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Abstract

The recent discovery of a new family of non-oxide glasses
based on mixtures of Lr¥, or HfF4 with other metallic fluorides
by M. Poulain and coworkers offers great potential in optical

fiber, window and source/detector application. Due to the

limited phase diagram data available for the binary, ternary
and multicomponent fluoride systems currently employed to |
synthesize these glasses most of the progress in identifying

new compositions has proceeded along empirical lines. The data

base developed for fluoride systems has been expanded and

employed to calculate the composition of maximum liquid

stability in the ZrF4-LaF3—BaF2 and the ZrF4-BaF-NaF ternary

systems where glass formation has been observed. Recalculation

of the fcc/bcc equilibria in the iron- aluminum-maganese

systems at high temperatures in order to reflect the specific

effects of ordering in the bcc phase does not produce any

substantial changes in comparison with earlier results obtained
without specific consideration of ordering. An analysis of ‘
the titanium-carbon-nitrogen system coupling the thermochemical

and phase diagram data has been performed to permit calculation

of the ternary phase diagram and thermochemical properties

over a range of temperature, This information should be

useful in vapor deposition of coatings based on this system

which are used in metal cutting and wear resistance applications. :
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. PROGRESS DURING THE CURRENT YEAR

1. Calculation of Ternary Fluoride Glass Compositions

The recent discovery of a new family of non-oxide glasses
based on mixtures of ZrF, or HfF4 with other metallic
fluorides by M. Poulain and coworkers offers great potential
in optical fiber, window and source/detector application.
Due to the limited phase diagram data available for the
binary, ternary and multicomponent fluoride systems currently
employed to synthesize these glasses most of the progress
in identifying new compositions has proceeded along empirical
lines. In order to remedy this situation, the development
of a data base covering fluoride glasses has been undertaken.
Coupled thermochemical analysis of the ZrF4-BaF2, ZrF4-LaF3,
LrF,-PbF,, ZrF,-NaF, IrF,-KF, ZrF4-RbF and ZrF,-CsF, LaF ;-BaF,
and BaFZ-NaF systems was completed, The results were employed
to calculate the composition of maximum liquid stability in
the ZrF4-LaF3-BaF2 and the ZrF,-BaF,-NaF ternary systems where
glass formation has been observed. Technical presentation
ot this material has been made at the AFOSR sponsored Inter-
national Symposium on halide and Non-Oxide Glasses and at
CALPHAD X1 at Argonne National Laboratory. A paper covering
the details of the data base structure is presently being
prepared for publication in the CALPHAD journal., A summary
of the results is shown in Section IV on pages 4-6 of this
report.

2, Calculation of the Effects of Ordering Reactions on_the
FCC/BCC Equilibria in Iron-Aluminum-Based Ternary Alloys
In the previous annual report the ManlLabs Data Bank was

employed to compute the effect of nickel and maganese
additions on the fcc/bcc equilibrium in iron-aluminum alloys
for use as high temperature engine components. The
calculations reported were pertformed without specific concern
for ordering in the bcc phase. Section V pages 7-26 contains
an analysis of the ordering recactions in the iron-aluminum
system and a recalculation of the fcc/bec equilibria in
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iron-aluminum-manganese and iron-aluminum-nickel alloys. The
conclusion of these calculations is that specific consideration
of the ordering effects do not materially alter the results
reported previously.

3., Thermodynamic Evaluation of the Titanium-Carbon-Nitrogen

Phase Diagram

Vapor deposited titanium carbide, titanium nitride and titanium
carbo nitride are finding extensive use in metal cutting and
wear resistance applications. An analysis of the titanium-
carbon-nitrogen system detailed in Section VI on pages 27-52

couples the limited binary phase diagram data and thermochemistry

in order to provide calculated ternary sections and chemical
activity information for a wide range of temperatures,

11, PROGRAM PERSONNEL
Technical activities during the past year have been carried
out by L. Kaufman, J. Agren, F, Hayes, D. Birney, J. Nell,

E.P. Warekois, S. Sprung, S. Drake and C, Biddell of Manlabs, Inc.

I11. TECHNICAL LECTURES
Technical lectures covering various aspects of the work

conducted under this program have been prescented at the
International Symposium on Halide and Non-Oxide Glasses,
Cambridge, England slarch 1982, CALPHAD X1, Argonne National
Laboratory May 1982 and the Alloy Workshop , Los Alamos
National Laboratory, September 1982.
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1v, CALPHAD CALCULATION OF TERNARY FLUORIDE GLASS
COMPOSITIONS*

L. Kaufman, J. Agren, J. Nell and F. Hayes
ManLabs, Inc. 21 Erie St., Cambridge, Mass. 02139 USA

The recent discovery of a new family of non-oxide glasses based
on mixtures of Zrf, or HfFa with othier metallic fluorides by M. Poulain
and coworkers offers great potential in optical fiber, window and source/
detector application. Due to the limited phase diagram data available
for the binary, ternary and multicomponent fluoride systems currently
employed to synthesize these glasses most of the progress in identifying
new compositions has proceeded along empirical lines. In order to remedy
this situation, the CALPHAD method (1-3) for coupling phase diagram and
thermochemical data has been applied to develop a data base covering
metallic fluorides. The objective is to permit computation of multicomponent
phase diagrams which can be used to identify the composition range where
the liquid is most stable, The latter offers opportunities for glass
formation as demonstrated by predictions of new metallic glasses. Currently
the data base covers combinations of 0.2 ZrFQ(ZF), 0.25 LaFJ(LF). 0.333 Ban(BF).
0.333 PbFz(PF), 0.5 NaF(NF), 0.5 RbF(RF), 0.5 CsF(CF) and 0.5 KF(KF) which
have been developed along the lines described carlier for III-V, II-VI and
3JALON systems (2-3). Figures 1 and 2 and the accompanyinpg tabular material
show how the computed liquidus contours in LF-ZF~Bf and BF-ZF-NF disclose
the range of composition in which the liquid has the greatest stability,
These compositions agree well with those in which Poulain and coworkers
have discovered glass formation (4,5).

