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ABSTRACT 

The published data on the diffusion of carbon in transition element monocarbides 

were cr i t ica l ly reviewed. New data* were summarized for the diffusion of carbon in 

t i tanium, zirconium, hafnium, vanadium, niobium, and tantalum monocarbides which were 

measured over temperature ranges overlapping between 1700 and 3000 C by the layer-

growth method. The observed parabolic layer-growth kinetic behavior results from the 

chemical diffusion of carbon in the carbide phases. An atomic jump mechanism and a general 

theory of diffusion in the Bl crystal structure monocarbides were also proposed. 

INTRODUCTION 

The group IVB and VB transition elements form monocarbides (MeC compounds) of 

the Bl crystal structure. The six carbides are: T iC, ZrC, HfC, VC, NbC, and TaC. 

Concurrent wi th a growing interest in the refractory monocarbides of transition elements 

for high temperature protective coatings and structural applications, information concerning 

diffusion in these materials is rapidly becoming avai lable. In carbide fabrication processes, 

diffusion is believed to be important in sintering, homogenization, carburization, grain 

growth, and the rel ief of residual stresses. In high temperature applications, the value of 

the carbide in oxidizing and reducing atmospheres is sometimes determined by the mobil i ty 

of carbon and other interstitlals in the carbide lat t ice. A review of the previously published 

reports from other researchers shows that diffusion data are l imited to diffusion of carbon in 

four transition element monocarbides of the Bl crystal structure: NbC, TaC, ZrC, and TiC 

(Section I). 

Recently, a comparative study was performed in this laboratory to measure the 

chemical di f fusivi ty of carbon in the monocarbides of the six transition elements in periodic 

groups IVB and VB (Section I I) . Interesting inter-relationships among the diffusivities 

* Portions of the experimental work were supported by the Space Nuclear Propulsion Of f i ce , 
a joint off ice of the USAEC and NASA, 
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appeared. An interstit ial atomic jump mechanism through the tetrahedral holes was pro

posed to explain diffusion mobi l i ty in the Bl type of crystal structure. The atomic jump 

mechanism was used with an analysis of diffusion based upon the volume-fluctuation theory 

to obtain an analyt ical expression for diffusion of carbon in transition metal monocarbides 

(Section II I) . 

I. REVIEW A N D INTERPRETATIONS OF PUBLISHED DATA 

The previously reported data on carbon diffusion in transition element monocarbides 

were reviewed and are discussed in this section in two parts. The discussion of experimental 

methods, data analysis, and results is given In the first part. The second part includes a 

discussion of the interpretations of the factors important to relative diffusion mobil i ty. 

A . Methods, Analysis, and Results 

The most frequently used experimental technique for the study of diffusion in 

interst i t ial carbides is the layer-growth (reactive diffusion) method in which the metal is 

carburized to form one or more layers of carbide scale on the metal. This method was used 

in 1925 by Andrews and Dushman in the carburization of tungsten. The act ivat ion energy, 

Q, for diffusion of carbon through WC was determined from the temperature dependence of 

the growth kinetics assuming that there is a linear concentration gradient in the carbide. 
. (2) 

The pre-exponential factor, D , was obtained from the Dushman-Langmuir equation: 

D = - ^ exp (-Q/RT) (1) 

where Q is in ca l /mole; d is the carbon jump distance in cm; h Is Planck's constant; N is 

Avogadro's number; R Is the gas constant; and, T is the absolute temperature in K. 

The analyt ical treatment used by Andrews and Dushman to obtain the diffusion 

coefficients is presently considered inadequate and can result in errors in both the diffusion 

- 2 -
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act ivat ion energy and the pre-exponential factor. The errors are most marked i f the 

homogeneity limits of the carbide phase change with temperature. Another source of error 

is the assumption of a linear carbon concentration gradient in the carbide. According to 

(3) J . S. Kirkaldy , the growth of the scale by chemical diffusion results In a concentration 

gradient in the scale which varies wi th position and time according to an error function 
(4) 

rather than a linear function. Also, i t has been emphasized by Barrer that no physical 

significance can be attributed to the complex pre-exponential term in Equation (1), and 

the D must be regarded as empir ical. 

The layer-growth method has been applied to the formation of carbide, boride, 

ni t r ide, and si l icide scales on the transition element metals by Samsonov and Latysheva. ' 

They report the chemical diffusivit ies of carbon in two of the Bl structure monocarbides, 

ZrC and TiC, however, the authors indicated experimental dif f icult ies (cracking and 

irregular growth) in measuring the layer thickness. Their method of analysis of data was 

similar to that of Andrews and Dushman . The calculated act ivat ion energies are a factor 

of four lower than those of recent determination (reported in Section II) and their D values 
o 

are three orders of magnitude higher. The diffusion data for ZrC and TiC are listed in a 

summary of previously published data in Table I. 

