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ABSTRACT

The thermodynamic properties of the Mn-V-C system are not known from experiments, and
there is a need of information on the stability of the various phases, and the Mn-V-C phase
diagram. This kind of information has been obtained by us. Our approach combines the
methods of phenomenological modelling and extrapolation from the lower-order systems,
which have been developed in the so-called CALPHAD (i.e. CALculation of PHAse
Diagrams) work, with predictions of unknown thermodynamic quantities. The predictions are
based on regularities in bonding properties and vibrational entropy of 3d-transition metal
carbides. By using predicted Gibbs energy functions as input information in the
Hillert-Staffansson "Two-Sublattice” phenomenclogical model we take into account the
substitution of Mn for V in all carbide phases. Our results are summarized in tables of
thermodynamic parameters, calculated isothermal sections of the phase diagram, and the

liquidus surface.
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1. INTRODUCTION

The study of the thermodynamic properties of the transition-metal alloys and compounds is a
subject of considérablc practical and theoretical interest. Accurate thermodynamic information
forms the basis of the so-called CALPHAD (i.e. CALculation of PHAse Diagrams) approach
to phase diagrams of multicomponent alloy systems. In this approach, pioneered by Kaufman
[1.2]. one searches for a consistent thermodynamic description, based on modelling the Gibbs
energy (G) functions of the various phases in the multicomponent system, making use of the

descriptions of the lower-order systems, e.g. binaries and temaries.

The models used in current CALPHAD work are phenomenological, and contain parameters
which are fitted to experimental information on the phase diagram and thermochemical
properties. In particular, some of the adjustable parameters involved in the so-called
Compound-Energy Model [3] of multicomponent solid solution phases represent the Gibbs
energy of compounds which are not stable in the system. Since the experimental information
necessary to accurately determine the model parameters is often uncertain, scarce or lacking,
there is a strong interest in the development of methods for predicting the Gibbs energy of

those metastable compounds.

Miedema’s formula [4] has been very successful in accounting for the enthalpy of formation
of various groups of compounds, but it does not treat the entropy part of G, which is important
in a consideration of the phase equilibria at high temperatures. The problem of estimating G at
high temperatures led Ferndndez Guillermet and Grimvall [5] to a systematic study of the
thermodynamics of various 3d-transition metal compounds. They have reported various
correlations which allowed the estimation of e.g. the room temperature entropy, and the
enthalpy of formation of various stable carbides, nitrides and oxides. Besides, their
correlations have been used in studying the properties of various stable and metastable phases,
e.g. a phase with the (cF8) NaCl-structure in the Cr-C system [6], the metastable (cF8)
NaCl-structure phase "NiN" and other nitride phases in the Ni-N system [7], and the

metastable (0P16) ("cementite"-structure) phase Cr,C of the Cr-C system [8]

The purpose of the present work is to go one step further and combine the estimation
procedures introduced in refs.[5-8] with the methods of analysis and extrapolation developed
in CALPHAD work, to gain information on the high-temperature thermodynamics of a terary

system which is not known from experiments, the Mn-V-C system. This study is part of a



research program aimed at treating the Fe-Mn-V-C system which is currently carried on by
one of us (WH). Previous papers by Huang have dealt with the treatment of the binary sides of
this temary system, Mn-C [9] V-C [10] and Mn-V [11] systems. The remainder of the present
paper is organized as follows. In section 2 we present the models for the Gibbs energy of the
various phases in the temary system, and in section 3 we explain the procedure for evaluation
of model parameters. Sections 4 and 5 are devoted to the so-called "Lattice-Stabilities" and the
excess Gibbs energy of carbide phases, respectively. In Section 6 we calculate and discuss the

Mn-V-C phase diagram, and in Section 7 we summarize our work.

2. THERMODYNAMIC MODELLING
2.1 Non-magnetic Gibbs Energy of Solid Solution Phases

The Gibbs energy of the bee, fcc, hep, @-Mn and B-Mn solid solution phases was described by
resolving it into a magnetic (AGf) and a non-magnetic contribution. The magnetic
contribution was described by Hillert and Jarl's [12] modification of the model proposed by
Inden [13], whereas the non-magnetic contribution was described by the two-sublattice [14]
version of the Compound-Energy model [3]. Mn and V were assumed to occupy the first
sublattice, whereas C atoms and vacant interstitial sites (Va) were assumed to substitute for
each other in the second one. The bcc, fcc, hep, -Mn and B-Mn solid solution phases were
represented in the present work by the two-sublattice model (Mn,V),(C,Va)_ and their Gibbs

energy per mole of formula units was described by the following expression,

G:FYmYVaoGtm:va"'YV}’v,,oG%:Va+yMnyc°GLmC+yvyc"Gt,: o
+RT[(YMIIlnyM.n+yVlnyV)+C(yCl“5'C+yvalnyva)]+Eg:1+éG::g'¢ (1)

The variable y; (i=C,Mn,V,Va) is the so-called [15] site fraction of component i in its
sublattice. The parameter OG?:Va is the Gibbs energy of pure component i in a non-magnetic
state with the structure ¢, and °G$C is the Gibbs energy of a state where all the interstitial sites
are filled with C. The symbol ¢ denotes the number of interstitial sites per metallic atom. For
the bee structure c=3, and for the fcc structure c=1. The hcp structure was treated by adopting
¢=0.5 and for the a-Mn and B-Mn structure we adopted c=1. All the °G:V‘ values were
referred to the enthalpy of a special standard state recommended by the SGTE(Scientific
Group Thermodata Europe) organization [16]. This state, denoted by the superscript SER
(Stable Element Reference ) is defined as the stable state at 298.15 K and 0.1 MPa. The

necessary information on “szn:\,a was taken from ref. [17] and information on “G:’,_Va from



refs. [18,19]. The °G§1ntc quantities, which originate in the Mn-C system, were taken from
ref.[9], whereas the °G$,:C quantities, which originate in the V-C system, were taken from

ref.[10]. The term EG& in eq.(1) is the excess Gibbs energy term. It was expressed as follows,