- = - -

#This work has been sponsored by the Air Force Office of Scientific Research,
Bolling Field, D.C. under AF4962-80-C-0020.
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Figure 1. Calculated Edge Binary Systems and Liquidus Projections in the LF-ZF-BF Syste:
The hatched region in the ternary denotes the glass forming composition
range established experimentally by Lecoq and Poulaine (4).

SUMMARY OF LATTICE STABILITY, SOLUTION AND COMPOUND PARAMETERS, J/g.at., K
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Figure 2. Calculated Edge Binary Systems and Liquidus Projections in the
BF-ZF-NF System., The bhatched region in the ternary denotes the
glass forming composition range established experimentally by
M. Poulain, M. Poulain and J. Lucas (5).
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V. A SIMPLIFIED TREATMENT OF THE THERMODYNAMICS
OF THE ORDER/DISORDER REACTIONS
IN THE FE - Al SYSTEM
JOHN AGREN

Abstract

The Gibbs energy difference between ordered and dis-
ordered becc phase in the Fe - Al system is presented as an explicit
expression of composition. A power series expansion based on the
shape of the Cp-curve is used. The thermodynamics of the Fe - Al
phase diagram is evaluated and the diagram is calculated with the
new model for the bcc phase. The Fe - Al - Mn and Fe - Al - Ni
ternaries are calculated applying a subregular approximation of
the new series-expansion, The deviations from previous calculations
where no distinction between ordered and disordered bcc was made,

are found to be very small.




. Introduction

A Simplified Treatment of the Thermodynamics of the

Order/Disorder Reactions in the Fe-Al Phase Diagram

It is well known that different types of ordering (i.e. magnetic
or chemical) contribute considerably to the thermodynamic properties
of a solid solution. Consequently the corresponding phase diagram might
be strongly affected by the occurance of ordering. Inden (1) has
presented extensive theoretical analyses of the order/disorder reactions
in binary alloys. In a disordered, random solution the Bragg-Williams
approximation and different regular solution models yield the Gibbs
energy as a simple algebraic function of the composition of the solution.
In a partially ordered phase the simple models also predict a dependence

of fhe degree of order on composition and temperature. The most stable

state of ordering for a certain composition and temperature is then the
one that yields the lowest Gibbs energy. Thus it is not possible to
write the Gibbs energy simply as an explicit function of the composi-
tion. In many applications it is desirable to express the Gibbs energy

as a explicit function of composition. 1Inden (2) has presented a method

vwhere the ordering contribution to Gibbs energy is expanded in a power
series of the temperature. The coefficients are functions of composition
and adjusted to fulfill certain criteria. In the present work a slightly
different method will be applied to the Fe-Al system. The method is
based on the work by Inden (3) and has recently been applied to the
magnetic ordering in alloys (4)., The putpose of the present work is to
show how the order/disorder reactions can be incorporated in a Calphad

framework without an undue increase in complexity.

The Model

The integral molar Gibbs energy, Gm’ of a phase can be separated into

two parts.
dis dis

G =G + (Gm-Gm ) (1)

m m
The first term Gils is the Gibbs energy for the completely disordered

state and is obtained from a regular solution type of model, i.e. --




(2)

dis _ o o. (
m Fe Cre * ¥a1 Ca1 * BT { Xpeln X + X,y In XAI) * Xpe®a1 Yreal

where LFeAl is a constant for a regular solution and exhibits a linear

. . o
concentration dependency in the subregular case. GFe and 0GAl are the
Gibbs enerz2i2s for the pure elements for the structure cOusidered.

The second term will now be evaluated by a method which has been
applied to the magnetic ordering in bcc-Fe (4,5,6), and is a modification
of a method initially proposed by Inden(3). Inden found that the following
expressions gave an adequate description of the contribution from order/dis-

order reactions to the specific heat ¢

p’
o _ a (1+73) 1 (3a)
Acp k Rln (T‘_TT) T <
g _ .8 (t5+1)
Acp = k"Rln (3-1) T> 1 (3b)

where T = T/TC, TC being the critical temperature where all long range order
vanishes,The superscripts o and B denote the states with long range order
and short range order respectively, and, k% and k8 are constants. By applying
the first three terms in the Mc Laurin series expansion of Eq. 3, and
integrating from T= ®, where GB= Gdis, to obtain the corresponding enthalpy

and entropy, we can write down the expression for the Gibbs energy. It is
convenient to express kB and kOt in terms of the enthalpy difference between

the ordered and the completely disordered state at O K, because this quantity

is easy to obtain by counting the number of different bonds. By introducing

f as the fraction of total enthalpy that is absorbed above TC (i.e., f=0

when there is no short range ordering above TC and the total enthalpy is then due

to long range ordering only). We obtain:

dis » ord
£ M, (4a)
dis -» ord
(1-f) AHT=0 (4b)

AR nem.
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Inden (7) suggests that f=0,4 should be used for bcc-phases in
general, By inserting Eq. 4 in our expression for Gm-G:lls and setting

f=0.4 we obtain:

dis dis -+ ord
G -G = Mg 1(1) (5)
where r -4 -14 =24
0.7089 (1 7/ y+T /315+T /600) (6a)
(1) ={ T> 1
4 10 16
1-1.1046T+1.0141 (T7/ 41 "/ 35+T "~/ 40) (6b)
T< 1
L
For B2 ordering Inden obtained 7a and 7b by counting the number of
different ¢ bonds;
2 ] 2
-RX,, (4W -3W") (7a)
i Al
AHdls-»ord_ 0<X..< 0.5
_ = Al
T=0 2,001 a2
-R(1-X, )7(4W =3W")
Al
L (7v)
0.55)(Al < 1
and the Bragg-Williams approximation yilelds;
1 2
T, = XA1“ Xy)) (B0 - 6W%) (8)

! 2 . . .
W' and W™ are the so called"exchange energies"(expressed in k-units) for the
nearest and next nearest neighbours. The Bragg-Williams approximation does
not account for short range order and consequently it predicts a critical

temperature T, which is too high. Inden found that one could introduce a

c
correction factor x to the value calculated by means of Eq. 8 and obrain
vood agrrement with calculations based on the cluster-variation method which

do account for short range order.

