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FOREWORD 

The research described in this report was carrieC:: 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 direc­
tion of the Air Force Materials Laboratory, Research and Technology Division, 
with Lt. P. J. Mar.chiando acting as Project Engineer, and Dr. E. Rudy, 
Aerojet-General Corporation, as Principal Investigator. Professo_r Dr. Hans 
Nowotny, University of Vienna, Served as Consultant to the project. 

The project, which includes the experimental and theoretical inve sti­
gations of ternary and related binary systems in the system classes Me

1
-Me -C, 

Me-B-C, Me
1
-Mez-B, Me-Si-B, and Me-Si-C, was initiated on 1 January 1%4. 

T c present report summarizes the investigations in the binary 
molybdenum-carbon system. A unabridged version of the present report has 
been submitted for publication in the Transactions of the AIME. 

The authors wish to acknowledge the help of Messrs. J. Pomodoro 
and R. Cobb during the course of the experimental work; Mr. W. E. Trahan, 
Quality Control Division of Aerojet-General Corporation, for supervising 
the chemical analytical work, Mr. R. Cristoni for the preparation of the 
illustrations, and Mrs. J. Weidne::- for typing the report. 

The manuscript of this report was released by the authors in January, 
1967 for publication as an R TD Technical Report. 
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ABSTRACT 

The binar~, alloy system molybdenum-carbon was investigated by means of X-ray, metallographic, thermoanalytical, and n elting point tech­niques on chemically analyzed specimens. The system (Figure 39) is char­acterized by three congruently melting, intermediate phases, Mo C, T)-MoC
1 

, and a-MoC 1 , of which only Mo C is stable at temperatures belo~ 1650 °c. -x Substoichiom~tric (<32.5 At% cfdimolybden m carbide undergoes a homo­geneous sublattice or der-disorder transformation at temperatures of approxi­mately 1400°C, whereas hyper stoichiometric compositions undergo a dis­continuous phase-change. The order-disorder transitions in the Me
2
C phases are discussed in terms of the structural changes involved in the transiorma­ti.on processes and the absence of long range sublattice coherency in stoichio­metric or hyper stoichiometric compositions attributed to the impossibility of obtaining long range order in a linear chain of G.1 ternating carbon atoms and vacancies . 

From the experimental phase relationships and the known thermo­dynamic data for Mo C, limits for the free energies of formation for the high temperature phases 
2
17-MoC and a-MoC are de.rived and found to be in good agreement with data p:e~iously obtaihet from phase equilibria in ternary metal-carbon systems. 

This abstract is subject to special export controls, and each trans­mittal to foreign governments or foreign nationals may be made only with prior approval fo Metals and Ceramics Division, Air Force Materials Lab­oratory, Wright-P1tterson Air Force Base, Ohio 45433. 
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I. INTRODUCTION AND SUMMARY OF PREVIOUS WORK 

In the course of studies of the high temperature phase relation-
ships in ternary systems of refractory transition metals with carbon( l), a 
number of inconsistencies found in previous work necessitated a reexamina­
tion of some of the related metal-carbon binaries. A reassessment of the 
binary system data also seemed to be desirable, because the thermo­
dynamic evaluation of the phase equilibria in certai ternary metal-carbon 
systems pointed to the existence of sublattice disordering reactions in the 
Me

2
C-Phase(Z) at high temperatures. In the meantime, the occurrence of 

these order-disorder transformations had been ascertained by differential­
thermoanalytical techniques( 3), although the reactions were not investigated 
in closer detail at that time. 

In the molybdenum-carbon system, the existence of at least three 
intermediate phases, Mo C, TJ-MoC

1 
, and a-MoC

1 
, of which the latter z -x -x 

two are stable at high temperatur e s only, is known from previous work and 
the structures of these phases are establishei

4
) (Table 1). There is general 

agreement, that the solubility of carbon in molybdenum is small( 4). 

Dimolybdenum carbide, with a hexagonal close-packed arrangement 
of metal atoms(4 , I 3), is only pseudohexagonal; the ordered distribution of 
the carbon atoms require s the adoption of an ortho•'hombic cell, whose 
dimensions are related to the hexagonal cell dimensions by a = ch ; 

(8) o . r. ex b = Za ; and c = a -f31 . o.r. hex o.r. hex 

The structure of the hexagonal TJ-MoC
1 

is closely related to the (9) -x Bl-type . The phase occurs in the concentration range from 38 to 
40 Ato/o C(lO, l 4) and was reported to decompose at 1450 + 100°C into Mo

2
C 

and graphite(lS). 

The cubic (Bl) a-MoC
1

_x(lO, ll) is also a h; ,: '1 temperature pha s e 
and can be obtained in pure form only by severe quenching from tempera­
tures above Z000°C(lO), or by rapid cooling under pressure(ll)_ A 

1 



Table 1. Structure and Lattice Parameters of Molybdenum Carbides 

Phase Structure Lattice Parameters, ~ 
... 

Mo
2
C a = 3 . 0 0 to 3 . 012 (5, 6) 

hex., c =4. 732 to 4. 735 
L'3-type 

a =3.0028 (7) at MoC 
c =4.7288 

orthorh. a =7.244;b =6.004, C =5, 199(S)* 
n1• 

0 0 0 

Zh 

hex., a =3. 006(9) a =3.013 t MC ( 10) 11-MoC • a o "' ·•/l t-x D6h c =l4.61 c =l4. 64 " 

a-MoC t-x cub., a =4.27 ( 11) 
B 1-type c =4.281 (10) 

** 
hex., a =2.898 (l2 ) -y -MoC 
WC-type c =2.809 

** -y'-MoC hex., a =2. 932 ( 12 ) 
P63 / mmc c =l0.97 

* The orthorhombic axes of the Mo
2
C-order structure are related 

to the hexagonal cell by: a = ch ; b = 2ah ; c = ah ../31 o ex o ex o ex 

** Probably oxygen-stabilized phases. 

decomposition temperature of approximately 2000°C was estimated from 
thermodyna . iic calculations(lO, 14), but recent investigations by T .C. Wallace 
et al. (l

5
) indicate temperatures above 2100°C. The phase exists only at a 

carbon defect of approximately 10 atomic percent(lO, 14). 

J .L. Lander and L.H. Germer(l
6

) claimed to have found a cubk 
Mo

2
C in the reaction products of molybdenum carbonyl-steam mixture -., . A 

2 



carbide having the tungsten monocarbide structure( 5, 12 ) ('y-MoC) was said 
to be unstable below 700°C(l 7), whereas another hexagonal monocarbide 
('y'-MoC, space group P63/ mmc) was reported to result from the low tempera­
ture carburization of molybdenum<

12 >. The suppositions of R. Kieffer and 
F. Benesovsky( 4), attributing the appearance of thP.se phases due to oxygen 
stabilization, seem to receive support from a recent observation of oxycarbides 
of corresponding structure by I. F. Ferguson et al. ( lS) 

On the metal-rich side of the system, a eutectic between Mo and 
Mo

2
C is formed at 2200°C( 19• 2 0) and 12. 8 At% C(l 9). T. Takei(2 l) places 

the eutectic composition at 25 At% carbon. 

Dimolybdenum carbide forms in a peritectic reaction at tempera-
tures near 2400°C( 15• 19• 20• 22 ). Other measurements of the maximum solidus 
temperature for thi. s phase yielded 2230-2330°c<23), and 2690 + 50°c< 24). 
The monocarbide was said to melt congruently at 2570°c<23) a:d 2650°C(9, 24), 
respectively; however, according to T. C. Wallace et al. ( l 5), the stoichio­
metric composition melts heterogeneously at 2575 °C. A eutectic MoC + C 
was reported at approximately 2400°C and 70 At% c<4• 9>, but a peritectic 
isotherm at 2560°C also was proposei25). 

II. EXPERIMENTAL 

A. STARTING MATERIAL AND ALLOY PREPARATION 

The elemental powders, as well as a specially prepared 
master alloy of Mo

2
C, served as the starting materials for the preparation 

of all other experimental alloy samples. The molybdenum powder (Wah 
Chang Corporation, Albany, Oregon) had the following major impurities 
(contents in ppm): 0-1120, Si-<200, N-60, C-140, Fe-<20, Ni-40, Co-50, 
sum of other metallic impurities (Al, Cr, Cu, ~g. Mn, Pb, Sn, W. Ti)­
<600. The overall purity of this starting material was better than 99. 75%. 
A lattice paran,eter of 3.1473 ~ was obtained from a Cu-K powder pattern. a. 