EG:-l:yMnyV(yCL‘:#n,V:C+yVaL:1n.V:Vn)+y\r’ay(f(yMnL’:/In:C_Vn+yVL‘t’:C,Vs) (2)

where the L parameters are composition dependent according to the so-called Redlich-Kister

[20] phenomenological power series, i.e.
¢ )y ¢ k
Linva = Z " Lt v OmaYV) 3)
k=0
with 1=C or Va, and
3 ~ (p ¢ k
Li‘:’C.Va = 2 Li:C.Va (yC-yVa) (4)
k=0
with i=Mnor V
The quantities i are, in general, functions of temperature. In egs.(2-4) the comma separates
components that interact in the same sublattice, and the colon separates components in
different sublattices. The parameters LLNC.V“ were taken from ref.[9], and the quantities
Ltf:c,va from ref.[10]. The parameters L’Mn,v;va- which come from the Mn-V system were

taken from ref.[11], whereas the quantities L:mv:c which originate in the Mn-V-C system are

discussed in Section 5.
2.2 The Magnetic Contribution

The last term in eq.(1), which is the magnetic contribution to the Gibbs energy, is given by the

expression
AGPE®=R T In(B*+1) (1) (5)

where B? is a composition dependent parameter related to the total magnetic entropy, i.e. the

quantity A52:3‘¢(m)-ﬂsm3'¢'(0}. as follows
K g ¢ . §
ASTE?(00)-ASTE(0)= R In(B®+1) (6)

1 is defined as T/T, where T‘é is the critical temperature for magnetic ordering of the structure



¢ at a given composition, i.e. the Curie temperature (T.) for ferromagnetic ordering and the
Néel temperature (Ty) for antiferromagnetic ordering, and f*(t) represents the polynomial
proposed by Hillert and Jarl [12]. When applying the model to alloys, the composition
dependence of the quantities B¢ and T’C has to be accounted for. This was done by adopting the

following phenomenological exp}ession.
l-o=yMnyVnoI:-‘l.n:Vn+yMnyCOI:fl.n:C+yVyVaol$:Va+yVndI$:(.‘

+YmnYv Y clgan.v:c*‘}'vamn.v:va)“'Ycha(yMnlitin:c,\ra*}/vmnc.va} (7

I stands for T or B. The I:&n:Va quantities, which represent the magnetic contribution to G_ of
the solid phases of Mn, were taken from ref.[17] and the remaining parameters were set equal

to zero.
2.3 Carbides
2.3.1 Cubic (MeC) and Hexagonal (Me,C) Carbides

The MeC (cF8) NaCl-structure carbide phase is stable in the V-C system [21], with a range of
homogeneity. The MeC carbide may be considered as derived from the interstitial solution of
C in the metastable fcc (cF4) phase of V, by filling up with carbon atoms all octahedral
interstitial sites. This fact was taken into account in ref.[10], and the properties of the NaCl
structure phase VC were described as the carbon-rich end of the Gibbs energy function for the
fcc interstitial solution, which was represented by the two-sublattice model (V),(C,Va),. The
same type of model was applied in ref.[9] to treat the fcc phase which is stable in the Mn-C
system, i.e. (Mn),(C,Va),. As a natural generalization we treat the properties of the ternary
phase extending between the V-rich (cF8) structure and the Mn-rich (cF4) fcc phase by the
two-sublattice model (Mn,V),(C,Va),. Its G_| function is descrikl)cd by eq.(1) with c=1, and the

necessary information taken from the references given in Sec.2.

In a similar v-;ay. the two-sublattice model (Mn,V)(C.Va), ; was adopted to treat the properties
of the hexagonal Me,C (hP3) carbide structure in the temnary system, which originates in the
V,C phase of the V-C system [21]

2.3.2 Complex Carbides: Me,C,, Me,C,, Me(C,, and Me,C

Various complex carbide phases were treated in the present work. Among them Me,C,(0P40),



Me,C, (mC28) and Me,C(oP16) originate in the Mn-C system [9]. The carbide Me,C, (hR20)
originates in the V-C system, and represents the observed composition of a carbide with the
ideal formula "V ,C,", see ref.[21]. No experimental information on the solubility of V in the
Mn rich carbides nor Mn in the V rich carbides was found in the literature, and the possibility
was considered by us of setting those solubilities at zero, i.e. treating these carbides.as true
binary phases. However, preliminary calculations revealed a significant solubility in the
ternary cubic or hexagonal carbides, and it was considered more realistic to allow Mn and V
atoms to substitute for each other also in the complex carbides. The carbides Me,C,, Me,C,
and Me,C were thus assumed to be stoichiometric with respect to carbon, and were
represented by the two-sublattice model (Mn,V), C_. Their Gibbs energy per mole of formula

units was expressed as
G:FYMnOGzdn:c*yVOGtr,-c"'bRT(yMnl"yMn+yVl"yv)+EG:= L

The parameters °G$‘ECZ, °Gm;?g3. °GMesS? and on:?g represent the Gibbs energy functions
for the stable carbides in the V-C and Mn-C systems. They were taken directly from refs.[9]
and [10]. The parameters °Gp3c2, °GVI®, °GMs® and °GY<C represent the Gibbs energy
functions for the metastable carbides Mn,C,, V,C,, V(C, and V,C, respectively. These

quantities were expressed in terms of the enthalpy of the elements in their reference states as

°Gumc? = 3Hig: + 2HER + A°Gyy, )
Gy =bHY " +cHZR + A%y ¢ (10)

and the Gibbs energy differences A“GMH3C2, AOGV-,C;* Aon,cz and A°Gy, . were treated as
functions of temperature in a way described in Section 4. The information on the properties of
graphite, which is necessary for applying eqs.(9) and (10) was taken from ref.[22]. The last
term in eq.(8) is the excess Gibbs energy. It was treated using the regular solution

approximation,

EG:FY\O’Mn Lgn.vc (L1)
The interaction parameter L{m_v:c is discussed in Section 5 of the present work.
2.3.3 Me,,C, Carbide