Application to the Fe-Al Phase Diagram
For Fe-Al Inden (2) reports w'=1478 and w2=794 (k-units, k=13.8.10"

24

J/atom) and k=0.68. By applying these values it is possible to calculate
the critical temperatures for B2 and DO3 ordering. This was done by

Miodownik (8) who also made a comparison with experimental information and

-10-




found the calculated temperatures too low. To obtain agreement with the
experimental temperatures at XA1=0'25 he chose wl=1588 but kept the other

values unchanged. A further investigation revecals that there are still

large discrepancies when XAf:O.ZS or XA1>0'25' To obtain a better agreement
over the whole composition range w1 and W~ must be allowed to vary with

composition. This can be done with a reasonable increase in effort and

good agreement with the low-temeprature data is then obtained. However, it
is found that this procedure overestimates the stability of the bcc-phase
relative to the liquid at high Al-content (XA1{0.4) where no information on
s the critical temperatures is available. To overcome this problem it is
necessary also to introduce temperature-dependencies in W1 and w2. It is a
substantial increase in complexity to evaluate both a concentration and
temperature dependency and it was thus decided to accept Miodownik's parameters
to avoid these difficulties.
dis
m
ing thermodynamic quantities are now to be determined to comply with the available

Eqs. 5~10 completely determine the term Gm-G in Eq. 1. The remain- %

information.

Kaufman and Nesor (9) analyzed the Fe-Al phase diagram without

distinguishing between the ordered and disordered bcc-phase. The present
analysis follows their evaluation except that the ordering has been accounted
for. The total Gibbs energy of the bcc-phase was obtained by adding the
ordering contribution given by Eq. 5 to the Gibbs energy of the disordered
solution given by Eq. 2. It was then necessary to adjust all parameters
viven by Kaufman and Nesor and the new parameters are summarized in

Appendix A.

[ ) 4. Calculated Quantities

The recalculated phase-diagram is shown in Figs. !1-3. Fig. 2 shows a
magnified view of the compound equilibria and Figs. 3a and 3b show the
equilibria with the fcc-phase. In Figs. 4a and 4b comparisons are made with

9 thermochemical data from Hultgren (10) the calculations according to Kaufman
and Nesor (9) and the presant analysis. While the agreement between the i
enthalpy of formation as reported by the different sources is satisfactory,
there are larger discrepancies for the excess free energy of Al. However,

® the experimental scatter was large in the latter quantity and the new values

fall within the error limits given by Hultgren.

-11-
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Figure 1. Calculated Iron-Aluminum Phase Diagran j
. (see Figure 3a for the fcc/bcec detailed ;
equilibria) ‘
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Figure 2. Calculated Compound Equilibria in the
Iron-Aluminum System
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XAl Al

Molar Eknthalpy oif Mixing of lron-Aluminum Alloys
and Heat of Formation_of Compounds as a function
of Composition at 298 K. The Crosses denotec the
values given by Hultgren (Reiference 10), the
dashed heavy curve for the bcc phase is due to
Kaufman and Nesor (Reference 9) and the open
circles for the compound phases is due to kaufman
and Nesor (Reference 9). The remaining curves
and the closed circles are from the present
analysis,
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Figure 4b.

Kaufman

The Partial Excess Gibbs kree Lnergy

of Alumjnum in bcc iron-aluminum alloys
at 1173k divided by the atomic fraction
of iron squared shown as a function of
the aluminum concentration, The heavy
line is duc to Kaulman and Nesor
(Reference 9) while the crosses (and
error bars) are irom llultgren (Reterence
10). The remaining curves refer to the
present analysis.
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5. Subregular Approximation

o ca T

It is interesting to see to what extent the new formalism can be

’ approximated by a subregular model. The following approximations were
obtained for XA1<0'5 by plotting the quantity AG/XAlee and fitting a suit-
able straight line to the resulting curve. The following results were obtained

? for T>T., and xA1>0.2

AG/X - 2.016 10‘3(4w'-3w2)sr-4(3 75K -11.49X (9a)
a1¥pe = 2-016- +7oKgm Al)

" X <0.2, AG = 0 (9b)
For T<T

cr
AG/X X = R(MJ'-3W2) (0.4444)( - 2.4126X )
? Fe Al Fe Al
R 1.1046 T (0.9789; - 8.817IXM)
2K
' 4 3
Tty (681K, 162K, )
_ E.bcc E_.bcc
where £G = "G = "Cryis) (10)
4
with the actual values for Fe-Al inserted we obtain (with A2=disordered bece)
T> Tcr' xA1> 0.2:
ord_ A2 _ 15 _ 15 ) b
. coTch? o x x, [ 7.455 107 x - 22,844 107x, ) 1
(1)
T<T _:
cr
ord A2 -9 .4
L - = 0. =1 Xw
. G G = X X, [ (14669-6.61T-1.09 10°° T ) Fe
(12)
-9 4
+ ( -79635 + 59.54T - 2.27 1070 1°) XMJ
- I 7-
[
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Both above and below the critical temperature a strong asymmetric term is

obtained. The temperature dependencies T4 and TA are also strong.

In Figs. 5a, b, c and d these approximation formulas have been com-
pared with Eqs. 5-8. The agreement is quite good except in the transition

region between disordered and ordered state.