J . M. Blocher, et. a l . , determined an activation energy of 91 . 5 kcal/mole 

for carbon diffusion in ZrC over the temperature range of 1800 to 2300 C. It was assumed 

that carbon diffusion is the " rate- l imi t ing step" in the formation of a ZrC coating on graphite 

during a ZrCI . vapor-deposition coating process. The ZrC coating thickness followed a 

parabolic growth behavior wi th time which is as expected for a diffusion controlled scale 

growth. The activat ion energy can be in slight error, however, i f the experimental boundary 

conditions during vapor deposition change with temperature. 
(8) 

G e I ' d and Lyubimov used the radioactive tracer method to study the self-diffusion 

of carbon-14 and niobium-95 in NbC_^ p^, N b C - ..-, N b „ C , and Nb at temperatures 
0. TO U. /D t-

- 3 -



TABLE I 

Summary of Previously Published Carbon Diffusion Data 

Carbide 

ZrC 

ZrC 

TiC 

N^S.98 

'"''^.JS 

^^S.94 
NbC 

NbC 

TaC 

T 

Co 
1800-2300 

1000-1600 

800-1400 

1700-2200 

1700-2200 

2670 

1205-1816 

1900-2300 

1800-2700 

2^0 
(cm /sec) 

4 .52x 

2.44 X 

1.0 X 

8.8 X 

0.102 

1.2 

1.04 

10^ 

10^ 

10-^ 

10-^ 

Q 
(kcal/mole) 

91.5 

1 7. 9 + 5. 6 

17. 5 + 5. 7 

32.0 

35.3 

72.7 

79.0 

86.0 

(cm 

8 x 

iVsec) 

10" 
•7 

Source 

Blocher, et. a i . 

Samsonov and Latysheva 

Samsonov and Latysheva 

GeI 'd and Lyubimov 

GeI 'd and Lyubimov 

Fries 

Bornstein, Hirakis and 
Friedrich 

Resnick, Steinitz and 
Seigle 

Resnick, Steinitz and 
Seigle 

Ref. 

(7) 

(5, 6: 

(5, 6; 

(8) 

(8) 

(9) 

(10) 

01) 

(11) 
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between 1700 and 2200 C. This is the only repcsrt of a diffusion study in which there was an 

absence of a carbon concentration gradient in the transition element monocarbide. The value 

given for the diffusion coeff icient of niobium in NbC QQ IS approximately 67 times lower than 

that fcx carbon at 1800 C, indicating that the principal diffusing atcxn is carbon, even at a 

high C /Nb rat io. 

It can be shown that the relationship between the chemical diffusivity, D^, and the 

intrinsic dif fusivity determined by the tracer method, D * , is approximately: 

where y, is the ac t iv i ty coeff icient of ccxnponent 1 and M^ is the mole fraction of component 

1. Although the ratios d In y / d In M for carbon diffusion in carbides are not known as a 

function of composition and temperature, they are expected to have values between 1 and 

10. In general, the results of several determinations of the carbon chemical diffusion in 

NbC are in good agreement (see Table 1) and are at least a factor of 100 higher than the 

intrinsic dif fusivi ty obtained by G e I ' d and Lyubimov. The difference between the chemical 

and Intrinsic dif fusivi ty is larger than expected and may result from surface diffusion effects 

in the porous hot-pressed carbide samples used by G e I ' d and Lyubimov. Therefore, the 

tracer method study should be repeated wi th single crystal carbide in order to reduce the 

possibil ity of a contributing surface diffusion effect. 
(9) 

R. F. Fries , In a study of the vaporization behavior of NbC In vacuum, repcjrted 
7 9 

a carbon dif fusivi ty of 8 x 10 cm /sec at 2670 C. This value is in gcxid agreement with 

later results based on layer-growth measurements. Fries heated a porous NbC^ - . ^ pe "e t 

to 2670 C and found that carbon vaporized preferential ly unti l a congruently vaporizing 

composition of NbC^ ^^ was apprcxsched on the surface. The carbon diffusion gradient was 

subsequently determined by grinding powder samples from the surface and measuring the 

C/Nb molal ratios in the powder by means of x- ray dif fract ion. The diffusion gradient was 

-5-
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analyzed by the f in i te differences method In order to obtain the diffusion coefficient In 

Table 1. 

Bornstein, Hirakis, and Friedrich carburized graphite coated Nb -1 Zr a l loy foils 

In the temperature range from 1205 to 1816 C, The carbide scale was analyzed to be 

essentially an NbC layer and an N b „ C layer. The diffusion act ivat ion energy for carbon in 

NbC (see Table 1) is somewhat In error (10 kcal /mole) since It was taken direct ly from the 

slope of an Arrhenlus plot of the parabolic growth constants and did not account for NbC 

phase boundary change with temperature. The D was estimated by the use of extra-

(9) ° 
polotion of their data to Fries' data point. 

Resnick, Steinitz, and Seigle recently measured the dif fusivity of carbon In TaC 

and NbC by means of the layer-growth method. Their values of the parabolic growth con

stants and diffusion coefficients are in excellent agreement with those measured In this 

laboratory (see Section II). Their diffusion coefficients for TaC and NbC are listed In 

Table 1. Unfortunately, the carbon molal ratios at the carburized surfaces were not mea

sured, but Instead, a l l layer boundary concentrations were taken from equil ibrium phase 

diagrams. The analysis of the diffusion data was based on the assumption that quasi 

steady-state conditions and linear concentration gradients exist during the scale growth. In 

the cose of TaC, It was stated by the authors that the carbon dif fusivity Is v i r tual ly inde

pendent of composition and many times more rapid than that of tantalum dif fusivi ty. 