3 



The Mo
2
C master alloy was prepared by reacting the care­

fully blended and cold-compacted mixtures of molybdenum and carbon for 

2 hours at 1600 to 1900°C under a vacuum of< 10-
4 

Torr in a graphite element 

furnace. The reaction lumps were crushed and ball-milled under carbon 

tetrachloride to a grain size below 60 microns. The powder slurry was then 

centrifuged, the resulting cake washed, and traces of cobalt-pickup from the 

carbide-lined ball mill jars were removed by leaching in a hot SN mixture of 

sulfuric and hydrochloric acid. The resulting produc had a total carbon con­

tent of 32. 7 + 0.2 At%, of which 0.2 Ato/o were present in elemental form. 

Other contaminants included (in ppm): 0-70, N-<10, Si-<100, sum of other 

impurities-<700. 

The spectrographic grade graphite powder was purchased from 

Union Carbide Corporation, Carbon Products Division. The total impurity 

content was below 2 ppm, and lattice parameters of a =2. 463 .5t., and c =6. 729 5t 
were obtained from an exposure with Cu-K, radiation. 

The majority of the experimental alloys were prepared by 

short-duration (2 to 5 minutes) hot pressing<26
) of the carefully blended powder 

mixtures in graphite dies. The temperatures employed generally varied 

between 1650 to 2100°C. After hot pressing, the surface reaction zone, which 

typically was approximately 0. 2 mm thick, was removed by grinding, and the 

uncontaminated core of the alloy samples subjected to prehomogenization 

treatments at 1800 and 1500°C in a tungsten mesh element furnace (R. Brew 
-5 

Company) under a vacuum of better than 5 x 10 Torr. One piece of each 

alloy was also arc-melted. The prehomogenized alloys were then analyzed 

and used as stock material for the further studies. A limited number of 

samples, mainly for melting point and OTA-studies on excess molybdenum­

containing alloys, was also prepared by cold-pressing and subsequent sinter­

ing o! the compacts at 1600°C under vacuum. 

B. DETERMINATION OF MELTING TEMPERATURES 

The solidus temperatures of the alloys were determined using 

the method devised by M. Pirani and H. Alterthum<27
). In this technique, a 

small sample bar with a black body hole in the center is l.eated resistively 

4 



between two water-cooled electrodes to the temperature of the phase change. 

The temperature of the sample is measured optically with a disappearing­

filament type micropyrometer through a quartz window in the furnace wall. 

A small hole, in the order of 0. 6 to 1. 0 mm in diameter and 4 to 6 mm deep, 

drilled or pressed into the sample, serves as the reference point for the tem­

perature measurements. Design details of the apparatus used in this labora­

tory, as well as calibration procedures for the temperature measuring instru­

ments and the determination of the correction factors to be applied for the 

quartz window are reported elsewhere(ZS) and need therefore not be treated 

in any length here. 

In the measurements of molybdenum-carbon alloys, the speci­

mens were held under slight c.:ompression ("' 200 gms) between the water­

cooled copper electrodes, and heated under vacuum to temp ratures between 

1800 to 2000°G. The samples were held at this temperature until the vacuum 

stabilized and no further degassing was noticeable. The furnace chamber was 

then pressurized to approximately tw , atmospheres with high purity helium 

and the temperature of the specimen was slowly raised until melting occurred. 

Apart from a few initial runs under vacuum, where carbon losses between two 

and five atomic percent in the melted zone were encountered, the a,naly~ed 

carbon contents after melting agreed, as a rule, within one atomic percent 

with the nominal concentrations. 

Contamination of the as-melted alloys by oxygen typically was 

less than 60 ppm and its possible effect upon th phase relationRhips will 

therefore be disregarded in the discussion of the experimental results. 

In order to separa~e the relative accuracies obtained in the 

temperature measurements frorn the calibration errors and the temperature 

uncertainties in the calibration standard, the temperature figures in the text, 

unless otherwise designated, refer to the reproducibility of the measure­

ments. To obtain the overall temperature error limits, the standard devia­

tions in the measurements (er ) have to be combined with the calibrati n 
m 

errors (er ) according to 
C 

5 



IT tot = + ✓ CT~ + IT~ 

Representative valuf";S for the calibration uncertainties, 

are given in Table 2. 

CT , for our instruments 
C 

Table 2. Temperature Uncertainties for the Micro-Optical 

Pyrometers ("' 90% Confidence Level). 

Temperature, Uncertainty 
oc + oc -

1100 4 

2000 7 

2300 8 

3000 10 

3600 25 

C. DIFFERENTIAL AND DERIVATIVE THERMAL ANALYSIS(
3

) 

Using graphite and tantalum monocarbide as comparison 

standards, and using graphite as container for the specimens, the differen­

tial thermal behavior of approximately 30 different alloy compositions was 

studied. Alloys containing less than 33 atomic percent carbon carburized 

rather rapidly above 2000°G, and therefore, for these compositions, the 

container walls were lined with tantalum carbide to keep the interaction at a 

tolerable level. Each sampl e was studied at heating and cooling rates vary­

ing between O. 5°C and l8°C per second. The temperatures of the thermal 

.:Lrrests were detected by an infrared radiation thermometer and were in­

dependently measured with a disappearing filament type micropyrometer 

sighting through a separate quartz port in the furnace. 

6 



In addition to the OTA-measurements as described above, 

additional derivative thermal analytical studies were carried out in another 
unit, which essentially eliminates the problems arising from the interac­

tion between the test specimen and the container materia1< 29>. In this setup, 

a bar -shaped specimen is heated resistively in th,~ melting point furnace and 

the temperatures are measured photoelec~rically through the quartz por t 

from outside the furnace. The principle of operation of the radiation detec ­

tion part of the system is shown in Figure 1. 

HEATED 
SPECl,.,EN 

x- x 

... ,, 

Y- Y 
SERVOMOTOR 

y PYROMETER 

', 
, ' X 

y 
SYSTEM PIVOT 

ll 
aT at 

61 _l_ ________ ,.__ 

T 

X -Y RECORDER 

T 

AMPLIFIER AND 
DIFFERENTIATING 

NETWORK 

X - X VOLTAGE AND 

Y- Y VOL TA tiE AND 
POWER AMPLIFIER 

RAD/A TION TRACKING 
TRANSDUCER 

y y 

. .. ·I------+---' 
• ······ . __ __ _, 

P-N 

SIGNAL 
CONTROLLER 

TEMPERATURE 
CQf,,ff,,fAND INPUT 

Figure 1. Principle of Operation of the Derivative Thermal 

Analysis App,.ratus. 
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An enlarged image of the black body hole, after passing 
through a beam splitter, is focussed by the lens systems L

1 
and L

2 
onto a 

photocell, whose output is amplified and differentiated with respect to 
time. The time derivative of the temperature is then plotted against the 
amplified output by means of an X··Y recorder, or displayed on the screen 
of an oscilloscope. The output of the photo-diode is compared with the out­
put of a ramp generator (temperature command input in Figure 1), thus pro­
ducing an error signal, which is amplified and used to control the power 
delivered to the sample. For the apparatus described, controlled heating 
and cooling rates varying between approximately 5 and 120°G per second 
can be obtained. 

Thermal expansion, sinter ing, sagging, and other effects, 
occurring during heating or cooling, tend to displace the radiation source 
relative to the detection system, causing undesirabJ. e noise in the output. 
To eliminate this problem , the entire radiation detection system is mounted 
on a X-Y tracker, each coordinate movement being independently controlled 
by a servomotor. Deviations from the preselected null-position are detected 
by focussing a separate image of the radiation source by means of a lens 
system L

3 
onto a X-Y radiation trackingtransducer. The outputs of the track­

ing cell, after passing thrru gh a high gain voltage amplifier and a final 
power amplification stage, are used to drive the control windings of the two 
servomotors, thus keeping the image of the black body hole properly positioned 
on the photodiode throughout the experiment. 

D. HIGH TEMPERATURE EQUILIBRATION AND QUENCHING 
STUDIE.5 

Preliminary experirre nts indicated that for the majority of 
the high-carbon alloys the cooling rates in the tungsten vacuum furnace were 
too slow to regain the high temperature equilibrium states. The studies of 
the phase relationships prevailing at high temperature( > 1400°G) were there­
fore carried out on alloys, which were quenched either by rapid cooling 
after equilibration at the desired temperature in the melting point furnace, 
or, more effectively, by using the quenching arrangement shown in Figure 2. 

8 



! 
Hydraulic ram 

-Heater 

Graphite sample container 
Specimen observation hole 

Specimen 

Graphite diaphragm 

Tin bath 

Heater coils 

Figure 2. Experimental Quenching Arrangement. 

A similar arrangement, but with the graphite diaphragm replaced by a porous graphite plug, was employed for the determination 
of the composition of the carbon-saturated melt (Figure 3). To achieve 
rapid equilibration in the latter arrangement, the molten alloy was slowly 
pressed through the porous graphite plug, and the c~~rbon-saturated drop­lets collected and quenched in the chann . protruding from the center por­tion of the heating element. 
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Graphite piston 

Graphite heater 

Sample container (graphite) 

Specimen 

c;:::~- Observation hole 

Porous graphite plug 

Carbon-saturated pellets 

Figure 3. Experimental Arrangement for Determining the 

Composition of the Liquidus in Equilibrium with 

Graphite. 

