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FOREWORD

The present redort summarizes the phase diagram investigations
carried out over a four-year period under USAF Contract No. AF 33(515)-1249,
T+ program was initiated under Prcject No. 7350, Task No. 735001, on
1 January 1964 and continued under a two-year extension effort through 1967.
Also contained in this compilation are phase diagram data gathered under two
cther Air Force programs, AF 33(615)-67-C-1513 and IITRI Subcontract P.Q,
No. 37942, over the time period from April 1967 through April 1969.

All experimental investigations were carried out at the Materials Research

Laboratory, Aeroje2t-General Corporativn, Sacramentc, while part of the final
data rednction and evaluation was performed by the author at the Oregon Graduate
Center in Portland, Oregon. The contract was admiristered under the direction
of the Air Force Materials Laboratory, Wright-Patterson Air Force Base., The
proiect engineers were Capt. R.A. Peaterson (1964) and Capt. P.J. Marchiando
(MAMC) 71965 to 1963). Dr. E, Rudy, Aerojet-General Corporation (now at the
Oregon Graduate Center, Portland, Gregon), served as principal investigator,
and Prof. Dr. H. Nowotny, University of Vienna, as consuitant on the first
project,

Personnel who contributed in full, or in part, to the program included:
E. Rudy (principal invesuigator), C.E. Brukl, St. Windisch, D.P. Harmon,
J.R. Hofiman, Y.A. Chang, T.E. Eckert, J. Pomodoro, R. Cobb, and
R. Taylor.

A total of 44 Technical Reports, covering in detail the phage diagram
work, as well as the thermochemical calculations performed on the individual
systems, were issued in the course of the programs. Additional studies on
binary transition metal systems during the same time period were only of
Peripheral interest to the overall scope of the program and were, therefore,
not reported formally. It was decided, however, to include these phase diagram
data in this Sumimary Report.

The titles of the documentary repcrts which have been published pre-
viously, or are presentiy in print, are listed below.

Reports issued urcer U.S. Air Force Contract AF 33(615)-1249.

Part I. Related Binaries

e aveee - -
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III. Special Experimental Techniques
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High Temperature Di{ferential Thermal Analysis
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Metallic Substances
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This Compendium has been reviewed and is .pproved.

il

wW. G. RAMKE

Chief,Ceramics and Graphite Branch
Metals and Ceramice Division

Air Force Materials Laboratory
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ABSTRACT

This report contains a sumumary o. the phase diagram
work conducted under U.S. Air ¥Force Contracts AF 33(615)-1249
and AF 33(615)-67-C-1513 over the time period from 1 January
1964 through April 1969, Systems studied include binary transi-
tion metal systems, bina1y and ternary systems of refracrory
transition metals with carbon, boron, silicon, and nitrugen, and
selected concentration-temperature sections of higher order
systems involving the same elemente.

O I et Lo+ g tebin

S

NI Oy ORI s e et e

il




TABLE OF CONTENTS

PAGE
I. INTRODUCTION AND REPORT ORGANIZATION, K ,  _ , ., . . 1
A, Introduction . . . . ¢ . v ¢ ¢« v e s 0 e e e e s I |
B. Report Organization . . . . v v . v v v« o o = o s « & & 1
. NOTES AND REFERENCES TO THE PHASE DIAGRAM
COLLECTION CONTAINED IN THI5 CCMPENDIUM , | |, 3
A. Binary Transition Metal Systeme, , ., , . . ., . . .. 3
B. Binary Transition Metal Carbon Systems , ., , ., ., , ., . 26
C. Binary Transition Metal-Boron and Metal -Silicon
Systems . . . . .. . .. . B } |
D. Ternary Systems Me,-Me,-C, Me-S5i-C, Me-Si-B,

Mel-}AeZ-B, MC-B-C. a“d Mel—MEZ'N. " 8 e & « o+ @ . 34

I11. COLLECTION OF PHASE DIAGRAM DATA ., . . ... ... . &5
A, Binary Transition Metal Systems . . . . . . ... . ... 46
1. TiaZT & v v v vt e e e e e e e e e e e 46
2 Ti-Hf . .. ... . -1
3. Ti-V . . ¢ 00 v . e s s e e s s e. 54 1
4, Ti-NE . . Lt f t et e e e e e e e e e e 57
S. Ti-Ta . . ¢ ¢ 4 v o L 4 o o o o @ e v+ ... 60
6. Ti-Cr . . . v v s e v e o o e s e e e . .. 63
Te TicMO o vt et e e e e e e 66 ‘
8. Ti-W . ... ..., e e e e e e e e €9
9. Ze-KRE . .. ... e e e e e e e e .. T2
10. Y/ 75
11. Zr-Nb , ., ., .. e o s 8 o e o e o s o o o as 17
12. Zr-Ta ., & . v s e e v e e e e e ... B0
13, Zr-Cr . . . ... e e e s e e s s e e e 84
14, Y/ S . U T . &6
15. Zr-W L e e e e e e s e e e ee. 9
16, HEV .. ... B )
P HENE ., ., 0. .. « o v e o . e . 95

vi

et TN KEANI %

.o




TABLY 7. CONTENTS (Continued)

18.

19
20
21
22
23

24.

25
26
27
28
29
30
31
32
33
34
35
36
37

.

.

.

»

B. Binary Transition Metal-Carbon Systems . + . . « « . . .

C. Binary Transition Metal-Boron Systems . . . . . . . ..

W R~ O b Wty =

00 =3 O L b (2 N b=

Ti-C ¢ v v o o o o o « e e e s e e N
Zr-C o o v i e e e e e e e
] S . e
V-C e o e e 4 s 8 s 8 s v e ~ u e .
No-C .+ v v ¢ o o o o o @ e 5 4 e s e s e v s
Ta-C + « ¢« . « .« . e s s 4 e s e s s e s o
Cr-C + o ¢ 2 o ¢ s o+ « v e e s e s e e e
MoO-C & o o s e i e 4 e s s e e e e e e
2

PAGE

98

..100
.. 102
.. 106
.. 110
. 113
. 116
.. 118
.o 121
. 124
. 127

131

.. 134
. 137

142
144

. 147
. 151

154

. 157

159

. 159
. 162

165

14Q

« AUV

171

. 175
. 179
. 181
. 162

. 198

198

. 200

202

. 204
.. 206
. 209
. 212
. 214




i. Zr-Si . . .0 e e e e B 2 1

i

-
)
N
-
t
N

Ti-Ta-C
Ti-Mo-C
Zr-Hf-C
Zr-Ta.-C
Hf-Ta-C
10. V-No-C

11. Nb-Ta-
12, Nb-Mo-C
13. Nb-W-C

14, Ta-Mo.C
15, Ta-W-C

OO N R Wty -

............

. <18

. 220

------

.............

TABLE OF CONTENTS (Con:inued)
PAGE
D. Binary Transition Metal-Silico.~ Systems, ., . .. . . .. . 216
2
Y

F. Partial, Quaternary Metal-Carbon Systems, . . . ... . 513

TaC-V,C-MosCu v v o e o v n w
TazC-VzC-wZC

e o s 0 e.ol3
...... e e e e e .. .516
Ta,C-Nb,C-Mo,C . ... . .. .+ .¢.e.....5i8
Ta;‘:-Nb;C-W2—

oW -

H.

Ti-Si-C
Zr-5i-C
H{-8i-C
Nb.Si-C
W.Si-C

(6, S VS S
. s »

1, Hf.Si-B

* e e e e

v e 2 s s »

viii

Ternary Transition Metal-Silicon-Boron Systems . . . ..

LI L I B I IR R 2 )

522
523
524
525
526

527

527

< TagC-NbC-Weo ., . ... ...... e e ... 520 ‘
G. Ternary Transition Metal-Silicoi .Carbon Systems , . . . 522 ' i

é_
i




TABLE OF CONTENTS (Continued)

Ti-Zr-B
Ti-Hf-B
Zr-Hf-B
Zx-W.B

Hf-Mo-B
Hi-W-.B

Zr-Nb-B
Zr -Ta-B
Hf-Nb-B
Hf-Ta-B

. . .

DO Ok W
.

g

Fahoas

i
B W N e
PR

1. Hf{-Ta-N

C )y v

Loy

- o oy

TR

S R o

ix

I. Ternary Transition Metal-Boron Systems

L. Ternary Transition Metal-Nitrogen Systems .

« o a o o
. e e v & e e s o ¢« o o o
e s s s e = o ¢ 2 e o e .
- e + e B & s e ¢ 9 e @ & @
e o & & a & o e = e s s & a
. ¢ . e 4 & 8 < v s 0 e e @
. ¢ s s e ¢ s e 8 & . e e
. e o . . . » ¢ e e
L T S . a .

----- e & + s . + & e o
e ¢ 8 & o e ¢ o = e o o o
------ # & e s + e » e @

FAGE
o e .. 528

.« ...528
. « . .548
. ...562
. . ..582
. . ..584
o o . . 588
. . ..591
e o .0 593
s s .. 595
. .- 597

599

.
.
-

. . ..593
. ...618
. e..635

e+ . ..655

o

B T e—— S g

Lo 1 S (8

il

.
ol

Ll

g oy s

4

Ll aee




QUSRI P

FIGURE

III.A.1.}
1.2
1.3
1.4

I, A.2.1
2.2
2.3
2.4

IK.A.3.1
3.2

3.3

III.A .4.1
4.2
4.3

II.A.5.1
5.2
5.3

I.A.6.1
6.2
6.3

I1.A.7.1
7.2
7.3

—— ey e m—— -

LIST OF ILLUSTRATIONS

Constitution Diagram Titanium Zirconium
Melting Temperatures of Ti-Zr Alloys
a-f-Transformation in Ti.Zr Alloys

Lattice Parameters cf the a-(Ti,Zr) Solid Solution

Constitution Diagram Ti-Hf
Melting Temperatures of Ti-Hf Alloys
a-pf-Transformation in Binary Ti-Hf Alloys

Lattice Paiameters of the o-(Ti, Hf) Solid Solution

Constituticr Diagram Ti.V
Melting Temperatures of Ti-V Alloys

Lattice Purameters of the p-(Ti, V) Solid Solution

Constitution Diagram Ti-Nb
Melting Temperatures of Ti-Nb Alloys
Lattice Parameters of the $-{Ti,Nb) Solid Solution

Constitution Diagram Ti-Ta
Melting Termnperatures of Ti-Ta Alloys
Lattice Parameters of the B-(Ti, Ta) Sclid Solution

Constitution Diagram Ti-Cr
Melting Teraperatures of Ti-Cr Alloys

Lattice Parameters of the p-(Ti,Cr) Solid 3olution

Constitution Diagram Ti-Mo
Melting Temperatures of Ti-Mo Alloys
lattice Parameters of the f-(Ti,Mo) Solid Solution

