
UNCLASSIFIED 
 

AD NUMBER: 

LIMITATION CHANGES 

TO: 

FROM: 
 

AUTHORITY 

 

 
THIS PAGE IS UNCLASSIFIED 

AD0819810

Approved for public release; distribution is unlimited.

Distribution authorized to US Government Agencies only; Export Controlled; 
1 Jul 1967. Other requests shall be referred to Metals and Ceramics Division, 
Air Force Materials Laboratory, Wright-Patterson AFB, OH 45433.

AFSC ltr dtd 21 Mar 1991



UNCLASSIFIED

AD NUMBER

?/? ?/o

CLASSIFICATION CHANGES

FROM

AUTHORITY
W^OC/zrjV LtK J/

THIS PAGE IS UNCLASSIHED



/ V';' ,-"■'A-

" ’'fcw
AFML-TR-65-2 

, PART II, VOLUME XV

00
Ci
1-H
00
G

i

TERNARY PHASE EQUILIBRIA IN TRANSITION 
METAUBORON^RBON-SILICON SYSTEMS

PART II. TERNARY SYSTEMS
VOLUME XV. CONSTITUTION OF NIOBIUM-MOLYBDENUM- 

CARBON ALLOYS

E. RUDY 
C. E. BRUKL 

ST. WINDISCH
AEROJET-GESERAL CORPORATION

TECHNICAL REPORT AFML-TR-85-2, PART II. VOLUME XV.

JULY 1967

This document is subject to special export controls and each transmittal 
to foreign govenunents or foreign nationals may be made only with prior 
approval of Metals and Ceramics Division, Air Force Materials Labora­
tory, Wright-Patterson Air Force Base, Ohio.

AIR FORCE MATEFIALS LABORATORY 
RESEARCH AND TECHNOLOGY DIVISION 

AIR FORCE SYSTEMS COMMAND 
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

TOntR



NOTICES 

When Government drawings, specifications, or other data are 
used for any purpose other than in connection with a definitely related 
Government procurement operation, the United States Government thereby 
incurs no responsibility nor any obligation whatsoever; and the fact that 
the Government may have formulated, furnished, or In any way supplied 
the said drawings, specifications, or other data, is not to be regardeH 
by implication or otherwise as in any manner licensing the holder cr any 
other person or corporation, or conveying any rights or permission to 
manufacture, use or sell any patented invention that may in any way be 
related thereto. 

Copies of this report should not be returned to the Research and 
Technology Division unless return is required by security considerations, 
contractual obligations, or notice on a specific document. 

400 - August 1967 - 00455 - 4-75 



TERNARY PHASE EQUILIBRIA IN TRANSITION 

METAL-BORON-CARBON-SILICON SYSTEMS 

PART II. TERNARY SYSTEMS 

VOLUME XV. CONSTITUTION OF NIOBIUM-MOLYBDENUM- 

CARBON ALLOYS 

£. RUDY 
C. E. BRUKL 

ST. WINDISCH 

This document is subject to special export controls and each transmittal 
to foreign governments or foreign nationals may be made only with prior 
approval of Metals and Ceramics Division, Air Force Materials Labora¬ 
tory, Wright-PaKerson Air Force Base, Ohio. 



FOREWORD 

The research described in this report was carried out at the 
Materials Research Laboratory, Aerojet-General Corporation,Sacramento, 
California, under USAF Contract No. AF 33(615)-1249. The contract was 
initiated under Project No. 7350, Task No. 735001, and was administered 
under the direction of the Air Force Materials Laboratory, Research and 
Technology Division with Lt. P.J. Marchiando acting as Project Engineer, 
and Dr. E. Rudy, Aerojet-General Corporation, as Principal Investigator . 
Professor Dr. Hans Nowotny, University of Vienna, served as consultant to 
the project. 

The project, which includes the experimental and theoretical investi¬ 
gations of ternary and related binary systems in the system classes M j-Me^-C, 
Me-B-C, Mcj -Me¿-B, Me-Si-B and Me-Si-O, was initiated on 1 January 1964. 
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The phase diagram work on the ternary system described in this 
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the investigations were: J. Hoffman (metallographic preparations), 
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Chemical analysis of the alloys was performed under the supervision 
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tion. The authors wish to thank Mr. R. Cristoni for the preparation of the 
illustrations, and Mrs. J. Weidner, who typed the report. 

The manuscript of this report was released by the authors March 
1967 for publication as an RTD Technical Report. 
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ABSTRACT 

The ternary alloy system niobium-molybdenum-carbon was investi- 

g ° ^"ray’ TeltÍng P0int’ DTA* and Metallographie techniques; 
a complete phase diagram for temperatures above 1500°C was established. 

Above 1960bC. niobium monocarbide and the cubic (Bl) hich tem¬ 
perature phase in the molybdenum-carbon system form an uninterrupted 
series of solid solutions. The ternary range of the pseudo-cubic n -Mo 

NbVcrí22r4e0Br\Ct K Dim°iybdenum carbide dissolves up to 44 mole percent 
iMb C (¿¿40 C), whereas the maximum solid solubility of Mo C in Nb C does 

fn M6« reedrfi?K0re per^ent- order-disorder transformaron temperatures 
in MozC and Nb2C are lowered by the mutual metal exchanges. P 

^ '8^rreactions occur in the ternary system; three corres¬ 
pond to class II-type four-phase reactions involving a liquid phase, one to 

limitiSngItieUnnes0ld)"tyPe’ ^ further isotherms are associated with 

♦k 7he resu.lts of the Pha86 diagram investigation are discussed, and the 
thermodynamic interpretation identifies the low relative stability of the binary 

fndCmnWKHS m conJl,"c.tlon witb the large stability differences between niobium 
W *karbldes as the cause for the formation of a stable equi¬ 

librium between the monocarbide and the metal phase in the ternary region. 

. . . , Th^s document is subject to special export controls, and each transmit- 

°,rei<-gwgr,ernmJC?8 °r foreign nationals may he made only with prior 
WrPiahtaD0ítMetal8Aandrí:erar^lC8 Dlvlsl°n, Air Force Materials Laboratory, 
Wright-Patterson Air Force Base, Ohio. y 
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I. INTRODUCTION AND SUMMARY 

A. INTRODUCTION 

Due to their refractoriness, the carbides of the high melting 

transition metals have received increased interest in recent years as base 

materials in composite structures for aerospace application at high tem¬ 

peratures; other novel fields of application include power reactors, where 

operation at high temperatures becomes essential for attaining high power 

efficiencies. 

Unlike traditional uses of carbides, such as in cutting tools 

and abrasion-resistant linings, where overall temperatures above a few hundred 

degrees centigrades are seldomly encountered, the increased reaction rates 

at temperatures approaching melting require a close consideration of the 

chemical interactions between the alloy constituents. As a consequence, a 

detailed knowledge of the phase-relationships in the alloy systems is required 

in order to provide a sound basis for developmental-type work. 

Partly as a result of the considerable experimental difficulties 

associated with the investigation of this high melting alloy class, no complete 

studies of ternary metal-carbon systems have been performed until recently. 

Even the high temperature phase relationships in the binary transition metal- 

carbon systems have been delineated only during the past few years to a degree 

of accuracy required for a more detailed study of ternary or higher order 

alloys. 

In recent investigations of binary and ternary systems of 

refractory transition metals with carbon, boron, and silicon^), alloys from 

the ternary systems Nb-Mo-C became of interest because of the demonstrated 
(2 3) 

possibility' * of obtaining composites based on metal + monocarbide com¬ 

binations. In the meantime, however, studies in other related ternary metal- 

carbon systems, such as tantalum-tungsten-carbon, have shown that the solid 

state equilibria may change significantly towards higher temperatures 
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(>2000°C), and that extrapolation based on low temperature equilibrium 

data are, in general, not very reliable. Thus, using the aforementioned 

system Ta-W-C as an example, it could be observed, that the monocarbide + 

metal solution is stable only at temperatures below 2450#C. 

Although the lower temperature (<2090°C) phase relationships 

in the Nb-Mo-C system are similar to those found in Ta-W-C, a cursory 
(4) thermodynamic analysis of the equilibria indicated' 1 that complete solid 

solution formation between Mo C and Nb C should not occur at higher tempera- 
Z Z 

tures. The present work was conducted in order to experimentally verify 

these expectations and, in addition, to provide phase equilibrium data in the 

melting range of the alloys. 

B. SUMMARY 

The phase relationships in the ternary alloy system niobium- 

molybdenum-carbon are summarized as follows: 

Above 19i>0°C, the cubic monocarbides NbC and q-MoCj_x form 

a complete series of solid solutions. The lattice parameter variation shows 

a slight positive deviation with respect to a linear relationship between the 

values of the boundary phases (a = 4.470 & for NbC0>97; a = 4.268 X for 

MoCoto)- The maximum solidus temperatures increase smoothly from 2600#C 

for the binary o-MoCj x-phase at 42 At.% C to 36l3#C for the niobium mono¬ 

carbide at 44 At.% C. 