It can be concluded from a review of the previous research that agreement among 

investigators is approached only in the case of carbon diffusion In NbC. There is a concensus 

of opinion that metal atoms diffuse much more slowly than carbon atcxns, and, in the measure-
(8) 

ment of both metal and carbon diffusion by G e I ' d and Lyubimov , there Is a degree of 
experimental support for the concept of more rapid carbon diffusion. 

-6 -
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B. Interpretations and Mechanisms 
(12) 

PIrani and Sandor suggested in 1946 that carbon interstit ial diffusion In 

WC or tungsten Is "zeo l i t i c " . The mineral zeolites contain an open framework latt ice 

through which atoms can pass freely, and ore thus similar to modern molecular sieves. The 

analogy refers to the diffusion of carbon through a more or less open framework of the metal atom 

latt ice or sublattlce. The diffusing carbon atom does not have to "lcx)sen" the metal latt ice 

and the diffusion Is fast compared to the latt ice diffusion of tungsten atoms. Belief in the 

concept of rapid diffusion of small non-metal Interstit ial atoms, like carbon, through the te 

trahedral and octahedral "holes" In the metall ic BCC and HCP lattices, like Iron and tung-
(12) 

sten, continues toctay. However, i t Is not clear that either PIrani and Sandor or other 

later Investigators, such as Samsonov and Latysheva ' , recognized any difference in the 

diffusion mobi l i ty of interstitlals through the metals as compared to their respective meta l -

interstit ial compounds, 

Samsonov and Latysheva ' made a broad comparative study of diffusion of C, N , 

B, and SI In high-melt ing transition metals. Scale or layer growths of Interstitial compounds 

were measured and analyzed for dif fusivity of the interstit ial In the layers, each of which 

was composed of one or two compounds. A variety of crystal structures were represented in 

the layers In which the metal sublattices in the interstit ial compounds were not often the 

same as the latt ice in the parent metal. Several interesting conclusions and generalizations 

were drawn by the authors. Comparing the three Interstitlals C, N , and B; their diffusion 

act ivat ion energy was said to (1) increase with increasing ionization potential because of 

decreased binding energy^ , and (2) be independent of the size of the interstit ial atoms . 

Comparing the transition elements in periodic groups IVB, VB, and VIB; the activation energy 

of the intersti t ial diffusion was said to be Inversely related to (1) N , the principal quantum 

number, and (2) n, the number of electrons in the d level. Thus, the values of activation 

energy were found to be qual i tat ively determined by the ease of transfer of electrons from 

the non-metal atoms, and by the Incomplete f i l l i ng of the d orbltals of the transition element; 

but not by the size of the interst i t ial atoms. 

- 7 -
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..(13) 
S. S. N i k o l ' s k i i performed on absolute-reaction-rate theory analysis of diffusion 

coefficients In the nicjbium-carbon system. The author proposed that the diffusion coefficient 

for carbon in each phase depends on the square of the distance between adjacent stable posi

tions of the diffusing atoms; and the fract ion, x, of the carbon sublattlce sites occupied in 

NbC . Thus, the author recognized a different mobil i ty in separate phases which was 

related to crystal structure, latt ice parameter and the C /Nb rat io. The analysis further 

attempted to explain the relat ive carbon diffusion coefficients in NbC ^ Q , N b C . -,^, 
0. "8 U. 75 /Q, 

N b „ C , and Nb . The experimental determinations of these values by G e I ' d and Lyubimov 

were separately reported at about the same time. 

I I . COMPARATIVE DIFFUSION STUDY 

A comparative study of diffusion of carbon In the monocarbides of the six elements 

in periodic groups IVB and VB has been completed in this laboratory . ' ' ' ' 

The particular value of a comparative study in Identical crystal structures is that It provides, 

in addit ion to reaction kinetics and dif fusivity data, a basis for generalization of the inter

relationships among the data which can lead to both an understanding of the diffusion 

mechanism and means of predict ion for other related Interstit ial compounds. 

A. Summary of New Results 

The study program began with the layer-growth measurement of carbon 
(14) 

diffusion in the nlcjblum-corbon system. Brizes and Cacbff determined the diffusivity of 

carbon over the temperature range from 1700 to 2200 C. Their data for the concentration 

Independent di f fusivi ty of carbon In NbC is given In a summary table of new data. Table I I . 

The authors observed that the carburization of niobium in their experimental method lead to 

a lower C /Nb ratio, NbC_ ^o/ o " ^^^ surface than the phase diagram indicates, NbC-^ „ „ . 
0. 70 U. 70 

The conditions used in the study resulted In a reproducible surface composition at the lower 

stoichlometry. Marker movement experiments, using dr i l led micro-holes, showed that 

niobium diffuslcjn toward the corburlzlng surface Is negl igible since the markers did not 

move signif icantly with respect to the niobium latt ice. This was interpreted as evidence 



TABLE II 

Summary of New Carbon Diffusion 

T 
(°C) 

1800-2700 

2000-2860 

2300-3000 

1800-2600 

1700-2200 

2100-2650 

2D0 
(cm /sec) 

0.1 

0.95 

6.93 

0.1 

7.6 

1.8 

Q 
(kcal/mole) 

58.7 

78.7 

99.5 

55.2 

88.2 

87.0 

Source Ref. 