PAGE

46
47
48
48

50
51

52
53

54
55
56

57
58
59

60
61
62

63
64
65

66
67
68

o= |




S

A BRI T e i

FIGURE

I.A.8.1
8.2

8.3

111.A.9.1
9.2

9.5

I1.A.10.1
10,2

III1.A.11.1
11.2
11.3

IJ.A.12.1
12,2
12.3

12.4

III.A.13.1
13.2

LI.A.14.1
14.2
i4.3
14.4

LIST OF ILLUSTRATIONS (Cont'd)

Constitution Diagram Ti-W

Melting Temperatures and Qualitarive Phasge
Evaluation of Solid-State Equilibrated Alloys

Lattice Parameters of Ti-W Alloys

Constitution Diagram Zr-Hf

Melting and a-f-Transformation Temperatures of
Zx-Hf Alloys

Lattice Paramefers of the a-(Zr, Hf)-Solid Solution

Constitution Diagram Zr-V
Melting Temperatures of Zr-V Alloys

Constitution Diagram Zr.-Nb
Melting Temperatures of Zr-Nb Alloys
Lattice Parameters of the f-(Nb,Zr)-Solid Solution

Constitution Diagram Zr-Ta
Melting Temperatures of Zr-Ta Alloys

Experimental Data for the Miscibility Gap and the
Eutectoid Isotherm in the Zr-Ta System

Lattice Parameters of the £-{Z1. Ta)-Soiid Solutien

Constitution Diagram Zr-Cr

Melting Temperatires of Zr-Cr Alloys

Consutution Diagran: Zr-Mo
Melting Temperatures of Zr-Mo Alloys
Lattice Parameters of the B-Zr Solid Solution

Lattice Parameters of the Molybdenum Phase in
the (Zr,Mo) System

>3

PAGE

69 i
70

75
76

77 ]
78 ) {
79

80
81
82

83

84 NN
85 }

86
87
88

89




- ——

s,

LIST OF ILLUSTRATIONS (Cont'd)

FIGURE PAGE
IIT.A.15.1 Constitution Diagram Zr-W 90
15. 7% Melting Temperatures of Zr-W Alloys 91
15.3 Lattice Parameters of the Tungsten Phase in the
(Zr, W) System 92
Ii.A.16.1 Constitution Diagram of the Hf-V System 93
16.2 Melting Temperatures of Hi-V Alloys 94
Hr.A.17.1 Constitution Diagram Nb.Hf 95
17.2 Melting Temperatures of Nb-Hf Alloys 96
17.3 Lattice Parameters of the p-(IIf, Nb) Solid Solution 97
oI.A.18.1 Constitution Diagram Hf-Ta 98
18.2 Melting Temperatures of Ta-Hf Alloys 99
nr.A.19.1 Constitution Diagiam Hf-Cr 100
19.2 Melting Tempz=ratures and Solid State Reactions ir.
the Hf.Cr System 191
mi.A.20.1 Constitution Diagram of the System Hf-Mo 102
20.2 Meiting ‘Temperatures of Hi-Mo Ailoys 103
20.3 Lattice Parameters of the .Hf Phase in the
(Hf ,Mo)-System 104
20.4 Lattice F arameters of the Molybdenum Phase in
the (Hf,Mo)-Systzm 105
IHI.A.21.1 Counstitution Diagram Hi-W 106
21.2 Solid State Reactions in the Hf-Rich Region ¢f the
(Fif,W).System 107
21.3 Melting Temperatures of Hf-W Alloys 108
2:.4 Lattice Paramerere of the Tungsten Phase in the
(Hf, W)-Syatem 109
-rii

o

b M DI e e AR e R s s s e

0 bl 1 ki S Mt N

Ol A e s N e e

o bbb

o )

prenn




s oo

L ey

LT I TR T e

IR At B SRR, SRNVRRTITL AT

|
]
E

FIGURE

LI.A.22.1
22.2
22.3

III.A.23.1
23.2
23.3

III.A.24.1
24.2
24.3

II1.A.25.1
25.2
25.3

HI.A.26.1
25.2
26.3

II.A.27.1
27.2
27.3

IIi.A.28.1
28.2
28.3
28.4

LIST OF ILLUSTRATIONS (Cont'd)

Constitution Diagram V-Nb
Melting Temperatares of V..Nb Alloys
J.attice Parameters of the V.Nb Sclid Solution

Constitation Diagram V.-Ta
Melting Temperatures of V-Ta Alloys
Lattice Parameters of the V.Ta Solid Solution

Constitution Diagram of the System V-Cr
Melting Temperatures of V-Cr Alloys
Lattice Parameters of the (V,Cr)-Solid Solution

Constitction Diagram V-Mo
Melting Temperatures of V-Mo Alloys
Lattice Parameters of V-Mo Alloys

Constitution Diagram of the System V-W
Melting Temperatures of V-W Alloys
Lattice Parameters of V-W Alloys

Constitution Diagram of the System Nb.Ta
Melting Temperatures of Nb-Ta Alloys
Lattice Parameters of Nb-Ta Alloys

Constitution Diagram Nb-Cr
Melting Temperatures of Nb-Cr Alloys

Lattice Parametess of the Nb-Cr Solid Jolution

Lattice Parameters of the Cubic (C i5) Laves Phase

in the Nb-Cr System

xiii

PAGE

110
111
112

113
114
115

116
116
117

118
119
120

127
128
12y

130

Al o

el




! i
L]
LIST OF ILLUSTRATIONS (Cont'a)
FIGURE PAGE
1I1.A.29.1 Constitution Diagram Nb-Mo 131
29.2 Melting Temperatures of Nb-Mo Alloys 132
29.3 Lattice Farameters of Nb-Mo Alloys 133
II1.A.30.1 Constitution Diagram of the System Nb.W 134
3o.2 Solidus Temperatures of Nb-W Allcys 135
i 30.3 Lattice Parameters of the Nb-W Solid Solation 136 '
. A.31.1 Constitution Diagram of the Ta-Cr System 137
31.2 Melting Temperatures of Ta-Cr Alloys 138
3.3 Tran: formation of the TaCr,~-Phase 139
31.4 Lattice Parameters of the Tantalurn Phase in the :
t {(Ta,Cr)-System 140
: 31.5 Lattice Parameters of the Hexagonal (C 14-Type),
i High Temperature Modification of TaCr,; 141
; Im1.A.32.1 Constitution Diagram of the Ta-Mo System 142
i 32.2 Melting Temperatures of Ta-Mo Alloys 142
32.3 Lattice Parameters of the (Ta,Mo)-Solid Solution 143
_ II1.A.33.1 Constitution Diagram of the Ta-W System 144
' 33.2 Melting Temperatures of Ta-W Alloys 145 |
33.3 Lattice Parameters of Ta-W Alloys 146
&
11.A.34.1 Constitution Diagram of thke Cr-Mo System 147
. 34,2 Melting Temperatures of Mo-Cr Alloys 148
i
’ 34.3 Lattice Parameters of Cr-Mo Alloys 149
34.4 LAattice Parameters of Cr-io Alloys 15¢
m1.A.35.1 Constitution Diagzam Cr-W 151
5.2 Melting Temperatures of Cr-W Alloys 152
35.3 Lattice Parameters of Cr-W Alloys 153

xiv




FIGURE

II.A.36.1
36.2
36.3

mi.A.37.1
37.2

1Li.B.1.1
1.2
1.3

II...2.1
2.2

c.3

1.B.3.1
3.2
3.3

1N
b

1I.B.5.1.
5.2
5.3
5.4

LIST OF ILLUSTRATIONS (Cont'd)

Constitution Diagram of the System Mo-W
Melting Temperatures of Mo-W Alloys
Lattice Parameters of Mo-W Alloys

Constitution Diagram of the Hf-Ir System
Melting Temperatures of Hf.Ir Alloys

Constitution Diagram of the System Ti-C
Melting Temperatures of Ti-C Alloys

Lattice Parameters of Titaniwumn Monocarbide

Constitution Diagram of the Zr-C System
Melting Temperatures of Zr-C Alloys

Lattice Parameters of the Zirconium Monocarbide
Phase

Constitution Diagrarn of the Systern Hi-C
Melting Temperatures of HE-C Alloys

Lattice Parameters of the Hafniurn Monocarbide
Phase

Constitulion Diagram of the System V-C
Melting Temperatures of V-C Alloys

Lattice Parameters of the Vanadium Monocarbide
Phase

Constitution Diagram oi the System Mb-C
Melting Temperatures of Nb-C Alloys
Lattice Pararaeters of the Niobium Monocarbide Phase

High Tempersture Transformaticn and Incipient
Melting in Nb, T

Xv

PAGE

154
155

156

157
158

159
160
161

162
163

164

165
166

167

168
169

171
172
173

B




FIGURE

II.B.6.1
6.2
6.3

6.4

I.B.7.1

7.2

HI.B.R.1

s.2

8.3

J11.B.9.1
9,2
9.3
9.4

LIST OF ILLUSTIATIONS (Cont'd)

Constitution Diagramn: of the System Ta-C
Melting Temper.:tures of Ta-.C Alloys

Order-Disorder Transformation Tempe~atures in

Ta,C as Determined by Differential Thermal Analyesis

Lattice Pa:. smete::s of Tantalum-Monocarbvide
Constitution Diagram of the Chromium-Carbon
System

Melting Temperatares of Chromium-Carbon
Alloys

Constitution Iragram cf the Mo-C System

Summary of JTA-Results Concerning the a-§-
Tyansition ir Mo ,,C

Order-Disorder Transformation in Mo,C:
Suwnmary of X..Ray and Metallographic Results

Lattice Parameters of Mo,C Cooled at Approxi-
mately 16C° C per Second from 2300°C

Latt ce Parameters of Mo,C. Alloys Quenched
After Equilitration at 1350°C

Lattic® Parameters and Unit Cell Volume of Mo,C
in Tin-Quenchea (1700°C) Alloys

Melting Tembevatures of the Mo,C-Phase
Melting in Cuarbon-Rich Mou-C Alloys

Summary of Difierential-Thermoanalytical Studies
in the Ma.C System

Composition o! the Carbon-Saturated Melt as a
function of T'emperature

Latrvice Parameters of the Cubic High Tempcrature
Phase in the Mo-C System

Constitution Diagram W.C
Mel:ing Temperatuves of W-C Alloys
Lattice Parameters of the W,C-Phase

Summary of DTA-Results Concerning the Order-
Disorder Transition in W,C

PAGE

175
176

178

179

180

181

182

183

184

185

o
®w
-~ o

(=
X
x

189

190

191

192
193
194

195

o o o b L L, ey

P

1ol o

it

[T NPT

[RARRTTaTY

.