The Me,,C (cF116) carbide phase, which originates in the Mn-C system [9] was also treated



as stoichiometric with respect to carbon. However, instead of the simple two-sublattice model
(Mn.V)nCG. a more elaborate representation was adopted. A three-sublattice treatment has
been previously proposed for the Me,,C, carbide in the Fe-Cr-C system [23], from a
consideration of crystallographic data, and from information on the homogeneity range of this
phase in higher-order systems, e.g. the Fe-Cr-W-C [24] and Fe-Cr-Mo-C [25] systems. That
model was accepted by us, in order to make the present treatment of the Mn-V-C compatible
with those previous works. Accordingly, we represented the Me,,C, carbide by the
three-sublattice model (Mn,V)ZO(Mn.V)3C6, and described its Gibbs energy per mole of

formula units using the expression,
Me,,C | @ 3
Gl oy v O S VY3 MYV Y ot OV etV Y% OVRECS
+RT[20(y L Iny L, +Yolny )+3 (Y3 Iny 3y +y o Iny3) [+ EG N2 Ce (12)

where Y1]we and yi,c are the site fraction in the first and second sublattice, respectively.
°GH..°?R&C represents the Gibbs energy of Mn, )Mn,C,, i.e. the Mn,,C carbide. It was directly
taken from ref.[9]. °G¥3?§6 represents the Gibbs energy of the V,,V.Cy, i.e. the V,,C,

carbide, which is metastable in the V-C system. It was expressed as
o Me, Co SER SER g
Gyc=23Hy  +6H " + A GV,,Q; . (13)

and the tcmperature‘dependem quantity AOGVz;Q was determined as described in Section 4.
Finally the parameters °Gpy %6 and °GM<23Cs correspond to the hypothetical ternary
compounds Mn,,V,C¢ and V,,Mn,C,. Because of the lack of information on these carbides
we adopted a method previously applied in the Fe-Cr-C system [23], and approximated their
Gibbs energy By the weighted average of the °G functions for Mn,,C¢ and V,,C, i.e. we

assumed that

23°G MR E=20°G RS +3°GUGCe (14)
oMeyaCq _ Me;,C v~Me,,C ’
23°Gy 3 &=20°Gy e +3°Gyy Bnte ' (15)

The last term in eq.(12). which is the excess Gibbs energy for Me,,Cy, is considered in

Section S.



2.4 Sigma Phase

A tetragonal (tP30)-structure intermetallic phase, usually called sigma (G) phase, is stable in
the Mn-V system [11]. Its thermodynamic properties have been treated by applying the
three-sublattice model MngV ,(Mn,V),q, and the reader is referred to ref.[11] for details.
Lacking experimental information on the properties of the G-phase in the Mn-V-C system, we
assumed that this phase does not dissolve an} carbon, and treated it as a binary phase, using

the description assessed in ref.[11].
2.5 Liquid Phase

The Gibbs energy of the liquid phase was described by applying a substitutional solution
model, as follows

L__ o~L o~L’ o~L
G, =xc Getxpy, Gy, Hxy GV+RT(xClnxC+anlann+xVlnxv)

+XXpLle mntXcXvle vixpaXvivn v (16)

where °G'é. °G’];,n, and °GI‘; were taken from refs.[22], [17] and [18], respectively. The
interaction parameters, L\, , L.y and Ly, , which originate in the Mn-C [9], V-C [10] and
Mn-V [11] systems, are in general composition dependent according to the Redlich-Kister
[20] phenomenological power series. No ternary interaction term was included in eq.(16)

because of the lack of information.
3. PARAMETER EVALUATION PROCEDURE

Five thermodynamic model parameters were determined in the present work, AoGMn_;C,'
A°Gy ¢, A°Gy, ¢, A°Gy ¢, and A°Gy, (. which are related to the Gibbs energy of one
metastable Mn carbide and four metastable V carbides, which are not known from
experiments. They were determined by combining estimations of the high-temperature entropy
of these carbides, based on the methods introduced in refs.[5-8], with estimations of their
enthalpy of formation, as discussed in Sec.4.3. All fits to experimental or estimated
information reportéd here were performed using ASSESSMENT, a computer program for the
optimization of thermodynamic model parameters developed by Jansson [26]. The estimation

of the Gibbs energy differences in eqs.(9), (10) and (13), which are often referred to as



"Lattice-Stabilities" [1,27] is discussed in the following section.
4. ANALYSIS OF LATTICE-STABILITIES

4.1 General Considerations

Ferméndez Gﬁillermet and Grimvall [5] have reported on various correlations between
quantities related to the strength of chemical bonding in 3d-transition metal carbides and the
average number of valence electrons per atom, n,. Of particular relevance for the present study
is the correlation between the room-temperature enthalpy of formation per atom (A°H) and n_,

and the correlation involving the characteristic energy E¢. This quantity, introduced in ref.[5],

was defined as
o] 2/3
Eq=kQ (17)

where  is the average volume per atom, and kg is a quantity with the dimension of a force

constant, (i.e. force per length), which is related to the vibrational properties of the compound

as follows
kg=M_¢(kg04/M)* (18)

M, is the logarithmic average of the atomic masses, ka is the Boltzmann constant, h=h/2r
where h is Planck’s constant, and 6 is an "entropy Debye temperature”, defined [28,29] as the
8 value which reproduces the experimental vibrational entropy per mole of atoms, S_;;, when

inserted in the Debye model expression for the entropy, Sy,
S,in(T)=Sp(84/T) (19)

Previous analyses based on kg of the vibrational entropy of transition metals [30] and their
combinations with C, N and B [28] revealed remarkable regularities. The new correlations
involving A°H (kJ.mol™') and Eg(Ry) (IRy/atom=1312.8 kJ.mol"!) for 3d-transition metal
carbides are given in Fig.1. References to the sources of enthalpy and entropy information and
a discussion of the data points for Mn compounds, which deviate from the general trend in

Fig.1b, have been given in ref.[5] and will not be repeated here.