Solid solution formation between the subcarbide phases is incom¬ 

plete at all temperatures below melting. At 2240°C, dimolybdenum carbide 

(a = 2.990 X, c = 4.728 X at 30 At.% C) dissolves a maximum of 44 mole 

percent Nb2C (a = 3.041 X, c= 4.816 X), whereas the maximum solubility 

in Nb C does not exceed 5 mole percent Mo C at 2325#C (a = 3.125 X, 
2 ~ 

c = 4.965 X for Nb2C; a = 3.108 X, c = 4.930 X for the solid solution at the 

three-phase boundary). The order-disorder transition temperatures in Nb2C 

and Mo2C are lowered by the mutual metal exchange. Both subcarbide solutions 

2 



are restricted by an equilibrium Me2C-ss + MeC-ss + Me-ss towards the 

ternary phase field, and the equilibrium between the monocarbide and the 
* 

metal solution remains stable up to melting temperatures. The ternary range 

of existence of the hexagonal r|-MoCj ^-phase is very restricted. 

Six isothermal reactions occur in the ternary region in the 

range from melting to 1500°C; three correspond to class II-type four-phase 

reactions involving a liquid phase, one to a class I (eutectoid)-type, and two 

further isotherms are associated with limiting tie lines. These reaction 

isotherms, in order of decreasing temperatures, are: 

1. 2640°C: L + (Nb, Mo)C -ss->MoC-ss 
• —X 2 

2. 2520°C: L + (Nb, Mo)C -ss—► Mo C-ss + q-MoC -ss 
I -X 2 i i -x 

3. 2400°C: Nb2C1+x-ss (disordered)—► Nb2CUx-ss (ordered) + (Nb.MoJC, x-ss 

4. 2325°C: L + (Nb, MoJCj _x"ss —► Nb2C -ss + (Nb, Mo)-ss 

5. 2240°C: L + (Nb, Mo)C -ss —► Mo C-ss + (Nb, Mo)-ss 

6. 1550°C: q-MoC, -ss —► (Nb,Mo)C1_ -ss + Mo C-ss + C 

The isometric view of the entirè phase diagram, shown for temperatures above 

1500®C (ngure 1), is supplemented by a Scheil-Schultz Diagram of the binary and 

ternary isothermal reactions (Figure 2); the liquidus projections (Figure 3), 

and an isopleth, depicting the principal phase equilibria in the metal-rich 

portion of the system (Figure 4). 

Based on existing thermochemical data for the binary metal 

carbides, the phase relationships were thermodynamically analyzed, and the 

calculated equilibria were found to be in good agreement with the experimertal 
observations. 

3 
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Figure 1. Proposed Constitution Diagram for the Niobium-Molybdenum- 
Carbon System.

;-«r- -->jKa;^ ’

■ . ' ' ' ■ ■

.a»



Figure 2. Scheil -Schulz Reaction Diagram for Ternary Nb-Mo-C Alloys. 
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Figure 3. Liquidus Projections in the Nb-Mo-C System. 
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Figure 4. Isopleth at NbCa^-MoCo,^. 
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II. LITERATURE REVIEW 

In the boundary systems, niobium and molybdenum are known 

to form a continuous series of solid solutions^’The continuous solubility 

was also confirmed by I. I. Kornilov and R.S. Polyakova^’who also 

observed a minimum melting point at 22 At.% molybdenum and 2345#C. 

The phase diagram investigations of the niobium-carbon system 

by E. K. Storms and N. H. Krikorian^ and H. Kimura and Y. Sasaki^*^ 

were recently supplemented by E. Rudy et al. ^11 ’ The system contains 

a high melting monocarbide with the B1-structure (Table 1> and a subcarbide, 

NbzC, which exists in at least two different states of sublattice order at low 

temperatur ee^’ ^and a disordered state above approximately 

2500°C^’ *2^. The melting point measurements by E. Rudy et al.^*’ 

are in close confirmation of the data by H. Kimura and Y. Sasaki'10^. 

The rather complex phase relationships in the molybdenum- 

carbon system were only recently clarified^’ ^ \ The system is charac¬ 

terized by three congruently melting, intermediate phases, Mo C, t|-MoC , 

and a-MoCj^ (Table 1), of which only Mo2C is stable at temperatures below 

1650®C. Substoichiometric MozC exists in several states of sublattice order 

which interconvert in homogeneous lattice transitions. Hyper stoichiometric 

compositions cannot exist in the ordered state. Upon cooling through a 

critical temperature range, the stoichiometric carbide separates into two 

phases: An under stoichiometric alloy which is ordered, and any hyper- 

stoichiometric phase, which is disordered and decomposes at 1190°C into the 

ordered modification and elemental graphite. 

Earlier investigations of ternary Nb-Mo-C alloys include the 

work of H. Nowotny and R. Kieffer' , who first established the existence 

of extended solid solubility along the section NbC-Mo2C, and the investiga¬ 

tion of a temperature section of the system at 1900°C by E. Rudy et al.^. 

* 



Table 1. Structure and Lattice Parameters of Niobium and 
Molybdenum Carbides 

Phase Structure Lattice Parameters, Ângstrom 

NbzC 

1. T < 1200°C . 
Orthorh. 

2. 1200-2500°C 
Probably hex., 

< -FezN-type 

3. T > 2500ÖC . 
Hex. approaching 

L13-type 

a=12.36 X, b=10.855X, ¢=4.968 14,12)^^. 
a= 10. 92 A, b=4.974 A, c = 3. 090 A ( 18) ' ' 

a=5.40,^, c=4.960 X (13)^> 

c=4! 972 A at 33. 3 At.%C (9) 

NbC fee., Bl-type a=4.431 at 41.5 At.%C .,m 
a=4.470 at ^ 50 At.% C 

Mo2C 

1. T < 1400°C 
Orthorh., 

Dzh” Pbcn 

2. T > 1400°C 
Hex., approach¬ 
ing L13 -type 

a=4.724; b=6.004; c=5.19 (21)(****) 
a=4.733; b=6.042; c=5.202 (16) 

a=2.990 %, c=4. 730 Â, at 30 At.%C .,/. 
a=3.010 A, c=4. 778 a at 34.4 At.% C ' 

(alloys quenched from 2000°C) 

•p -MoC, 1 l-x 
4 

Hex., D^-type a=3.006; c=14.64 (19) 
a=3.010; c=14.64 at 39 At.%C (16) 

Q-hfcC, 
1-X 

fee., Bl-type a=4.266 X. at 39. 7 At.%C .,/. 
a=4.281 a at 43 At.%C (ib) 

The orthorhombic axes are related to the (distorted) 
hexagonal subcell by: a ^ 4a 

O • IT* c = c hex 
hex' 

b 'v 
o.r. 2a, n/ 3 

hex 

itfc 

♦♦♦ 

a — 2a, ^ 3 ; b c. : c o.r. hex o.r. hex 

a = a, , ,, \l 3: c = c 
hex. subcell subcell 

a = c, ; b = 2a, : c 
o.r. hex o.r. hex o.r. 

o. r. a hex 

9 



III. EXPERIMENTAL 

A. STARTING MATERIALS AND ALLOY PREPARATION 

The elemental powders, as well as specially prepared master 

alloys consisting of Nb^C, NbC, Mo^C, and tj-MOj^^, served as the starting 

materials for thu preparation of the experimental alloys. Dimolybdenum 

carbide and Nb2C were specifically used for the preparation of alloys located 

along the section Nb C-Mo C since the subcarbides form rather slowly, and 

only incompletely, when prepared from monocarbide and metal powders. 

The molybdenum powder (Wah Chang Corporation, Albany, 

Oregon) had the following impurities after an additional hydrogen reduction 

at 1000°C (contents in ppm): 0-160, Si-<180, N-<20, C-190, Fe+Ni+Co-<l 10, 

sum of other metallic impurities (Al,Cr,Cu, Mg, Mn, Pb.Sn, W, Ti)-<600. 

The overall purity of this starting material was better than 99.85%, and a 

lattice parameter of a = 3.1474 + 0.0002 X was obtained from a CuKq powder 

pattern. 

The impurities in the niobium powder (>99.8% Nb, Wah Chang 

Corporation, Albany, Oregon) were as follows (in ppm): O-<420, N-<90, 

C-30, Ta-400. Zr-200, and the sum of other metallic impurities-<400. A 

lattice parameter of a = 3.3006 + 0.0007 A , obtained from a powder exposure 
r — (IS) 

with Cu-K radiation, is consistent with parameters given in the literature' ' 
Q 

for fiigh purity niobium. 

The spectrographic-grade graphite powder was purchased 

from Union Carbide Corporation, Carbon Products Division. The total 

impurity content was below 2 ppm; lattice parameters of a = 2.463 X , and 

c = 6.729 X were determined from a powder pattern taken with Cu-K^ radia¬ 

tion. 

The carbide master alloys were prepared by reacting the care¬ 

fully blended and cold-compacted mixtures of the metal powders and carbon 

10 



in a graphite-element furnace under a vacuum of better than 2 x 10~* Torr. 

The reaction times used were between four to six hours; temperatures of 

2100#C and 1900#C were employed 1er the niobium and the molybdenum 

carbides, respectively. The resulting reaction lumps were crushed and 

ball-milled under helium to a grain size smaller than 60 microns. In order 

to remove traces of cobalt picked up from the carbide-lined ball mill jars, 

the powders were leached in a hot 2N mixture of hydrochloric and sulfuric 

acid, washed with ether, centrifuged, and then dried under vacuum. The 

chemical and X-ray analyses of the carbide powders are listed in Table 2. 