N 1}

Wbt

e L




e " S LR TR T T T T

i

] PR

Wi

LRI

TSI T TR VSN AU ORI, i, RV 41T ORI

FIGURE
9.5
9.6
r.c.i1.1
1.2
Ia.Cc.2.1
2.2
a1.c.3.1
3.2
IIi.C.4 .1
4.2
1. C.5.1
5.2
5.3
| SV !
Gel
6.3
m.c.7.1
7.2
1. cC.8.1
8.2

LIST OF ILLUSTRATIONS (Cent'd)

W.C: Composition of the Peritectic Melt Near the
Decomposition Temperature of Tungsten Monocarbide

W-C: Composition of the Carbon-Saturated Melt

as a Function of Temperature

Constitution Diagram of the Ti-B System
Melting Temperatures of Ti-B Alloys

Constituticn Diagram of the Zr-B System

Melting Temperatures of Zr-.B Alloys

Constitution Diagram of the Hf.B System
Melting Temperatures of Hf-B Alloys

Constitution Diagram of the System V.B

Melting Temperatures and Quaiitative Phase
Evaluation of V-B Alloys

Constitution Diagram of the Nb-B System

Melting Temperatures and Qualitative Phase
Fvaluation of Nb.B Alloys

Lattice Parameters of Niobium Diboride

Constitution Diagram of the Ta.B System

Melting Temperatures and Qualitative Phase
Evaluation of Ta-B Alloysa

lattice Parameters of Tantalum Diboride

Constitution Diagram of the Mo.B System

Melting Temperatures of Mo-B Alloye
Constitution Diagram cf the W-B System

Melting Temperatuares and {Jualitative Phase
Evaluation of W.B Alloys

xvil

PAGE

190

i97

198
199

200
201

202
203

204

205

209

210
211

212
213

214

215

e ———l

——y

i i A 4

awu ;;m'f” iy




LIST CF ILLUSTEATICNS (Cont'd)

FIGURE PAGE
1III.D.1.1 Constitution Diagram of the System Zr-Si 216
1.2 Melting Temperatures of Zr-3i Allcys and {Qualitative
Phase Evaluation of Sclid State Eguilibrated Aillovs 217
ilf.D.2.1 Conatitution Diagram of the Hf-5i System 218
2.2 Melting Temperaturer of Hf-Si Alloys and Qualitative
Phase Evaluation of Solid State Equilibrated Alleys 219
a1.E.1.1 Isothermal Section of the Ti-Zr~.C System at 1500°C 220
1.2 Lattice Parameters of the Monocarbide Solution at
37.5 At,% C. Alloys Equilibrated at 1500°C 221
1.3 Lattice Parameters cf the Monocarbide Solution
at 44 At.% C. Alloys Equilibrated at 1500°C 221
1.4 Lattice TPararneters of the Monocarbide Solid Solution
at 48 At.% C. Alloys Equilibrated at 1500°C 222
Ii1.E.2.1 Isothermal Section of the Ti-Hf-C System &t 1500°C 223
2.2 Lattice Parameters of the (I'i, Hf)C;.x-Solid Solution
at 32.36 At.% C. Alloys Equilibrated at 1500°C 224
2.3 Lattice Parameters of the (Ti, Hf}C,.x-Solid Solution
ac 40 At.% C. Alloys Equilibrated at 1530°C 224
2.4 Lattice Parameters of the (Ti, Hf)C,.x~Solid Solution
at 48 At % C. Alloys Equilibrated at 1500°C 225
Ini.E.3.1 Isometric View of the Ti-V.-C System 226
3.2 Reaction Diagram for the Ti-V-C System 227
3.3 Liquidus Projections in the Ti-V.-C System 228
3.4 Isopleth 'l'iC-VC,/’ 229
3.5 Isopleth at 32 At.% C 230
3.6 Isopleth TiC-V 231
1.7 Isopleth Tig sV s-C 232
3.8 Isopleth at 15 At.% C 233
3.6 Isopleth Along the Pseudobinary Section Metal +
+ Monocarbide 234
Xviii




FIGURES

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
319

LIST OF ILLUSTRATIONS (Cont'd)

Isothermal Section of the Ti-V.-C System at 1400°C
lsnthermal Section of the Ti-V_-C System at 1625°C
isothermal Section of the Ti-V_-C System at 1650°C
Isothermal Section of the Ti-V.C System at 1800°C
lsothermal Section of the Ti-V-C Syetem at 2600°C
Isothe rmal Section of the Ti-V.C Systein at 2500°C
Isothermal Section of the Ti-V.C System at 2625°C
Isuthermal Section of the Ti.V_-C System at 27006° C
Solidus Isatherms for the Monocarbide Solid Solution

Experiniental Melting Temperatures in Alloys
Located Along the Metal-Rich Eutectic Trough

Experimental Melting Temperatures in Alloys
Located at the Pseudobinary Section Metal
+ Monncarbide

Meltiag Temperatures of the Monocarbide Solution
Near the Vanadium-Carbon Binary

Maximum Solidus Temperatures of the (Ti, V)C,_.4(Bl)
Solid Solution

Meltirg Aiong the Monocarbide + Graphite Eutectic
Trough

Ti-V-C: Determination of the Tie Line Distribution
in the Two-Phase Field +6 by Lattice Parameter
Meazsurcmenis vn Two-Fhased, B+5, and Three-
Phased, p+Y+5, Alloys. (Samples Equilibrated at
1400°C).

Lattice Parameters of the (Ti, V),C-Phase

Lattice Parameters of the Carbon.Saturated Mono-
carbide Solution (Literature Data)

Lattice Parameters of the Carbon-Saturated
Monocarbide Solution (Literature and Own Data)

Lattice Parameters of the (Ti,V)C,_x (Bl}-Solid
Solution at Various Carhon Defects

xXix

PAGE

235
236
237
238
239
240
241
242
243

244

246

247

248

246
250

251




 § - = o .~ TV T/ = - T =T T T T T = = —_EiTE SSe= s
1
g
§
i
5 3
3
: LIST OF ILLUSTRATIONS (Cont'd) 3 ‘
; FIGURE PAGE »
‘l nr.eE.4.1 Isomictric View of the Ti-Nb-C Systern 254
4.2 Reaction Diagram for the Ti-Nb-C System 255 :
4.3 Liquicus Projections in the Ti-Nb-C System 256
4.4 Isopleth Ti, &Nbg, s-C 257
.5 lsopleth at 33.3 At.% C 258 i
4.6 Isothermal Section of the Ti-Nb-C System at 1500°C 259 .
4.7 Isothermal Section cf the Ti-Nb-C System at 1700°C 260
4.8 Isothermal Scction of the Ti-Nb-C System at 2000°C 261
! )
1.9 Isothermal Section of the Ti-Nb-C System at 2280°C 262
’ 4.10 isothermal Section of the Ti-Nb-C System at 2600°C 263
! 4 .11 Ysothermal Section of the Ti-Nb-C System at 3100°C 264
? 4,12 Observed Melting Temperatures in Alloys Located
Along the Metal-Rich Eutectic Trough 265
; :
4.13 Maximum Solidus Temperatures with Comwvosition
Line (Top) for the (Ti,Nb)C,_, (Bl} Sulid Solution 256
i :
‘ 4.14 Solidus Isotherms fcr the Monocarbide Solid Solution 267 :
4,15 Experimental Melting Temperatures Along the -
‘ Monocarbide + Graphite Eutectiz Trough 268
4,16 Determination of the Tie Line Distribution in the
Two-Phase Field & by Monocarbide Lattice
Parameter Me~surements in Two-.Phased, B+ 6, Alloys. 269
4.17 Lattice Parameter: of the Carbon-Saturated
Monocarbide Phase, (Literature and Own Data) 270
4.18 Lattice Parameters of the Monocarbide Tclution
at 44 At.% C 271 ’
4.19 Lattice Parameters of the Monocs bide Solution
at 40 At.% C 272
4.20 Yattice Parametere of the Monocarbide Solution
at 36 At.% C 273
iI.E.5.1 Isometric View of the Ti-Ta-C System 274
5.2 Reaction Diagram for the Ti-Ta-C System 275
5.3 Liquidus Projections in the Ti-Ta..C System 276
XX

2
3
3
3
3
E




(U

[LOR

T

FIGURE

(%4} (9,] (V) [54] wn
. . . .
w  ~J o o, NS

5.10
5.11
5.i2
5.13
5.14

5.22
5.23

LIST OF ILLUSTRATIONS (Cont'd)

Isopleth at 20 At. % C

Isopleth at 32 At. % C

Isopleth Tiy,sTa,, s-C

Isothermal Section of the Ti-Ta-C System at 1506°C
Isothermal Section of the Ti-Ta-C System at_ 1800°C
Isothermal Section of the 11-Ta-C System at 2000°C
Isothermal Section of the Ti-Ta.C System at 240u°C
Isothermal Secticn of the Ti-Ta-C System at 2600 C
Isothermal Section of the Ti-Ta-C Systemn at 3000°C
Isothermal Section of the Ti-Ta-C System at 2200°C

Observed Melting Temperatures in Alloys Located
Along the Metal-Rich Eutectic Trough

Experimental Melting Ternperatures, Solid State
Reactions, and Qualitative Phase Evaluation of Solid
State -Equilibrated Alloys Containing Between 30 and
33.3 At.% C

Observed Order-Discorder Transformation Tempera-
tures in the Subcarbide, (Ta,Ti),C, Phase

Diagrammatic I1lustrition of the Termination of the
Heterogeneous Order.-Disorder Transition in Ta ,C
in a Limiting Tie Line¢ by Titanium Substitutions

Maximum Solidus Ternperatures of the Monocarbide
Phase

Experimental Solidus Points and Solidus Isotherms for
the Carbon-Deficient Monocarbide Solufion

Experimental Melting Temperatures in Monocarbide +
+ Graphite Alloys and Location of the Eutectic Trough

Determination of the Tie l.ine Distribution in the
Three Two-Phuse Fields by fattice Parameter Measure-
ments on the Coexisting Phases.

Lattice Parameters of the Subcarbide (Ta,Ti),C, Phase

Lattice Parameters of the Carbon-Saturated Mono-
carbide (Bl) Solution (Literature Data)

xXX1

PAGE

277
278
279

280
281
282
283
284
285
286

287

288

289

290

291

292

293

294

295

296

AL sl AL .

IRt TR T

NI T

I(M |Hg||uu.1p"ntln..‘illmnwlllﬁlnv""J‘“I'M“""‘""""“""'""""""'"'"‘""'"'""""""'”'"""""'“‘ 'Illh.nn"“41u-'lm|-.nh |




e e e e

1I.E.6.1
6.2
6.3
6.4
6.5

6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14

6.18

LiST OF ILJLUSTRATIONS (Cont'd)

Observed Lattice Parameters and Isoparameiric Lines
for the Carbon-Deficient Monocarbide Solid Solution

Isometric View of the Ti-Mo-C System
Reaction Diagram for the Ti-Mc-C Systemn
Liquidus Projections in the Ti-Mo-C System
Isopleth at 17 At.% C

Isopleth Along the Pseudobirary Section Metal
+ Monocarbide

Isopleth Ti, sMo, s-C

Isopleth at 41 At % C

Isothermal Section of the Ti-Mo-C System at 1500°C
Isothermal Section of the Ti-Mo-C System at 1750°C
Isothermal Section of the Ti-Mo-C System at 2000°C
Isothermal Section of the Ti-Mo-C System at 2200°C
Isothermal Section of the Ti-Mo-C System at 25C0°C
Isctherm.al Section of the Ti-Mo-C System at 2750°C

Experimental Melting Temperatures of Ti. Mo-C
Alloys Located Along the Metal-Rich Eutectic Trough

Maximum Solidus leraperatures and Composition
Line for tl.e (Ti,Mo)C,;.x (Bl) Solid Solution

Experimental Melting Termnperatures of Alloys Located
Along the Monocarbide + Graphite Eutectic Trough

Determination of the Tie Line Distribution in the Two -
Phase Field f+5 by Metal Lattice Parameter Measure-
ments in Two-Phased, +5 , Alloys

Determination of the Coexisting Monocarbide Composi-
tions in Two-Phased, B+ 6, Alloys by Lattice
Parameter Measurements.

