superior to UC. Specimens held in degas seal, deionized water at 26 ‘C

showed only a slight weight loss (Speidel and Keller, 1963).

Hardness

Tripler and co-workers (1959) reported a hardness of 542 (100 g

Knoop) for UN which probably contained some U02 phase. Speidel and

Keller (1963) observed a hardness of 580 (100 g Knoop).

Electrical Resistivitv

Taylor and McMurtry (1961) report a value of 208 gohm-cm at

room temperature for UN with 1870 porosity. Work reported by Speidel

and Keller (1963) yielded a value of 176 pohm -cm at 2000 and a positive

temperature coefficient,

Superconductivity

Hardy and Hulm (19 54) found that their sample of UN was not

superconducting at 1. 20K. However, the preparation procedure was

not described and an analysis was not given.

Thermodynamics

The heats of formation of UN and U2N3 have been measured by the

direct reaction of the elements in a heated calorimeter (Gross and cow-

orkers, 1962). The values obtained were AH 0 = -69.6 * 0.4 kcal/mole

for the reaction U + 1/2 N2 = UN and -29.15 + O. 5 kcal/mole for the

reaction 2UN + 1/2 N2 = U N Using oxygen combustion, Hubbard ( 1962)
2 3“

‘btained ‘H:298=
-70.95 * 0.67 kcal/mole. These measurements can

be compared to an early value of -68.5 kcal /mole (Neumann et al .,

1932) and a value of -74.5 kcal/mole obtained from vapor pressure

.

.

measurements (Vozzella and co-workers, 1964).
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Speidel and Keller (1963) have reported the following equation for

the heat content of UN between 4220 and 3098 “K:

HT -H 5 -1
273

= 13.32~l T -1- 5.9302 X10-4T2 -t 2.1025x1O T -4437, 2

Vaporization

Approximate measurements of the nitrogen pressures over UN1 56
.

‘0 ‘N1 .65
at various temperatures, made at Battelle (B MI-CC-2700,

1945; BMI-CT-1697, 1944), are reported in the survey by Katz and

Rabinowitch ( 1951).

Using Knudsen effusion, Vozzella and co-workers (1964) have

measured the pressure of N2 and U over UN
(s)”

The N2 pressure was

found to vary from 1.5 x 10-7 to5xlo
-5

atm over the temperature

range 1910 to 2265° K, and the uranium pressure was about a factor

of two below that reported by Rauh and Thorn (1954) for pure U
(1)’

The condensation coefficient for N2 on UN was estimated from a

Langmuir experiment to be O. 01.

Benz and Bowman (1964) found that below 2115° C, a bare plug of

UN vaporized congruently.

A mass spectrometric study by Cavett and Bonham (1963)

gave a ratio of vaporization rates, QN /Qu, of 2.0 x 104 at 1800° C
7

.

.

from a W Knudsen cell. No vapor spe~ies other than U and N2 were

reported.

.
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III. 2.3 The Plutonium -Nitrogen Svstem

Preparation

The scarcity of Pu metal and its high level of alpha activity have

severely limited the work done on this system. Brown and co-workers

(1955) have described in some detail a preparation procedure. They

found that Pu metal reacts only slowly with N2 even at 10000 C. How-

ever, the hydride will react with N z at 230° to form pure PuN. Their

procedure was to convert the metal to PuH2 ~ by heating in H2, then,

after the reaction was complete, slowly raise the temperature to 800°

while the H2 was flushed out with pure N
2“

After 2 hr the sample was

cooled. Rand and Street (1962) note that with only a trace of H2 in the

N2, l?u metal could be converted to the nitride at 600°. They subsequently

heated the product in vacuum at 1500° to decompose any hydride. PuN

has also been made by heating the hydride in NH3 at 6500C and 250 torr

(Westrum, 1949). Attempts to prepare PuN by arc melting resulted in

only an 80~0 conversion to the nitride (Olson and Mulford, 1964).

Phase Relationship and Lattice Parameter

Nothing is known concerning the phase relationship in this system,

and only the compound PuN has been reported.

PuN is fcc (NaC1-type) (Zachariasen, 1949) with a lattice parameter

of a = 4.906 * O. 001 (Carroll, 1962; Brown and co-workers, 1955).

Because of radiation damage, this value will increase with time (Rand

et al. , 1962). Studies of thermal expansion have revealed no phase
.
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change up to 1000° (Carroll, 1962;

Street (1962) found that PuN
0.907’

lattice contraction after being held

Rand and Street, 1962). Rand and

prepared at 1500°, exhibited a

above 900° in a silica tube. It was

suggested that this was due to the formation of a more nearly stoichio -

metric nitride which was characteristic of the lower temperature.

Olsen and Mulford (1964) could find no difference in lattice parameter

between samples quenched rapidly from 15000 or 2700°. Their samples

had an average analysed composition of PuN
0.955”

Anselin and co -

workers (1963) observed that PuN cooled from 1400° had a higher

parameter than that cooled from a higher or lower temperature.

They also found that the presence of oxygen raised the parameter.

More work is clearly needed before any conclusions can be made con-

cerning the homogeneity range of PuN.

Olsen and Mulford ( 1964) have measured the apparent melting point

of PuN as a function of nitrogen pressure. Their data can be fit by the

following equation:

log P (atm) = 8.193 - 29.54 x103/ T+ll. 28x10 ‘18 T5(2563-3043” K)

Congruent melting was not observed up to

Appearance

Brown and co-workers ( 1955) found

25 atm.

that freshly prepared PuN was

black but, it should be noted, turned brown after a few days due to

hydrolysis.

Chemical Stability

PuN hydrolyzes in moist air and cold water. Hot water causes an

immediate decomposition. HN03 attacks the nitride only upon heating

(Brown and co-workers, 1955). PuN is such a good getter that even a

normally good vacuum will not protect it while hot (Carroll, 1962).

Olsen and Mulford (1964) observed that PuN powder if exposed for only

.

.
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a brief time to air would acquire up to O. 9% oxygen, Also freshly pre -

pared PuN powder was found to be pyrophoric in air.

Hardness, Electrical Resistivity, Superconductivity, Thermodynamic

Properties

No measurements could be found in the literature.

Vaporization

PuN held at 1700° for 30 min was found to have lost 58% of

the original plutonium and produced a condensate which was a mixture

of PuN and Pu (Anselin and Pascard, 1962),
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