Table 2. Carbon Analyses and Lattice Parameters of 
Carbide Starting Materials 

Carbide 
Carbon Content 

At.% C Phases Present 
Lattice, 

Parameters, Â 

Nb2C 

NbC 

Mo2C 

q-MoCj^ 

33.2 + 0.2 

49.2+0.2 

32.8 + 0.3 

38.4 + 0.3 

Nb2C + trace monocarbide 

NbC 

Mo2C + trace graphite 

Mo C + C + ri-MoC, 
2 1 1 -X 

decomposition mixture 

a = 3.124; c= 4.963 

4.470 

a = 4.733; b= 6.036; 
c= 5.205 

The majority of the ternary alloys were prepared by short 

duration hot-pressing^ ^ of the carefully blended powders in graphite dies 

at temperatures varying between 1800 and 2300°C. After hot-pressing, the 

graphite-contaminated surface zone, which was typically about 0.2 mm thick, 

was removed by grinding, and the cores of the samples subjected to the further 

homogenization treatments. 

Excess metal-containing alloys were prepared by cold-press¬ 

ing and subsequent sintering of the alloy compacts under vacuum (<2 x 10-5 Torr) 

at temperatures between 1600 and 2200°C. Melting point samples for the 

11 



binary alloy system niobium-molybdenum were machined from electron- 

beam molten stock. A limited number of samples were also melted under 

high purity helium in a non-consumable electrode arc furnace. Altogether, 

approximately 380 alloys were prepared for the investigation of the ternary 

system. 

The homogenization treatments were carried out in a tungsten 

mesh element furnace manufactured by the R. Brew Company. Major equi¬ 

libration temperatures were: 1500°C (5 x 10 6 Torr, 140 hrs), 1900°C 

(10“5 Torr, 50 hrs), and 2200°C (1 atm He, 16 hrs). To achieve rapid cool¬ 

ing conditions for the alloy series treated under vacuum, helium was admit¬ 

ted to the furnace chamber immediately after the power had been shut off. 

Apart from alloys located in the monocarbide region, where 

attainment of equilibrium at 1500°C could only be achieved after adding small 

amounts of (~ 0. 1 Wt.%) cobalt to the powder mixture prior to hot-pressing, 

the X-ray patterns of the majority of specimens were sharp after the heat- 

treatments. 

The change of certain equilibria with temperature was studied 

on alloys which were either equilibrated and then cooled at controlled rates 

in the DTA-apparatus, or for phase studies at temperatures close to melting, 

homogenized in the Pirani-furnace and then quenched in tin. 

B. DETERMINATION OF MELTING TEMPERATURES AND 

DIFFERENTIAL-THERMOANAL Y TICAL STUDIES 

Melting temperatures of approximately 90 ternary alloys were 
(23) 

measured using the method devised by M. Pirani and H. Alterthum' . In 

this technique, the temperature of the sample is measured by a disappear¬ 

ing-filament type pyrometer aimed at a small hole, generally in the order 

of 0.6 to 1 mm in diameter and 4 to 6 mm deep, which is located in the cen¬ 

ter of a narrowed portion of the bar-shaped specimen. Design details con¬ 

cerning the apparatus in use at this laboratory, as well as temperature cali- 
(24) 

bration and correction procedures, have been described elsewhere and 

therefore need not be treated at length here. 

12 



(25) 
Differential thermoanalytical studies' were carried out on 

30 ternary alloys. Tantalum monocarbide as well as carefully annealed 

graphite served as comparison standards. All experiments were performed 

using graphite containers, and the thermal behavior of each specimen was 

studied at controlled heating and cooling rates between 0.5°C and 18°C per 

second. As a result of the high solidus temperatures between niobium-rich 

monocarbide alloys and graphite, along with the observation, that carburiza¬ 

tion occurs rather preferentially with respect to niobium, the DTA measure¬ 

ments on metal-rich (<40 At.% C) alloys could be extended to fairly high 

temperatures without noticeable interference from the container. All DTA 

specimens were sectioned and analyzed chemically and by X-rays after the 

runs. 

Additional thermal analytical studies, covering the tempera¬ 

ture range inaccessible by the DTA-technique described above, were carried 

out using a containerless heating technique^*^. However, as no additional 

results were gained in these studies, no further reference to these experi¬ 

ments will be made. 

C. METALLOGRAPHIC, X-RAY, AND CHEMICAL ANALYSIS 

Microscopic examinations of melted as well as homogenized 

and quenched alloys were extensively used to locate the eutectic troughs and 

the homogeneity boundaries of the phases. For the metallographic studies, 

the specimens were mounted in a mixture of diallylphtalate and lucite-coated 

copper powder and preground on silicon-carbide papers of various degrees 

of coarseness. They were polished on microcloth using a slurry of Linde "B" 

alumina (0.05u) in 5% chromic acid solution. The etching procedures varied 

with the composition of the alloys; they are described in Table 3. 

Carbon in the alloys wa>> determined in the well-known man¬ 

ner by combustion and conductometric analysis of the gas mixture. For the 

determination of elemental carbon, the powdered carbides first were dis¬ 

solved in a mixture of nitric and hydrofluoric acid. The residual graphite 

13 



Table 3. Etching Procedures for Niobium-Molybdenum-Carbon 
Alloys 

Alloys from the 
Composition Area Etching Procedure 

Nb - Nbo jM o0-7 -Nb0i3 M o0.5Co.j - Nb0<8C 0z Electroetched in 0.5% oxalic 
acid solution 

Nb0, j M 00.7 - M o - M Oq-8C 0.4 - Nb0. J M o^C 0,4 
t*) 

Swab-etched with 10% Murakami's 
solution 

N bo.gC o. 2“ Nb0,3M o0¿ C o. 2 - Nb0, jM o0,3C o. 4 - Nb0¿ C 0.4 
Electroetched in 0.5% oxalic 
acid + dip-etched in 10% acid 
solution' ’ 

Nboí C 0.4 - M °o. ¿C 0.4- M °o. 48C 0,5 2 ■ Nb0,48C Dip-etched in 10% acid solution 

Nho^a C0. „-Moo.ttCo. 52-C Examined in the as-polished state 

(*) Murakami's Solution: 9.8 parts KjFe (CN)¿, 0.2 parts KOH, 
90 parts HzO. 

(**) Acid Solution : Six parts HNOj, 2 parts H 2 parts HF, 
90 parts HzO 
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flakes were then filtered off, washed thoroughly with methanol and warm 

heptane to remove the paraffins formed during the dissolution, and dried for 

24 hrs at 105°C in a vacuum oven. The amount of graphite was then deter¬ 

mined by combustion. 

Approximately one-eighth of the experimental alloy material 

was analyzed for oxygen and nitrogen by the gas-fusion technique; low level 

impurities were, on a random sample selection basis, determined spectro- 

graphically in a semi-quantitative manner. No metal analyses were per¬ 

formed since the relative metal contents were not assumed to change to any 

significant extent during the experiments. 

In general, it was found that the analyzed sample composi¬ 

tions, based on carbon, agreed to within one atomic percent with the weighed- 

in compositions. Oxygen contamination in all alloys analyzed was found to 

be below 120 ppm, and for the majority of the samples, even below 20 ppm; 

its possible effect upon the measured phase equilibrium data may therefore 

be disregarded. 

Since the crystal structures of all phases were known from 

previous work, only powder patterns using Cu-Kq radiation were prepared. 

The film strips were measured on a Siemens-Kirem coincidence scale with 

micrometer (0.01 mm scale divisions) attachment. All exposures were 

evaluated with respect to nature and lattice dimensions of the phases present, 

and the X-ray data were correlated with the results gained by the other meth¬ 

ods of investigation. The lattice parameter technique also was used to deter¬ 

mine the compositions of the coexisting phases in the various two-phase 

fields, as well as to locate the vertices (boundary tie lines) of the three-phase 

equilibria occurring in the system. 
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IV. RESULTS 

A. THE NIOBIUM-MOLYBDENUM BINARY SYSTEM 

Melting point measurements on eight binary alloys showed a 

continuous increase of the solidus temperatures with the molybdenum con¬ 

centration (Figure 5); the reproducibility of each measurement was better 

than 15°C, thus definitely ruling out the existence of a minimum melting 

point such as proposed by 1.1. Kornilov and R.S. Polyakova^. Our measure¬ 

ments of the lattice parameters of the metal solid solution agree closely 

with the values determined by H. Buckle^ (Figure 6). 

Figure 5. Melting Temperatures of Niobium-Molybdenum Alloys. 
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B. SOLID STATE EQUILIBRIA IN THE TERNARY Nb-Mo-C 

SYSTEM 

The phase distribution in the temperature section at 1500°C 

(Figure 7) is very similar to the phase relations at 1900#C investigated 

earlier^ \ although, as a result of the lower temperatures, the homogeneity 

ranges as well as the compositions of the coexisting phases assume slightly 

different values. The maximum molybdenum exchange in the niobium mono¬ 

carbide at this temperature is 60 atomic percent; at this boundary, the carbon 

defect of the monocarbide phase is approximately 4 atomic percent. The 

lattice parameters of the carbide phases participating in the three-phase 

17 



fflThree phases! ly-MoC,., not completely 
mFour phases i decomposed 
-L Sample position after deduction 

of free graphite 

Figure 7. X-Ray and Metallographie Phase Evaluation of the 
Alloys Equilibrated at ISOO'C. 

equilibrium: Monocarbide + Mo;C-8S + graphite are reepectively: a= 4.352 % 
for the monocarbide, and a = 3.015 X. c = 4.736 X for the dimolybdenum 
carbide solid solution. • 

A further three-phase equilibrium. (Nb.Mo)q_x-ss tMc^C-ss+(Nb,Mo)-ss 
terminates the dimolybdenum carbide phase towards the ternary phase field. 