Lattice Parameters of the Mencocarbide Phase Along
the Scction TiC-MoCy, 2

L “*ice Parameiers of the Carbon-Saturated Mcnocarbide

I e in Alloys Equilibrated at 1500° C and 2550°C

xxii

PAGE

297

298
299
300
301

302
303
304
305
306
367
308
309
310

312

313

314

315

316

217




“a LK AT R T

-

5 L G MM T e | e s i S s

FIGURE

II.E.7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20

7.21

7.22

7.24
7.25

7.26

LIST OF ILLUSTRATIONS (Cont'd)

Isometric View of the Zr.Hf-C System

Reaction Diagram for Ternary Zr-Hf.-C Alloys
Zr-Hf.C: Isoplethat 10 At.% C

Liquidus Projections in the Zr-.Hf.C System
Isothermal Section of the Zr-Hf-C System at 1600°C
Isothermal Section of the Zr-Hf-C System at 1900° C
Isothermal Section of the Zr-Hf-C System at 2000°C
Isothermal Section of the Zr-Hf-C System at 2030°C
Isothermal Section of the Zr-Hf-C System at 2060°C
Isothermal Section of the Zr-Hf-C System at 2200°C
Isocthermal Section of the Zr-Hf-C System at 2320°C
Isothermal Section of the Zr-Hf-C System at 2400°C
Isothermal Section of the Zr.Hf-C System at 2800° C
Isothermal Section of the Zr-Hi-C System at 3000°C
Isothermal Section of the Zr-Hf-C System at 3300°C
Isothermal Section of tne Zr-Hf-C Syatem at 3500°C
Isothermal Section of the Zr-Hf-C System at 3700°C
Isothermal Section of the Zr-Hf-C System at 3900°C
lattice Parameters of (Zr,Hf)C - 75

aramelers of (Zr Hi)Cy s5- .55

Melting Temperatures of Monocarbide Alloys at
(Zr ,Hf)C .

Melting Temperatures of Monocarbide Alloys at
(Zr ,Hf)C 90~ 08

Melting Along the Monocarbide+ Graphite Eutectic
Trough

Zr-Hf-C: Incipient Melting of the a-(Zr,Hf,C})-Phase

Bivariant Melting in Metal-Rich Zr-Hf-C Alloys and
Location of the Metal-Rich Eutectic Trough

Zr-Hf-C: Monocarbide Lattice Parameters (in
Angsirém) and Tie Lines in the Metal + Monocarbide
Region

xxiii

PAGE

318
319
320
321
322
322
323
323
324
324
325
325
326
326
327
327
328

330

331
331

332

333

Yt il e




o e g vt -t "

LR L

FIGURE

ni.E.

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16

8.24

8.25

8.20

LIST OF ILLUSTRATIONS (Cont'd)

Isometric Vicw of the Zr-Ta-C System

Reactior Diagram for Zr.Ta-C Alloys

Zr-Ta-C: Isaplethat ZrC; 33-TaCy 53

Liquidus Projections in the Z2».Ta-C System
Isothermal Section of the Zr-Ta-C System at 150C°C
Isothermal Section of the Zr-Ta.C System at 1700°C
Isothermal Section of the Zr-Ta-C System at 1775°C
Isothermal Section of the Zr-Ta-C System at 1220°C
Isothermal Section of the Zr-Ta-C System at 1830°C
Isothermal Section of the Zr-Ta-C System at 1900°C
Isothermai Section of the Zr-Ta.C Systemn at 2100°C
Isothermal Section of the Zr-Ta-C Systera at 2200°C
Isothermal Section of the Zr-Ta-C Syrtem at 2375°C
Isothermal Section of the Zr-Ta.C System at 2500°C
Isothermal Section of the Zr-Ta-C System at 2750°C
Isothermal Section of the Zr-Ta-C Srstem at 3000°C
Isothermal Section of the Zr-Ta.C System at 3300°C
Isothermal Section of the Zr-Ta-C System at 3400°C
Isothermal Section of the Zr-Ta-C System at 3600°C
Iscthermel Section of the Zr-Ta.C Sysiemn ai 3800°C
Isothermal Section of the Zr-Ta-C System at 3900°C

lattice Parameters of the (Zr,Ta)C,.x Solid Solution
at 48 At.% C

Lattice Parameters of the Monocarbide Solid Solution
at 50 At.% C. Alloys Quenched from Above 2000°C

Yattice Parameters of the Ta,C-Phase in 1500°C-
Equilibrated Alloys

Lauttice Parameters of the Ta(C-Phase in Alloys which
were Quenched from Above 2400° C

Composition (Top) and Temperatures of the Metal-Rich
Eutectic Trough in the Zr.Ta.C System

XXiv

PAGE

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

353

354

354

355

356

ot R e A R O 1

e b

Gt




BIEOE I "“1"\"5"'?"lllfm

et

T

]

e

Mo, 1 e

W e

L]

WS40 (i 9 g

T T R ST T o T T ;‘
E—— L= = = x P ST T p—ven ]

LIST OF ILLUSTRATIONS (Cont'd)

FIGURE PAGE
8.27 Approximate Solidus Temperatures of the (Ta,Zr),C ?
Phase 358 F .
8.28 Composition of the Maximum Solidus {Top} and g
Maximum Solidus Temperature of the (Zr,Ta)C;_x F :
Solid Solution 359 :
8.29 Collapsing Temperatures of the Zr-Ta-C Alloy Series 1
T,ocated at 50 At. % C 359 !
8.30 Melting Aiong the Monocarbide + Graphite Eutectic |
Trough 360
{
I1.E.9.1 Iscmetric View of the Ta-Hf-C System 361
9.2 Reaction Diagram for the Ta-Hf-C System 362
9.3 Ta-Hf-C: Isopleth at 33 At.% C 363
9.4 Isothermal Section of the Ta-Hf-C System at 1000°C 364 ’
9.5 Isotherinal Section of the Ta-Hf-C System at 1120°C 365 J
9.6 Isothermal Section of the Ta-Hf-C System at 1150°C 366
9.7 Isothermal 3ection of the Ta-Hf-C System at 150C°C 367
9.8 Isothermal Section of the Ta-Hf-C System at 1750°C 368 4
9.9 Isothermal Section of the Ta-Hf-C System at 1850°C 369 ]
9.10 Isothermal Section of the Ta-Hf-C System at 2006°C 370 _' i
9.11  Isothermal Section of the Ta-Hf-C System at 2110°C 37 4 ‘
9.12 Isothermal Seciion of the Ta-Hf-C System at 2130°C 372
9.13 Isothermal Section of the Ta-Hf-C System at 2200°C 373
9.14 Isothermal Section of the Ta-Hf-C System at 2230°C 374
9.15 Isothermal Section of the Ta-Hf-C System at 2350° C 375
9.106 Iasothermal Section of the Ta-Hf-C System at 2550° C 376
9.17 Isothermal Section of the Ta-H{-C System at 2700° C 377
9.18 Isoth=rmal Section of the Ta-Hf-C System at 3000°C 378
9.19 Isothermal Section of the Ta-Hf-C System at 3200°C 379
9.20 Isoiliermal Section oi the Ta-Hf-C System at 3400°C 380
9.21 Isothermal Section of the Ta-Hf-C System at 3600° C 381
xxv




FIGURE

i 9.22
9.23
9.2¢
9.25

9.26

9.27

9.28

9.29

9.30

9.31

9.32

9.33

~O
L]

w
-

II.E.10.1
10.2
10.3
10.4
10.5
10.6

IIST OF ILLUSTRATIONS (Cout'd)

Isothermal Section of the Ta-Hf-C System at 3800°C
Isotherma) Section of the Ta-Hf-C System at 3900°C
Isotherma!l Section of the Ta-Ff.C System at 3950°C

Liquidus Prajections for the Ta-Hf-C System.
Partially Estimated

Lattice Parameters of the (Ta,Hf)C,;_x Solid Solution
as a Function ¢f the Carbon Defect

lattice Pararneters of the Monocarbide Solid Solution
at a Carbon Defect of 5 At.%

Solidus Temperatures for the (Ta,Hf)C;_, Solid
Solution at a Carbon Defect of Approxima‘ely 1 At. %

Solidus Temperatures of the (Ta,Hf)C;_x Solid Solution
at a Ci rbon Defect of 5 At, %

Solidus Temperatures of the Hafnium and Tantalum
Monocarbide Solid Solution at Carbon Defects of
10 and 13 At. %

Maxinmmum Solidus Terperatures of the Monocarkide
Solid Solutions

Variation of the Lattice Parameters of the Ta,C-Phase
with the Hafnium Content. Alloys Equilibrated at
2u00°C

Approximate Solidus Curve for the (Ta, Hf),C Solid
Solution

Trough in the Metal-Rich Portion of the Tantalum-
Hafnium-Carbon System

Constitution Diagram of the System V_-Nb-C
Isopleth at VC; o-NbC . 54

Liquidus Projections in the V_-Nb.C System
Isothermal Section cf the V-Nb-C Syst:m at 1400°C
Isothermal Section »f the V-Nb-C System at 1650°C

Isothermal Section of the V-Nb-C System at 1780°C

PAGE
382
383
383

384

385

386

386

387

388

389

390

391
392
393
394
395
396



A DT DO I T

FIGURE

10,7

10,8

10.9

10.10
10.11
10.12
10.13
10.14
10,15
10.16
10.17
10.18

10.19

10.20

1¢.21

10.22

10.23

19.24

Il.E.11.1
11.2
11.3
11.4
11.5

LIST OF ILLUSTRATIONS {Cont'd)

Isothermal Section of tbe V-Nb-C System Slightly
Above 1780°C

Isothermal Secticn of the V-Nb..C System at 1880°C
Isothermal Section of the V-Nb-C System at 2100°C
Isothermal Section of the V_-Nb-C System at 2200°C
Iscthermal Section of the V-Nb-C System a: 2300°C
Isothermal Section of the V-Nb-C System at 2445°C
Isothermal Section of the V-Nb-C System at 2530°C
Isothermal Section of the V-Nb-C System at 2630°C
Isothermal Section of the V_-NL.C System at 2650°C
Isothermal Section of the V-Nb-C System at 3040°¢C
Isothermal Section of the V-Nb-C System at 3310°C

Lattice Farameters of the Ternary Orthorhombic
Subcarbide Solid Solution

Lattice Parameters of the Ternary Eexagonal Sub-
carbide Solid Solution

Lattice Parameters of the Monocarbide Solid Solution

Location (Top) and Melting Temperatures (Bottom)
of V_-Nb-.C Alloys Located Along the Me + Me,C
Eutectic Trough