Adelsberg, Cadoff, and Tobin (18) 

Adelsberg, Cadoff, and Tobin (17) 

Adelsberg, Cadoff, and TcjbIn (18) 

Adelsberg, Cadoff, and Tobin (20) 

Brizes, Cadoff, and Tobin (14) 

Brizes and Tobin (19) 
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that the carbon moves Interst l t la l ly through the niobium sublattlce and the niobium atoms 

remain relat ively f ixed. 

The analysis of the multi-phased layer-growth kinetic data was refined by Brizes 

and Cadoff by means of an appl icat ion of the mathematical opprcxach used previously 

by Kidson . Kidson successfully applied a Wagner diffusion expression to diffusion 

In multi-phase binary systems at phase boundary positions, and has shown that the diffusion 

coefficients can be related to the Interface (boundary) concentrations and movements. 

The necessary experimental data for this analysis are the parabolic growth constants 

(3) and the layer boundary concentrations. Kirkaldy has shown that for multiphase diffusion, 

the bouncbry concentrations at the Intermediate phase (layer) boundaries are at the equ i l i 

brium values. The equil ibrium diagrams may be used to obtain boundary concentrations 

where the data is avai lable and accurate, except the concentration at the external surface 

of the monocarbide layer as noted previously. 

(14) The diffusivity of carbon In NbC reported by Brizes and Cadoff was assumed 

Independent of concentration. If we consider the diffusion to proceed by a random walk 
2 . . 

process, i . e . , D - a N W, where a is the latt ice spacing, N = concentration of carbon 
V V 

vacancies, and W - jump frequency. It may be expected that the diffusivity would Increase 

with decreasing carbon composition (an Increase in vacant sites, N ). For example, within 

the compositional boundary limits used in their report (C /Nb = 0, 93-0.70), dif fusivity may 

vary by a factor of 4. Other inter-related compositional dependent factors such as bonding 

strength and latt ice parameter variat ion, which reflect latt ice resistance to atomic movement 

(jump frequency) may operate in a compensating manner wi th the vacancy concentration term 

to reduce the overall dependence of diffusivity on composition. However, experimental 

evidence for a higher value of D in the low stoichlometry range of NbC was Indicated by 

the observation of a large band of Widmanstdtten structure. This indicates a very shallow 

concentration gradient In the low stoichlometry range and a high gradient near the carbon 

Interface. A change In concentration gradient of this magnitude is not predicted where D 

- 1 0 -
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is assumed constant. Another possible explanation for the large bond of Widmanstdtten . 

structure is a possible error in the NbC - (NbC + Nb_C)phase boundary. It is clear that 

further investigations w i l l be required to resolve this point. 

The differences between the reported carbon diffusion coefficients of Resnick, et 

al.,^ ' and of Brizes, et. a l . are considered to be small and are wi th in experimental 

limits of the layer growth technique. The Resnick analysis, which was based upon the 

assumption that quasi-steady-state conditions exist (linear concentration gradients). Is a 

reasonably good approximation for the N b - C system. A comparison between their analysis 

lep (14) and the general treatment given by Brizes and Cadoff , which relates the time dependent 

concentration gradient in the phases to an error function, reveals that an error in D ,, 
NbC 

of about 10% results. 

Similar refinements of the layer-growth technique and analysis to those described 
(15) 

by Brizes and Cadoff were applied by Adelsberg and Cadoff to the determination of 

carbon diffusivit ies in the three group IVB monocarbides, TiC , and ZrC , and 
(18) 

HfC . Data for these carbides are listed In Table I I . The authors found two advantages 

to the use of molten transition metal in a graphite crucible for layer-growth measurements; 

a reduction or el imination of cracking of the scale, and on increase In the useful tempera

ture range of study. Carbon diffusion was studied at temperatures up to the monocarbide-

carbon eutectic temperatures. 
(19) 

Brizes measured the carbon diffusion in the tantalum-carbon system and his data 

ore listed in Table I I . He determined the carbon concentration profi le in a carburized 

tantalum layer-growth specimen by means of electron micro-probe analysis for carbon. The 

carbon concentration gradient was found to be non-linear in the TaC layer as reported for 

Nbc""). 
Adelsberg and Cadoff reported the rapid diffusion of carbon through the 

remaining Group VB monocarbide, VC, thus completing the experimental phase of the 

comparative diffusion study. Their results are also listed In Table I I . 

- 1 1 -
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In reviewing and summarizing the experimental results of the comparative diffusion 

study. It should be noticed that the principal errors in this study, as In a l l layer-growth 

studies, are the result of : 

1) the assumption of a concentration independent dif fusivi ty, 

2) the use of incomplete equil ibrium phase diagrams to obtain the 

carbon concentration gradient, 

3) the lack of accurate pyrometry at the extremely high temperature 

(+ 30° to 50°C errors), 

4) the dif f icult ies In maintaining a constant and reproducible carbon 

stoichlometry at the carburized surface, part icularly at lower 

temperatures (below 2100 ), and 

5) the competition of grain boundary diffusion wi th volume diffusion, 

part icular ly at lower temperatures. 

B. Interpretation of the Comparative Study 

The rapid mobi l i ty of the carbon atcxn compared to that of the metal atom 
(14) 

In NbC was shown by the "marker-movement" experiments of Brizes and Cadoff , 

Also, the complete carburization of tantalum, niobium, and zirconium wires 

and rods resulted In no ax ia l vo id . A central hole was expected in the carbide wires i f 

the rate of metal diffusion outward was appreciable compared to the rate of carbon d i f 

fusion inward. 