The niobium exchange in M0jC at this equilibrium temperature is approxi- 

mately 25 atomic percent (a = 3.020 X, c= 4.764 X). This subcarbide com¬ 

position is in equilibrium with a metal alloy containing approximately 2 atomic 

percent niobium (a = 3.150 X): the vertex of the defect monocarbide solid 

solution lies at a molybdenum exchange of 17 atomic percent and a carbon 
content of 44 atomic percent. 
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Di-niobium carbide dissolves less than three mole percent 

Mo2C at this temperature (a = 3.125 X, c = 4.965 X for Nb2C; a=3.115X, 

c = 4.944 X for the composition at the three-phase boundary). The other 

vertices of the three-phase equilibrium: Nb2C-ss + monocarbide + metal solu- 

tion are located at 1 atomic percent molybdenum exchange in the monocarbide, 

and at 55 atomic percent molybdenum (a = 3.21 X ) in the metal-solution. The 

course of the tie lines within the two-phase fields: Mo2C-ss + (Nb, Mo)C -ss- 

<Nb,Mo)-ss + Mo2C-ss; (Nb, Mo)-ss + (Nb,Mo)C,_-ss; and (Nb,Mo)-ss + Nb'c-ss’, 

as determined by lattice parameter measurements, shows a pronounced2 

enrichment of niobium in the carbide phases. This finding indicates that the 

niobium carbides have comparatively higher stability than the binary molyb¬ 

denum-carbon phases. Quantitative relationships concerning the partition 

equilibria in the system will be developed and discussed in a later section. 

Basically, the same phase distribution was obtained for 1900#C, 

although the solid solubilities in the subcarbide phases are somewhat larger, 

and the equilibria near the binary molybdenum-carbon system are modified ’ 

by the appearance of the q-phase. The maximum solubilities in the various 

intermedUte phases are approximately; 83 mole% MoC, x in niobium mono¬ 

carbide (Figure 8); 29 mole% Nb2C in Mo2C (a = 3.021 X.^c = 4.778 X, based 

on indexing according to the L'3 type); 4 mole% Mo2C in Nb2C (a = 3.110 X, 

c - 4.933 X ), and an exchange of 4 atomic percent niobium in -MoC 
(a = 3.017 X, c = 4.66 X ). ^ 

The results of the system section studies at 2200#C are of 

special interest since this temperature lies near the solidus temperatures 

of excess metal-containing ternary alloys, and the measured terminal com¬ 

positions of the solid phases should, therefore, closely represent the compo 
sitions entering into liquidus reactions. 
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□ Single phase 

(2)0 Three phases 

<L 1500'C 

NbC 0.82 
20 40 60 80 
■MOLYBDENUM EXCHANGE,ATOMIC % MoC, 0.82 

Figure 8. Lattice Parameters of the Cubic Monocarbide Solution Along the 
äe<: ^‘^'o.bz-MoCo.sz» and Phase Boundary Values at 1500°C 
and 1900#C. 

From the phase evaluation of the alloys homogenized at 

2200-C (Figure 9), it can be seen that the cubic phases form a continuous 

series of solid solutions; the lattice parameters show a slight positive devia¬ 

tion from a linear relationship (Figure 10). Compared to the binary a-MoCj 

phase where tin-quenching ia required, the decomposition of the ternary solid" 

solution occurs slowly, even at small niobium concentrations. As an example, 

for compositions containing more than 5 mole percent niobium carbide, cool¬ 

ing rates of approximately 15‘C per second are sufficient to retain the cubic 

monocarbide solution; fairly long annealing times at lower temperatures 

(< 1600*C) are necessary to decompose solid solutions containing less than 
80 mole% MoC, 
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O Single phase 
<1 Two phases 
9 Three phases 

□Œ Partially decomposed during cooling 
1 Sample position after deduction of 

free graphite 

Figure 9. Qualitative X-Ray and Metallographie Phase Evaluation of the 
Alloy Series Equilibrated at 2200°C. 
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Figure 10. Lattice Parameters of Monocarbide Alloys. 

(Alloys Rapidly Cooled from 2200#C). 

Dimolybdenum carbide dissolves approximately 44 mole % 

Nb2C at this temperature (Figure 11), whereas the solid solubility of Mo C 

in Nb2C is less than 5 mole percent. X-ray data indicated that the appearance 

of the T]-phase is restricted to a very narrow composition range near the 

molybdenum-carbon binary system. 
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4.84 

Figure 11. Lattice Parameters of the Mo2C Solid Solution. 

(Alloys Rapidly Cooled from 2200°C. Parameters are Based 

on Indexing According to the L'3-type). 
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c. PHASE EQUILIBRIA AT HIGH TEMPERATURES 

From the Mb + Nb C eutectic isotherm at 2353®C, the solidus 
C 

temperatures of ternary alloys in the composition range Me + Me2C are 

lowered only slightly by molybdenum substitutions up to 50 atomic percent 

(Figure 12); beyond this range, the solidus temperatures drop rapidly to the 

binary Mo + Mo2C eutectic isotherm at 2200°C. All alloys located at, or 

or close to, the eutectic trough melted fairly isothermally, suggesting that 

NbC0||7  MOLYBDENUM EXCHANGE,ATOMIC %—► MoCo 204 

Figure 12. Temperatures (Bottom) and Location (Top) of the Metal-Rich 
Eutectic Trough in the Nb-Mo-C System. 
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only a small temperature gap exists be; ween solidus and liquidus. This behavior 

is also reflected in the microstructures, which closely resemble the struc¬ 

tures found for binary eutectics. The eutectic structure formed in the ternary 

changes from a metal-matrix type, found in the binary niobium-carbon 

system, gradually to a carbide matrix type with exchange of niobium by 

molybdenum (Figures 13, 14, and 15). 

Figure 13. Nb-Mo-C (85-5-10 At. %), Rapidly Cooled from 2350°C . X750 

Eutectic-like Solidification Structure Near the Niobium-Carbon 
Binary. 

Matrix : (Nb.Mo)-ss 

Discontinuous Phase: Nb2C-ss 
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w.m
Figure 14. Nb-Mo-C (26-60-14 At.%), Rapidly Cooled from 2280"C . X560

Lamellar Eutectic-Type Structure Consisting of (Nb, Mo)-ss and 
(Nb.Mo),_^-ss.

Figure 15. Mo-C (17At.%C). Cooled at 14*C per Second from 2220"C. X375

Mo + Mo C Eutectic. 
Matrix : Mo^C
Discontinuous Phase: Mo



It should be noted, however, tb\t the phase constituents 

participating in the bivariant eutectic solidification vary with the relative 

metal content: Up to approximately 30 atomic percent molybdenum, the metal 

solution is in equilibrium with the niobium subcarbide phase; in the range 

from 35 to 70 At.% Mo, the metal phase coexists with the monocarbide, and 

from 80 to 100 At.% Mo, the metal phase is in equilibrium with the dimolyb¬ 

denum carbide and solid solution. The cross-over between these various 

ranges is marked by four-phase reactions, which replace the equilibria 

subcarbide + metal-phase by equilibria formed between the monocarbide and 

melt. These four-phase reactions were delineated in detail by measurements 

of the solidus temperatures as well as by metallographic and X-ray studies 

mainly on an alloy series positioned across the section Nb2C-Mo C (Figures 

16 and 17): An alloy Nb-Mo-C (64-3-33 At.%) proved to be' single-phased 

after quenching from 2300 and 2400°C, but the alloy containing 8 mole percent 

molybdenum showed monocarbide and metal phase as the major constituents 

following rapid cooling of the specimen from 2650°C. Smaller quantities of 

subcarbide present in the alloy apparently had formed by interaction between 

melt and monocarbide at temperatures below the four-phase isotherm, result¬ 

ing in a peritectic-like non-equilibrium structure (Figure 18). The X-ray 

pattern of the alloy containing 12 mole percent molybdenum, after quenching 

from 2600°C, showed only monocarbide and metal phase; the micrograph of 

this alloy (Figure 19) reveals primary crystallized monocarbide, with typi¬ 

cally localized precipitations, in a metal + monocarbide eutectic matrix. 

Similar microstructures (Figure 20) were observed at the 

four-phase plane near the terminal solid solution of Mo2C, i.e. upon rapid 

cooling, non-equilibrium mixtures consisting of metal-phase, unconverted 

monocarbide, and dimolybdenum carbide solid solution are formed by inter¬ 

action between liquid and monocarbide according to the reaction scheme: 

L + (Nb, MoJC^-ss -+ (Mo2C)-ss + (Nb.Mo)-ss 
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A Incipient melting 
o Specimen collapsed 
V Bivariant crystallization 
m Incipient melting 
cd Solid state reaction 

By 
OTA 

Solid state-equilibrated alloys: 
ci Single phase 
a Two phases 
a Three phases 

Figure 16. Melting and Qualitative Phase Evaluation of Alloys Located 
on the Nb C-Mo,C Section, 

'V 2 'v 2 
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Figure 17. DTA-Thermograms of Two Ternary Alloys Participating 
Four-Phase Reactions. 