Melting Temperatures of the Subcarbide {V,Nb),C
Solid Solution

Melting Temperatures of the Monocarbide, (V,Nb)C,_y,
Solid Solution at Various Carbon Defects

Location (Top) and Melting Temperatures (Bottom)
of V_.Nb-C Alloys Located Along the Monocarbide
+ Graphite Eutectic Trough

Isometric View of the Nb-Ta.C System

Reaction Diagram for the Nb-Ta-C Syste -

Liquidus Projections in the Nb-Ta.C System
Isopleth at 32,5 At.% C

Isothermal Section of the Nb-Ta-C System at 1500°C

xxXvii

PAGE

397
398
399
400
401
402
403
404
405
406
407

408

409

410

411

412

413

414

415
416
417
418
419




o YRR )

demre e 3 T ———— P

FIGURE

11.6
11.7
11.8
11.9
i1.10
il.11
11.12
11.13
11.14
11.15
11.16
11.17

11.18

11.19

11.20

11.21

11.22

I, E.12.1
12.2
12.3
12.4
12.5
12.6
12.7

—— Ty === B - - - - — — R

LIST OF ILLUSTRATIONS (Cont'd)

Isothermal Section of the Nb-Ta-C System at 1800°C
isothermal Section of the Nb..Ta-C System at 2200°C
Isotherinzi Section of the Nb-Ta-C System at 2400°C
Isotherraal Section of the Nb-Ta-C System at 2600°C
Isothermal Section of the Nb-Ta.C System at 2900°C
Isotherrmaal Section of the Nb-Ta-C System at 3200°C
Isothermal Section of the Nb-Ta-C System at 2320°C
Isothermal Section of the Nb-Ta-C System at 3440°C
Isotherrnal Section of the Nb-Ta.C System at 3600°C
Isotnermal Seciion of the Nb.Ta-C System at 3650°C
Partial Isotherm of the Nb-Ta-C System at 3800°C

Experimental Meltirg Temperatures and Location of
the Metal + Subcarbide Euiectic Trough

Experimental Solidus Temperatures of the Subcarbide
Solid Solution

Experimental Solidus Temperatures for the Mono-
carbide (Bl) Sclution

Observed Melting in Metal + Monocarbide Alleys and
Microscopically Estimated Lccation of the Eutectic
Trough

Lattice Parameters of the (Nb,Ta),C Solid Solution

and 33 Ai.% C

Iattice Parameters of the Monocarbide (Bl) Solid
Soluticn in Carbon-Deficient Alloys.

Isometric View of the Nb-Mo-C System

Reaction Diagram for Nb-Mo-C Alloys

Ligquicdus Projections in the Nb-Mo-C System
Isopleth at NbC ., 4s-MoCy 4

Isothermal Section of the Nb-Mo-C System at 1500 °C
Isothermal Section of the Nb-Mo-C System at 1900°C
Iscchermal Section of the Nb-Mo-C System at 2240°C

xxviii

432

433

437
438
439
440
441
442
443




- o spmtiasitiny’ J v e - B T T ITERQE T T -

TR A =) Y A 0T

FIGURE

12.8
12.9
12.10
12.11
12.12
12.13

12.14

12.15

12,16

12.17

12.18

III.E.1

—
w w
. .

[o3] [

[
(PN
.

w

13.4

—
(%3}
.

]

13.6
3.7
13.8
13.9

LIST OF ILLUSTRATIONS (Cont'd)

Isothermal Section of the Nb-Mo.C System at 2325°C
Isothermal Section ¢“ the Nb-Mc.C System at 2540°C
Isothermal Section of the Nb-Mo-C System at 2600°C
Isothermal Section of the Nb-Mo-C System at 2640°C
Isothermal Section of the Nb-Mo-C System at 3000°C

Lattice Parameters of the Cubic Monocarbide Solia

Solution Along the Section Nb( g;-MoC,_5;, and FPhase

Boundary Values at 1500°C and 1900°C

Lattice Parameters of Monocarbide Alloys., Alloys
Rapidly Cooled from 2200°C

Lattice Parameters of the Mo,C Solid Solution. Alloys

Rapidly Cooled from 2200°C. Parameters are Based
on Indexing According to the L'3-Type

Temperatures (Bottormn) and Location {Top) of the
Metal-Rich Eutectic Trough in the Nb-Mo-C System

Maximum Solidus Temperatures of the Cubic Mono-
carbide Phase

Experimental Melting Temperatures (Bottom) and
Location of the Monocarbide + Graphite Eutectic
Trough in the Nb-Mo-C System

Isometric View of the Phase Diagram Nb-W.-C
Reaction Diagram for Nb-W.C Alloys

Isopleth at NbCj,47-WCy 42

Isothe:mal Section of the Nb-W_C System at 1700°C
Isothermal Section of the Nb-W_-C System at 2490°C
Isothermal Section of the Nb-W.C System at 2690°C
Isothermal Section of the Nb-W.C System at 2860°C
Liquidus Projections in the N:-W_.C System

lattice Parameters of the Tungster-Rich Subcarbide
Solid Solution, Indexing of the Subcarbide Phase
According to the L'3-Typc

XX1X

PAGE

444
445
446
447
448

449

450

451

452

453

454

455
456
457
458
459
460
461
462

463

'ul‘l“l't St

R

i




FIGURE

13.10

13.11

13.12

13,13

13.14

13,15

II.E.14.1
14,2
14.3
14.4
14.5
14.6
14,7
14.8
14.9
14.10
14.11
14.12
14.13
14.14

T S A .

U W SRR

14,15

14,16

LIST OF JILLUSTRATIONS (Cont'd)

lattice Parameters of the Cubic Monocarbide Phase
in 1700° C-Equilibrated Alloys

Lattice Parameters of the Cubic Monccarbide Phase
Along the Section NbC-WC, ¢4,. Alloys Containing
More than 70 At.% W Tin-Quenched from T > 2500°C

Melting Along the Metal-Rich Eutectic Trough in the
Nb-W.C System

Maximum Tungsten Exchiange in Niobium Monocarbide
as a Function of Temperature

Maximum Solidus Temperatures of the Monocarbide
Solid Solution in the Nb-W.C System

Melting Along the (Nb, W),C,_, * C Eutectic Trough

Isometric View of the Ta-Mo-C System

Reaction Diagram for Ta-Mo-C Alloys

Ta-Mo-C: Isopleth at Tagy Moy 4-C

Ta-Mo-C: lIsopleth at TaC (9-MoCy

l.iquidas Projections in the Ta-Mo-C System
Isothermmal Section of the Ta-Mo-C System at 150G°C
Isothermal Section of the Ta-Mo-C System at 1800°C
Isothermal Section of the Ta-Mo-C System at 2050°C
Isothermal Section of the Ta _Mo-C Systen ai 2230
Isothermal Section of the Ta-Mo-C System at 2500°C
Isothermal Section of the Ta-Mo.C System at 2800°C
Isothermal Section of the Ta-Mo-C System at 2000 '
Isothermal Section of the Ta-Mo-C System at 3500°C

Tempceratures (Bottomr) and Location (Top) of the
Eutectic Trough Brtween the Metal and the Subcarbide
Sclid Solution in the Ta-Mo.C System

Melting Temperatures and Qualitative Phase Evaluation
of Alloys Located at the Concentration Section
Ta;C-MOzC

Maxiinum Solidus Temperatures of the Cubic Mono-
carbide Phase in the Ta-Mo.C System

PAGE

464

468
469

479
471
472
473
474

483

484

485

il




i

LIST OF ILLUSTRATIONS (Cont'd)
FIGURE PHASE
14.17  Meliing Along the Monorcarbide + Graphite Eutectic

Troug! the Ta-Mo-C System 486

14.18 Lattice "": rameters of the (Ta,Mo),C Solid Solution.
Alloys k.yidly Cooled from 2500+C. Parameters
are Based on Indexing According to the L';.Tyne 487

14,19 Lattice Parameters of Monocarbide, (Ta,Mo)(,_x,
Alloys 488

14.20 Ta-Mo.C: Lattice Parameters of the Cubic Monocarbide
Phase Along the Section TaC-MoCy, 2. Alloys Queuched

from 2500°C 489
III.E.15.1 Isometric View of the Constitution Diagram Ta-W-C 490
15.2 Reaction Diagram for the Ta-W-C System 491
15.3 Liquidus Projections in the Ta-W-C System 422
15.4 Isopleth Tag Wy 38 -C 493
15.5 Isopieth at 32 At. % C 494
15,6 Isopleth TaCy ge- WCy. 64 495
15.7 Isopleth TaC-WC 496
15.8 Isothcrmal Section of the Ta-W-C System at 1500°C 497
15.9 Isothermal Section cf the Ta-W.C System at 1750°C 498
15.10 Isothermal Section of the Ta-W-C Systern at 1950°C 499
15.11 Isothermal Section of thr Ta-W.C Syscem at 2300°C 500
15.i2 Isothermal Section of the Ta-W-C System at 2450°C 501
15.13  Iscthermal Section of the Ta-W-C System at 2760°C 502
15,14  lIscthermal Section of the Ta-W-C Systemn at 2835°C 503
15.15 Isothermsz! Section of the Ta-W C System at 3000°C 504
15.16 Isothermal Section of the Ta-W-C System at 3500°C 565

15.17 Observed Melting in Alloys Located Along the Metal +
+ Subcarbide Eutectic Trough 506

15,18 Melting, Solid State Reactions, and (h .litative Phase
Evaluation of Soiid State-itquilibrated Allo,s Located
Along the Section Ta,C-W,C 507

xXxXi




TR YL

E
LIST OF ILLUSTPATIONS (Cont'd} ;;
] 3 .
] : FIGURE PAGE H
§ 16.19 Dizgrammatic Illustration of the Order-Disorder )
H Transition of tue Subcarbide Phase in the Ta-W-C
: Ternary 508
< 15.20 Dizagrammatic Illustration of the Disproportionation
§ of the (Ta,W),C Solid Solution Towards Lower 3
: Ten: evatures 509 :
:
H 15.21 Maximum Solidus Temperatures of the Monocarbide
{B1) Solid Solution 510
g 15.22 Maximum Tungsten Exchange in the Cubic Monocarhide
Phace 511
s 15.23 Melting Along the Eutectic Troughs in the Carbon-
Rich Regions of the Ta-W.C System 512
. rF.1.1 Section Ta,C-V,C-Mo,C at 1659°C 513
1.2 Section Ta,C-V,C-Mo,C at 2000°C 514 7
1.3 Lattice Parameters of the (Ta,V),C Solid Solution 515
II1.F.2.1 Section Ta,C-V,C-W,C at 1650°C 516
2.2 Section Ta,C-V,C-'¥,C at 2000°C 517
I1.F.3.: Sec.ion Ta,C-Nb,C-Mo,C at 16E50°C 518
3.2 Section Ta,C-Nb,C-Mo,C at 2000°C 519
HI.F.4.1 Section Ta ,C-Nb(C.W,C at 1650°C 520 =
4.2 Section Ta,C-Nb,(C-W,C at 2000°C 521 .
|
[ 1I.G.1.1 Isothermzi Secticn of the Ti-Si-C System at 1200°C 522
]
ur.G.2.1 Isothermal Section of the Zr-.Si-C System at 1300°C 523
T
; H1,.G.3.1 Isothermal Section of the H{-Si-C System at 1300°C 524
111.G.4.1 Isothermal Section of the Nb-Si-C System at 1300° C 525