Calculation of Isothermal Sections in Fe-Al-X, X=Mn,Ni

Once the thermodynamics of the binary solutions lLave been established
the properties of a ternary phase can be evaluated directly, assuming
that there are no specific ternary effects. In a rigorous treatment the
order disorder contribution is still given by eqs. 5-6, but AH and Tc
are now to be evaluated for the actual ternary composition. It is a
straight for-rard procedure to derive expressions for AH and TC in the
ternary case but the final expressions are rather complicated. In the
present case a simpler approach will be taken. The Kohler method has
been applied frequently to synthesize the properties of a ternary solution
when the binaries are known, see for example ref.11 . Admittedly there
is no physical justification for this method in the present case and its
seneral features have recently been questionedﬁzhﬁowever, the use of the H
method is widespread and, for the sake of simplicity, it was applied here
as follows: First a ternary calculation was made using the subregular
model assuming a completely disordered bec-phase described by the Kohler

method. Thereafter a new calculation was performed with the order-disorder

contribution added. When X < 0.20 the latter contribution

e+xA1)

is approximately zero, as can be gseen from Fig. 5, and the phase boundaries

AL/ (x
F

follow the first set of curves. When Al/(XFe+XA1)> 0.30 the subregular
solution approximation is a good approximation of the order-disorder
contribution and the phase boundaries thus follow the second set of curves.
The curves in the transition region were drawn by hand assuming a gradual
shift from one set of curves to the other set.

All parameters, except those for Al-Fe, were taken from the

ManLabs data bank (14). The results are presented in Figs. 6-7

-]8~-




(@]
&
2 -1 P -
Xo u o
4 9
kd
= (a) 1473°%K o -3 (b) 1373°K -
<OE
' ]
=
] [— o
M | | | I | ]
' XAl

; ] i ] ) L i
' N »
-
—
o
=
— -l ~.
-
~d
. ~—t
o - ~{ .
> ”
X~
Cr :
=, = <
S ;
iﬁ . :
b (c) 1273%K o W (d) 1173°K _ g
1 1 4 i ] fq
3

ligure 5. Calculated regular solution parameter for bec
i Iron-Aluminum alloys as a function of composition i
i at various temperatures. The thick curve represents

the present analysis while the thin segrents
1 represcent the subregular approximation.




Py YNy

0
. 12737K fee

Al Mn

Mn

Figure 0. Calculated fcc/bcc Equilibria in the Iron-Mangancse
P Aluminum System as a function of temperaturc between
ordered bcc and fcc solid solutions. The dashed curve
shows the phase boundary for the disordered bcc phase.
No diffcrence was noted above 1173°K,

-20-




-

i Al S W ARG v

Al

{
\
1173°K \

10739k

i
\

Al Ni

ligure 7. Calculated fce/beec Equilibria in the Iron-Nickel-
Aluminum System as a function of tcmperature between
ordered bcc and {c¢¢ solid solutions. The dashed
curve shows the phase boundary for the disordered
phase.

-21-

Ni

L ki




a0

It can be seen that the order-disorder ‘contribution to the Gibbs
energy generally yields a very small shift of the calculated phase boundaries.
Furthermore, a comparison with the calculations by Kaufman, (13) who did not
distinguish between ordered and disordered state, shows that there are no

significant discrepancies. The curves fall very close to each other.

It will now be argued that the present procedure probably over-
estimates the effect of ordering on the bce/fec equilibrium. For a given
temperature the composition range withia which ordering occurs is approximately
given by the parabola: X)1 Xpe = constant which starts from the binary Al-Fe-side
and loops into the ternary. The exact relation is complicated (8) and requires !
detailed knowledge about the order-disordering reactions in the other two
binaries. The parabola is a reasonable approximation when the maximum ordering
temperatures are low (but still above O°K) in the other systems. In Fig. 8
the parabola has been plotted at different XA1 xFe values. When these plots
are superimposed on the calculated bee/fee equilibria it is found that all
temperatures the bee/fce phase boundary falls well outside the field of ordered
bec. 1t is thus concluded that the true phase boundaries must follow the ones .

calculated with a disordered bce phase.

As a final conclusion, it would be worthwhile to examine the degree
of order at each composition in the bcc phase at the two phase bece + fcc boundary.

For consistency this degree of order should coincide with the degree of order in

the iron-aluminum binary at the same XAI/XFe ratio which characterizes the

ternary composition. If this is not the case, then the ternary free energy

synthesized from the binary components incorrectly reflects the wrong degree
o1 crder. In the present case the errors introduced by such an inconsistency 3
do not aypear to be very large. However, it is possible that such errors could

be substantial in other cases and should be guarded against.

Note in Proof

The prior discussion of Section 3 drew attention to the discrepancy
between the experimental ordering temperature and the calculated value for

0.25 : X,, £ 0.50, It was noted that compositionally dependent values of

Al
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w! and W? would be required to eliminate this discrepancy. It was also noted

that such an alteraticn would lead to a stabilization of the bcc phase at
high temperature and a resulting excessive elevation of the melting points.
Notwithstanding thege difficulties an attempt was made to evaluate w! and w?
as a function of composition in order to produce an ordering temperature vs.
composition curve for 0.25 S.XAI £ 0.50 (8) corresponding to 1260K at XA1 =
0.30 and 1570K at Xp1= 0.40. The resulting expression for w! is given by

Equations 13 and 14 as:

W' = 1480 + 625 XA1 (13)
and 2
W® = 846 - 372 XA1 (14)
These new values compare with the previous values of w’ = 1478 and w2 = 794

! and w? as provided by

listed in Section 3. These expressions for W
Equations (13) and (14) were substituted directly into Equations (5) through
(8) to reformulate the thermochemical properties of the iron-aluminum systew
No further changes in the remaining parameters for the iron-aluminum systea
were made at this stage. This procedure did indeed produce an excessive
stabilization of the bcc phase with respect to the liquid. Nevertheless,
this new formulation of the bec phase was employed directly to derive an

e¢ffective subregular description as in Section 5. The latter step was accom-

plished by evaluating w! and w? ac Xy = 0.5 from Equation 13 and 14 since
at XA] = 0.5 the largest difference between this approximation and the
former calculation exists. Thus for this case W' = 1793 and W’ = 660.