4.2 Estimation of 84 for Metastable Carbides



The correlation in Fig.1a will now be applied to predict the properties of the metaétable
carbides Mn,C,, V,C;, V4C,, V,C and V,;Cq. Our procedure is as follows. From the number
of valence electrons of Mn, n:"”:‘f e.a", Vv, n:'.=5 e.a!andC, nec=4 e.a’! we calculate n,. Fora
carbide Me, C_, n_=(b n’:'°+c nf)/(b+c). Then, from the correlation in Fig.1a we get Eg. From
Eg and the experimental {2 we get k¢ (eq.(17)) and 8¢ (eq.(18)). If experimental information
on Q of a compound is not available, we estimate it by relying on interpolations in £2 vs. n_
plots between experimental data for phases with the same formula, as explained in refs.[5] and
[31]. The Q'va]ues obtained in this way are given in Table 1. Anharmonicity makes 6
temperature dependent. When the vibrational entropy at high temperatures was needed in the
study reported in refs.[6] and [8] one lets 8¢ decrease with T, relying on the known behavior
of the temperature dependence of 6¢ for similar compounds. We have here neglected such

corrections. We have also neglected non-vibrational contributions.

The Eg, kg and BS values for Mn,C,, V,C,, V,C,, V_,C, and V,,C, obtained from the
correlation in Fig.la are given in Table I. For comparison we present values for the stable
carbides of V, and for the stable and metastable carbides of Mn. 8¢ for VC is from ref.[28],
whereas 6 for V,C, and V,C,, were evaluated by us using entropy information from ref.[10].
6 of Mn,C;, Mn,C,, Mn,C and Mn,,C¢ was evaluated in ref.[5] using entropy information
from ref.[9]. 6 for the MnC(cF8), NaCl-structure phase, and the Mn,C (hP3) structure phase
which are metastable in the Mn-C system, were obtained in a recent study by Fernéndez
Guillermet and Grimvall [31]. To partly check that the 85 values estimated by us are
reasonable we plot in Figs.2a and 2b the results in Table I versus the mole-fraction x,, of V
and Mn in the carbide, respectively. We also plot 65 for bcc V obtained in ref.[30] from
entropy data. g for a-Mn was approximated as in ref.[17], by using the 6 value obtained in
ref.[32] from a study of X-ray intensity data. The present estimates for 85 of V,C,, V,C,,
V,C, and V,,C, (open symbols) fit well the variation with composition suggested by the data
points for stable V-carbides and bcc-V (filled symbols). Also,the result for Mn,C, (open
symbol labelled 2) fits well the trend of increasing 85 with decreasing x,, suggested by the
results for 8 of Mn,C, MnC,, Mn,C,, (filled symbols labelled 6, 5 and 4, respectively) and
the results for Mn,C and MnC from ref.[31] (open symbols labelled 3 and 1, respectively).

4.3 Estimation of A’H for metastable carbides

The solid line in Fig.1b gives a reasonably good description of the average variation with n_ of
the (negative) enthalpy of formation of 3d-transition metal carbides at room temperature. Most
of the carbides in Fig.1b are stable phases in the metal-carbon phase diagram, and their

properties have been studied experimentally. Fe,C is a metastable phase in the Fe-C system,
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but its properties are known from experiments. Co,C (oP16) and Ni,C (oP16) are metastable,
and information on their behavior has been obtained by extrapolating thle properties of the
(Fe,Co),C and I(Fe,Ni)3C ternary phases in the Co-Fe-C [33] and Fe-Ni-C [34] systems,
respectively, using the two-sublattice model. A similar extrapolation is applied in section 4.3.1
to gain information on (-A°H) of V,C (oP16). The estimation of (-A°H) for the remaining

carbides is discussed in sections 4.3.2 and 4.3.3.
4.3.1 Treatment of the Metastable V,C (oP16) Phase

Lacking experimental information on the stability of the (Mn,V),C (oP16) phase, we shall
estimate the (-A°H) value for V,C (oP16) by performing a model extrapolation of the data on
another terary phase, namely, (Fe,V);C. The properties of this phase have been dealt with by
Huang in a recent assessment of the Fe-V-C system [35], but a different assumption about the
entropy of V,C (oP16) was adopted. In order to make the treatment of V,C consistent with
that of the other metastable carbides, we shall here reanalyse the experimental information

considered by Huang [35] as follows.
The Gibbs energy of the (Fe,V),C phase is expressed using egs.(8) and (11) as

GMesCay L °GMCy, CGYSCHBRT (v Inyp +yyInyy )+ EGHMeC (20)
The parameter °G’l§1féc, which describes the Gibbs energy of the Fe,C (oP16) (cementite)
phase, has been determined in ref.[36] from experiments. °G$’fgc was expressed according to

eq.(10), and the function A“GV3CCF ) was represented by the equation
A°Gy (T)=a+bT+cTInT+d T? (21)

Parameters b, ¢, and d in eq.(21) represent the temperature dependence of A°Gv1C(T}. and of
°G\h;l:%c. through eq.(10), i.e. they describe the entropy function of the V,C phasc_:. They were
determined by fitting to the entropy values obtained by inserting the predicted 85 of V,C
(oP16) (Table II) in eq.(19). The parameter a, which is related to the enthalpy of formation of
V,C, was determined by estimating the value of (-A°H) at 298K through an assessment of
experimental data from ref.[37] on the distribution of V between the (Fe,V),C (oP16) phase
and the fcc (cF4) phase in the Fe-V-C system, in the temperature range 1173 to 1373 K. In our
analysis, the properties of the Fe-V-C fcc phase were taken from ref.[35], whereas (Fe V),C
was represented by eq.(20) with °széc, from ref.[36] and °G¥fgc. as before. Since the

experimental data on (Fe,V),C [37] analysed by us involves the region of low V contents we

12



considered the effect on the extrapolation to V,C of changes in the quantity L c- which
describes the interaction between Fe and V in the metallic sublattice of the (Fc.V)3C phase.
We performed systematic fits to the experimental information from ref.[37], for various
choices of the L {,C parameter, and values of the enthalpy of formation of V,;C were
determined which minimized the square sum of the difference between calculated and
measured V contents in (Fe,V),C. The (-A°H) value at 298K which minimizes the error sum
for a given L will be referred to as the "optimum" (-A°H). The optimum (-A°H) for V,C and
the corresponding error sum for each choice of L;if{fc are plotted in Fig.3. Following a
suggestion in ref.[35] we refer Lg“c to the quantity representing the interaction between Fe
and V atoms in the Fe-V fcc phase, f“vv , which we multiply by 3 to account for the
difference in the number of metallic atoms per formula unit. Further, we refer the "optimum"

error sum corresponding to a given (LMe€/3L%¢) ratio to the error sum obtained when the

ratio was set equal to unity, and called this ratio the "relative" error sum.