U1.G.5.1 Isothermal Section of the W.Si-C System at 1800°C 526




~

LIST OF ILI.USTRATIONS (Cont'd)

FIGURE PAGE i
E m.H.1.1 Isothermal Section of the Hf{-5i-B System at 1300°C 527 ;:
3
m.1.1,1 Isometric View of the Ti-Zr-B System 528 i
1.2 Reaction Diagram for the Ti-Ir-B System 529
1.3 Ti-Zr-B: Isopleth at 30 At.% B 530 1
1.4 Liquidus Projection in the Ti-Zr-B System 531
‘ 1.5 Isothermal Section of the Ti-Zr-B System at 1460°C 532
} 1.6 Isothermal Section of tne Ti-Zr-B System at 1445°C 533 :
\ 1.7 Isothermal Section of the Ti-Zr-B System Slightly )
| Above 1445°C 534
1.8 Isothermal Section of the Ti-Zr.B System at 1450°C 535
& 1.9 Isothermal Section of the Ti-7r-B System Slightly
‘ Above 1450°C 536
| 1.10 Isothermal Seztion oi the Ti-Zr.B System at 1580°C 537
1.11 Isothermal Section of the Ti-Zr-B System at 1620°C 538
‘ 1.12 Isothermal Srction of the Ti-Zr-B System at 1660°C 539
8 1,13 Isothermal Section of the 1i-Zr-B System at 1725°C 540 ‘
| 1.14 Isothermal Secticn o1 the Ti-Zr-B System at 2000°C 541 _
\; 1.1¢5 Isothermal Seccion of the Ti-Zr.B System at 2020°C 542 P
E 1.16 Isothermal Section of the Ti-Zr.8 System at 2040°C 543 '
! : 1.17  Isothermal Section oi the Ti-Zr-B System at 2300°C 544
P 1.18 Isothermal Section of the Ti-Zr-B System at 3225°C 545 :
‘. 1.19  Ti-Zr-B: Lattice Paramerers of the Diboride Phase 546 ’
‘ 1.20  Melting (Bottom) Along the Metal-Rich Eutectic :
Lt Trough (Top) in the Ti-Zr-B System 547 ,
i § 1.1.2.1 Isometric View of the Ti-Hf-B System 548 ;
- 2.2 Ti-Hi-B: Isopleth at 40 At.% B 549
l‘ E 2.3 Liquidus Projections in the Ti-FHf-B System 550 i;
. E 2.4 Isothermal Section of the Ti-Hf-B System at 1400°C 551 H
\[ E 2.5 Isothermal Section of the Ti-Hf.-B System at 1550"C 552 Pt
| 2.6 Isothermal Section of the Ti-Hf-B System at 1645°C 553
|
|
\

B e R e R

XXXill

oo W




B —

FIGURE

2.7
2.8
2.9
2.10
2.11

2.12
2.13
2.14

2.15

3.8

3.9

3.i0
3.11
3.12
3.13
3.14
3.15
3.16

3.17

3.18

LIST OF ILLUSTRATIONS (Cont'd)

Isothermal Section t he Ti-Hf.B Svatcm at 1800°C
Isothermal Section o\ (¢ Ti-Hf.B System at 2000°C
Isothermo? Section of tii: Ti-Hf-B System at 2110°C
Isothermal Section of ti.» T:i-iif-B System at 2300°C

Partial Isothermal Sectian of the Ti-Hf-B System
at 3230°C

Lattice Parametvers of the Dib -ide Solid Solution
Lattice Parameters of the Mc ichoride Sclid Solution

Maximum Solidus Temperatures of the Solution
(Ti,Hf)B, (Peritectic-Type of A:lting)

Temperatures {Bottom) and Coi:positions (Top) for
the Metal-Rich Eutectic Trough .o the Ti-Hf-B System

Isometric View of the Zr-Hf-B Systeir

Reaction Diagram for the Zr-Hf-.} Sy iomn

Zr-¥{f-B: Isopleth at 30 At.% B

Zy-Hf-B: Isopleth at 50 At.% B

Liquicus Projections in the Zr.Hf. L. 4 -iom
Isothermai Section of the Zr-Hf-I. Gusic o at 1200°C
Isothermal Section of the Zr-Hf-}: S. s .:rv: at 1240°C
Isothermal Section of the Zr-Hf. & Syerom: at 1460°C
Isothermal Section of the Zr-ilf-B Sy..«ra at 1600°C
Isothermal Section of the Zr-Hf{-B Sys=ceint at 1675°C
Isothermal Szction of the Zr-Hf-B .y8c=r1at 1715°C
Isothermal Section of the Zr-Hf-3 sSystexa at 1775°C
1sothermal Section of the Zr-H¢ ; Svstem at 1900°C
Isothermal Section of the Zr.Hf.72 System at 2020°C
Isothermal Section of the Z:.7{{-B System at 2150°C

Partial Isothermal Section o' the Zr-Hf-B System at
2500° C

Fartial Isothermal Sectior of the Zr-Hf-B System at
3000°C

Partial Isothermal Sectiou of the Zr-Hf-B System at
3300°C

axxiv

PAGE

554
555
556

557

558

559

560

561

561

577

578

57¢




e ———————
A R [t . .

FIGURE

3.)9

3.20
3.21

Ir.1.4.1

4.2

Im.1.5.1
5.2
5.3

5.4

HI.I.7.1

7.2

II.1.8.1

8.2

mi.1.9.1
9.2

LIST OF ILLUSTRATIONS (Cont'd)

Experimentally Determined Melting Temperatures of
{(Zr ,Hf)B, Alloys and Estimated Maximum Solidus
Temperatures

Lattice Parameters of the (Zr,Hf)B, Solid S~lution

Composition (Top) and Temperatures of the Metal-
Rich Ectectic Trough in ths Zr-Hf-B System

Isc hermal Section of the Zr-W.B System at 1400°C
Melting Along the Pseudobinary Section ZrB,-W,;B5

Isothermal Section of the Hf-Mo-B System at 1400°C
HfB ;-McB ,; Pseudobinary 3ystem

Hf-Mo-B: lLattice Parameters of HfB,-Rich Diboride
Solid Solution

Hf.-Mo-B: lattice Parameters of MoB,-Rich Diboride
Solid Solution

Isothermal Section of the Hf-W.B System at 1400°C
HfB,-W,Bs Pseudobinary Section

Lattice Parameters of the {Hf, W)B, Solid Solation
Measured Solidus Temperatures for the Solution
(Zr,Nb)B;_

Lattice Parameters of the Solid Solution (Zr,Nb)B,
Measured Solidus Temperatures of the Solid Solution
(Zr,Ta)B,

Lattice Parameters of the Solid Solution (Zr,Ta)B,

Melting Temperatures of the Solid Soluzion (Hf,Nb)B,
Yattice Parameters of the Solid Solution (Hf,Nb)B,

PAGE

579
580

581

582
583

584
585

586

587

588
589
590

591

592

593

594

595
596




ALY T

]
i

FIGURE

Hnr.r.10.1

oI.K.1.1

1.4

1.5
1.6
1.7
1.8
1.9
1.10
1.11
l.1c
1.13
1.4
1.15
1.16
1,17

LIST OF ILLUSTRATIONS (Cont d}

Measured Solidus Temperatures of the Solid Solution
(Ta,Hf)B,

Lattice Parameters of the (Ta,Hf)B; Solid Solution

Isometric View of the Ti-B-C System
Reaction Diagram for the Ti.D.C System

Liquidus Projections for the Ti-B-C System
{(Approximate)

Ti-B-C: Melting Troughs and Non-Variant
{p = const) Equilibria Involving Liquid Phases

Isopieth Ti-BsCy.s

Isopleth Tig,sCy.5-B

Isopleth Ti, sB; -C

I1sothermal Section of the Ti-B-C System at 1500°C
Isothermal Section ci the Ti-B-C System at 1600°C
Isothermal Section of the Ti-B.C System at 1700°C
Iscine rmal Section of the Ti-B-C System at 2000°C
Isothermal Section of the Ti-B-C System at 2160°C
Isothermal Section of the Ti-B.-C System at 2300°C
Isothermal Section of the Ti-BE-C System at 2426°C
Isothermal Section of the Ti-B-C System at 2600°C
Isothermal Section of the Ti-B-C System at 2800°C

Experimental Data on Alloys Located Alor.g the
Psevdobinary Section TiB,-TiC;_x

Experimental Data on Alloye Located Along the
Pseudobinary Section TiB,-C

Melting in Alloys Along the Pseudobinary Section
TiB,;-B,C

Isometric View of the Zr-B-C System
Reaction Diagram for the Zr_B-C System

PAGE

597
598

599
600

601

602
603
604
605
606
607
608
606
610
611
612
613
614

615

616

617

618
619

20 ol

O L YT R AR

Orauisedbe dota

L J

s e i el




R |

FIGURE

III.K.2.3

2.4

. 2.5
L 2.6
L . 2.7

' 2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17

1. K.3.1
3.2
3.3

R L TT—— T T T

<L g

3.4

3.5
3.6
3.7
3.8
3.9
3.10
3.1

O YU SN TIOR8 1S P DL S e

JUIST OF ILLUSTRATIONS (Cont'd)

Zr-B-C: Meiting Troughs and Nen-Variant (p= const)
Equilibria Involving Liquid Phases,

Liquidas Projections for the Zr-B-.C System™
(Approximate)

Isopleth Zr-Bg sCyq s

Isopleth Zx, sC4 5-B

Isothermal Section of the Zr-B.-C Syater at 1400°C
Isotherma] Section of the Zr-B-C Systern at 1800°C
Isothermal Sec.ion of the Zr-B.7 System . 2160°C
Isothermal Section of the Zr-B-C System at 2300°C
Isothermal Section of the Zr-B-C System at 2400°C
Isothermal Section of the Zr-B-C System at 2600°C
Isothermal Section of the Zr-B-C System at 2800°C
Isothermal Section of the Zr-B-C System at 3000°C
Melting Along Pseudobinary Section ZrB,+ ZrC
Meiting Along the Pseudobinary Section ZrB, + C
Melting Aleng the Pseudobinary Section ZrB,; -+ BC

Isometric View of the Hf.-B-C System

Reaction Diagram ior the Hf~-B.-.C System

Equilibria Involving Liquid Phases

Liquidus Projectious in the H{-B-C System
(Approximate)