A generalization concerning the ionization potential of several Interstit ial atoms 

similar to that by Samsonov and Latysheva cannot be made since only carbon diffusion 

was studied. However, an examination of the act ivat ion energies. Table I I I , indicates 

a direct relationship to the principal quantum number, N , in contrast to that noted earlier 

by Samsonov and Latysheva . A generally inverse relationship exists between the 

act ivat ion energies and the first ionization potential of the transition element. There is 

also an indication of an increase of the act ivat ion energy wi th the carbide-carbon eutectic 

temperature, suggesting a relationship to crystal binding energy. The absolute-reaction-

- 1 2 -



TABLE III 

General Relationships Between Act ivat ion Energy and Other Properties 

The Carbide The Transition Element 

Carbide 

TiC 

VC 

ZrC 

NbC 

HfC 

TaC 

Activation 
Energy, Q 
(kcal/mole) 

58.7 

55-2 

78.7 

88.2 

99.5 

87.0 

Carbide-
Carbon 

Eutectic 
(°C) + 50°C 

2760 

2760 

2890 

3240 

3170 

3450 

Jump 

Distance 
Squa^d 

X^ 

9.376 

8.685 

11.042 

9.986 

10.778 

9.993 

Transition 
Element 

Ti 

V 

Zr 

Nb 

Hf 

To 

Prin
cipal 

Quantum 
No. 
N 

3 

3 

4 

4 

5 

5 

No. of d 
Electrons 

n 

2 

3 

2 

4 

2 

3 

Atomic 
Diam, 

dMe 
o 

(A)* 
2.934 

2.75 

3.16 

2.95 

3.19 

2.97 

First 
lonizatlc 
Potentia 

In ev 
1 

6.83 

6.74 

6,95 

6.77 

5.5 

6,0 

* According to Costa and Conte for these six monocarbides. 
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vacancies is negl igible when compared to the large concentration resulting from hypo-

stoichiometry. The assumption of a temperature Independence of N . . is supported by the 

general observation of temperature invariance of the monocarbide phase f ie ld near 

stoichlometry. 

Next , the free volume term, AV, in equation (6) can be geometrically related to the 

latt ice parameter, aQ,and the coefficient of thermal expansion, d, (T): 

r/ °o*̂ <̂ )U3 
(7) 

where d is the carbon atom diameter; i< (T), the coeff icient of thermal expansion; and T, 

the absolute temperature. Equation (7) is a consequence of the approximation that the metal 

and carbon atoms hove equal vibrational amplitudes. This approximation Is based upon the 
(25) 

x-ray studies on several refractory carbides and nitrides by Houska . 

Final ly, the volume-f luctuation term, V * , for the proposed movement of the 

carbon atom through the (111) gap was related to the maximum diameter of a sphere which 

fits the gap, d , , , : 

V . ^ = V 6 ( d / - d , „ 3 ) (8) 

Substituting Equations (7) and (8) into Equation (6) results in the general equation 

for self-diffusion of carbon in the Bl structure monocarbides: 

„MeC 2 ,, . f HLLli^m^J( ,,, 
D = a L" (1 - x) e x p ^ 7 (9) 

^ ° I 3a *^a)T J 
o 

(for C /Me < 1) 

The self-diffusivit ies of carbon in the group IVB and VB carbides were calculated 

from Equation (9). In the calculations, V was approximated from the Wert-Zener 
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(13) 
rote theory of diffusion in the carbides, according to N iko l ' sk i i predicts a dependence 

of the diffusion coeff icient (D or D ) upon the square of the distance between adjacent 
° 2 2 

stable positions of the carbon atoms, X . However, no simple relationship to X was found 

for the six monocarbides diffusion coefficients or act ivat ion energies. 

It was not considered frui t ful to attempt to relate the diffusion data to the coeff icient 

of expansion. Young's modulus, hardness, or the transverse rupture strength because of 

scatter in these reported data. It was apparent that a more complex relationship was 

necessary in order to understand the carbon mobi l i ty . The analysis in Section II I shows that 

a good correlation can be made using two measurable properties, the latt ice parameter and 

the coeff icient of expansion in a complex relationship. 

I I I . THEORETICAL ANALYSIS OF CARBON DIFFUSION 

A proposed atomic diffusion jump mechanism through tetrahedral holes in the 

carbide lattices and the predictions of diffusion coefficients by the volume-fluctuation theory 

are presented In this section. 

A. The Atomic Jump Mechanism for Carbon 

In order to select the atomic jump mechanism for the carbon atoms 

which requires the minimum latt ice strain or accommodation, the crystal structure must be 

examined for the number and location of vacancies and tetrahedral holes which may 

fac i l i ta te the atomic jump. Each of the six Group IVB and VB transition element mono

carbides forms a Bl type (NaCI) crystal structure with both the metal and carbon atoms on 

interpenetrating FCC sublattices as shown in Figure 1. 