E. METALLOGRAPHIC, X-RAY, AND CHEMICAL ANALYSIS 

For microscopic examinations, i.h~ 1:1pt:l:i.1ut:uis wt:.1· t: .1uuuutt:u 

in ~ mixture of diallylphthalate and lucite-coated copper powder and pre­

ground on silicon carbide papers. They were polished and etched on micro­

cloth, using a slurry of Linde "B" alumina (0. 05 µ) in a 5% chromic acid solu­

tion and were etched using Murakami's reagent (10 gms K3Fe(CN)6 and 10 gms 

KOH in 100 ml water). 

10 



Carbon was determined in the well-known manner by com­

bustion and subsequent conductometric analysis of the gas mixture. For 

the determination of free carbon, the powdered alloys were dissol red in 

a mixture of J1itric and hydrofluoric acid, the undissolved graphite flakes 

filtered off . and the amount of residual graphite determined by combustion. 

Oxygen and nitrogen were hot extracted in a gas fusion analyzer, and low 

level metallic impurities were determined on a semi-quantitative basis, 

sp trographically. 

Since the crystal structures of all phases were known, only 

powder diffraction patterns, using CuKa radiation, were prepared from 

all experimental alloys. 

m. RESULTS 

A. PHASE EQUILIBRIA IN THE METAL··RICH PORTION OF 

THE SYSTEM 

For mnlvbdenum a meltim~ ooint of 2619 + 9°C was obtained 
✓ _., .. -

from 9 measurements on samples which included cold-pressed and high 

vacuum-sintered, as well as electron beam melted stock. The solubility of 

carbon in molybdenum was not specifically investigated, but three alloy~ hav­

ing nominal carbon contents of O. 5, 1. 0, 1. 5 atomic percent appeared to be 

all two-phased after quenching from 2000°G; the solid solubility at this tem­

perature must therefore be lc'.•:er. This finding is in agreement with earlier 

work( 19•21 • 3<l, where the following solubility limits were reported: 0. 04 

to O. 07 At% C at 1650°G, 0.1 At% C at 1925 °C, and a maximum of 0.15 Ato/o 

at 2200°C(30). In alloys quenched from 2200°G, however, precipitations in 

molybdenum became visivle, which indicates that the solubility must exceed 

the maximum solubilities reported previously. Based on the tnetallographic 

findings, the upper solubility limit at the eutectic temperatur i: was laced at 

1. 5 atomic percent carbon. 

The eutectic temperature of 2200°G was confi:r>r.1ed by melting 

point measurements ( Table 3), as well as by differential thermoanalvtical 
I • 

studies (Figure 4). The eutectic composition, located to within _:t 2 atomic 

percent at 17 atomic percent carbon by metallographic inspection of melted 

alloys (Figure 5), lies about midway between the previously r eported composi-
' 

tions. 11 
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Table 3. Melting Temperatures of Metal-Rich Molybdenum-Carbon 

Alloys 

Melting Temperatures, -~ 
Numb r of Specimen 

At% C Runs Incipient Collapsed Melting 

5.2 1 2211 2451 Heteroge neous 

10.3 2 2208 + 4 2260 + 10 Heterogeneous - -
14.0 2 2204 + 5 2205 + 5 Fairly Sharp - -
18.5 2 2201 + 4 2201 + 4 Sharp - -
20.0 2 2198 + 4 2198 + 4 Sharp - -
21.6 2 2200 + 4 2206 Slightly Heterog. -
22.8 2 2206 + 5 2221 Heterogeneous -
24.1 2 2208 + 4 2226 Heterogeneous -
26.3 2 2235 + 10 - 2309 Very Heterog. 

27.5 2 2267 + 8 - 2313 Very Heterog. 
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Figure 4. DTA-Thermogram (Cooling) of a Molybdenum­
Carbon Alloy with 20 Atomic Percent Carbon. 
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Figure 5. Micrographs of Samples in the Mo + Mo C Eutectic Region.

B. THE DISORDERING REACTION IN Mo^C

DTA-runs on slightly substoichiometric alloys revealed a 
sharp thermal arrest at temperatures around 1400°C (Figureb); however, 
the thermal behavior changes abruptly, as either stoichiometric or substoichio- 
metric compositions are approached, or the carbon content of the alloys is 
further reduced. Thus, while the arrests in the alloys containing 32.5 and 
32.7 atomic percent carbon are very well defined, the corresponding thermal 
effects in the alloy at 31.9 atomic percent carbon are smaller and occur 
more gradually and, furthermore, indicate the initiation of a second reaction
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Figure 6. DTA-Thermograms (Cooling) of Mo-C Alloys 

Located Within the Homogeneity Range of the 

Mo
2
C -Phase. 
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taking place at somewhat lower temperatures. The identical thermal arrest 

pattern was observed in the alloy containing 31 atomic percent carbon, 

although the thermal effec ts were still less pronounced. 

Towards higher carbon contents (alloy at 33. l At% C in 

Figure 6), the apparent reaction onset moves to lower temperatures, while 

becoming seemingly sluggish. Here again, a second thermal arrest appears 

at ""1200°C on the down cycle in slow speed runs, but disappears when the 

cooling rates exceed approximately 8 °C per second. The same type of arrests, 

only in reverse order, appear on the heating cycle of these alloys (Figure 7) . 

Heating rotes: 3°C· sec- 1 

31.9 At % C 

u 
~ 
0:: 
w 
I 
t­o 
0 
z 

~ 1 
l 1°lc 33.1 At % C 

~...;;...-------~ 

1800 1600 1400 1200 1000 
• TEMPERATURE,°C --

Figure 7. DTA-Thermograms (Heating) of the Same Alloys 

as in Figure 6. 
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By comparing the cuTves, it is espec~ally interesting to note, that very 
little thermal lag and a sharp reaction onset is encountered in the alloys 
with 32. 5 and 32. 7 At% C, thus ruling out the possibility for the thermal 
effects to be caused by dissolution processes; in fact, the reaction within 
this narrow concentration range assumes all the characteristics of a first 
order transition, as evidenced by a thermogram taken on high sensitivity 
s cale (Figure 8). It also appeared to be unaffected by variations in the cool­
ing or heating speeds between approximately O. 5°C to 20°C per second. A 
summary of the differential thermoanalytical results on the order-disorder 
reaction in Mo

2
C, all of which are averages from multiple runs, are sum­

marized in the composite drawing shown in Figure 9. 

r 
u 
~ 
a: 
w 
I 
t­
o 
X 
w .. 
t-­
<] 

1500 

Heating rate : 3°C • sec- 1 

Cooling rate: 4°C · sec-1 

1°c 

1450 1400 1350 1300 1250 1200 
◄ TEMPERATURE, °C -

Figure 8. DTA-Thermogram of Mo
2
C Containing 32. 7 Atomic 

Per cent Carbon. 

(High Sensitivity Scale.) 
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Open symbols : Weak thermal arrests 

..... Curietemperatures for substoichiometric Mo2C 
___ Oisplacive transformation of Mo2C 

36 

Figure 9. Summary of DTA-Results Concerning the a-13-
Transition in Mo

2
C. 

To delineate more closely the existing phase relations in the 
transition region, four independent alloy series, after prehomogenization at 
2000°C, were equilibrated for 1 hour at approximately 1250°, 1350°, 1470°, 
1700°, and 2300°C, in the melting point furnace and quenched by shutting off 
the furnace power. The average cooling rates, determined by recording 
the calibrated output of a photodiode (Figure 1 ), varied somewhat with the 
sample configuration but were for all samples studied within the range from 
90 to 120°C per .,econd. 
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The temperatures of each specimen was held constant to 

within.:!:. 8°C during the equilibration treatment. Each specimen was chemi-:­

cally analyzed after the runs an4 the compositions, shown in the graphical 

presentation of tte qualitative X-ray and metallographic results in Figure 10 

are believed to be accurate to + 0. 10 atomic percent. Selected specimens 

were reequilibrated for 20 hours at 1000°C after quenching, furnace-cooled, 

and also analyzed by X-ray diffraction and by microscopic examination. 
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·~ 1600 
L4J 
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=> 
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Q.. 
~ 
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■ 1111 Cl 
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Symbol Code : 
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□ Contains Mo2C(a) 

V Contains Mo2C(t3} 

t Equilibrium not frozen in 

• ■,.. Single- phased 

0 Cl T Two -phased 

'JI'. MoiC(a )+Mo2C(/3) 

A Single-phase /3-Mo2C at the equilibrium temperatures, 
two-phase Mo2C(a')• Mo2C(/3) ofter quenching 

0 

Figure 10, Order-Disorder Transition in MozC: Summary 

of X-Ray and Metallographic Results. 
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The X-ray patterns of the alloy series equilibrated at 1470, 
1700 and 2300°C were nearly identical, and revealed only the hexagonal 
close-packed metal lattice up to carbon concentrations of 32 atomic percent. 
Alloys in the concentration range from 32 to 32. 7 atomic percent were also 
single-phased, but the splitting of certain reflections in the patterns indi­
cated a slight distortion of the metal lattice. Alloys containing between 
32. 7 to "'33. 5 atomic per ent appeared to be two-phased, containing a 
mechanical mixture of phases with identical, or nearly identical, host lat­
tice structures, but distinct cell dimensions (Figure 11). 