It is evident from Fig.3b that the goodness of fit decreases with a decrease in the (LM®¢/3Lc)
ratio, whereas the optimum (-A°H) increases (Fig.3a). However, phase diagram calculations
performed by combining the description of the V-C system from ref.[10] with a description of
V,C based on the optimum (-A°H) and the entropy from our predicted 64 (Sect.4.2) showed
that increasing (-A°H) above 37.7 kJ.(mol of atorn)‘l makes V,C (oP16) a stable phase in the
V-C phase diagram, which is against experiments. Therefore the value (-A°H)=37.7 kJ.(mol of
atoms) ! was taken as an upper limit of the probable (-A°H) of V,C at 298.15 K. It can be seen
from Fig.3 that optimum (-A°H) values compatible with that limit can be obtained from the
experimental data in ref.[37] only if the interactions between the Fe and V atoms in fcc and in
(Fe,V),C are cbmparable, say, if LMe3sC/31.%¢>0.5. On the other hand, a sufficiently large
increase in the LM®3¢/3L ratio would lead to very small (-A°H) "optimum" values, which
will, in general, mean a decrease in the strength of the chemical bonding in V,C. However,
that increase would not be in line with the large 85 and effective force constant kg expected‘for
this carbide from the correlation in Fig.1a. As a consequence, an intermediate LM"3C/3Lf°°
value was preferred when estimating the probable (-A°H) for V,C. Lacking further
information, we adopted as a probable enthalpy of formation , the "optimum" (-A°H) extracted
from experiments under the assumption that LM“ C/BL{:C:VNI):I. We obtained
(-A°H)=30.5(x3) kJ.(mol of atoms) ! and could thus evaluate the whole A°GV3C(T) expression,
see Table II. To be consistent, the new expression for V,C is also adopted in the Fe-V-C
system, which was previously described with a value of (-A°H)=24.0 kJ.(mol of atoms)! at
298K. The new value does not result in any appreciable change in the Fe-V-C system, since
both analyses are based on the same experimental information by Ohtani [37]. Another

estimate for (-A°H) of V,C is available from the approach developed by Miedema and
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coworkers [4]. It will be considered in the following section.

4.3.2 Treatment of V,C,, V,C, and V,,C

Once the (-A°H) for the metastable V,;C (oP16) carbide was determined, we performed
interpolations in a (-A°H) versus n, plot and estimated the values for the remaining metastable
V carbides. The interpolations were based on the observation [31] that the (-A°H) values for
the various stable complex carbides of Cr (i.e. Cr,C,, Cr,C, and Cr,,C¢ ) and Mn (i.e. Mn,C,,
Mn,C,, Mn,C and Mn,,Cy) are roughly represented by the stfaight line in a (-A°H) versus n,
plot, which goes through the point corresponding to pure Cr (i.e. A’H=0, nf'=6 e.a’) and pure
Mn (i.e.A°H=0, nt‘“:? eal), respectively. In the present case, the (-A°H) versus n, value for
V,C from 4.3.1 fits fairly well the linear variation determined by the experimental [38] (-A°H)
for V,C, (i.e. n_=4.60 e.a’!) and the values representing pure V (i.e.A°H=0, n:’=5 e.a’l).
Interpolations of (-A°H) based on that linear variation yield 36.5 (£3) kJ.(mol of atoms) ™! for
V,C;5, 35.0 (£3) kJ.(mol of atoms)! for VC,, and 25.5 (£3) kJ.(mol of atoms)™! for V,3C¢. In
Fig.4 we plot n_ versus the (-A°H) values for metastable carbides (open symbols) obtained by
us, the experimental [38] (-A°H) of V,C, and V,C (filled symbols), and the values given by
Miedema's [4] formula (crosses). There is fair agreement between our results for the
metastable V carbides and those from ref.[4], although our (-A°H) are larger. This systematic
difference seems to be consistent with the fact that Miedema'’s [4] formula also gives for V,C,

and V,C (-A°H) values which are smaller than the experimental data from [38], Fig.4.

4.3.3 Treatment of the Metastable Mn3C2 Carbide

It has been noted [5] that the data points representing (-A°H) for the stable Mn carbides fall
above the solid line in Fig.1a, and a similar type of deviation has been observed in an d@nalysis
of 3d-transition metal nitrides (see Fig.6 in ref.[5]). These deviations from the general trends
have qualitatively been explained [5] in terms of the anomalously low cohesive energy of
a-Mn. Although a quantitative treatment of the anomaly has not yet been developed, it is
expected that the magnitude of the anomalous effect will be less for Mn,C, than for the stable
Mn carbides, which have a larger Mn content. Relying on this expectation, the enthalpy of
formation of a carbide with the formula Mn,C, and unspecified structure has tentatively been
estimated in ref.[31], by making use of the solid line in Fig.1b. That result, which is
(-A°H)=6.5(£2) kJ.(mol of atoms) ™!, was adopted by us to treat the metastable Mn,C, (hR20)

carbide.