It is believed that a large fraction of the carbon sublattlce sites in Figure 1 are 

vacant and that fraction is equal to (1 - x) where the C/Me ratio is x. The C/Me ratio 

varies considerably in the hcjmogeneity ranges of each of the six monocarbides. For example, 

the homogeneity range of the NbC phase is between the compositions NbC,^ __ and 
(22) "• ^ 

N b C - ^ , according to Storms and Krikorian . In NbC, therefore, from two to thir ty 

per cent of the carbon sublattlce sites are vacant. The numercxjs carbon vacancies are 
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Figtire 1. The Bl Crystal Structure. One tetrahedral hole 
position for the carbon atom is outlined with a 
dashed circle. The two <.113} atomic jumps into 
and out of the tetrahedral hole are shown as 
wavy arrows. The net jump direction is <110) 
between two normal carbon sites on the front 
face of the cube. 
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expected to play an important role in the carbon atomic diffusion mechanism. Similar 

observations con be made for the other f ive monocarbides. In contrast to the temperature 

dependent vacancy concentrations found in metals, the carbon vacancy concentration In 

the six monocarbides is expected to be vir tual ly independent of temperature for any given 

composition. 

The concentration of metal vacancies has not been reported but may be expected 
-3 -4 

to be similar to that found in the metals; that Is, 10 to 10 atom fraction at the melting 

point. Exchange of metal and carbon atoms between the two sublattices has been considered, 

and the small carbon atom may occupy a metal sublattlce site, but the large metal atom 

would cause considerable latt ice strain on a normal carbon site. 

Each carbon sublattlce site Is surrounded by eight normally unoccupied tetrahedral 

holes In the FCC metal sublatt lce. One of the tetrahedral arrangements of four metal atoms 

around a tetrahedral hole is depicted in the carbide crystal structure in Figure 1 by connecting 

them wi th four double lines. Each of the four faces of the tetrahedral holes ore formed by a 

triangular array of three metal atoms in a (111) plane. There are twice as many tetrahedral 

holes as carbon sublattlce sites in the crystal structure, resulting in a somewhat open lattice 

framework. The tetrahedral holes are bel ieved to be involved in the atomic jump mechanism. 

Consider now the atomic jump mechanism for movement of a carbon atom from one 

carbon sublattlce site to a neighboring vacant carbon sublattlce site. The least l ikely jump 

mechanisms are those requiring cooperative movements by metal atoms and metal vacancies 

with carbon atoms and carbon vacancies. They may be disregarded because of the disparity 

between metal and carbon vacancy concentrations, and because they imply equivalent 

mobi l i ty of carbon and metal atoms. In disagreement with experimental observations. These 

observations Indicate that the carbon atcxn w i l l probably require only a displacement or 

accommodating movement of metal atoms in which the distance moved Is less than the metal 

atom diameter. 
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One jump mechanism requiring a small displacement of the metal atoms Is the 

shcx-test and most direct jump between carbon sites In the ^ 10^ direct ion. Figure 2 

shows that the \ 110/ jump in the (100) plane of ZrC requires the carbon atom to pass 

between two metal atoms. The ease wi th which the \ 110/ jump con be made depends 

on the gap or separation between the metal atoms, and the relat ive atom sizes of the 

carbon and metal atoms. The relat ive atom sizes in Figure 2 ore based upon the c o l -
(21) 

culotions of Costa and Conte , They obtained good agreement between the observed 
o 

and calculated latt ice spacings of Bl structure monocarbides using 1,54 A as the atomic 

diameter of carbon and the atomic diameters of the metal atoms as those in hypothetical 

FCC metal lattices, A consequence of the above approximation is that metal and carbon 

atoms ore In contact in the \ 100 / directions, and separations or gaps, g , occur 

between metal atoms In the \ 1 0 0 / direct ion. The calculated <[^110/ gap sizes, 

g ^^, for the six carbides ore given In Table IV. Since the calculated gap size is much 

smaller than the size of the carbon atom, a large lat t ice strain or accommodating movement 

of the two metal atoms is required in order that a carbon atom can jump direct ly from one 

sublattlce site to on adjacent vacant carbon site. 

However, a shorter < v m / jump, sl ightly to one side of the <C1107 jump des

cribed above, fxisses direct ly through the triangular gap in the (111) plane, g- i iw and 

Into a tetrahedral hole at a (1/4, 1/4, 1/4) location In the carbide latt ice. This gap is 

calculated to be several times larger than the g gap as shown in Figure 3 and In Table IV, 

A second ^ 1 1 1 ^ jump from the tetrahedral hole In one of four directions w i l l either 

return the carbon atom to the site i t vacated or move the carbon atom in one of the other 

three • ^ 1 1 1 ^ directions to another vacant site on the carbon sublattlce. This two-step 

atomic diffusion jump is the preferred mechanism among those considered on the basis of the 

minimum In the latt ice strain or accommodation required. An il lustration of the two-step 

jump mechanism is given In Figure 1. It should be noted that the net jump direction Is the 

\ 110^ ; and neither a cooperative jump of a metal atom nor the presence of a metal 
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<ioo> 

(100) plane 

FIGURE 2 - A T y p i c a l < 1 1 0 > Atomic Jump 

The carbon atom jump into a carbon 
vacancy is shown as a wavy arrow. 
The relat ive a ^ m sizes are: 
d , = 3.16 A ; d = 1.54 A ; 

^ r o ^ 
0 = 4 , 7 0 A 
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TABLE IV 

Comparison of Gap Sizes'* 

The diameters of the largest sphere which f i ts: 

Carbide 

TiC 

VC 

ZrC 

NbC 

HfC 

TaC 

theg^^^gap. 