4 .78 0 Sinole -phosed} Hex . or 
-ct- - -0--() Two- phased pseudohex . type 

G Sinole- phased} Distorted 
IIC( 4 .76 II Two- phased cell 
.!: 
0 

4 .74 

Disproport ionated 

4 .72 durino coolino 

6 .04 

ee1 6 .02 ~ -- ()--- ()- -
C I 
.a I 

~ 6 .00 Homooeneily limit 1 
ot 2300°C 

5.98 

5.22 . 
- ()- -- <t--eel 

.s 
u 5.20 

5. 18 

30 31 32 33 34 35 36 
-- ATOMIC o/o CARBON 

Figure 11. Lattice Parameters of Mo C Cooled at 
Approximately !. 00°C per Second from 2 300 °c. 

(Orthorhombic Axes) ~ • 
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The samples located in the compo :; ~tion range bdween 

33. 5 to 34 atomic percent carbon were again single-phased, and showed 

only the undistorted hexagonal pattern, but with signifi-:antly increased c­

spacing (corresponding to the a-axis in the orthorhombic setting). The 

metallographic findings (Figure 12) a re in essential agreement with the 

X-ray data (Figure 11) 1 and furthermore indicate the presence of the phase 

mixture in the vicinit y of the stoich iometr ic comp o s ition as being due to a 

disproportionation of an originally homogene u s pha se during cooling through 

the critical temperature range (Figure 12 -b). The occurrence of the dis - · 

torted modification after rapid cooling fro m above 1400°C is always accom­

panied by the appearance of heavy s lip lines within the Mo
2
C-grains (Figure 13). 

Figure 13. Slip Lines in Mo
2
C (32. 5 At% C). 

Alloy Cooled at"' 100°C per Second 
fr om l 700°C . 

(Vertically Illuminated for Improved 
Phase Contra s t .. ) 

22 

X475 



4 .77 -

4 .76 
ocX 
.S 4 .75 
0 

4 .74 

4 .73 

4 .72 

6 .04 

6 .03 
ocX 

C 
6 .02 

.0 

6 .01 

6 .00 

5 .22 

oci 5 .21 
C 

u 5 .20 

5 .19 

~....-.c:::J-{J- - -CJ­- - - () ...A.1"'1:.:] - i-
i I 
I I 

I 

- - -(J-

30 31 32 33 34 35 36 
ATOMIC % CARBON-'-+ 

0 Single-phased} 
0 hexagonal or pseudohexagono1 type Two-phased 

[:] Single - phased } 
orthorhombically distorted cell 1J Two-phased 

Figure 14. Lattice Parameters of Mo
2
C, Quenched After 

Equilibration at 1350°G. 

Esst!ntially the same find.i.ng s were obtained in th~ alloy 
series equilibrated at 1350°G, although the two-phase gap between the two 

modification appears somewhat larger; th displacive transformation lea d­
ing to the distortion of the hexagonal or p s eudohexagonal cell is such that 

one axis becomes elongated whereas the c,ther one appears compressed 

with respect to the ideal dimensions of the hexagonal lattice (Figure l<i). 
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Figure 18. Lattice Parameters and Unit Cell Volume of 
Mo

2
C in Tin-Quenched (l 700°C) Alloys. 

(Hexagonal Axes) 

vicinity of 1200°C, (Figure 6) was studied and confirmed by X-ray and metal­
lographic, as well as by chemical analytical means on specimens which were 
equilibrated at temperatures slightly above and below the isothermal reac-
tion line, and then quenched. The reaction (Figure 19) is a nucleation and 
growth process, and proceeds with comparatively low speed in alloys with 
less than 33. 8 atomic percent carbon; the observed higher reaction rates in 
hypereutectoid compositions leads one to suspect that nucleation of the graphite 
phase might be the rate-determining step. 
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Phase homogeneity at l000°e exists between 32. 0 and 32. 6 
atomic percent carbon; the only modification present at this temperature is 
the distorted ordered form of Mole, having lattice parameters of a =4. 731 5l, 
b=6. 02 7 5l, c=S .199 R, at the low carbon end, and a=4. 733 5\, b =6. 042 R, 
c =S. 202 R in alloys containing excess graphite. 

Independent experimental evidence for the reactions occurring 
in Mo e within a very limited composition interval was also gained through 2 

diffusion experiments performed at ll00°e, 2Z00°e, and 2000°e. The base 
alloys, consisting of molybdenum and of Mo

2
e (32 At% e), were prepared by 

hot-pressing in graphite dies. After hot-pressing, the excess graphite 
from both ends of the cylindrical specimens was cut off, and interdiffusion 
between the sample core and the graphite shell allowed to take place, while 
heated under high purity helium. 

In the experiment series conducted at l000°e, only one inter­
facre layer, identified as Mo

2
e(n) by X-ray diffraction, had formed between 

graphite and molybdenum. In the high temperature experiments, three 
distinct carbi.do phases, corresponding to Mo 

2
e, 11-Moe

1 
, and a -Moe

1 
, -x -x 

are discernible (Figure 2 0). The zone adjacent to the core conta ining excess 
molybdenum shows the characteristic unidirectional molybdenum preci_ ita­
tions in substoichiometric (<30 At% e) dimolybdenum carbide. The veining­
type substructure adjacent to the single phase zone consists of disproportion­
ated J'-phase. Although the interface appears, at a first glance, to be 
relatively sharp, a closer examination reveals (Figure 21) that no true phase 
boundary does exist. 

With increasing carbon contents, the veining-type decomposi­
tion structure gradually disappears and is replaced by a single-phase region 
at the eutectoid composition, wher e the comparatively slow reaction rates 
have retained the Mo

2
e(l3)-phase. 
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XlOO
Figure 20. Molybdenum + Graphite Diffusion Couple 

(14 Minutes at 2300°C, Cooled at 14*C per 
Second).

A.............Mo^C with Molybdenum Precipitations
B.............Mo^C(Q.a’)
C.............Mo^C(a) + Mo^C(P), Disproportionated During Cooling
D.............Mo^C(P), with Precipitations of t)-MoC| ^
E.............ti-MoCj_^+ q-MoCj_^

The microstructure of the compositions lying between that of the eutectoid
and the interface Mo^C----- tj-MoCj ^ is characterized by heavy, unidirectional
precipitation on r|-MoC,_^ from the hyper stoichiometric dimolybdenum car­
bide formed during cooling (Figures 22 and 23). The sequence of phases 
present in the various diffusion zones was also confirmed by X-ray diffraction 
analysis of the mechanically separated reaction layers.
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Figure 23. Zone D-E from the Sample Shown in 

Figure 20.
Unidirectional Precipitation of ti-MoCj_ from Hyper- 
stoichiometric Mo C(P)(D), and Partially Decomposed 
ti-MoC, JE).

C. MELTING AND HIGH TEMPERATURE HOMOGENEITY 
RANGE OF Mo^C

Towards higher temperatures, the width of the hoTnooeneons 
range of the Mo^C-phase increases. The phase extends from 26 to 34.4 At% C 
at the Mo + Mo^C eutectic temperature, and to approximately 36 At% C at 
2510*’C, the temperature of the reaction isotherm Mo^C(p) + t|-MoC| Pre­
cipitation of molybdenum from alloys containing less than 30 atomic percent 
carbon occurs very rapidly and could not be prevented in our experiments, 
nevertheless, the high temperature phase boundaries could be delineated 
fairly accurately by the appearance of the microstructures following quench­
ing (Figure 24). Precipitation of q-MoC, from the hyper stoichiometric 
(>34.5 At% C) carbide also appeared to be fast, and alloy compositions beyond 
approximately 34.7 At% C were not retained single-pnased.
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The solidus temperatures of the Mo C-phase were determined 
2 

on three independent alloy series, whose compositions were ascertained to 
.:!:. O. 2 Ato/o C by chemical analyses performed after the runs. The average 
reproducibility limits in the temperature measurements were better than 
.:!:. l0°C. Although the measured data do indicate a melting anomaly in the 
vicinity of 32. 5 At% C (Figure 25} the small temperature differences in­
volved probably do not justify assuming the existence of a melting point m ini­
mum at this composition. 