4.4 Representation of Lattice-Stabilities
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The enthalpy of formation values for metastable carbides obtained by us (Table I) were
combined with entropy values calculated by inserting the estimated 6 (Table I) in eq.(19), and
the Gibbs energy functions OG:";?E:‘ °G¥fc3c, °Gﬂ°&c’, °G¥f(§c2 and °G¥:°C“3C° were determined,
by fitting the temperature dependent quantities A°Gy, - (€q.(9)) and Aonbce (egs.(10,13)) to
the four-parameter function of T given in eq.(21). All lattice-stability parameters obtained in

the present work are given in Table II.
5. EXCESS GIBBS ENERGY OF CARBIDE PHASES

The Gibbs energy function of the fcc phase and the MeC (cF8) carbide, and of the hcp phase
and the hexagonal Me,C (hP3) carbide, expressed by eqgs.(1) and (2) involves quantities
originated in the lower-order systems, and in addition, the excess Gibbs energy parameters
Lm,v;c and Lm.vzc- respectively. They account phenomenologically for the interaction
between the atoms of Mn and V in the metallic sublattice of the (Mn,V),C, and (Mn,V),C, ¢
carbide, respectively, which is, in principle, to be determined from temary experimental data.
Furthermore, phenomenological interaction parameters remain to be determined for the
carbide p'hascs (Mn,V),C,, (Mn,V),C;, (Mn,V)C,, (Mn,V),C, and (Mn,V),,(Mn,V),Cq, the
Gibbs energy of which are described by egs.(8), (11) and (12). Lacking temary information,
the interaction between Mn and V atoms in the carbide phases was determined by comparison
with that in the Mn-V binary system, in line with our analysis of the (Fe,V),C phase, Section
4.3.1. Two possible assumptions were tested. In the first place we assumed that the interaction
parameter per atom of the metallic sublattice of all carbide phases is comparable to that in the
solid solution phases of the Mn-V system, which is of the order of -10 kJ.(mol of atoms)™!
according to ref.[11]. Alternatively, we assumed that the interaction parameter in the metallic
sublattice of all carbide phases was equal to zero. Calculations of the Mn-V-C phase diagram
performed by us indicated that the first assumption leads to a stabilization of the hexagonal
carbide phase which is larger than expected from a consideration of the ternary systems
formed by replacing Mn for the neighboring elements in the 3d-metal row of the periodic
Table, viz. the Cr-V-C and Fe-V-C systems, see Sec.6.2. This was taken as an indication that
the first assumption overestimates the negative deviations from ideality in the hexagonal
carbide phase, and thus the second, more conservative assumption was preferred for this
phase. Lacking further information, the second assumption was adopted for the cubic carbide
and the complex carbides as well. The phase diagram calculations reported in the remainder of
the present paper were performed by setting equal to zero the parameters describing the excess
Gibbs energy of the mixture of Mn and V atoms in the metallic sublattice of all carbide

phases.
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6. THE PREDICTED Mn-V-C PHASE DIAGRAM

6.1 Isothermal Sections

The thermodynamic parameters of the Mn-V-C system arrived at in the present study are
given in Table 11. In Figs.5, 6, and 7 we present the Mn-C, V-C and Mn-V phase diagram,
respectively, calculated using the thermodynamic descriptions assessed by Huang, refs.[9],
[10] and [11], which form the basis of the present treatment of the Mn-V-C system. According
to Fig.5, the carbides Mn,,C,, Mn,C, and Mn,C, are stable a.t the Mn-C side of the temary
system at 1000 K, whereas the hexagonal (V,C), the cubic (VC) and the V,C, carbides are the
stable ones on the V-C side, Fig.6. In Fig.8 we present the isothermal section of the Mn-V-C
phase diagram calculated at 1000 K using the present thermodynamic description. The
experimental information on the extension of these carbide phases into the temary system is
not available, and our treatment predicts at 1000 K relatively small solubilities of Mn in the V
carbides and of V in the Mn carbides, Fig.8b. The effect of temperature upon the maximum
solid solubilities may be examined by comparing Fig.8 with the results of a calculation from
1230 K, Figl.9. There is a small increase in the calculated solubility of the various carbide
phases, for instance the carbides of Mn are predicted to dissolve up to about 1 atomic percent

of V, Fig.9b,

6.2 Qualitative Comparisons with Related Systems _

v
In this section we consider the phase equilibria in the Mn-V-C system at higher temperatures,
and compare our results with information on the related system Fe-V-C, recently assessed by
Huang [35]. High-temperature solid-solid phase equilibria are considered in Fig.10. There we
compare the isothermal section of the Mn-V-C (Fig.10a) phase diagram calculated at 1400 K
using the present thermodynamic description, with the corresponding section of Fe-V-C
system (Fig.10b) using the description assessed in ref.[35]. There is a general similarity
between these diagrams, but a difference is observed in the extension of the cubic and
hexagonal carbide phase into the temary Me-V-C system, which decreases when Me moves
from Mn to Fe. This effect may qualitatively be related to the observation from ref.[31] of a
general decrease in properties related to the stability of various binary MeC (cF8) and Me,C
(hP3) 3d-transition metal carbides with the increase in the average number of valence
electrons per atom in the carbide, when Me=Ti to Ni. The decrease in stability of the ternary
(Me,V)C and (Me,V)),C phases associated to the change from Me=Mn (n_=7 e.a’!) to Fe (n=8

e.a’!) is in line with that observation. Following the same trend one would expect an increase
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in the stability of those ternary carbide structures when moving from the Mn-V-C to the
Cr-V-C system. The lack of information on the Cr-V-C phase diagram precludes a direct
comparison with our results on the Mn-V-C system at 1400 K. However, a Cr-V-C isothermal
section from a higher temperature, 1623 K, presented by Kieffer and Rassaerts [39], shows
one-phase fields for the cubic and hexagonal carbides extending into the ternary system
considerably more than in the Mn-V-C case, which is also in line with the trend noted in
ref.[31]. Finally, we present in Fig.11a the calculated projection of the liquidus surface for the
Mn-V-C system. Our calculation indicates for the Mn-V-C system a liquidus surface

resembling that reported in ref.[35] for the Fe-V-C system, which is reproduced in Fig.11b.