(Concentrations in Atomic Percent) 

in 
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mmm:

Figure 18. Nb-Mo-C (59-8-33 At.%), Cooled at Approximately 50”C X600 
per Second from Z650°C.

Peritectic-Type Non-equilibrium Mixture Resulting from the Four- 
Phase Reaction:

L + (Nb, Mo)Cj_^-ss— (Nb, Mo) C-ss + (Nb.Mo)-ss

Figure 19. Nb-Mo-C (56-12-3Z At.%), Rapidly Cooled from Z600°C . X600
Primary Monocarbide vdth I.itragranular, Localized Metal Precipita­
tions, Contained in a Matrix of Metal + Monocarbide Eutectic.



Figure 20. Nb-Mo-C (31-36-33 At.%). Cooled at Approximately 10»C X560
per Second from 2700°C.

Non-equilibrium Reaction Mixture, Consisting of (Nb. Mo)C -ss 
(Primary Constituent), Mo^C-ss, and (Nb, Mo)-ss.

From 2240°C, the temperature of the four-phase plane, the 
solidus temperatures for the dimolybdenum carbide solid solution increase 
within a small concentration range to a maximum at 2640“C and approximately 
64 mole percent Mo^C (Figure 16). Melting at this composition, however, 
occurs under disproportionation, as evidenced by the observation that the speci­

mens, when quenched from above solidus, contained a non-equilibrium mixture 
of monocarbide, subcarbide, and metal phases. At higher molybdenum con­

tents, the solidus temperatures of the subcarbide solution are lowered, and 
as the boundary system is approached, melting changes from a peritectic 
to a maximum type; the transition point lies at approximately 87 mole per­
cent Mo^C.



Concerning the type of reaction involved in the ternary decom- 

posttton (melting) of the dimolybdenum carbide solid solution at the maximum 

sohdus point, among the two types of processes to be considered, melting 

according to a class III perltectic-reaction can be ruled out. since this would 

require a particular monocarbide composition to coexist with two different 

melts at the four-phase temperature plaie, l.e. it would require a very 

anomalous mixing behavior of the melt. Instead, the experimental evidence 
suggests that the two, three-phase equilibria 

L (1) + Mo2C-ss (1) + (Nb,Mo)q_x (1) 

and 

L (2) + Mo2C-ss (2) + (Nb,Mo)Cl x (2) 

of which the first results from the four-phase reaction at 22408C, and the 

second originates at the transition point between peritectic and maximum- 

type melting of the subcarbide, merge into a limiting tie line. 

The maximum solidus temperatures of the monocarbide solu¬ 
tion increase gradually from 2600X. the melting point of a-MoC to 

2613*0, the congruent melting point of niobium monocarbide. It's'hould be 

noted that the datum points shown in Figure 21 were selected from over 30 

melting point measurements covering the entire solidus envelope of the mono¬ 

carbide solid solution. To either side of the concentration line of the maxi¬ 

mum solidus the melting temperatures drop rapidly to lower values. Due 

to the comparatively Urge melting point differences of the boundary phases, 

the differences between the liquidas and solidus temperatures, and con¬ 

sequently the concentration differences between the coexisting phases, become 

rather large. As a result, alloys quenched from liquidas temperatures were 

heavily cored (Figure 22), and the X-ray patterns were very diffuse; as a 

rule, only the low-angle edges of the diffraction maxima (corresponding to 

t e initially crystallizing, nioblum-richer compositions) were sharp, where¬ 

as tile higher angle end of these maxima, corresponding to molybdenum-richer 
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1* Maximum Solidus Temperatures of the Cubic Monocarbide Phase. 

Top: Concentration Line of the Maximum Solidus. 
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mm\^mMmmiii
Figure 22. Nb-Mo-C (28-25-47 At.%), Quenched from 3260"C.

Cored Monocarbide Solution
X375

compositions, gradually merged with the film background. Although the 
analysis of these patterns yielded some information regarding the composi­
tions of the phases coexisting in the liquidus + solidus region, for the purpose 
of lattice parameter measurements, duplicate samples were, after melting, 
re-equilibrated at slightly subsolidus temperatures and then quenched. 
Metallographic analysis showed the microstructure of these alloys to be 
homogeneous (Figure 23), and the X-ray patterns also were sharp.

DTA cooling runs on two alloys having compositions of 
Nb-Mo-C (2-56-43 At.%) and (6-51-43 At.%) showed incipient (solid state) 
decomposition temperatures of 1940‘'C and 1930°C, respectively, for the 
monocarbide solution. These temperatures are only slightly lower than the 
eutectic isotherm of the binary a-MoCj ^ phase. In these samples, a second.



Figure 23. Nb-Mo-C (40-18-42 At.%), Melted at 3250”C,
Reequilibrated for 15 Minutes at 3000°C and Quenched.

Single Phased, Homogeneous Monocarbide.

X600

solid state reaction in the vicinity of 1600°C was attributed to the decompo­
sition of the tj-MoCj ^-phase, formed as a reaction product in the dispro­
portionation of the monocarbide. This finding was confirmed by X-ray 
analysis of quenched alloys. La two further alloys, which contained 2 and 
3 mole percent niobium, but had a carbon content of 36 atomic percent, only 
the thermal arrest due to the decomposition of the q-MoGj ^ phase was detected. 
The measured decomposition temperatures, however, were approximately 
lOO'C lower than that of the binary phase.

From the phase distribution determined at lower temperatures, 
combined with the results of the quenching and DTA-studies, the higher de­
composition temperatures in the carbon-richer alloys will have to be attributed 
to the fact that the limiting tie line of the equilibrium:



carbon fa0''* + ’,"M0C,-*'S8 + C tern'‘natc« very near the molybdenum 

. ?ry; COn8eqUe,ttlV’ the “‘»»«ved decomposition temperature, cor- 

:rret:i::rrnr:::i::rd- —-c 
or contain in addition. Mo2C and monocarwL^ylrterld« 'M0C!-X' 
of the T-phase is detectable ,u ^ decompos.tion 

ip oetectable. Smce the experimentally measured temr,er, 

ures for the solid state reaction were reproducible to within + 25*C it 

concluded that the decomposition temperature of n-MoC, x isWered L”“ 
1550 C by small niobium additions. 

ted b -a The ,ernary deCOmpOSl,i°'1 reac‘io" can be readily reconstruc- 

(Nb Mo)c"S ”8‘ha‘ Ín a<,dÍtÍOn t0 the ‘wo- three-phase equilibria: 
Ux"SS + +^* an(t (Nb.Mo)C -ss + n-Mor ,, _ 

which originate at higher temperatures a further TL s" >-x'8s+ 
Mo C-SS+ u-MoC s. + r • three-phase equilibrium 

q-MoC a 16».cX " « A18 m,r0dUCed by ,he binary decomposition of 
, C- These ‘‘•‘'C equilibria combine at 1550-C in a class I 

(eutectoid) four-phase reaction according to 

q-MoC -.. -1,5 ‘550'C .. ^ 
‘-X ► Mo2C-ss + (Nb.MoJC, _x-ss + c 

connects th ““ C0mpOSitiOn area monocarbide + graphite, the curve 
connecting the measured solidus* t 
a sliaht • n *• ^ atures along the eutectic trough shows 
a slight inflection around 50 atomic percent u g 

the large differences of ,h. h' exchange. Considering 
g terences of the bmary eutectic temperatures, one observes that 

gap between the solidus and the liquidas (dashed line in Figure 24, is 

surprisingly small. Nevertheless, as a result of the h' • 8 
eutectic-like str,w.f * h blvariant solidification, 

teco hice structures were obtained only in alloys located near the resoec- 
ve manes, such as shown in Figure 25 a t • i 

bivariantly solidified eutectic is shown ^ ^ 

With increasing niobium content and temperature, the maxi 

mum bound carbon content of the monocarbide solution Lease!; asT 
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Figure 24. Experimental Solidus Temperatures (Bottom) and Location 
of the Eutectic Trough (Top) Between the Monocarbide 
Solution and Graphite. 
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Figure 25. Nb-Mo-C (34-10-56 At.%), Cooled at Approximately 100°C 
per Second from 3250°C. 

Eutectic-like, (Nb,Mo)C -ss + C, Solidification Structure in an 
Alloy Located Near the Niobium-Carbon Boundary System. 

/ :/ . 
», 
« * , V 6' ,/i * V. ; 

V V * { 
^ • ! 

Figure 26. Nb-Mo-C (20-30-50 At.%), Cooled at Approximately 100oC 
per Second from 3000°C. 

Typical Microstructure, Consisting of Monocarbide and Graphite, 
Formed by Bivariant Solidification on the Eutectic Trough. 

38 

X600 

X100 

t 



y 

example, at an metal exchange of 50 atomic percent and a temperature of 

2500oC, the carbon-rich boundary was located between 48 and 58.5 At.% C; 

whereas, at the same temperature, the boundary of the binary molybdenum 

carbide lies at approximately 42. 5 At.% C . An alloy, Nb-Mo-C (3-52-45 At.%), 

showed only traces of graphite at the grain boundaries following quenching 

from 2500°C (Figure 27), whereas another alloy, having the same relative 

metal content, but only 44 atomic percent carbon, was single phased. 