2600------------------------- --------
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0 

w 
a::: 

2550 

A Incipient melting 

• Specimen collapsed 
O Isothermally molten 

I Reproducibility limits from at 
least two measurements 

=> 2500 
~ 
a::: 
w 
Cl. 
~ 
w 
I- 2450 

30 31 32 33 34 35 
ATOMIC % CARBON 

Figure 25. Experimentally Observed Melting Temperatures 

for Mo
2
C Alloys. 
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D. THE HIGH TEMPERATURE PHASE5 11 - MoC
1 
-x AND 

a -MoC1 _x PHASE EQUILIBP.IA IN THE CARBON-RICH 
PORTION OF TH1~ SYSTEM. 

Two closely spaced melting point maxima, one at "' 39 At% C and 2550°C, and the other occurring at 42 At% C and 2600~C (Figure 26). 
were identified as being due to congruent melting of the TJ-MoC

1 
and the 

-x a-MoC1 phase, respectively. The formation of a eutectic at "-2580°C is 
-x 

further indicated by the slight drop in the melting temperatures in the 
alloys located beyond the congruently melting composition of a-MoC

1 
• 

-x 

2600 

-

,;e•e, - - -\ ..... _ :9-,, \ - --u - re--~•- ----0 .. ,, w 
It er 

~-., I 
:::, 2550 

I a-MoC1_x c 
~ 
<{ 

I 
er 

I 
w 

I ~ Cl. 
I ~ I ~ X 
I • Isothermally molten 

w I ' d I 2500 X ~ I \ I 1I u I \ - ,1 0 u 
~ I \ 0 ,, 

\ ~ I I I II 0 
I \ ~ ,, 
I \ 

2450 36 
., 

38 40 42 44 46 48 
ATOMIC % CARBON • 

Figure 26. Melting in Carbon-Rich Alloys. (Average Reproducibility 
Limits ,:t 5°C, ,:t O. 3 At% C). 

Note: Due to the small temperature intervals between the solidus and liquidus curves, the specimens appeared to melt isothermally. 
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The homogeneous range of T)-MoC
1 

at temperatures up to -x 
2000°C was found to be small (Figure 27), and extends to larger defect 
compositions only at temperatures approaching melting. However, due to 
the extremely rapid rates of disproportionation, it proved to be impossible 
to retain alloys with less than 38 At% C as a single phase. 
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2000 ~ 
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1800 
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25 

• Single phase 

() Two phase 

30 35 40 
ATOMIC % CARBON --

■Cl Equilibrium not completely frozen in 

~ 

45 

Figurt. 27. Compositions and Equilibration Temperatures of 
Experimental Alloys, and Qualitative Phase 

Evaluation on the Quenched Alloys. 
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In concurrence with the results of the quenching studies , 
only two reaction isotherms, one associated with the previously discussed 
eutectoid decomposition of the disordered modification of Mo

2
C, and the 

other corresponding to the eutectoid temperature of the 11-MoC
1 

phase -x 
were revealed in OTA runs on alloys with carbon contents between 34. 5 to 
39 atomic percent (Figure 28). It also appeared from these measurements, 
that both phases are stable up to their respective melting temperatures, 
i.e., 11-MoC

1 
, in spite of its structural similarity to a-MoC

1 
, does not -X -X 

transform into the cubic modification at high temperature1:, as previously 
suggestei 1 O, l 4 ). 

I ,_1 .5°C·sec- 1 -

s0 c 1- 3°C·sec-1 -

l 
34 .5 At% C 

.,,,,., 
/ 

u / 
/ 

~ / 

er: 
w 
I 
I-
0 
Cl 
z 
w 
~ 

I-
I Mo2C(a) +C-+ Mo2C{l3) <] 

l 
Il Mo2C(l3)+C-.77-MoC1_x 

m 17-MoC +C-+a-MoC 1-X 1-X 

m n I 

2200 2000 1800 1600 1400 1200 
4 TEMPERATURE, °C --

Figure 28. OTA-Evidence for the High Temp~rature Phase Reactions 
in Molybdenum-Carbon Alloys with Carbon Contents 
Between 34. 5 and 39. 7 Atomic Percent. 
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The eutectoid composition was located at 39 + 0.5 At% C by 
chemical analysis as well as by metallographic inspection of tin-quenched 
alloys (Table 4). In conjunction with the eutectoid disproportionation of the 
t|-MoCj ^ phase it may be worth noting that although the initiation of the 
decomposition reaction (Figure 29) appears to be a comparatively rapid 
process, fairly long annealing times at subeutectoid temperatures are neces­
sary in order to complete the reaction, i.e. to decompose the r|-MoCj ^ 
phase completely. The presence of small amounts of q-phase in the lower 
temperature (> 1600°C) annealing and quenching experiments presented in 
Table 4 have therefore, to be interpreted as rising from kinetic effects.

XIOOO
Figure 29. Mo-C (38 At% C), Cooled at 20°C per Second 

from 2500°C.
Incipient Decomposition of q-MoC into Mo C and 
Graphite.
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The decomposition of the cubic high temperature phase pro­
ceeds with higher velocity than that of 11-MoC

1 
and the phase can be retain--x 

ed in pure form only by severe quenching of specimens from above 2000°C. 
The lattice parameters of the phase, measured on two alloy series which 
were quenched from 2300°C and 2500°C, show a steady increase from 
a =4.266 ~ at 39. 7 Ato/o C to 4.281 i at 43 Ato/o C, at the upper homogeneity 
limit at the a-MoC

1 
+ C eutectic isotherm (Figure 30). The eutectoid point, -x 

located by combination of DTA (Fig•.1res 31 and 32) and chemical analytical 
studies, lies at 40. 4 !. O. 4 Ato/o C and at a temperature of 1960 !. 20°C. The 
decomposition is initiated by oriented intragranular nucleation and subsequent 
growth of the newly formed phases (Figure 33). 

2580°C 
4.28 

C 

04.27 

41 42 43 
--ATOMIC% CARBON 

Figure 30. Lattice Parameters of a-MoC . 
1-x 

( Tin-Quenched Alloys) . 
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Figure 32. Summary of Differential-Thermoanalytical 
Studies in the Molybdenum-Carbon System.

Figure 33. Mo-C (41 At% C), Cooled at 40°C per Second 
from 2300°C.

Subgrain Decomposition of q-MoC^ ^
X-ray Analysis: i^-MoC . Little a-MoC, and Mo C.

I “X 1 —X 2

X250



As was the case for MozC, the rate-determining steps in the 

decomposition of the T1··MoC
1 

as well as of the a-MoC phase also seem -x 1-x 
to be the nucleation of graphite: The decomposition reaction was observed 

to proceed more rapidly in alloys containing excess graphite, and micro­

scopic examination revealed, that these graphite particles act as centers 

for the initiation of the decomposition process ( see, for example, the 

micrograph in Figure 34 a). The detailed decomposition processes, how­

ever, are very much more complicated. For example in the dec, ,mposition 

of a-MoC
1 

it was noticed that alloys cooled at rates between 20 and approxi­-x 
mately 60°C per second invariably showed the presence of T1-MoC

1 
, besides -x 

the equivalent amount of free graphite; on the other hand, for alloys cooled 

at speeds varying between approximately 60 and 150°C per second, signifi­

cant amounts of MozC(l3) and free graphite were found to be present. These 

findings do indicate, that the initial nucleation and growth process does not 

yield the equilibrium phase T1-MoC
1 
-x but forms MozC first. The overall 

process presumably proceeds as a consecutive reaction according to 

a-MoC 0,69 k • MoC"'o.so + 0.19C (a) 
l 

MoC "'0.SO + 0. 14C -~ T'I-MoCo.64 (b) 
z 

with the rate constant k
1 

being greater than kz. 

Although, for obvious reasons, no well defined reaction tem­

perature can be expected for reaction (b), the temperatures at which the 

maximum enthalpy changes occur for both processes are clearly resolvable 

in derivative thermograms taken at intermediate cooling speeds (Figure 35); 

this behavior is to be expected, if both rate constants are very different. 

Th lose structural relationships between a-MoC
1 

and -x 
11-MoC

1 
further did not rule out completely the possibility for the exist--x 

ence of a critical solution temperature between both phases at temperatures 

close to melting. As a result of the narrow compositional spacing of both 

pl,ases, high temperature quenching experiments were indecisive. In order 
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Figure 34(a) 2550°C XIOOO

q-MoCj_^ and Small Amounts of Excess Graphite. 
Striae Show Incipient Decomposition.

1

S'.

4 1
Figure 34(b) XIOOO

Alloy Reequilibrated at 1720°C and Quenched. 
q-MoCj_^ (initial Stages of Decomposition), and 
Excess Graphite at the Grain Boundaries.



.'■i^

ie^it i^M

11,1# X xioooFigure 34(c)
Alloy Reequilibrated at 1600°C, and Quenched.