7. SUMMARY AND CONCLUSIONS

The thermodynamics of the Mn-V-C system is not known from experiments, and there is a

need for guidelines in estimating the thermodynamic properties and stability of the various.

phases, and constructing a probable phase diagram. In the present paper we have presented a
possible approach to this problcrﬁ, based on constructing probable Gibbs energy functions for
the various phases. The key idea of our treatment of the carbides is to apply a
phenomenological model for Gibbs energy of interstitial phases, the so-called
"Two-Sublattice” model, and to predict the unknown model parameters. Our predictions rely
on regularities in the effect of the number of valence electrons per atom upon the bonding
properties and the vibrational entropy of 3d-transition metal carbides. The Mn-V-C phase
diagram predicted by us accounts for the substitution of Mn for V in all carbide phases, and

fits well the trends of the information on related systems.
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Table I: Properties of Stable and Metastable Carbides of V and Mn.

Structure:  n, Q 0 kg Eg ~A°H(298.15)
Compound (Pearson
Symbol) (e:a’)) (10%%m’a!) (K) (Nm!)  (Ry) (kJ-(mol of atoms)™")

Vg ® (cF8) 4.50 9.058¢ 7457 391 7.794 50.41 ™
"V,C," ¥ (hR20)  4.60 10254 © 6567 350 7.578 51(+2) ©
V,C¥  (hP3) 4.67 10950 7 60379 326 7374 48(x2) ©
V.,C,®  (oP40)  4.70 10758 5879 3240 7259 3653) P
ViC,”  (mC28) 471 10908 577% ° 3199 7209 3503) P
v,c®  (oP16) 475 11.158 5549 310  7.109  3053) P
V,,Cs®»  (cF116) 479 11.60® s526%  298% 7009  2553) P
MnC®  (cF8) 550 8708 622" 283" 550"  —636)"
Mn,C, ®  (c) 5.80 9.00® 544" 252" 500" 652"
Ma,C®  (d) 6.00 9708 488" 225V 470" 92"
Mn,C, ® (0P40)  6.10 9472M 479™ 227 4.662 11.18 9
Mn,C, ¥ (mC28) 6.14 9642 M 468 ™ 222 4.613 10.98 9
Mn,C"” (oP16)  6.25 9838 " 440™ 207 4.36 10.09 ¥
Mn,,Cs © (cF116)  6.38 103550 a31™ | 212 4.62 10.62 9
(a) Stable phase (j) Present evaluation, from entropy values
(b) Metastable phase assessed in ref.[10]
(c) Unspecified structure, considered here as (hR20) (k) Present estimate, discussed in Sec.4.2
(d) Unspecified structure, considered here as (hP3) (1) Estimated in ref.[31]
(e) From lattice-parameter data in ref. [40]. (m) Evaluated in ref.[5] from entropy values
(f) From lattice-parameter data in ref.[21] assessed in ref.[9]
(g) Estimated by interpolation in Q vs n_plots, (n) From ref.[42]

as discussed in refs.[5,31] (o) Experimental, from ref.[38]
(h) From lattice-parameter data in ref.[41] (p) Present estimate, discussed Sec.4.3
(i) From ref.[28] (q) From the thermodynamic description

assessed in ref.[9]



Table II: Thermodynamic Parameters Obtained in the Present Work.

(in J/mol of formula units)
GMeC . 3 HER - 1 HEFR =-156971+601.922 T-100.438 T In T+765557 T
°GMe3:Cs - 20 HYFR - 3 HYFR - 6 HEER =-990367+4330.63 T-728.83 T In T +5003425 T
°GMesC2 . 5 HIER - 2 HEFR =-307123+1059.7 T-175.66 T In T.+l453274 P
oGt 7 gi‘,‘“‘ - 3 HIFR =—454245+1518.48 T-250.981 T In T+2148692 T"!
OGMES? - 3 Hy R - 2 HFR =-761354750.415 T-125.589 T In T 4922711 T

The thermodynamic descriptions of the binary systems Mn-C, V-C and Mn-V are from

refs.[9], [10], and [11], respectively.
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Figure captions

Fig.1 a) The energy-related characteristic energy Eg, defined in eq.(17), and b) The negative
enthalpy of formation of carbides at 298.15 K (-A°H), as a function of the average number of
valence electrons per atom, n_. The numbers refer to ScC(1),TiC(2), VC(3), Cr,C,(4),
CryC(5), Cry3Cq(6), Mn,C5(7), MngCy(8), Mn;C(9), Mn,;,C(10), Fe;C(11), Co4C(12),
Ni,C(13), Sc,C(14), and Sc,C4(15). The dashed lined refer to the (cF8) NaCl-structure. From

Femé4ndez Guillermet and Grimvall [5].

Fig.2 The entropy Debye temperature 8 of carbides as a function of the mole-fraction of the
metallic elements (x,,.) for a) Me=V and b) Me=Mn. Filled symbols represent 65 values
obtained from experimental or assessed entropy information, and open symbols represent
estimated values. The dashed lines are to guide the eye. The numbers refer to MeC(1),
Me,C,(2), Me,C(3), Me,C;(4), Me C,(5),Me;C(6), Me,,Cq(7) and Me(8). The sources of

information are given in Sec.4.2.

Fig.3 a)The "optimum" value of the negative enthalpy of formation of the metastable
V,C(0P16) carbide, defined in Sec.4.3.1 and b) the "relative" error sum (Sec.4.3.1) describing
the goodness of fit to experimental data [37] on the distribution of V between fcc and the
(Fe,V),C phase, for various choices of the phenomenological interaction parameter M: CC In

these fits the interaction parameter Lg:,v;va was given the vaiue assessed by Huang [35].

Fig.4 The negative enthalpy of formation of complex carbides of V at 298.15 K (-A°H) as a
function of the average number of valence electrons per atom, n,. Filled symbols represent
experimental values for V,C, and V,C from ref.[38]. The filled symbol placed at (-A°H)=0,
n:’=5 e.a! represents bce V at 298.15 K. Open symbols represent the results for V,C,, V,C,,
V,C and V,,C obtained in Sects. 4.3.1 and 4.3.2, and the error-bars represent our estimates of
the probable uncertainty. Crosses represent the values given by Miedema’s [4] formula. The

dashed lines are to guide the eye.
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Fig.5 The Mn-C phase diagram calculated using the thermodynamic description assessed by

Huang [9], used as a basis for the present work.