Figure 27. Nb-Mo-C (3-52-45 At.%), Cooled at Approximately 40°C X450 
per Second from 2500°C. 

Incipient Decomposition in Molybdenum-Rich Monocarbide Crains, 
Surrounded by Small Amounts of Excess Graphite. 

D. ASSEMBLY OF THE PHASE DIAGRAM 

The experimental investigations of the solid state sections, 

combined with the results gained from DTA, melting point, and metallographic 

studies, have been used to construct the temperature sections shown in 

(Figures 28(a) through 28(h). In these illustrations, somewhat closer tempera¬ 

ture spacings were employed in the vicinity of four-phase reaction planes to 

show more clearly the phases entering in, and emerging from, the principal 

and most important isothermal reactions occurring in the system. 
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Figure 28(a). Isothermal Section at 1500°C. 

Figures 28(a) through 28(h). Isothermal Sections for the 
Nb-Mo-C System. 
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Figure 28(c). Isothermal Section at 2240°C 
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Figure 28(d). 
Isothermal Section at 2325#C 
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Figure 28(e). Isothermal Section at 2540°C 



c 

45 

1 



c 

Figure 28(g). Isothermal Section at 2640*C 
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The appearance of the £-NbC -phase in the niobium-carbon 
(o. 1~x 

system, occasionally observed' , has been shown to be the result of a non- 

equilibriuxn precipitation from the defect monocarbide^11^. Since, therefore, 

^ -NbCj _x is not regarded as a stable binary phase, and furthermore, was 

never observed in ternary alloys, it is not shown in the phase diagram. 

The continuation of the order -disorder transformation of Nb C 
2 

into the ternary is also not specifically shown in the section drawings, and 

hence, a short discussion is in order. DTA-studies on two stoichiometric 

subcarbide alloys containing three and five mole percent Mo2C showed a small 

decrease in the transition temperatures from 2440*C for the binary phase, to 
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approximately 2400°C in the ternary alloys. In slightly (0.8-1 At.% C) sub- 

stoichiometric alloys, the temperatures of the phase transition are also low¬ 

ered by molybdenum additions and decrease from approximately 2500#C, the 

maximum transition temperature in the binary N^C, to approximately 2450°C 

in the terminal solid solution. However, because the reaction proceeds single- 

phased in substoichiometric alloys and is believed to be of higher order, these 

latter transformations were not regarded as true phase changes, and hence 

were not recorded in the phase diagram. 

The carbon-rich boundary of the Nb2C-phase retracts to metal- 

richer compositions upon molybdenum substitution, and the phase separation 

occurring in the binary system vanishes at 2480°C and 2 atomic percent 

molybdenum exchange in the ternary; in addition, a termination of the dis¬ 

ordered, carbon-rich phase in a limiting tie line according to a reaction scheme; 

Nb2C-ss (disordered)—►Nb C -ss (ordered) + (Nb.MoJC. -ss 
2 I—X I—X 

at 2400°C was found to best account for the experimental observations. 

The phase equilibrium relations below 1500°C were not speci¬ 

fically investigated, since prohibitively long annealing times would have been 

required to attain equilibrium. Two phase changes, however, which occur 

below 1500#C, will be discussed briefly, since some experimental data could 

be gathered by DTA-techniques. As discussed in earlier papers^*’ 

Nb2C undergoes a change in sublattice order at approximately 1230°C, whereas 

the stoichiometric Mo2C-phase disproportionates below 1430°C into an ordered 

and a disordered phase. No noticeable change in the low temperature transi¬ 

tion in Nb2C was found upon substitution of molybdenum (Figure 16); this 

result is to be expected, because the solid solubilities in Nb2C are very small 

at these temperatures. For Mo2C, however, the mean transition tempera¬ 

tures decrease from 1430oC, for the binary compound, to approximately ISOCPC 

for the terminal solid 80101100^22 mole% Nb2C (Figure 16). From similar 

reasons as outlined from the high temperature transition in Nb2C, the phase 

separation in Mo2C ceases to exist at niobium exchanges of approximately 
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2-3 atomic percent. The temperature of the terminating tie line is indicated 

tobe between 1400 and 1410°C. Since, therefore, the disordered ß-MozC- 

phase does not participate as a distinct entity in the three-phase equilibrium 

(Nb,Mo)-ss-(Nb,Mo)Cl x-ss-Mo2C-ss, and the transition in Nb2C also does 

not involve a .rirst order phase change, no further four-phase equilibria are 

expected to result from the order-disorder transitions in the subcarbides in 

the temperature range from 1200 to 1500°C. 

Concerning the overall phase distribution for temperatures 

below 1500°C, no principal change of the major equilibria found at higher 

temperatures, is to be anticipated. However, as a result of the decrease of 

the positional free energy with decreasing temperature, the swing of the tie 

lines in the various two-phase fields will be more extreme than at the higher 

temperatures; also, the solid solubility ranges of the monoca.’bide and sub¬ 

carbide phases will decrease somewhat with decreasing temoerature. 

In view of the difficulties in experimentally ascertaining the 

phase equilibria at low temperatures, it will be preferable and probably also 

more accurate, to use thermodynamic approaches for the determination of 

the coexisting phase compositions. 

V. DISCUSSION 

The most interesting feature in this system concerns the interruption 

of the solid solution series (Nb,Mo)2C by an equilibrium: monocarbide + 

metal phase. Similar equilibria between metal and monocarbide solutions 

have, in the meantime, also been found in other combinations of the group V 

with group VI metals and carbon, such as in the systems Ta-W-C, Ta-Mo-C, 

and Nb-W-C^. In the corresponding systems with vanadium, however, the 

subcarindes form continuous series of solid solutions, i.e, two-phase equi¬ 

libria, consisting of monocarbide and metal phase, do not exist in these 
systems. 
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In spite of the striking similarity of the lower temperature (<2000#C) 

phase relationships in the niobium and tantalum systems, their phase be¬ 

havior becomes markedly different above 2000#C: In the systems Nb-W-C 

and Nb-Mo-C, the two-phase equilibria Me + MeC remain stable up to melt¬ 

ing temperatures, whereas this equilibrium disappears in the systems 

Ta-Mo-C and Ta-W-C above approximately 2400°C as a result of complete 

solid solution formation between the subcarbides. 

A thermodynamic analysis of the phase equilibria in the Ta-W-C 

system^3, showed that the disproportionation of the subcarbide solution 

is due to the large stability differences between the carbides of tantalum and 

tungsten and to the relatively small free energies of disproportionation of the 

respective subcarbides. In order to discuss the disproportionation of the 

(Nb,Mo)2C solid solution oil a thermodynamic basis, we consider an equi¬ 

librium between three solid solutions, viz.: 

(A,B)Cu + (A,B)Cv + (A,B)Cw. (1) 

where A stands for niobium, B for molybdenum, C for carbon, and the sub¬ 

scripts u, V, w are used to indicate the composition of the phases with respect 

to the component C. 

Equilibrium (1) can be written as a disproportionation reaction 

(u < V < w) according to: 

(w-u)«(A,B)Cv —► (w-v)*(A,B)Cu+ (v-u)-(A, B)Cw,. .ACZ> 

where the free enthalpy change AGZ is to be regarded as a measure of the 

stability of the interstitial phase solution (A, B)Cv with respect to mechanical 

mixtures of solid solutions (A,B)CU and (A,B)Cw. 

Generally speaking, the free enthalpies of the three, phase solutions 

will be a function of the relative metal exchange, (A,B), as well as the 

interstitial content (u, v, w); however, as shown previously^4, for these 

¿ltltiiiiitWlili: >i ... w**“**,'l‘l 
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types of interstitial compounds, not too serious an error is committed, if 

to a first approximation, u, v,w, are regarded as constant, i.e., if the free 

energy is allowed to change only by varying the relative metal content. Under 

these assumptions the stability condition for the equilibrium state can be writ¬ 

ten as: 

<v-w)az<u)+ (w-u)GA(v)+ <U-v)CA(w) = 0 
(2a) 

or, the analogous equation for the component B: 

(v_w)GB(u)+ (w‘u)GB(v)+ (u_v)GB(w) = 
(2b) 

of the components A and B in the phase solutions i (i = u, v, w). Using the 

binary phases at the respective semimetal concentrations (u, v, w) as the 

reference states, we may separate the pai'tial free enthalpies into base and 

cone entrât ion-dependent terms, and obtain for the equilibrium case: 

v 
0 (3a) 

and 

v 
0 (3b) 

where AG ZAC 
and AG,,,,- are the free enthalpies of disproportionation of 

v V 

the binary phases ACy and BCv according to: 

(w-u) A(B)Cv —► (w-v) A(B)Cu + (v-u) A(B)Cw • • • AGZA(B)Cv’ 

mix 

reaction scheme. The obvious meaning of equations (3a) and (3b) is that, 
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under equilibrium conditions, the free enthalpies of disproportionation of 

the binary phases are exactly counterbalanced by the free energy of mixing 

in the three, phase solutions. 

Any deviation from the equilibrium state will result In the appearance 

of a finite quantity, 4> z> on the right hand side of equations (3j, which essen¬ 

tially is a measure of the imbalance between the disproportionation terms 

for the binary phases and the mixing quantities. Generalizing conditions (3) 

we may write, therefore: 

*Z(A) = *GZAC + roZAC ■ 

and 

*/.(5' = AGZBC + ^ZBC 

We note that, at equilibrium, 4>z(x) = 0; when 4>z(x) assumes positive values, 

the solution (A,B)Cv is stable with respect to mechanical mixtures of (A,B)Cu 

and (A,B)Cw, whereas for 4>z(x) < 0, single phase solutions of (A,B)Cv 

become unstable. 