^nn 
O 

0.272 A 

0.319 

0.163 

0,231 

0,180 

0.235 

the triangular g. ^ . gap. 

d * * 

_. °ni o 
0.746 A 

0.775 

0.677 

0,720 

0,688 

0.722 

* Based upon geometrical calculations using,the latt ice parameters and 
otcxnlc diameters found in Costa and Conte's repcx-t and the equation: 

d , , , = 0.1547 d . , + 1,155 d , , . = >r6/3 a - d . . 
111 Me 110 o Me 

The values of d . , ore given in Table I I I , 
Me 

o 
** Compare with the carbon atcxn diameter, d = 1.54 A . 
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' ^n i ° ' "9 i i i 

(111) plane 

D - diameter of carbon atom 
c 

D^. ^ = diameter of largest sphere 
which fits the (111) gap, 

9iir 

FIGURE 3 - ATyp i ca l (111) Gap Configuration 
The < 111 > atomic jump Is normal to this 
plane. The g^ ^^ gap is shown to be 
larger than the g ._ gap. 
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vacancy Is required. Thus, the two-step jump Is In accord with the experimental observations 

of the lower mobi l i ty of the metal atoms. 

The difference between the diameter of the carbon atom, d , and the diameter of the 
c 

largest sphere that f its through the (111) gap, d. ^ . , w i l l be used exp l i c i t l y in the c a l 

culat ion of the diffusion coeff icient for carbon in the transition element monocarbides in 

the fo l lowing discussion. 

B, Appl icat ion of the Volume-Fluctuation Diffusion Theory 
(23) 

Cohen and Turnbull have developed a volume-f luctuation theory to 

describe self-diffusion In liquids and glasses. The atomic model of the liquids and glasses 

was based upon disordered "hard sphere atoms" surrounded by a "free volume" which 

increased with temperature above 0 K, The free volume, AV, was the bulk volume per 

atom less the volume of the spherical atom at 0 K, A diffusion jump was proposed to occur 

when the surrounding atoms. In their thermally agitated movements, rearranged themselves 

to create a void large enough to accommodate the moving atom. The dif fusivi ty was given 

by the equation: 

D = A exp(-y V * / A V ) (3) 

where V * is the required volume-f luctuation to create the void; AV, the free volume; and 

A and y, constants, 
(24) 

Feisel and Armstrong applied the volume-f luctuation theory to self-diffusion In a 

number of FCC, BCC, and HCP metals and obtained reasonable oyeement wi th reported 

experimental values. By interpreting V * as the volume through which mechanical work or 

strain energy Is required to permit an atomic jump, they were able to relate V* /AV to the 

GIbb's free energy for diffusion, AG. The assumption was made that the volume-f luctuation 

term, V * , was separable Into two parts; i . e . , V* , the volume-f luctuation for vacancy 

formation, and V * , the volume-fluctuation for vacancy movement. In addi t ion, V* was 
m 

taken to be proportional to V , the atomic volume at 0 K; i . e . , V * = Z ' V . The 
•̂  "̂  o o 
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equation for self-diffusion was then writ ten as: 

D = o^ V exp [ - Z ' / ( A V A )1 
o I— o J 

(4) 

where a is the latt ice parameter; U , the vibration frequency; Z ' , a proportionality 

constant; and AV, the free volume. Al ternately, Equation (4) may be written In a more 

conventicxial form: 

D = a V 
r 

exp 

V*r/V 

A V A 
exp 

V* A 
m o 

A V A 

a i> exp 
o "̂  

^ , 

RT 

AG 

exp m 

RT 
(5) 

where A G , is the molar free energy of formation of a vacancy; and AG is the molar free 

energy of movement of a vacancy. Qual i ta t ive ly , the Feisel and Armstrong equation relates 

the diffusion coeff icient to the maximum latt ice strain in an atomic diffusion jump (as given 

by the V * term); to the coeff icient of thermal expansion (through the AV term); and to the 

latt ice parameter, a . 

The Feisel-Armstrong equation w i l l now be extended to describe self-diffusion of 

carbon in the Bl structure monocarbides. Equation (5) can be thought of as a form of the 

"randcxn walk" equation for diffusion: 

2 2 
D = a N „ u ; = a 

o V o 

r 
exp - 0 exp -

V* A 
m o| 

AV/V / 
(6) 

where N . , is the atom fraction of vacancies; and CjJ , the jump frequency. 

First, the vacancy concentration term, N ^ , in Equation (6) is equated to the atom 

fraction of unoccupied sites on the carbon sublattlce; i , e , , N . . = (1 - x) , where x is the 

C/Me rat io. This follows from the assumption that the concentration of thermally induced 
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^26^ 
Equation ; (1 - x) was assumed to be on overage of 0,2 for MeC^ _ over the stoichlometry 

(27) 
range; and <A. (T) values were taken from the data of Houska , Table V, and Figures 4 

and 5 show good agreement between the calculated values and the experimental carbon 

diffusivities measured in the comparative diffusion study, 

C. Discussion of the Theory of Diffusion 

It is interesting to consider how the self-di f fuslvi ty of carbon varies wi th 

stoichlometry in the six monocarbides. Intu i t ive ly , one expects D to decrease as the C/Me 

ratio increases and opprcxaches unity. This Is reflected in Equation (9), where the pre-

exponential term is proportional to the (1 - x) term. However, the lat t ice parameter, a , 
o 

and the coeff icient of thermal expansion , ot (T), are also affected by the C/Me rat io. For 

NbC, TaC, and ZrC, the variation of a wi th composition has been determined. However, 

the effect of C /Me rat io on the o< (T) is not known. Since both a and <^ (T) affect the 
o 

exponential term In Equation (9), it may be concluded that i f they do not vary in a com

pensatory manner wi th composition, the act ivat ion energy for self-diffusion may also vary 

with carbon content in the carbides. 