Isopleth Hf-Bg 1 Cgq_s
Isopleth Hf; «B, s-C
Isopleth Hf, sCy,--B
Isothermal Section of the Hf-B-C System at 1400°C
Isothermal Section of the Hf-B.C System at 1800°C
Isothermal Section of the Hi-B-C System at 1940°C
Isothermal Section of the Hf-B-C System at 2000°C

xXxXXviil

PAGE

620

621
622
623
628
625
626
627
628
629
630
631

632
633
634

635
636

637

638
639
640
641
642
643
644
645

el

LT

LR TR R R W IR 1 TP [ Mg G e T O i N A o o N1+ A A S 0 O e g+

Rl 1 ARl ol

ST TS IURERR T E




3.19
3.20

Ir1.xX.4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4,12

4.13

+.15

4.16

LIST OF ILLUS ~=7T. 48 {Cont'd)

Isothermal Section of tue «3f--B-C System at 2050°C
Izothermal Section o the Hi-B-C System at 2300°C
Isothermal Section of the Hf-B-C System: at 2400°C
Isothermal Section of the Hf-B-C System at 2800°C
Isothermal Section of the Hf-B-C System at 3100°C
Isothermal Section of the Hf-B-C System at 3200°C

Experimental Data on Alloys Located Along the
Pseudobinary Section HfB,-HfC,_,

Melting Along the I-se¢udobinary Section HfB,-C
Meilinyg in Pseudobinary HiB, + B,C Alloys

Isometric View of the W-B-C System

Reaction Ciagram for the W-B-C System

Liquidus Projections in the W_-B-C System
Isothermal Se«ction of the W-.B-C System at 1500°C
Isothermal Saction of the W-B-C System at 2000°C
Isothermal Section of the W-B-C System at 2150°C
Isothermal Section of the W-R-.C System at 2320°C
Isothermal Sectior of the W-B.C System at 2350°C
Isothermal Section of the W-B.C System at 2500°C
Isothermal Section of the W-B-C System at 2700°C
Isothermi? Section of the W-B.C Syatern at 2800°C

Experimental Melting Temperatures at the Pseudobinary

Section W,B-W,C

Experimental Melting Temperatures at the Pseudobinary

Section WB.-W,C

Experimental Meliing Temperatures at the Pseudobinazry

Section WB-C

Experimental Melting Temperatures at the Pseudobirary

Section W;Bs-C

Experimental Melting Temperatures at the Pseudobinary

Section W Bs-B4C

PAGE

646
647
648
649
650
651

652
653
654

655
656
657
658
659
660
661
662
663
664
665

666

667

668

669

670

oowviii Best Available Copy



LIST OF ILLUSTRATIONS (Cont'd)

FIGURE PAGE

IIm.L.1.1 The Hf-N Boundary Section 671
1.2 The Ta-N Bo. idary System 672
1.3 Partial, Isometric View of the Hf.Ta-N System 673
1.4 Liquidus Projections in the Hf-Ta.N System h74
‘ 1.5 Isopleth Hf N-Ta N 675
H 1.6 Isothermal Section of the Hf.TaN System at 1000°C 676
1.7 Isothermal Section of the Hf-Ta-N System at 1100°C 677
1.8 Iscthermal Section of the Hf-Ta-N System at v1265"C 678
1.9 Isothermal Section of the Hf.Ta-N System at 1500°C 679
1.10 Isothermal Section of the Hf{-Ta.N System at 1950°C 680
1.11 Isothermal Section of the Hf-Ta-N System at 2100°C 681
1.12 Isothermal Section of the Hf.Ta-N System at 2130°C 682
1.13 Isothermal Section of the Hf-Ta-N System at 2269°C 683
1.14 Isothermal Section of the Hf.Ta-.N System at 2400°C 684
1.15 Isothermal Section of the Hf-Ta-N Systen 2t 2800°C 685
1.16 Isothermal Seciion of the Hf-Ta-N System at 2850°C 686
1.17 Isothermal Section cf the Hf{-Ta-N Syetem at ~ 2910 C 687
1.18 Isothermal Section of the Hf-Ta-N System at 3200°C 658

1.19 Experimental Mclting Temperatures at the Metcl-Rich
Eutectic Trough 689

i
i
xxXxix

SAPTIRPY S Y
'




e

0 e

o gae o 1 TGEEALUT L

Ay

"

el

RIS ——yT

I. INTRODUCTION AND REPGRT ORGANIZATION

Introduction

The phase diagram data presented in this report contain the essential
results of a five year effort on alloy constitution studies &t the Materials

Research Laboratory of Aerojet-General Corporation in Sacramento, California.

From the wealth of available experiimental data it became evident
towards the end of the project, that much of the essential information might
become lost in the details of the documentary reports published on the individual
systems; furthermore, the distribution of these documentary reports was
lirnited and thus the informaz2ticn was available only to a fairly small number
of individuals. After several meetings with Air Force technical personnel
moaitoring the research effort, notii.!y Messrs. J. Krochmal, W. Ramke, and
Capt. P.J. Marchiando of the Ceramics and Graphite Branch at Wright-
Patterson Air Force Base, it was decided to extract the salient data from the

individual gy«tem reports and combine them in a single volume compendium.

Although the temporary value of a mere data coliection was realized,
it was felt that such a summary volume might provide a convenient source of
lugh temperature phasc equilibrium data in this technically important claas of
systems, especially since most of the data are new and unpublished. It is

planned to have this report followed by a move comprenensive and detailed

publication at some later date,

Report Organization

The wealth of detailed phase equilibrium data has forced us to make
comrpromises in respect Lo arnount and detail of the material presented., Thus,
tc i~cep tht size of the volume within reasonible limits, only the most Linpor.

tan® reflerences were included and short diccussions were limited ;o those
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1. Binary Sysiems Me,.-Me,

2. Binary Systems Me-(

3. Binary Systems Me-B

4. Binary Systems Me-S:

5. Ternary Systems Me;-Me,-C
6. Ternary Systems Me-Si-C

7. Teinary Systems Me.Si.B

retems Me. Me.

n
i-~

9. Ternary Systems Me-B-C ’

10. Ternary Systems Me,;-Me,-N

The general order in which the individual systems from a given alloy
gToup are presented follows the group number of the component metals in

the periodic system and proceeding from the lighter to the heavier clements.

systems on which no previously published docamentary reports are available
for further reference. Brief remarks were also added in the reference '
section in instances where recent findings have superseded some of the earlier
data,
The phase diagrams of the varicus systems are grouped in the report
in the order shown below (Me, Me,, Me; = refractory transition metal):
i

Thue, for example, the ternary svstems Me;-Me,;-C begin with Ti-Zr-
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and continue through Ti-W.C., Next, all zirconium-containing systems,

beginning with Zr.Hf-C, are listed, then all hafnium systems, and so forth.

The part of the report containing the phase diagram data collection is
preceded by a compilation oi the mosat important references and, in some

instances, also a short description of the results leading to the finally accepted

phase diagram.

1I. NOTES AND REFERENCES TO THE PHASE DIAGRAM COLLECTION
CONTAINED IN THIS COMPENDIUM

A. BINARY TRANSITION METAL SYSTEMS

The work on the transition metal binaries was conducted
over the time period from May through A agust 1967. While of only peripheral
interest in the overall scope of the program, the investipation of these systemn
has not been covered in separate documentary repcrts; a brief description

of some of the systems is therefore given in sections preceding the references.

Section IIi.A,l. Ti-Zr.System

The finally adopted phase diagram, Figure 1, is based
mainly on the work by E, T, Hayes et al. (1). Early melting point data“ +2) are
supplemented by measuremeunts carried out in this laberatory (Figure 2). Th:
reported a-f-transformation temperatures reported are comgiled in Figure 3,

preference being given to the data by E.T. Hayes et al.“) and by P,A. Yarrar

(3)

and S.A. Adler ~'. Lattice parameter data are shown in Figure 4. Further

references may be found in the handbooks listed under (4), (5), and (6).
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Major References:
E.T. Hayes, A.H. Roberson, and O.G. Paasche: USBM Report
No., 4826, Nov, 1951,
J.D. Fast: Rec. Trav. Chim. §§ {1939), 973.
P.A. Farrar and S.A., Adler: Trans. AIME 236 (1966), 1061 .
M. Hansen: Constitution of Biniury Alloys (McGraw-Hill, New York,
1958).
R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965).
W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals
and Allozs (Pergamon Press, New York, 1958); Volume 2 (Pergamon
Press, New York, 1967).
Section IU.A.2. Ti-Hf.System
Major References:
E.T. Hayer and D.K. Deardorff: USBM-U-345 (1957).
Y.A., Chang: USAF Tech. Repi. AFML-TR-065-2, Part 1], Vol.V
(May 1966).
M. Harsen: Constitution of Binary Alloli (McGravww-Eill, New York,
1958).
R.P. Elliott: Cosstitution of Binary Alloys, First Supplement
{(McGraw-Hill, Naw York, 1965;,
W.B, Pearsc : Hardbook of Lattice Spacings and Structures of
Metals and A]](‘,;E_ {(Pergamon Press, New York, 1958); Volume ¢
{(Pergamon Pruess, New York, 1967),
:
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(4)

(5)
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(3)

(4)

Secuon Ill.A.3. Ti-V System

Major References:

H.K. Adcnstedt, J.R. Peguinot and J. M. Rayner: Trans. ASM 44
{1952), 990.

P. Pieirokowsky and P. Duwez: Trans. AIME 194 (1952), 627.

F. Ermains, P.A. Farrar. and H. Margolin: Trans. AIME 221
(1961), 904,

M. Hansen, Constitution of Binary Alloys (McGraw-Hill, New York
195¢8).

R.P. Elliott: Constitution of Binary Alloys, First Suppl!ement
{M<Graw-Hill, New York, 196%).

W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals
and Alloys (Pergamon Press, New YorE, 1553), Volume £ {Pergameon

ress, New York, 1967).

Section II1.A.4. Ti-Nb System

Major References:

M. .iarnser, E.L. Kamen, H.D. Kessler and D.J. McPherson: Trans.
AIME _1_9_1 (1951), 881.

M. Haneen: Constitvtior of Binary Alloys (McGraw-Hill, New York

pet-9 o8 2-3 40

R.P. Elliott: Constitution of Binary Alloys, First Supplement
(»AcGraw-Kill, New York, 1365},

W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals
nd Allo¥s (Pergamon Press, Ne'. °ork, f%b’ﬂi; Volume 2 (Pergamon

a
i“ress, New York, 1967).
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Section III.A.5. Ti-Ta System

Major References:

D. Summers-Smith: J. Last. Met. 81 (1952/1953), 73.

D.J. Maykuthh, H. R. Ogden, and R.1. Jaffee: Trans. AIME 197
(1953), 231.

P.B. Budberg and K.J. Shakova: Izvest.Akad. Nauk. SSSR., Neorg.
Mat. 3 (1967). 656.

M. Hansen: Constitution of Binacy Alloys (McGraw-Hill, New York,
1958).

R.P. Elliott: Constitution of Binary Alloys, First Supplement
{(McGraw-Hill, New York, 1965},

W.B. Pearson: Handbook of Lattice Spacings and Structures of
Metals and Alloys (Pergamon Press, New éor[. 1958}, Volume 2
{(Pergamon Press, New York, 1967).