We further note that the equations satisfy the following boundary condi¬ 

tions: 

(4a) 

(4b) 

^(AJ^Atv) = ^ = AGZACv 

*Z{A)[XA(v) = °] = AGZBCv 

^Z(B) tXB(v) = ^ = AGZBCv 

= = AGZACv 

So far, the relations discussed have dealt only with partial quantities. Know¬ 

ing both partial disproportionation functions an<^ ^(B)’ ^nte8ra^ 
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free enthalpy of disproportionation, (^(jc)« of the solid solution (A,B)Cv 

is given by: 

*Z(X)= XA(v) * ^(A) + XB(v) ' ^7(6) ’ 
(5) 

where xA . v and x... . are the mole fractions of the phases AC and BC 
A(v) B(v) (27) v ^ 

% * * respectively. It could be shown' that both partial functions, 

and 4>2(b)* are identical, and, since x^vj = ^ * xB(v)* are e<*ua* t0 tlie iute8ra^ 

free enthalpy of disproportionation of the ternary phase solution (A,B)Cv, vis., 

4>z(x) 5 <i>z(A)(xA) S <I>Z(B)<XB) (6) 

The stability of the ternary phase solution is therefore given by the partial 

free enthalpies of disproportionation of either of the two boundary phases; 

the Z-functions, as we will refer to the quantities later on» offer, there¬ 

fore, a very convenient means of comparing the stability of a phase solution 

with those of mechanical mixtures of neighboring phase solutions. 

In order to evaluate the above relations qualitatively, we have to 

know the free enthalpies of formation of the binary phases at the respective 

semimetal contents, as well as the compositions of the coexisting phases in 

the two-phase ranges adjoining the three-phase equilibria. 

From the data compiled by E. K. Storms^*^, H. L. Schick^^ , and 

Y.A. Chang^3°\ as well as from values back-calculated from ternary phase 

diagrams^”’ we obtain the data listed in Table 4 for the niobium carbides, 
° Í16 321 

after linearization of the expressions. For the molybdenum carbides' ’ , 

the data presented ’n Table 5 were used as the basis for the calculations. 

Using the same assumptions, namely, constant semimetal contents 

of the piiase solutions, the tie line distribution within the three, two-phase 

equilibria adjoining the three-phase range (A, B)C + (A, B)C + (A,B)C is 
U V W 

governed by the conditional equation' * (T,p = const): 
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SAG 
f. (A, B)C u 
8x' 

8AG 
f(A,B)C 

8x' 

8AG 
f. (A, B)C w 
8x' 

(7) 

Table 4. Free Enthalpy Data of Niobium Carbides 

(T > 1500-C) 

Phase 
Free Energy of Formation or Reaction 

(cal/gr. -At.Nh) 

NbC0> 7|. 

NbCo.75 

Disproportionation 
of NbCo^ss 

AGf = - 27, 350 + 0.0833-T 

AGf = - 28,250 + 0.807*T 

AG2 = 1982 - 0.54-T ; 

_J 

where x', x", and x"' denote the relative mole fractions of A, or B, respec¬ 

tively, in the solid solutions (A,B)Cu, {A,B)Cv, and(A,B)Cw. Assuming, 

for the sake of simplicity, ideal behavior for the metal and subcarbide solid 

solutions, and describing the monocarbide phase as a regular solution with 

< - 2000 cal/gr.At. metal^ we obtain, choosing the mole fraction of 

molybdenum as the concentration variable, the following conditional equations 

for the three, two phase ranges: 

1. Two-Phase Equilibrium (Nb,Mo)-(Nb, Mo) €0.^5(0^ 0, v = 0.485): 

lo8 \ 3652 - 0.61 , 

where Kj 2 stands for 

v X' 1-x" \ 2 “ * "7"- 
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with 

where 

Table 5. Free Enthalpy Data of Molybdenum Carbides 

(T > 1500°C) 

Phase 
Free Energy of Formation or Reaction 

(cal/gr. -At. Mo) 

M°Sll/2 

q-MoGj _x 

(1-x ~ 0.64) 

q-MoCj ~x 
(1-x ~ 0. 70) 

AGf = - 4, 757 - 1.36-T 

AGf = - 4, 115 - 1.69-T 

AGf s - 2,200 - 2.55. T 

2. Two-Phase Equilibrium (Nb, Mo)-(Nb,Mo)C0.7| (u = 0, w = 0.71): 

log K13 = - 0.742 + (l-2x"') , 

K 
1,3 = • 

1-x' 

3. Two-Phase Equilibrium (NU Mo)C0.4»5-(Nl>»Mo)0>7| (v=:0.485, w=0.71): 

log K2 = - 0.132 + (l-2xw) 

K stands for the expression: 
2,3 

K 
2,3 ' l-X77^ 

1-X"' 
V"ÏÏT~ 
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Although thî equations above could be solved analytically, the graphi¬ 

cal evaluation is much more convenient, especially, since non-ideality terms 

also have to be considered. Thus, from the graphical plots of the gradient 

curves for the chosen equilibrium temperatures (Figures 29a through 29c), 

the coexisting phase compositions between any two phase combinations can 

be obtained from the horizontal intercepts (gradient = const) at any one pre- 

chosen set of concentrations. 

Inserting the stoichiometry factors, u, v, w, into the equations (3a) 

and (3b), and writing down explicitly the solution terms, we obtain, after 

rearranging, for the Z-function of the solid solution (Nb,Mo)Cj/2 : 

-. HI ***• , 0-3« 
X • X 

*ZNbC,/2 = ^ZNbC,,/ W +RT'ln T ,(Nb> ' (8a> 
-vl/2 -vl/Z (Nb) 

or, the equivalent expression applying to MozC: 

0.658 0.342 

Wl/l^ZMoClA+20'’l><1-Wl+RT ln lí¾fË•, 
(8b) 

The equilibrium jompositions at the metal and monocarbide solid solu¬ 

tions (x'.x1") can be obtained for a series of preselected values of subcarbide 

compositions (x") from the gradient curves, and 4>z(x) is computed from rela¬ 

tion (7a) or (7b). 

Carrying out the detailed calculations, we obtained the curves shown 

in Figure 30. By definition, the intercepts at 0 and 100 atomic percent molyb¬ 

denum correspond to the free enthalpies of disproportionation of the binary 

phases NbC^ and MoC ^, respectively. As can be further seen from the 

graphical presentation of the Z-function for the subcarbide solution in Figure 30, 

the stability of the Nb2C-rich solid solution decreases rapidly upon incorporation 

of molybdenum into the lattice; the intercepts of the curves <j>z(x) with the 

56 



f 

Figure 29(a). Free Enthalpy-Gradient Curves at 1800°K 

Figures 29(a) through 29(c). Free Enthalpy of Formation — 
Concentration Gradients for Niobium-Molybdenum Alloys and Solutions 
of Niobium-Molybdenum Carbides. 

(Dashed Lines: Phase Compositions Coexisting in Three-Phase 
Equilibria). 
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Figure 29(b) Free Enthalpy-Gradient Curvea at 2100*K 
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Figure 29(c). Free Enthalpy-Gradient Curves at 2500*K 
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Figure 30. Calculated Integral Free Enthalpies for the Disproportionation 
of the Solid Solution (Nb, Mo) C into (Nb, Mo) and (Nb, Mo) 
Solid Solutions. I_x 
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line <J>^(x) = 0, which coincide with the stability limits of the Nb C-solid 

solution, lies at least 10 mole percent Mo.C for all temperature^ below 

solidus. Although hypothetical, the Z-function for the subcarbide solution 

calculated for 3000#K indicates that, even for the case that interference by 

the melt world not occur, a complete solid solution would still not be formed 

at high temperatures; in fact, due to the decreasing relative stability of Nb C, 

the solid solubility curve is expected to show even a retrograde behavior at2 

higher temperatures. The minima of the Z-function lie in the vicinity oí 40 

atomic percent molybdenum; at the composition of the minimum at 1800°K, 

for example, the subcarbide solid solution is with approximately 900 calories 

unstable with respect to mechanical mixtures of monocarbide + metal phase; 

the relative stability of the subcarbide phase is only insignificantly affected 
by temperature changes. 

According to the calculations, and in agreement with the experimental 

observations, the solid solubilities in Mo2C are larger than in Nb C. This 

finding, on the one hand, lias to be attributed to the higher relative stability 

of the binary Mo2C, and on the other, to the large stability differences between 

niobium and molybdenum carbides, resulting in an extreme swing of the tie 
lines in the two-phase fields. 

The other equilibria in the system to be considered, namely the 

three-phase equilibria (Nb, MoJCj _x-ss + q-MoC, -ss + C, 

(Nb,Mo)Cl x-ss + Mo2C-ss + -MoC^-ss, and (Nb,Mo)CUx-ss + MoC-ss + C, 

can be evaluated by following the same procedures as above. Since the cal¬ 

culations are simple, but lengthy, they will not be described. With the vertices 

of the three-phase equilibria known, the individual phase fields in the system 

can be defined, and the coexisting phase compositions in the resulting two- 

phase fields obtained from the gradient curves. Three such temperature sec¬ 

tions, at 1800-K, 2100-K, and 2500»K. have been calculated and are shown in 
Figures 31a through 31c. 