The volume-f luctuation theory suggests a much lower mobil i ty for the metal atoms 

than the carbon atoms in the Group IVB and VB monocarbides. Although it Is beyond the 

scope of this discussion to define the atomic mechanism for metal self-dif fusion, some 

qual i tat ive conclusions may be drawn assuming that diffusion proceeds by a vacancy 

mechanism on the metal sublattlce. It then follows that the analyt ical expression fcx- metal 

self-diffusion is very similar to that presented for carbon: 

o 

where N . , Is the thermal equil ibrium metal vacancy concentration; d ^ , the metal atom 

diameter; and d , the diameter of the gap for the metal diffusion atomic jump. A compari-
g 

son of the values of the terms in Equations (9) and (10) reveals that: 
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TABLE V 

Comparison of Calculated* and Experimental** Diffusion Data 

Carbide 

TiC 

ZrC 

HfC 

VC 

NbC 

TaC 

2 
D (cm /sec) 

o 
(exp) 

2 / 
cm /sec 

0.1 

0.95 

6.93 

0.1 

1. 2^1), 7.6^1^) 

l , 04<" ) ,0 .20 i ^^ ) 

, «09) 

(calc) 
1, 

cm /sec 

0,25 

0.25 

0.20 

0,013 

0,23 

0,38 

Q (kcc 

(exp) 

kcal/mole 

58.7 

78.7 

99.5 

55.2 

7 9 . 0 ^ " \ 88.2 

86.0^"^ , 87. C 

1 I/mole) 

;(14) 

,09) 

(calc) 

kcal/mole 

72.6 

79.8 

79.7 

54.8 

80.1 

85.1 

* Calculated Intrinsic dif fusivity 

* * Experimental chemical diffusivity 
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Re ciprocal Tempe rature,("C) 

FIGURE 4 - Diffusion Coefficients fcx* Group IVB Monocarbides 
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3.4 3.8 4.2 

Reciprocal Temperature, ("C) 

4.6 
-1 

5.0x10-'* 

FIGURE 5 - Diffusion Coefficients for Group VB Monocarbides 
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(2) the metal volume-f luctuat ion term, \ 1 - (d / d ^ Y 

that for carbon, and 

(3) the metal vacancy concentration term, N ^ , can be, as previously discussed, 

at least a factor of twenty lower than that for the carbon vacancy concentra

t i on . 

It Is clear, therefore, that the volume-f luctuation model predicts that D., ^ D by a 
-2 A ^ 

factor of 10 to 10 ; a conclusion which is consistent wi th the avai lable experimental 

evidence. More knowledge of the metal vacancy concentration Is needed. 

Equation (9) may also be applied to the estimation of (1) diffusion of Interstitial 

impurities in the monocarbides, and (2) self-diffusion of interstit lals in other Bl structure 

interst i t ial compounds such as mononitrides, etc. When the concentration of impurities 

such as O , N , B, and Si in the Bl structure monocarbides is small, their effect cxi the 

latt ice parameter and coeff ic ient of thermal expansion may either be neglected or measured 

in order to substitute the values of a and a (T) into Equation (9). Final ly, the covolent 
o 

radius of the minor Impurity atom replaces the carbon atom diameter, d , in Equation (9) 

in cx-der to estimate the diffusion mobi l i ty of the impurity interst i t ial atoms in the mono

carbides. In the cose of interst i t ial self-diffusion in other Bl structure interstit ial com

pounds, such as nitrogen in mononitrides, the diffusion coeff icient Is estimated in a 

straightforward manner by substituting Into Equation (9) the appropriate values for the 

atomic diameters of the nitrogen and metal atoms, d. , and d . , ; as wel l as the N /Me 
N Me 

rat io, x . The latt ice parameter, a , and the coefficient of expansion, a (T), for the 
mononitride. Final ly, the vibration frequency, , may be estimated from the Wert-Zener 

.• (26) equation^ , 

IV, CONCLUSIONS 

Most of the data reported for carbon diffusion In the group IVB and VB monocarbides 

were csbtained by the layer-growth method in the presence of a large carbon concentration 

gradient. However, the values of chemical diffusivities so obtained ore not equivalent to 
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the intrinsic diffusivities which can be determined by the radioactive tracer method in a 

homogeneous monocarbide. There is good evidence to indicate a dependence of the 

diffusivities on the carbon concentration and the reported chemical diffusivities must be 

considered to be averaged over a broad concentration range. It is suggested that further 

development of the use of radioactive tracer techniques with homogeneous, single crystal 

monocarbides w i l l eventually aid in a better understanding of: 

1. the effect of the C/Me ratio on the dif fusivi ty, 

2. the self-diffusion of the metal atoms in the monocarbide, 

3. the diffusion of impurity metal and non-metal atoms in the monocarbide, and 

4. the surface and grain boundary diffusion rates. 
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