Section HI.A.6. Ti-Cr Systemn

Major References:

R.J. VanThyne, !i.D. Kessler, and M. Hansen: Trans. ASM 44
(1952), 974. -

P.A. Farrar and H. Margolin: Trans. AIME 227 (1263), 1342.
M.K. McQuillan: J. Inst. Met. ﬁ(l‘)Sl), 379.

F. Ermains, P.A. Farrar, and H, Margolin: Trans. AIME 221
(1961), 904,

F.B. Cuff, N.J. Grant, and C.F. Floe: Trans. AIME 194 (1952), 848.

W.S. Micheev: Trud. Inst.Met. Baikova Mo.2, Izd. Ak.: 1. Nauk
SSSR (Moskan 1957), 154.

M. Hansen: Constitution of Binary Alloys (McGraw-Hill, New York, 1958).

R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill,” New York, 1965}.

W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals
and Alloys (Pergarman Press, New Yorii. 19585; Volume Z (Pergamon
rees, New Yort N,
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Section III.A.7. Ti-Mo dysicin

Major References:

M. Hangen, E.L. Kamen, H.D, Kessler, and D.J. McPherson: Trans.
AIME 191 (1951), 881.

M. Hansen: Constitution of Binary Alloys (McGraw-Hill, New York, 1958).

R.P. Elliott: Constituticn of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965).

W.B. Pearsop: Handbook of Lattice Spacings and Structur es of Metals
and Alloys (Pergamon Press, New ?orE. Iqﬁaj; Voiume ¢ (Pergamon
Fress, New York, 1967).

Secticn IIILA.8. Ti-W System

Major References:

D.J. Maykath, H.R. Ogden, and R.]1. Jaffee: Trans.AIME 197 (1953),
231,

M. Hansen: Constitution of Binary Alloys (McGraw-Hill, New York, 1958).

R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill[, New York, 1965).

W.B. Pearson: '"Handbook of Lattice Spacings and Structures of Metals
and Alloys {Pergamcn Press, New York, ; Volume £ {(Pergamon
ress, New York, 1967).

Section II1.A.9. Zr-Hf System

Major References:

J.D. Fast: J. Appl. Phys. 23, No.3 (1952), 350.
E.T. Hayes and D.K. Deardorff: USBM-U-345 (1957).
R.F. Domagala: I, Less-Comr. Met, 2(1966). 70-72.

D.P. Harmon: USAF Tech. Rept. AFML-TR-65-2, Part II, Vol.VI
(Aug.1966).

M.Hansen: Constitution of Binary Alloye {McGraw-Hill, New York, 1958).

R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 15G5).

W.B. Pearson: Handbook of Lattice S%ac' s and Structures of Metals
and Alloys (Pergamon Press, New York, ;858,; Vclume 2 {Pergarnon

Pressa, New York, 1967).
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Section III.A.10 Zr-V System

Major References:

J.T. Williams: Trans. AIME 203 (1955), 345.

M. Hansen: Constitution of Binary Alloys (McGraw-Hill, New York,
1958).

R.P. Elliott: Constitution of Binary Alloys, First Supplement
{McGraw-Hill, Hew York, 1965].

W.B. Pearson: Handbook of Lattice Spacings and Structures of

Metals and Alloys (Pergamon Press, New York, 58); Volume 2
(Pergamon Press, New York, 1967),

Section III.A.11 Zr-Nb System

Major References:

B.A. Rogers 2and D.F. Atkins: Trans. AIME.

C.E. Lundin and R.H. Cox: US Atomic Energy Comm. TID-12369
(1960) .

A.G. Knapton: J.Less Comm.Met. 2 (1960), 119.

Y.¥. Bychkov, A.N. Rozanov, D.M. Skorov: Soviet.J. At. Epergy
2 (1957), 165.

C.W. berghout: Phys. Lett. I (1962), 292.

M. Hansen: Consiitution of Binary Alloys (McGraw-Hill, New York, 1958).

R.P. Ellictt: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 1965},

W.B. Pearson:. Handbook of Lattice Spacings and Structures of
Metals aad Alloys {Pergamon Press, New %orE, 1958}, Volume 2
{Pergamon Press, New York, 1967}.
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Section III.A.12.1 Zr-Ta System

Major References:

(1) D.E. Williams, R.J. Jackson, and W.1L, Larsen: Trans. AIME 224
(1962), 751.

(2 L.F. Pease and J.H, Brophy. Trans. AIME 227 (1963), 1245.

{3) V.S. Emelyanov, YuG. Godin, and A.I. Evstyukhin: Soviet J, Atom.
Energ. 2 (1957), 43.

(4) D.P. Harmon and C. E. Brukl: USAF Report AFML-TR-€5-2, PartIl,
Vol. HI (Jan. 1966).

(5) M. Hansen; Constitution of Binary Alloys (McGraw-Hill, New York, 1958}).

(6) R.P. Elliott: Constitution of Binary Alloys, First Supplemment
{McGraw-Hill, New York, 19065).

(7) W.B. Pearson: Handbook of Lattice Spacings and Structures of
Metals and Alloys (Pergamon Press, New York, 1958); Volume 2
{(Pergamon Press, New York, 1967).

§ection IH.A.13 Zr-Cr System

The constitution diagram established by us 1n general
confirms previous work by E.T. Hayes et al.(l), and R.F.Domagala et a.l.(z).

The allotropy cf the ZrCrz(a' 4 also was confirmed. Quenching studies con-
clusively showed the Cl4-tvpe modification to be the high temperaure polymorph,
whercas the Cl5-type lzves phase forms the stable modification below approxi-

mately 1600°C {a = 7.197 h:4 toa=7.219 X. ). These findings are in accord wita
those of C.G. Jordan and P. Duwez(4).

Major References:

() E.T. Hayes, A.H. Roberson, and M.H, Davies: Trans.AIME 194
(1952), 304.

(2) R.F. Domagala, D.J. McPherson, and M. Hansen: Trans. AIME 197
(1953), 279. -

(3) W. Rostoker: Trans. AIME 197 (1953), 304

(4) C.G. Jordan and P.Duwez; Jet Propul. Lab., Calif.Inst. Tech., Prog.
Rept. 20-196 (1953). Work quoted in (6}).
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(5) M. Hansen: Constitution of Binary Alloys /M<Graw-Hill, New “ork,
1958).

{6) R.P. Elliott: Constitution of Binary Alloys, First Supplement
(McGraw-Hill, New York, 19b5].

{7) W.B. Pearson: Handbook of Lattice Spacings and Structures of
Metals and Allcve {Fergamon Press, New iorE, 1958}, Volume 2

{Pergamon Press, Mew York. 1967).

Section IH.A.14 Zr-Mo System

In the revised phase diagrom,Figire (I1.A.14.]1,a minimum
in the f-Zr solid solution and a peritectic reaction isotheim L + 8-Zr + ZrMo,
replaces tke eutectic reaction at 1520°C proposed by R.F. Domagala et al.(l).
The new results are based on carefui melting point deierminations, Figure 11LA14.2,
lattice parameter measurements,Flgures IV.A.14.3 and IV.A.14,4,ut espedally ar metal -
lographic studies on heat-treated and quenched a2lioys. The supersaturated
B8-(Zr, Mo) solid solution containing, more tuan ~20 At%h Mo disproportionates
very rapidly upon cooling 4ad ... r<sulting precipitation structures very closely
resemble (compare the micrographic series shown below) eutectic struc-
tures; this may explain the previous fiading of an eutectic by R.F, Domagala

1y

et al.

The homogeneity range of the only intermediate phase,
ZrMo,, must te very small, because no variation of the lattice parameter
wiih {i:¢ composition couid be de‘ecied. In the average, a= 7.600 + 0.001 R
were measured for the cubic, C15-typ. phase; this parameter agrees well
with data reported in the literat ure(z' 4).

10
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Figure (a}): Zr-Mc {70-30 At%). Melled, Rerquilibrated for X120
2 Minutes at 159C°C znd Cooled at ~120°C per
Second.

B-(Zr, Mo} Solid Solution Showing Inter - and Intragranular
Nucleation Centers for the Precipitation of ZrMoz.

Figure (b):

Same Alloy as in Figure {a), but Cooled at ~10°C
per Second from 1590°C.

Partially Composed B-Zr Solid Solution.

X-Ray Analysis: 8-{Zr, Mo0)-ss Containing

mately 20 At% Mo (a = 3.50 } and
ZrMoz (a= 7.600&).

X400

Proxi-

11
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Figure {c\

Figure (d):

ool oL 72
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e 4

Zr-Mo (64-34 At%) Melted, Reequilibrated at 1590°C X250
and Cooi.d at '~ 100°C per Second.

Note Beginning Decomposition of the p-Fhase.
X-Ray: Mostly A2, a= 3.435 R.

Same Alloy 28 (c), but Cooled at Less Than 20°C
per Second from 1590°C.

Note the Close Resemblance of the Disproportionation
Structure to a Eutectic or Eutectoid Structure.
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Figure (e): Zr -Mo (66-34 At%), Melted and Quenched. X375

(3)

(4)

Peritectic Reaction Structure

Major References:

R.F. Domagala, I.J. Mctherson, and M. Hansen: Trans AiME
197 (1953}, 73.

-

958).

R.P. Elliott: Constitution of Rinary Alloys, First Su,~lement
(McGraw-Hill, New York, 196'Y.

W.B. Pearson: Handbook of Lattice Spacings and Structures of
Metals and Alloys (Pergamon Press, New 601'12, I958); Volume 2
{(Pergamon Press, New York, 1967).
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M. Hansen: Constitution of Rinary Alloys {(hcGraw-Hill, New York,
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Section II1I,A,15 Zr-W System

The phase relationships in the zirconium-tungsaten

(1)

systera were recently reexamined in this laboratory by Y.A. Chang The

general features of the resulting diagram, Figure 1, correspond to those
originally established by R.F. Domagala et al.(z). For the -2Zr + ZrW,
eutectic temperature, our data confirm the measurements by G.A. Geach

(3)

et al. ', being somewhat at variance with the values given in (2),

Ma jor References:

1) Y .A. Chang: Unpublished work under USAF Contract 33(615)-1249
(1967).

(2) R.F. Domagala, D.J. McPherson, and M. Hansen: Trans. AIME
197, 73.

(3) G.A. Geach and F. Slattery: Trans. AIME 197 (1953), 743.

(4) M. Hansen: Constitution of Binary Alloys (McGraw.Hill, New York,
1958).

(5) R.P. Elliott: Constitution of Binary Allovs, First Supplemert
(McGraw-Hill, New York, 1965).

Section III.A.16.1 Hf-V System

1) 4

Previurs investigations of the system by S. Komjathy(
are considerably at variance with more recent work done at the U.S. Bureau
of Mines(z). With the exception of a peritectic isothermu: L+ V = HfV, at
1480° proposed in the latter work, the redetermination of the phase relation-
ships in this iaboratory(3) is 