Employing these values in Equations (9) and (10) permits redefinition of the
c¢xcess free energy of iron-aluminum alloys in the subregular approximation.
Subsequent recalculation of the Fe-Ni-Al fecc/bec equilibrium at 1273 with the
modified results did not yield results significantly different from those
shown in 7c. It is therefore concluded that the results described in Section
6 would not be materially altered by introducing compositionally dependent
values of w! and w2 for the purpose of obtaining a better description of the
ordering temperature at compositions containing more than 25 atoms percent

aluminum.
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Appendix A: Summary of Parameters for the Fe-Al System

The lattice stabilities from Ref. 9.

m

1 2 2

W' = 1588, W' = 794 (k units k=13.8-10"2% J/atom), K=0.68

E.fcc
Gm = xFeXAl (-25022-38.01T)XFe + (-106841+66.70T)XAl

E_L
Gm = xFexAl (-62760-14.63T)XFe + (-96232+32.72T)XA1

°.9 ° bee ° bee
G 1 - 0.25 GFe -0.75 GAl

Fe A = -35275+8.28T
0.25°70.75

o ° o
C? Al - 0.286 G;zc_0.714 GZTC = -41169+11.40T
€0.286™70.714
0(; ° bee ° bee
Feo.333A10.667 - 0.333 GFe -01667 GAl = —378724.4.73'1‘
o € o bee o bec )
Cp ] = 0.4 G,1°-0.6 G, ° = -23863-2.77T

®0.40™0.60
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E_ bcec,dis _ L _
G = XpXa1 (-32345 37.92T)XFe + ( 150252+51.62T)XAl

J/mol

J/mol

J/mol
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J/mol

J/mol
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Vi A THERMODYNAMIC EVALUATION OF THE

TITANIUM-CARBON-NITROGEN PHASE DIAGRAM.

John Agren

1.0 Introduction

The use of vapor deposited TiC, TiN and Ti(C,N)
coatings for improving the performance of cutting tools and wear
resistant surfaces enhances the value of information on the
thermochemistry and phése diagram of the Ti-C-N system.

Since the crystél structures of the compounds TiC and
TiN are the same, it is likely that these compounds form a solid
solution. However, the experimental Ti-C and Ti-N phase diégrams
reported to date are not very well established and very little
thermodynamic data is available for the binary cases or the
Ti-C-N ternéry. The purpose of the present work is to evaluate
all the information available in terms of thermodynamic models
for the individual phases and synthesize the binary and ternary
phase diagrams.

2.0 Thermodynamic Models
2.1 Liquid

The simplest models that cover the whole concentration
range are the regular or subregular solution models. The formation
of the solid compounds TiC and TiN in the binaries suggests that
some ordering or formation of molecular species might take place
in the liquid around the stoichiometric compositions. However,

a high degree of association is not observed in the gas phase and
vaporization of titanium carbide yiclds titanium and carbon polymers.
The lI'e-S system has recently been treated by assuming the prescnce
of molecular species (1) and by assuming ordering (2). BRoth
treatments yield a satisfactory agreement with experimental data,
and predict a very répid change in activity close to the
stoichiometric composition. This rapid change is difficult to
describe with a regular or subregular solution model, and generally
many terms will be needed in the serics expansion of the excess

cnergy.,
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The abnormal behavior of the activity, compared to what
‘ the regular solution model predicts, reveals itself in the phase-

diagram by giving the compound a liquidus curve formed more like
a wedge instead of a parabola.

fiad o

In the present case the experimental data on the L/TiC
(1iquid/TiC) and L/TiN equilibia is too meager to reveal the shape
of the liquidus curves éccurately, and no thermodynamic data for
the liquid phése-is available. For the sake of simplicity the liquid
was thus described with the subregulér solution model. The cor-
responding equétions are summarized in Appendix B.

2.2 Solid Phases

The TiC and TiN phases both have a Nacl-structure. However,
a rather wide range of homogenuity is observed: Ti(l-x)cx with
0.32< x < 0.49. First an attempt was made to describe TiC as a

subregular solution. This attempt was not very successful and a
new approach was tried. From the crystallographic point of view
TiC and TiN consists of two sublattices and the variation in .

composition is due to a varying number of vacant carbon or nitrogen

sites. (3). It was thus decided to apply the sublattice model
which was developed by Hillert and Staffansson (4) and later gen-
erelized by Sundman and Agren (S5) and recently applied to the Fe-S
system (2). This approach was more successful and yielded a

satisfactory description of all the available information.

Hexagonal titanium cxhibits a rather large solubility for
N and the choice of thermodynamic model might be important. Recently

(6) the hexagonal solution of N in Fe was treated by means of the
sublattice model. In agreement with that treatment we chose the
upper limit of N-solubility in hcp-Ti as 1/3 corresponding to the
compound Ti,N. For the bcc-phase we also applied the sublattice
7 model with 3 interstials per Ti-atom as in the Fe-C-case (see Ref.6)

The equations for the sublattice model are summarized in
Appendix B,

-28-




]

3.0 Evéluétion of Parameters for Phases in the Titanium-Carbon
System

The free energy of formation of stoichiometric TiC has
been tabulated by Hultgren (3). Figure 1 shows the data given
by Hultgren as symbos and the solid line is a least square fit
(assuming a linear temperature dependency) to the data. The dashed
line is calculated according to the paramcters given by Kubaschewski
and Alcock (7). The result of the least square fit is:

f bcc Gr '

%Grie = %671 - %GgT = -45012 + 3.428T (cal/mol) (1)
and was éccepted in the present study. Storms (8) has compiled data
on the Ti partial pressure over TiC at equilibrium with graphite at
different temperatures (See Fig. 2) Kubaschewski and Alcock (7) give
the vapor-pressure of pure Ti as:

log P°Ti = - 24400/T - 0.91 log T+10.299 (2)