Decomposition Structure o£ q-MoC,_^. Note Agglomeration 
of Graphite at the Grain- and the Subgrain Boundaries.

Figure 34. Microstructures in a Mo-C (43.8 At% C) .
® Quenching from 2550“C (a). 1720»C (b). and 1600 C (c).

to establish a more definite answer, diffusion couples consisting of q-MoCj_^ 
and graphite were prepared and allowed to interact for 15 minutes at 
2330°C and 2480‘>C. respectively. The choice of q-MoC,_^ as base com­
ponent in the couple, instead of molybdenum, was given preference, since 
the rapid diffusion rates in the lower-carbon phases generally prevented 
the a-MoC,_^ phase from growing into a layer of sizeable thickness.

i



2200 2000 1800 1600 1400 1200 
..._ TEMPERATURE,°C -

Figure 35. High Speed Derivative Thermal Analysis 
Experiments on a Mo-C Alloy with 
40. 6 Atomic Percent Carbon. 
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In all samples prepared and studied, a clearly distinct 
reaction zone of a-MoC^ ^ had formed between the T|-phase and graphite 
(Figure 36). Although the interface between both phases turned out to be 
quite irregular and partially interleaved, the individual grains are clearly 
distinguishable by their characteristic decomposition structures (Figure 37). 
Combining this experimental evidence with the results of the DTA and the 
melting point studies, we may regard the existence of a small, but finite 
concentration gap between both phases as established.

MS
5^

> A ■ V'

X25

Figure 36. Diffusion Couple q-MoGj ^ (39 At% C) + Graphite After 
15 Minutes at 2480«C.

Zone A; q-MoCj_^, Partially Decomposed.
Zone B: a-MoCj Decomposed into r|-MoC| ^ and Graphite.
ZoneC: Graphite.
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For the experimental determination of the composition of 
the carbon-saturated melts, alloys ha.ving initial carbon contents between 
zero arld 40 atomic percent were equilibrated with graphite. The samples 
were held molten for approximately ZO minutes at the chosen equilibrium 
temperature, and then force-filtered through porous graphite plugs and 
quenched in order to avoid segregation of the lower density graphite from 
the melt. Each experiment was carried out in duplicate, and the samples 
were analyzed after the runs. The results are sununa.rized in the diagram 
shown in Jligure 38 . 

3200 u 
0 .. 
w 
tt: 
:::> 3000 
~ L a: 
w 
a.. 
:E 2800 
w 
I-

L+C 

2600 
a-MoC1_x+ C 

50 60 70 
ATOMIC % CARBON 

Figure 38. Composition of the Carbon-Saturated Melt as a Function of 
Temperature. 
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E. ASSEMBLY OF THE PHASE DIAGRAM 

The experimental data have b,"en combine~ to yield the con­
stitution diagram depicted in Figure 39. For the order -disorder transition 
in Mo

2
C, we propose a first order trz.nsition, and consequently the existence 

of a singular point in the diagram, at 32. 5 At"/o C and a temperature of 
1430 .!. 10°C. At this point, ordering of the interstitial sublattice and the 
displacive transformation, leading to an orthorhombic distortion of the 
hexagonal close-packed metal host lattice, occur simultaneously. In 
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36.3 ; 2510! 3• --~ 

r- 39.5;2547 ! 3• 

I f 42;26oo t 5• 

<Xi. 
u 
.I' 

-.,e--,-.,............-..... 2 
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') •MoC1. x•C 

t---+-.;..;16""'-55 ! 15• 

39 , 
1 Tc • l430!1Q• 

32.5!0.I 
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Figure 39. Proposed Constitution Diagram for the Molybdenum­

Carbon System. 
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lower carbon alloys, the order-disorder transition is separated by a small, 
but distinguishable, temperature gap from the displacive transformation. 
Both transitions are assumed to be of the second order and to proceed with­
out phase discontinuity. As a consequence, no reaction isotherms are shown 
in the Mo + Mo

2
C region of the system. At concentrations above 32. 5 At% C 

the transition in Mo
2
C is two-phased, and the disordered, hyperstoichio­

metric Mo
2
C(l3)-phase finally terminates in a eutectoid (pseudomonotectoid) 

reaction isotherm at l l 90 °C. 

The hexagonal (pseudocubic) 11-MoC
1 

and the cubic (B 1) -x 
a-MoC

1 
are shown as distinct phases up to their respective melting range, -x 

forming a degenerate eutectic equilibrium at 254 7 °C. 

IV. DISCUSSION 

The newly established phase diagram differs appreciably from the 
previously accepted system, and especially large differences were noted for 
the solid state equilibria, including the observation of a previously undis­
covered order -disorder transition of Mo

2
C. Previous work also failed to 

provide consistent temperature data for the stability ranges for the cubic 
and hexagonal high temperature phases. In view of the considerable scatter 
of the melting temperatures reported for the intermediate phases, a detailed 
assessn"lent and a comparison of previous data with our temperature values, 
appears as difficult. Better agreement was obtained for the temperatures of 
certain melting isotherms where our measurements corroborate previous 
databyW. P. Sykesetal.(l 9), andM. R. NadlerandC. P. Kempter(20) 
concerning the Mo + Mo

2
C eutectic temperature, and the recent determina-

tion of the a.-MoC
1 

+ C eutectic lin by T. C . Wallace, et al. (1 5). -x 

Concerning the thermodynamic stability of the high temperature 
phases 11-MoC

1 and a-MoC
1 

, we may use the observed phase relationships -x -x 
in conjunction with the known thermodynamic quantities for Mo

2
C to derive 

approximate expressions for their free ene't"gies of formation. 
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At the eutectoid reaction isotherm at 1655•c, the free 
energy change of the reaction 

11-MoCo.M MoC"'o.s + O. 14G 

is zero; hence, for that pa_rticular temperature, we obtain 

AG = AG f, MoC 0_s f, 11-MoC1 -x 
(T = l928•K) 

From the data recently compiled and evaluated by L.B. Pankratz,et al. <31>, 
the free energy of for mation of Mo

2
C C,Ln be approximated for the temp era­

ture range above 1400°K with sufficient accuracy by the expression 

AG :::: - 4, 750 - 1. 36 T [cal/gr. -At. Mo] f, MoC"' i/z 

yielding fer the free energy of formation of 11-MoC
1 

at 1928.,K, -x 

AG :::: - 7370 [cal/gr.At.Mo.] f' 11-MoCl -x 

A sswning the same temperature dependence of the fre ~ energy of 
formation of 11-MoC

1 
as for Mo C, we obtain as lower limit for the free -x z 

energy of fo r mation of the cubic high temperature at the eutectoid reaction 
isotherm at 1960°G (2233°K): 

AGf,Q-MoC
1 

~ - 7780 [cal/gr.At.Mo.] 
-x 

Because, howP-ver, the reaction to form the 11-phase from M~C and carbon 
involves a sizeable enthalpy change, the corresponding positive entropy 
consequently will result in a somewhat ·more negative temperature-dependent 
term as in the expression for Mo

2
C. From data derived from phase equi­

libria in ternary metal carbon systems(Z), and incorporating the more 
precise values determined in this work for the isothermal reaction temperatures, 
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the free energy of disproportionation of T'I-MoC
1 

_x into Mo
2
C and carbon 

becomes: 

- aG = -635 + 0.33 T[cal/gr.At.Mo], f, T'I-MoCl -x 

yielding for the free energy of formation of T'I-MoC
1 -x 

aG = - 4,115 - 1.69 T [cal/gr.At.Mo] f • 11-MoCl -x 

This expression can now be used to derive the free energy of formation of 
a-MoC1 at the eutectoid decomposition temperature. Insertion of the -x 
equilibrium temperature into equation (1) yields immediately 

aG = - 7,890 [cal/gr.At.Mo] f, a-MoC
1 -x 

(T = 2233°K) 

( l) 

Combining this value with quantities calculated from the observed tempera­
ture dependence of the:: homogeneous ranges of the B 1 -phase in ternary metal­
carbon systems( 2

), we obtain as temperature-dependent expression for the 
free energy of formation of the cubic high temperature phase, 

Gf, n-MoC
1 

= - 2,200 - 2, 55 T[ ca]/ gr .At. Mo] 
-x 

(2) 

T h e free energy of formation of the a-MoC
1 

_x phase_ as its isothermal 
decomposition temperature, based on the known data for Mo

2
C, falls :ti.thin 

the range of -6 to -9 kcal per granratom molybdenum derived earlier from 
the phase-relat ionships in the Nb-Mo-C System(l 4). A value of 
-2. 6 + 1. 5 kcal/mole over the range 1720 - 2370 .. K, based on a similar 
evalu~tion of the phase relationships in the Zr-Mo-C system< 15), is incom­
patible with the phase relationships in the molybdenum-carbon binary. 