Fig.6 The V-C phase diagram calculated using the thermodynamic description assessed by

Huang [10], used as a basis for the present work.

Fig.7 The Mn-V phase diagram calculated using the thermodynamic description assessed by

Huang [11], used as a basis for the present work.

Fig.8 a )The isothermal section and b) an enlargement of the Mn-rich comner of the Mn-V-C
phase diagram at 1900 K, calculated using the present 1hermod$ma:nic description, see Table

II.

Fig.9 a) The isothermal section and b) an enlargement of the Mn-rich corner of the Mn-V-C
phase diagram at 1230 K, calculated using the present thermodynamic description, see Table

HE

Fig.10 Isothermal section at 1400 K of a) the Mn-V-C phase diagram according to the present
thermodynamic description, see Table II, and b) the Fe-V-C phase diagram according to the
description assessed by Huang [35]

Fig.11 Projection of the liquidus surface of a) the Mn-V-C system, according to the ;I)resent
thermodynamic description, see Table II and b) the Fe-V-C system, according to the
description assessed by Huang [35]. The full lines indicate the composition of the liquid phase

in equilibrium with two solid phases. All temperature values are given in K.

23



10+ (a) -
= | 7
@ i
14 7
5 S5 7 10 —
0 b 8
woT » 12 ]
o 1" g - il
0
L 13 -
O3 4 5 6 7 g 9
ne (e/a)
100 . ' . l :
2
il (b) y
‘;;- L. 14
E [ Qs 7
] — 15 -1
3 | \,
“550;— ]
© 4
e I
sy, b .
=
x ¢t .
aI = N
Y ok 2
g 1 1 1 1 1 ]
3 4 5 6 7 8 9

ne (esa)

Fig.1 a) The energy-related characteristic energy Eg, defined in eq.(17), and b) The negative
enthalpy of formation of carbides at 298.15 K (-A°H), as a function of the average number of
valence electrons per atom, n.. The numbers refer to ScC(1),TiC(2), VC(3), CryC,(4),
CryCy(5), CryyCy(6), Mn,;C4(7), MngCy(8), Mn,yC(9), Mn,,C(10), Fe,C(11), Co,C(12),
Ni,C(13), Sc,C(14), and Sc,C4(15). The dashed lined refer to the (cF8) NaCl-structure. From

Fermnéndez Guililermet and Grimvall [5].



0, K

l 1 | | l l

800 1 | | |
(a) , (b)
7504 V carbides ei - - Mncarbides |
700 - ’," ] o B
650 @) L, o i
i 91
600 — ,.’3 - Rl ;f L
5;94 g
550 . 96 A ,62 |
o
500 = ”’ — = " 4 é 3 L
450 = ’,.’ — - ’..’.,6
zJ ,,-’ 7
400 4./ = ‘“’,, - —
L s
350 : , ] | . | ] 1 i :
1.0 0.8 0.6 04 1.0 0.8 0.6 0.4
Xy X mn

Fig.2 The entropy Debye temperature 64 of carbides as a function of the mcle-fraction of the
metallic elements (x,,.) for a) Me=V and b) Me=Mn. Filied symbols represent 65 values
obtained from experimental or assessed entropy information, and open symbols represent
estimated values. The dashed lines are to guide the eye. The numbers refer to MeC(1),
Me,C,(2), McZC(3), Me,C,(4), MeC,(5),Me;C(6), Me,;C4(7) and Me(8). The sources of

information are given in Sec.4.2.




6))
o

(a)

g N W 5
o o o o
| | 1 i

| 1 ] |

o

<A
(@]
J

Relative Error Sum  -A°H, kJ.(mol of atoms)™!
O_
wn
|

0 T T | i T
0 0.5 1.0 1.5 2.0 25 3.0

o; Me3C ,n0j fcc
( LFe,V:C/S LFe.V:Va)
Fig.3 a)The "optimum" value of the negative enthalpy of formation of the metastable
V,C(oP16) carbide, defined in Sec.4.3.1 and b) the "relative" error sum (Sec.4.3.1) describing
the goodness of fit to experimental data [37] on the distribution of V between fcc and the

(Fe,V),C phase, for various choices of the phenomenological interaction parameter LE‘{,CC In

these fits the interaction parameter L{:-c:_v:v. was given the value assessed by Huang [35].



60 ' : l '
\
50 - ¢ : .
.- ‘ \\\
w R
E 40_ X\ N [~
-og \\ \
(4] \x %% N
q5 \\x ¥\\ -
"'6 30_ \\ N
£ X §
2 20d XN 8
% %Present results Y
10 ¢Experiments N
X Miedema’s Formula
0 | -9

[
4.5 4.16 4.|7 4.8 4.9 5.0
ne(e.a'1)

Fig.4 The negative enthalpy of formation of complex carbides of V at 298.15 K (-A°H) as a
function of the average number of valence electrons per atom, n,. Filled symbols represent
experimental values for V,C, and V,C from ref.[38]. The filled symbol placed at (-A°H)=0,
n:=5 ea! represents bcec V at 298.15 K. Open symbols represent the results for V,C,, V4G,
V,C and V,,C, obtained in Sects. 4.3.1 and 4.3.2, and the error-bars represent our estimates of

the probable uncertainty. Crosses represent the values given by Miedema’s [4] formula. The

dashed lines are to guide the eye.
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Fig.9 a) The isothermal section and b) an enlargement of the Mn-rich corner of the Mn-V-C

phase diagram at 1230 K, calculated using the present thermodynamic description, see Table II.
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Fig.10 Isothermal section at 1400 K of a) the Mn-V-C phase diagram according to the present

thermodynamic description, see Table II, and b) the Fe-V-C phase diagram according to the

description assessed by Huang [35]
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Fig.11 Projection of the liquidus surface of a) the Mn-V-C system, according to the present
thermodynamic description, see Table II and b) the Fe-V-C system, according to the
description assessed by Huang [35]. The full lines indicate the composition of the liquid phase

in equilibrium with two solid phases. All temperature values are given in K.