From EqZ we can evaluate the corresponding frece energy difference;
on¥§s, latm _ ocbcc

1

ky combining the information from Storms (8) with Eq.3 and

f .
ogiee . °G$§° = -240 + 0.9T (cal/mol)  (4).

from Kaufman (9) and take the composition of TiC in equilibrium

with graphite as xgcc = 0.49 according to Rudy's phase diagram (10)

LGTi and EGC as
functions of temperature for this particular composition. The phase-
boundary Ti/TiC, as reported by Rudy (10), can be used to evaluate
F”Ti at different temperatures along the phase-boundary when the
solubility of C in Ti is neglected. Assuming linear temperaturec-

. . o, Tifcc 1, Tifcc
dependency it was then possible to evaluate LCVa and LCVa

we can calculate the partial excess quantities

from the partial quantities. The following expressions were obtained:

Cva

The solid line in Figure 2 is calculated by the application of ¥qgs.

S5a and Sb. The agrecment with the experimental information is

-29-

ips = 111645 - 47.124T + 1.808 TInT (cal/mol)(3)
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very good. In Figurc 3 the Ti partial pressurc as a function of
composition at 1900 K has been plotted. The symbols are experiments
reported by Storms (8) and the solid line is calculated from the
present analysis. The agrecment is satisfactory.

The position of the melting-point of TiC according to Rudy
(10) is x- = 0.44 and Tm = 3340k. By applying the new evaluation of
Ti(C and the lattice stabilities reported by Kaufman (9) one can
evaluate the subregular solution parameters that yield this melting-
point. Furthermore, temperature dependencies in thesc parametcers
cun be evaluated from the condition that the L/TiC/Gr eutectic
occurs at 3049K and the L/TiC/Ti eutectic at 1923K (from Ref. 10.)
The following values are then obtained:

°LéTi = -23185 - 10.ST (cal/mol) (6a)
YL - 30516 - 10.5T -11- (6b)
CTi . )

The sublattice model for the bcece-phase ydelds a reasonable description
with the following parameters:

lTibcc

‘CVa = -50000 (cal/mol) (7a)
o,.bcc o hep SIS SR »
()Iic3 - C'll 3 UC = 44__)()() 4+ 0_491 ‘7b)

The hcp-phase has a very low solubility of carbon and it is thus
difiicult to evaluate the interaction parameter. Arbitrarily,
this was chosen the same ns in bce i.e.

bcc

L = =50000 tcal/mol) (xa.

lhcp
CVa

‘CVa
subsequently

o,.hep , o.hep_1,,0.60r
(.l'i,.‘\' - 2 (,I.i 1/2 (l(.‘ =5574 (&h
war vhosen to yield a rhree-phase equilibriumfcc/beec/hep at 1193K.

All parameters are summarized in Appendix R,

4. lvaluation of Paramcters for Phases in the Titanium-Nitrogen

“vstem,
e el e — m——

In peneral the data for the TiN-System is meager. The
phase diapram piven by Hulteren (3) is not very well established
and is basically the same as the onc in Hansen's compiliation (11).
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The free energy of formation for stoichiometric TiN however, seems
well known. A least square fit to the values given by Hultgren (3)
yields:

o~fcc _ o hcp _ o~gas
Gpin = G6pf - 1/2 N, = -79666 + 21.42T (cal/mol) (9)

This expression yields values in good agreement with those calculated
for Kubaschewski and Alcock (7). 1In addition some information on the
enthalpy of mixing in the solid phases is available from Hultgren.
Hultgrer also gives the free energy of mixing for 0.45 < xNO.S at 1930K.
A solution parameter Lgégcc = -25000 +4.4T was found to describe the
information on the fcc phasce satisfactory. In Fig. 4 the calculated
values have been plotted together with Hultgren's values.
for the hcp-phase was subsequently evaluated from the fcc/hcp phase
boundaries as reported by Hultgren. The following values were obtaincd:

ochcp

REPL - 2 °c¥gp - 1/2 °GE3S = 93490 + 24.71T (10a)
2 2
LE&ZCP = -9985 -3.44T (10b)

The enthalpy of mixing in the hcp phase can now be calculated as a
function of composition and the result is presented in Fig. 6 together
with two experimental values given by Hultgren. The agrecment is

satisfactory.

N with a

This

phase was treated as a stoichiometric compound in the present evaluation
and it's free energy of formation was cvaluated from the reported

phase boundary with hcp at 1310K and 1200K, yielding the following
expression:

In Hultgren's phase diagram a tetragonal phase Tiz
very narrow composition range is shown at low temperatures.

o,.tetragonal

;e -2 9her L 1/2 96835 . _120692 + 43.06T
Ti,N i

(
2 N,

(cal/mol’
(11)

The highest temperature where this phase is stable is then calculated
as 1321K.

It is very difficult to evaluate two parameters for the bcc-
phase because the N-solubility is rather low.
was then chosen to put:

Tibcc _
Nva =0 (12)

The remaining parameter was then adjusted to yield a hcp/bcc equilibrinm
in reasonable agreement with Hultgren's phase diagram.
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The following value was obtained:

°c¥§§3 -ocReP - 372 °cﬁ;5 = -104155 + 31.22T (13)

No thermodynamic data for the liquid phase is available. The two
subregular solution parametcrs were adjusted to yield an fcc/L
cquilibrium in reasonable agreement with Hultgrens phase diagram.

The following parameters werc found:

OL;Ti = -64482 -7.5T (cal/mol) (l4a)
lLkTi = -40975 + 7.57 (cal/mol) (14b)

A1l parameters are now fixed and a complete phase diagram can be
calculatel. The parameters are summarized in Appendix B.