The most interesting feature, no doubt, concerns the phase phenomena. 
associated with the order -disorder transition in Mo

2
C. Neglecting, for the 

sake of discussion, the changes introduced by the distortion of the hexa-
gonal or pseudohexagonal lattice, we observe that the feature of alternating 
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carbon-hole occupancy a ng the hexagonal c-axis (a-axis in the orthorhombic 
setting) is common to all ordered structures of the MezC-phases (Figure 40). 
We may a-rgue, that in order to minimize the strain energy of the lattice at 
a given total semimetal concentration, sites in the immediate neighborhood 
of already occupied interstitial lattice positions become less favored, i. e, 
require an extra amount of energy for their occupation. Specifically for 
the Me zC-lattice, once one of tlie two octahedral sites (A-sites, either in 
layer O or 1/ 2 in the hexagonal cell) is fill d, occupation of the other 

Figure 40. Carbon-Hole Coordination Types in MezC Order 
Structures. 

Filled Circles: 

Open Circles: 
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octahedral site having the same basal coordinates, but at half the c-spacing 
from the already occupied site, would become accessible only by expendi­
ture of an amount of energy 4E in excess of that required for the occupation 
of a lattice site of the first kind. Hence, substantial occupation of the un­
favored (B-sites), which must necessarily occur at hyperstoichiometric 
compositions, will tend to affect mainly the c -spacing in the lattice, since 
a new layer of carbon atoms has to be accommodated. while the conditions 
in the layers perpendicular to the c-axis remain essentially unchanged. 
That these conditions prevail, is essentially substti.11tiat~d by the observed 
course 0f the lattice pa~·ameters with varying carbon content (Figure 18). 

However, for the ordering reaction to occur, some interaction 
between atoms of neighboring chains also has to exist, for it has been 
shown( 3

Z), th:.1.t long range order along a linear chain of alternating atoms 
cannot exist at temperatures above absolute zero. Which type of order 
structure will prevail will, of course, be dependent upon the relative magni­
tude of the interactions within the host atom lattice and of the disturbances 
created by the incorporation of the interstitial atoms. As an example, in 
parent lattices with high lattice energies and favorable siz~ factors, the 
C 6 -type structure, characterized by the occurrence of only like neighbor 
(hole-hole and carbon-carbon) pairs in the (001) planes seem to be favored 
(Figure 40), whereas the tendency to form the maximum possible number of 
unlike neighbor pairs along the c-axis as well as in the layers parallel to 
the basal plane is pronounced in metal lattices with lower lattice energies 
and less favorable size factors. An example, where these principles ,i re fol­
lowed, is the ordered structure of MozC. 

Besides the tendency to form the maximum number of unlike neighbor 
pairs in the latter cases, ont. may expect that in order to minimize the lat­
tice strain, the distribution of like and unlike pairs in alternating layers 
should be as even as possible. We may define the nonuniformity in the number 
of like neighbor pairs within the layers by the parameter 

A = 
nc-c - nh-h 
n + n c-c h-h 
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where nc ,,; and nh-h denote the number of carbon-ca hon and hole-hole pairs 
within the unit cell. We find, that the C6- and t -Fe

2
N-type exhibit maximum 

nonuniformity, corresponding to A = l, whereas the Mo
2
C-type shows an even 

(A = 0) distribution of like neighbo::: pairs in the ( 001) planes. 

Following the above principles as a guide, and considering only nearest 
neighbor interactions, other energetically closely equivalent patterns can be 
constructed. Model I in Figure 41 corresponds to the a-Fe

2
N-tfPe, proposed 

by N. Terao( 33) for the order : structure in Nb
2
C; it has, according to the 

definition above, a nonwiiformity factor of A = 1. Model IV has a nonuni­
formity factor of A = 0. 75, whereas patterns II and ill have A = O. Pattern 
ill is of spe c ial interest; a art from being energetically equivalent to the 
Mo

2
C-type, the symmetry elements also lead to the same cha ra teristic space­

group, namely o:~ - Pbcn. Although further confirmation by neutron diffrac­
tion techniques must be awaited, this, or a close ly r ela t e d s t ruc tur e , seems 
to be exhibited by the lower temperature modifications for Nb

2
C and V 

2
c< 34

). 

In view of the close similarities between the various structural pat­
terns it is also conceivaole, that associated with slight variations in stoichio­
metry and purity as well as in the specimen preparation, a variety of different 
but related sublattice order-structures may be formed for the same phase. 
As an example, an investigation of the thermal behavior of the W 

2
C indicated 

two transitions, of which one, occurring at Z490°C, was identified earlier( 3, 35) 
as being due to dj sordering in the carbon sublattice. The nature of the second 
transformation is not fully resolved yet, but indications are, that it involvtis 
only a transition between two different types of ordered structures. For 
W 

2
C a structure which is ordered according to the C6-type has been proposed 

previously by L.N. Butorina and Z. G. Pinsker< 36 ). Although the higher 
lattice energy of the metal will tend to override the effects of the secondary 
coordination of interstitial atoms in the basal planes, it would seem from 
the foregoing considerations, that as a result of the compa,.atively small 
atomic diameter of tungsten, structures other than the C6-type are expected 
to have increased stability at lower ~emperatures. 
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Figure 41 . Energetically Equivalent Layer Patterns for Me
2
C Order Structures. 

The Metal Atom at: z =l/4 at the Vertices of the Triangles,and at z =3/4 
at the Centers of the Empty Triangles are Omitted. 
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Examining the order -disorder transition in Mo 
2
C, we observe from 

the volume relationships in the alloy series cooled at approximately l 00°C 
per second from 1350°C and 2300°C (Figure 42), that the basic ordering 
process at substoichiometric compositions must proceed with comparatively 
high speed. Furthermore, sinc·e the unit cell volumes of the orthorhombically 
distorted lattice fall on the same line as those computed for the pseudohexa­
gonal cell, we have to conclude, that the displacive transformation is a 
secondary phenomena to the ordering process, i.e. its appearance is bound 
to the a priori existence of a certain degree order in the lattice. 

,,, 
o::( .. 
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~ 149 
::, 
_J 
0 
> 
...J 148 
_J 
w u 
t- I 4 7 
z 
::, 

146 

2300°C 
--<,-- -<t--

1350°c --------[]-- • -CJ-CJ- - - -- - - -
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30 31 - 32 

1350°c • --Cl---------
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Figure 42. Unit Cell Volume of Mo
2
C Alloys. 

(Cooled from the Indicated Temperatures at Approximately 
l 00°C per Second). 
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From the data obtained from the raJJidly quenched alloy series 

(Figure 18) we further deduce from the anomalous course of the lattice dimen­

sions, that, up to approximately 32. 5 Ato/o C, very few carbon atoms enter 

into energetically unfavored positions along the c-axis; however, as soon as 

the stoichiometric composition is approached, corresponding vacancies are 

no longer available, and additional carbon atoms are forced to enter vacant 

positions between carbon atoms in the linear chains along the prism axis. 

As a result, the structure is incapable of reverting from the disordered into 

the ordered state, in spite of the ordering forces exerted by the atoms in 

neighboring chains. 

Considering possible atom transfer reactions within the ordered Mo
2
C 

structure (Figure 43), the total enthalpy change in process ( 1) is given 

~H = - (2V - V ) 
1 C a 

where V stands for the expression 2H~c}h - H~c_)c - H~~)h and Va for 2H~a_)h -

H(a) - H1a) The terms H(c) and H(a) are, respectively, the heats of forma-
c-c h-h· 

tion of corresponding pairs along the c-axis, and within the (001) planes. 

Shifting a carbon atom within neighboring positions along the c-axis 

(process 2 in Figure 43), yields, in case of the ordered Mo
2
C lattice, an 

enthalpy ch..-.nge of 

(V - 2V ) 
C a 

Since, as a result of the closer spacing, we expe c t V to be much more nega­
c 

tive than V , the probability of occurrence of process 2 will be larger than 
a 

that of process 1. 

Consider now the effect of vacant A-sites, which can occur as a result 

of a transfer reaction according to process 1 or 2, or , preferably, by carbon 

deficiencies in the lattice. A simple enumeration of broken and newly formed 
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Figure 43. Diagrammatic Presentation of Carbon Transfer 
Reactions in the Mo

2
C-Lattice. 

pair bonds reveals, that the enthalpy change for the transfer of a carbon 
atom to a neighboring chain vacancy, such as shown for process 3, is 
reduced to 

4H = - (V - V ) --, C a 

Since, as discussed before, V is considered to be much more negative than C 
V , this enthalpy change is of the same order of Magnitude as 4H , i.e. , a 

z the energy requi:n::d to transfer a carbon atom into neighboring positions 
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within the chain. Thus, the existence of extra vacancies in the deficient 

carbide increases the number of energetically equivalent positions, but, 

mare important, allows transfer reactions between neighboring chains at 

a much lower energy level than is possible in the stoichiometric or hyper -

stoichiometric carbide·. The ultimate effect of the possibility for chain­

chain interactions in the substoichiometric carbide is that ordering can be 

achieved by simple transfer reactions, allowing preordered chain pieces 

to coher into long range order at the transition temperature. 