Since, as a result of the assumptions made, only the relative metal 

exchanges are obtained from the calculations, no specific description of the 
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Figure 31(a). Calculated Section at 1800#K 

Figures 
Sections 

31(a) through 31(c). Calculated Temperature 
for the NÍ>-Mo-C System. 



c 
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Figure 31(c). Calculated Section at 2500eK. 



contours of the single-phase boundaries can be given; these boundaries, 

therefore, are shown as straight lines originating from the respective phase 

boundaries in the binary systems and terminating at the calculated vertices 

of the three-phase equilibria. 

Considering the uncertainties of the thermodynamic data for the 

boundaries phases, as well as the simplifications made in the calculations, 

we note that agreement between the calculated and experimental phase rela¬ 

tionships, especially for the equilibria in the metal-rich-region in the system, 

is exceedingly good. Major differences are encountered only for the mono¬ 

carbide phase, where the calculated metal-exchanges are considerably larger 

than the experimentally determined solubilities. Part of these discrepancies 

are certainly attributable to the fact that the thermodynamic quantities sub¬ 

mitted for the q-MoCj x refer only to a single composition (at ~40 At.% C); 

whereas, for the calculation of the ternary phase solution, the free enthalpy 

values of a cubic molybdenum carbide at a carbon content corresponding to 

that of the ternary solid solution would have to be employed. These data are 

not known, and a closer agreement between observed and calculated phase 

ranges could only be obtained by a trial and error fit of the equations to the 

experimental data, or by back-calculating pertinent datum points from the 

experimental phase diagram. However, since the primary objective of the 

present treatment was mainly to show the agreement between experimental 

and calculated phase relations by employing a straight-forward, first order 

approximation in the calculations and by using thermodynamic data available 

from the literature; this point will not be pursued at length. By the ame 

token, a further refinement of the calculated phase equilibria along the lines 

outlined previously^), and by using the present calculation as a first order 

approximation, would have to be based entirely upon assumed data for ths 

free energy variations of the phase solutions, and would, therefore, also be 

reduced to a mere data fit. A simple consideration shows, furthermore, that 

for this system the changes to be expected from a more refined treatment 

would be small indeed. 

65 



REFERENCES 

1. Work conducted under U.S. Air Force Contract AF 33(615)-1249. at 
the Materials Research Laboratory, Aerojet-General Corporation, 
Sacramento, California (Report Series AFML-TR-65-2, Part I to 
IV., 28 Volumes, 1964 to 1966). 

2. E. Rudy, F. Benesovsky, and K. Sedlatschek: Mh.Chem., 1961, 
Vol. 92. p. 841. 

3. E. Rudy, El. Rudy, and F. Benesovsky: Mh. Chem., 1962, Vol. 93, 
p.1176. 

4. E. Rudy: U.S. Air Force Contract AF 33(615)-1249, Report AFML- 
TR-65-2, Part II, Vol. Vm; March 1966 (to be submitted for publica¬ 
tion in Trans. AIME). 

5. H. Buckle: Z. Metallkde, 1946, Vol. 37, p.53. 

6. H. Braun, K. Sedlatschek, and B.F. Kieffer: Planseeber. Pulver met. 
I960, Vol. 8, p. 58. 

7. 1.1. Kornilov and R.S. Polyakova: Trans.Akad. Nauk SSSR, 1957, 
Vol. 2, p. 149. 

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

9. E.K. Storms and N.H. Krikorian: J.Phys.Chem., I960, Vol.64, p.1471. 

10. H. KimuraandY. Sasaki: Trans. Japan Inst.Metals, 1961, Vol.2,p.98. 

11. E. Rudy and St. Windisch: Planseeber. Pulvermetallurgie, 1967, 
(in print). 

12. E. Rudy and C.E. Brukl: J. Amer .Ceram.Soc., 1967 (in print). 

13. N. Terao: J.J.Appl.Phys., 1964, Vol.3, p.104. 

14. E. Rudy and D.P. Harmon: Air Force Report AFML-TR-65-2, Part I, 
Vol. V (Jan 1966). 

15. E. Rudy, St. Windisch, andY.A. Chang: Air Force Report AFML- 
TR-65-2, Parti, Vol. I, (Jan 1965). 

16. E. Rudy, St. Windisch, A.J. Stosick, and J.R. Hoffman (Submitted 
for publication in Trans. AIME). 

17. H. Nowotny andR. Kieffer: Metallforschung 1947, Vol.2, p.257. 

66 



REFERENCES (Cont'd) 

18. K. Yvon, H. Nowotny, and R. Kieffer: Mh. Chem., 1967, (tobe 
published). 

19. H. Nowotny, E. Parthe', R. Kieffer, and F. Benesovsky: Mh.Cnem. 
1954, Vol.85, p.255. 

20. G. Brauer and R. Lesser: Z. Metallkde, 1959, Vol. 50, p.8. 

21. E. Parthe' andV. Sadagopan: Acta. Cryst, 1963, Vol. 16, p.202. 

22. W.B. Pearson: Handbook of Lattice Spacings and Structures of Metals, 
Pergamon Press, New York, 1958. ~ 

23. M. Pirani and H. Alterthum: Z. Elektrochem,, 1923, Vol. 29, p.5. 

24. E. Rudy and G. Progulski: Planseeber. Pulvermetallurgie, 1967 (in 
print). 

25. H.D. Heetderks, E. Rudy, and T. Eckert: Planseeber Pulvermetallurgie, 
1965, Vol. 13, p. 105. 

26. E. Rudy: Z.Metallkde 1963, Vol. 54, p.112. 

27. E. Rudy: Contract AF 33(615)-1249, U.S. AF Report AFML-TR-65-2, 
Part IV, ‘Vol. H (Jan 1966). 

28. E.K. Storms: Refractory Carbides (Academie Presa, 1967, in print). 

29. H.L. Schick: Them’odynamics of Certain Refractory Compounds, 
Vol. II (Academic Fress, 19b6f". 

30. Y.A. Chang: U.S. Air Force Contract AF 33(615)-1249, Report 
AFML-TR-65-2, Part IV, Vol. I (Sept 1965). 

31. E. Rudy and Y.A. Chang: Planjee Proc. 1965, p.786 (Springer Wien- 
New York, 1965). 

32. L.B. Pankratz, W.W. Weller, and E.G. King: U.S. Bureau Mines 
Report of Invest. No. 6861 (1966). 

67 



Unclassified_ 
Security CUssificstion 

DOCUMENT CONTROL DATA • RID 
n««urtty c/M.Jftc.Uon »I ,1,1. body »! mnl ind.ilng mu.r b. ¢,. o^„/, c 1,,,) 

1 OeiOIMATINO ACTIUITV fCoipor.i. author; 

Materials Research Laboratory 
Aerojet-General Corporation 
Sacramento, California 

2a ACAOAT SCCUAI T> C UASSIFICATION 

Unclassified 
2» CttOUA 

N/A 
I AieoUT TITLE 

Ternary Phase Equilibria in Transition Metal-Boron-Carbon Silicon Systems 

Part II. Ternary Systems. Vol.XV. Constitution of Niobium-Molybdenum- 
-Carbon Alloys _ 

4 DESCRIPTIVE NOTES (Typa o/.raporf and Inehiilr» datas.) 

S AUTHORS) ft;I lint na Initial) 

Rudy, Erwin 
Brukl, Charles E. 
Windisch. Stefan 

S REPORT DATE 

July 1967 
Ad. CONTRACT OR ORANT NO. 

b. P ROJCCT NO. 7350 

c Task No. 735001 

AF 33(615)-1249 

TO. TOTAL NO. OP PASES 

67 
76. NO OP RCPI 

32 
So. ORI SIN A TOR'S REPORT NUMOCRfS; 

AFML-TR-65-2 
Part II. Volume XV 

A 6. Hia'm¡o!SPOny tanp adiar nuaiòara Mat nay 6a aaal#iad 

N/A 
.0 avail AsiLiTY/LiMiTATioN NOTICES This document i slïïEj^TTt D~^e c i a 1 export controir 
and each transmittal to foreign governments or foreign nationals may be made 
only with prior approval of thè Air Force Materials Laboratory (MAM), Wright- 
Patterson Air Force Base. Ohio. 

SUPPLEMENTARY NOTES 12 SPONSORINO MILITARY ACTIVITY 

AFML (MAMC) 
Wright-Patterson AFB, Ohio 45433 

IS ASSTRACT 

The ternary alloy system niobium-molybdenum-carbon was investigated 
by means of X-ray, melting point, DTA, arid metallographic techniques; a com¬ 
plete phase diagram for temperatures above 1500*C was established. 
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phase in the molybdenum-carbon system form an uninterrupted series of solid 
solutions. The ternary range of the pseudo-cubic q-Moj-xis very restricted. Di¬ 
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The results of the phase diagram investigation are discussed, and the 
thermodynamic interpretation identifies the low reUtive stability of the binary sub- 
carbides in conjunction with the large stability differences between niobium and 
molybdenum carbides as the cause for the formation of a stable equilibrium be¬ 
tween the monocarbide and the metal phase in the ternary region. 
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