To a first approximation, and not counting multiple interchange reac­

tions for the formation of suitable vacancies, we may arrive at an appropriate 

figure for the enthalpy change, if we submit that the maximum <..arbon con­

tent where ordering car. occur, will be given by the conditions, that the 

number of vacancies should, approximately, equal the number of double pairs. 

In the Mo C structure a vacancy is shared by four atoms; hence, we can z 
formulate the above condition as 

4n = n vac c-c-c 

where n denotes . the number of double pairs of carbon atoms. Express-c-c-c 
ing the gross composition of the phase as MoC , the number of extra vacancies y 
(y < 1/Z) becomes 

N n vac = T - y. 

The distribution of carbon atoms and vacancies among the two types of inter­
stitial lattice sites is given by(Z6) 

RT ln K = AE, 

where AE denotes the free energy change in transferring one gram atom of 

carbon atoms from A to~ sites, and K stands for the expression 

X 

K = CQ 

X 
Q 
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mole fract1.>n of carbon atoms and of vacancies on 
A-sites 

1 ole fraction of carbon atoms and of vacancies on 
B-sites 

For compositions close to stoichiometric, y is approximately equal to 1/ 2 
and the distribution equation is separable into( 26 ) 

RT ln 
X 

ca 
X 

a 

X A = RT ln t-- = 
xc/3 

Since we may set x ~ equal to x , the number of vacancies in terms of the c,... a 
overall compositions can be expressed as 

2n 
X = vac 

vac 
N = - 1-Zy, 

we finally obtain i:he condition: 

4( 1-Zy) l = • AE 
l+exp C-nrrl 

According to the phase diagram, the maximum carbon content at which 
order in.; occurs is 32. 5 At% C. Substitution of 1-Zy = 0. 0372 into the above equation yields 

AE = AH = -(2V - V ) = 12, 000 cal. 1 C a 

For the ordering process in substoichiometric compositions, we may, 
because of the lower energies involved, choose reaction 2 or the energetical 
equivalent inter chain transfer as the relevant process, i.e., 

AE • AH = -(V - V ) 
2 C a 
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From the equation relating the ordering temperature to the energy quantities 

and to the stoichiometry( 3 ?) , 

T = 
C 

we obtain, inserting a coordination number of Z :::: 2, and y z 1 /2, 

2R T ::: 6800 cal 
C 

i.e. approximately half the value of ~H
1

, as would be expected from the pre­

viously made assumption of V << V . With this energy parameter, the above 
C a 

equation predicts a decrease of 10°C in the Curie temperature as the low 

carbon boundary of the phase is approached. 

Long range order apparently cannot prevail at hyper stoichiometric 

compositions, and upon passing through a critical temperature range, the 

homogeneous structure decomposes into two distinct phases, of which one 

has a substoichiometric com position and shows long range order while the 

other is hyperstoichiometric and exhibits no long range coherence in the 

interstitial sublattice. Considering that the reaction mechanism involved in 

the disproportionation of the homogeneous phase, the ~nergetically most 

favorable and hence m ost likeJy process is the interchain transfer of carbon 

atoms, i.e. carbon a toms i~ B-po sition in one chain are transferred into a 

energetically equivalent or closely equivalent position in neighb odng chains. 

Growth of the new phases, according to this reaction scheme, should, there­

fore, occur in directions perpendicular to the ( 0001) direction in the hexagonal 

cell; this behavfor seems to be confirmed by recent studies of the orientation 

of the veining structure in single crystal dimolybdenum carbide(JS)i in this 

connection, it is interesting to note, that in the proposed growth direction 

<2 Ir 0> the carbon atoms and vacancies form alt ernating, and nearly perfect 

planar sheets; an evaluation of the atomic f:,pacings in the disordered and 

the ordered modification further reveals that the distances within the (2 iio) 

plane undergo only minimal changes and therefore this plane forms the plane 

of coherence between the coexisting planes. 
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Because of the lack of precise thermodynamic quantities for the phase 
in the critical temperature region, the available data do not lend themselves 
to a detailed thermodynamic description of the observed phase phenomena; 
nevertheless, the variation of the configurational free energy (Figure 44) 
shows features, which can be related to the observed disproportionation 
process(Z6). The conditions are further complicated by the occurrence of a 

0 

-0 .5 

-1.0 

W=O 

0 0.2 0.4 0 .6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
-- Y---+ 

Figure 44. Positional Free Energy Resulting from the Distribution of 
Interstitial Atoms and Holes Among Two Energetically 
Different Types of Lattice Sites. 

Energy Parameter W = :~ ; Ordinate Values Refer to One Mole 
Me 2Cy. 

64 



displacive transformation, which, ' from all experimental evidence available, 

seems to coincide with the ordering temperature at the point exhibiting the 

highest ordering temperature, whereas it is clearly separated from the order­

ing reaction at lower carbon contents. One immediate and obvious effect of 

the distortion of the metal host-lattice 1s that it enforces the ordering tendency, 

i.e. the decrease of the long range order parameter with temperature will be 

less than would be expected from the interaction energies and will become 

pronounced only in the temperature interval between the displacive trans­

formation and the ordering temperature. Concerning the nature of the dis­

placive transformation, it should be recalled that it it to be considered as a 

continuous process in a thermodynamic sense, i.e. i:he free energy curve fo,~ 

the distorted form should merge gradually into that of the undistorted modif1-· 

cation. Although, due to the small displacements involved, this point is dif­

ficult to prove for Moz C by X-ray diffraction methods alone, the gradualness 

of the reaction is clearly demonstrated in the analogous cases for Vf C and 

Nb
2 
C, where the observed degrees of distortion are much larger<

34 
. In 

these phases, the displacive transformation proceeds comparatively slow, 

and states intermediate between the hexagonal or pseudohexagonal form and 

the maximally distorted indication can be retained by variation of the anneal­

ing and cooling conditions. 

V. CONCLUSIONS 

.. The binary alloy system molybdenum-carbon contains three inter -

mediate phases Mo
2
C, 11-MoC 

1 
, and a-MoC 

1 
, of which a-MoC 

1 
and 

-x -x -x 
11-MoC

1
_x are stable at high temperatures only, and Mo

2
C undergoes a sub-

lattice order-disorder transformation in the vicinity of 1400°C. 

Mo
2 

C(~) has a hexagonal close-packed metal host lattic'! and no long 

range order in the carbon sublattice. The homogeneous range of the phase 

is strongly temperature-dependent, extending at 1700°C from 31. 0 At% C 

(a=Z. 998 i, c=4. 733 i) to 34.1 At% C (a=3. 011 i, c=4. 771 X), at Z000°C 

from 30 At% C (a=Z.9901 c=4. 730 X), to 34. 4 At% C (a•3.0101 c=4. 778 ~. 

and at ZZ00°C from Z6 to 34. 5 at% C. The congruent melting point. is located 

at 34 At% C and Z5ZZ °C. The phase probably shows considerably short range 

rder, approaching only at temperatures close to melting the completely dis­

ordered L'3-type. 



The al!oy composition at 32. 5 At% C transfor s in a rapid fir st order 

transition at 1430°C into the ordered modification (orthorhombic o:~ - Pbcn • 

a=4. 733 ~. b=6. 042 ~, c =5. 202 i). In compositions with less than 

32. 5 At% C. the transition is of the second order and proceeds as a homo­

geneous reaction. Hyper stoichiometric compositions under go a discontinuous 

phase cha~ge, and the disordered modification decomposes in a slow eutectoid 

reactien at 1190°C into the ordered form and free graphite. 

4 
"1-MoC

1
_x (hexagonal, D

6
h-type, a =3. 010 i; c =l4.64 i, at 39 At% C) 

has a congruent melting point at 39 At% C and 2!>52 •c. The phase decomposes 

eutectoidically at 1655 •c and 39 At% C into Mo
2
C(~) and graphite. 

The cubic (Bl) a-MoC
1 

melts congruently at 2600°C and a carbon -x 
content of 42 At% C . Its homogeneity range extends from 39. 7 At% C 

(a =4.266 i) to 42 At% C (a=4.2'74 ~) at 2300°C, and to 43 At% C (a =4.281 i) 

at 2580°C. The phase decomposes in a rapid eutectoid reaction at l 960°C 

and 40. 4 At% C into TJ-MoC
1 

and graphite. -x 
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From the experiznental phase relationships and the known thermodynamic data for MMo C, limits for the free energies of formation for the high temperature phases 11- oC1 _ and a-MoC
1 are derived and found to be in good agreement with data previou~ly obtained Ifom phase equilibria in ternary metal-carbon systems. 
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