5.0 Calculation of Ti-C Phase Diagram

Combination of the equations in Appendix B and the paramecters
in Appendix C permit calculation of the phase diagram by standard
methods. The result is presented in Fig 5.

Figure 6 compares the cxperimental points, the phase boundarics
(dashed curve) suggested by Rudy (10) and the calculated results
fsolid lines). The agrcement with the suggested solidus curve is
very pood whereas the agreement with the suggested liquidus curve
is not so good. However, the liquidus curve has not been cstablished
experimentally to date. It should however, be mentioned that the
appcarence of order or molecular species in the melt will deform the
liquidus curve to a shape more like the onc proposed by Rudy. (10).

6.0 Calculation of the Ti-N Phase Diagram

The calculated titaniumnitrogen phdse diagram is shown

in Fig 7. In addition Hultgrens phase diagram is displayed using
dashed lines. The solid-phase equilibria are in a ve~y good agree-
ment and the fcc/L-equilibrium is satisfactory. In both Hansen's
and Hultgren's phasc diagrams, the latter equilibria was designated
by dashed lines to indicate that the shape of the curves is very
uncertain. The most serious discrepancy between the reported phasc
diagram and the calculated onc is the tcmperature of the three-phase
equilibrium L/bcc/hcep.
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In Hultgren's diagram it is around 2293K (2020 °C) whereas the
calculation yielded 2037k (1764°C). It is easily demonstrated
that this part of Hultgren's diagram cannot be self consistent
since close to the edges of a phase-diagram the width of a two-
phase field is approximately given by AG/RT, where AG is the

free energy difference between the two phases for the solvent
(i.e., Ti in this case). At 2293K we have for the width of the
L/bcc-field,: AG/RT = 0.15, whereas Hultgrens diagram yields
about 0.02. A two-phase field which is wider than 0.02 will

tend to push the three-phase equilibrium to lower temperature.
Altering the width of the two-phase field by changing solution
phase parameters cannot be done realistically because the nitrogen
concentration in the liquid is too low. It might instead be
possible to change the description of the bcc phase but the N-
concentration in that is also rather low and non-realistic values
are required to obtain agreement with Hultgren. In the latter
case one also has to change the hcp and fcc-phases if one wants
to keep the agreement with the solid-phase equilibria in the
reported phase diagram.

".0 Calculation of Ternary Sections in the Ti-C-N system

In general calculation of the Ti-C-N system requires
description of the C-N binary in addition to the Ti-C and Ti-N
binaries discussed above. However, since the information required
to evaluate such C-N interactions is not available, they were
assumed to be equal to zero as a first approximation. On this
basis the ternary sections at 1600,1800 and 2500K for the N-C-Ti
system shown in Figures 8,9,10 were calculated., The calculation
shows that the fcc-field extends from the TiC to the TiN side and
that the hcp phase disolves very little carbon.

8.0 Vapor deposition of solid Ti(l-x-y)CxNy

From a practical point of view it is interesting to
determine what composition an input gas must have in order to
yield a specific composition x,y of the carbo-nitride. The
limiting values at 1800K in the binary Ti-C system, using a
mixture of TiCl4, CH4 and H, of P = 1 atm, was calculated

2 tot
by Bernard et. al. (12). In principle their calculation could
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be repeated not only for the extreme compositions (corresponding to
equ111br1um with graphite and almost a pure Ti respectively) but for
a whole family of dlfferent compositions. Each composition would be

represented as a curve in the p° - p° - plot. The calculation
TiC1, CH,

is quite straight forward. From the given solid phase composition

the C- and Ti- act1vit1es can be calculated. By keeping these activities

and the total gas-pressure fixed and solving the non-linear system
of equetions formed by eqﬁilibrium and stoichiometric conditions for
the gas-mixture one obtains P°TiCl4 when P8H4 is specified or vice
versa. If a nitrogen-beering component, e.g. NH;, is added to the
input-gas the deposited phase will also contaln some N. The input-
gas composition requ1red to obta1n a certain sol1d -phase composition
is calculated in the same way as in the binary case. From the solid
phase compositon the C-, N- and Ti- activities are calculated and the
values obtained are 1nserted to the equ111br1um and stoichiometric
conditions. In this case, however, each solid phase composition is

not represented by a curve in the P2 - PSH - plot, but by a

T1C1 2

) .
a CH4 - PNH3 - plot In Figures 11-13 the
calculated iso- act1v1ty lines in the fcc- phase have been ploted for

each component at 1800K so that the act1v1t1es can be estimated easily
for a certain compos1t10n at this temperature As expected, the
nitrogen and carbon activities requ1red to obtain a solid phase
without vacanc1es, i.e. Xpj = 0.5, are infinitely high.

(e}
surface in the PTiC]

oo wkean




. Figure 11. Calculated Iso-activity lines for Titonium
t in Ti(C,N) at 1800K
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Figure 12.

Calculated Iso—actévity lines for carbon
in Ti(N,C) at 1800°K




! Pigure 13, Calculated Iso-activity lines for N (i.c. aNZ)
at 1800K in Ti(C,N).
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Appendix

For a ternary regular solution we apply the following

equation for the integral (\ibbs cnergy:

._ .0
hm- XA GA
+ - + X B

xtlnxQJ XAt bapt XpXe Lae ¢ xgXe Ly (A1)

are the molar fractions and subjected to the

0. o,
* Xp GR + xc GC + RT [*A lnxA + xBIan J

where xA’xB xc

’

condition

XA* XB = ] (AZ)

+

xc
o o, O . . -
G G G are the Gibbs energies for the pure components

A, B,
in the phase under consideration, and LAB’ LAC’ LBC arc inter-

action-parameters. In a subregular solution the interaction i

parameters exhibit a lincar concentration dependence in the

binary edge-systems. In this report the following representation

. Pl =W o 4

has been applied in the
1 1
‘AR ‘AR

'he sane representation

v ~tandard methnds the

=26 e K
j

where

e T ZxBxC(x

binaries:

+

1

RUBRETRLITS
will alse be applied tor a ternary solution.

partial quantitices

lnx.ol<.
J

R

Al
t X

are derived:

J°ALB,C

1
o (e g [ T

1
Ik A l-x, -
¢oaxelI=x, tixy xul} Lag

B

o 2
¢ Xpll=x 17 Lhge 'l:xn -

Q
XXy Lap -

1
Lye

) 1
- ) - -
.xA(I x”)(xA xB)i LAh +

1
+ ZXC(I-XH)(XB—XC[] LBC

1

(xp=xc) "l

- UV - 1
ZXAJI X (xA xuil LAC

i - - 1
an(l xc)(xB xci] an

ZX Xy Xp=xp )

1

‘AR
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(A

(AS)

(AG)

(A7)




The sublattice model takes the following form for the case
of Ti on one sublattice and a mixture of C, N and Va (=vacant sites)
on the other sublattice (i.e. 'l‘ia (C,N,Va)c)

. o o}
G =y G... +y G + Yy a G
m C TlaCC N TlaNc Va Ti

. [ . : i
+ RT ¢ LyclnyC + yNhLyN + yVa lnyvéj

Ti Ti
* Yy Len t Ye Yvalcva

LTi .
* YNYvalnva (A8)

where the site fréctions, y can be calculated from the ordinéry
mole fractions by the equations:

Yo = 2 x¢/(l=xg = xy) (A9)
Yy = % X/ (1-x = xy) (A10)
and yy, = l-yc - ¥y (A11)

The subscript m in equation A8 signifies that G is counted per

mole of formula unit: Tia(C,N,Vé)c. In order to compute G for
a mole of atoms (or a gram atom) equation A8 must be multiplied
by the factor (1/a) (I'XV'XC) . The following values of a and ¢ hold:

fec: a=1, c=1

R A

bce: a=1, ¢=3
hep: a=2, c¢=1 (A12) W
OGTi c and OGTi Ny are the Gibbs energy of formation for the \
a ¢ a'¢

compounds. These compounds may or may not be stable. Moreover,
experimental data may or may not be available for the compounds.

The L-parameters are interaction parameters and are defined
to vary with composition as:
1

.o _ .

-48-




The partial quantities become:

o
("G - a oGTi) + RT (hlyc - Y

b4

Va)
o o H -
( “c ,a a GTi) + RT (iny lnYVa)

~ . O
(»Ti ()Ti + RT a

Kg]
—
=
<

-3

+

o]

Furthermore;

E
G~ = 1 ( "G, I (P
C g TlaC Tla Va

Ti

o, Ti

, i 1, Ti
T YYva bwva T 2VNYya (Y 7 Yya)

LN\’a

:
la.\c
* Yyallovy) Plyy, ¢ !iyéa * 2¥y, (v (v - Yy,
- Yeya “lva T BYVva (YeYya) Leva
) 0L11
llaVac

0. Va 1, Ti
T YeYy len t Zyeyy etyy! len
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hTiaCc = yy (1 Ye ) TLey [ij v 2y (1-y )y, Yy

o, Ti \ 1
* Yya'TmYe) Tloy, t [}Wa * 2y (1mye) (YC_yVaXY g

(A13)

(A14)

(A15)

1. Ti
Len

Ti
CVa

(A16)

, ) oy o Ti 2 i 7T
Grion T YelToyy) Tley Yot 2yellmyy Oy le] ben

1, Ti
LNVa

(AY7)

. = - - 1
e Yo (1=¥ya) “Lleyg [}c 2yc(l=yy ) (yc- yVatj Leva

. A _ - _ 1.Ti
Yy (1-¥va) lyva [Y\J 2y (1=yya) oy ] Mg,




Appendix C

Summary of parameters for Ti-C-N system. (cal/mol, conversion
toJ/mol by multiplying Ly 4.184).

Liguid
ogl. - OGRCP _ 4920 - 2.97 (Ref. 8)
Ti Ti . .
°cé - 68T = 27300 - 6.5T -11-
oGk - 10og8as . 5077 4 15.98T 11
N~ Z ’N2 T : T
Subregular solution, Gm given by Eq. Al.
oL _ 1L _ !
Loy = Ly = 0 |
o L. _ _ _ w1 _ -
Léps = 23185 = 10.5T, “Lop, = 30516 -10.5T
oL _ 10 L1 _ - e
Lyjpg = -68482 = 7.50, L. = 40975 + 7.51

fee

o.fcc _ o hep | ‘o
Gy Gpy' = 800 (Rel. 8)

o.fcc o.hep o.Cr

i = -43972 + 2,5281

ric - ri “
ofcc _ o.hcp _ 1 o.gas _ e
“YiN GTi (Nz = =790660 + 21.421

Sublattice model, tm given by Eq. A8 a=c=1

H
o Tifcc _ 1,Tifcc _
LCN = LCN = f
o.Tifcc _ <er LTitce < ,
LCVa = -16099 + 0.36T, LCVa = =38801 + 11.031
o, Tifce _ _,¢ .+ 1Tifee
Lava = =25000 + 44T, "Ly € -0




hcp
Ref state for Ti

%6pSPe - 2 OGREP L 0alT L 55y

T12C Ti
o.hcp _ ~oshcp 1 o.pas _ _ .

sublattice model, Cm given by Eq. A8 a = 2, ¢ =1

o, Tihcp 1LTihcp

CN = CN =0
o, Tihcp -

L _ 1, Tihcp _

Cva = -50000, Leva = 0
o, Tihcp_ _ _ 1, Tihcp _

Lyya = -9985 -3.44T, LNVa =0
bcc
opbee _oghep 1040 - 0.97

I'i Ii
ophec_oghep g 00T L 4006 4 ¢l a9t

'iCK Ti . C o T
o .bce o, hcp 0,.pas c o
“TiNS - hTi - 3/2 hN, = -104155 + 31.221
sublattice model, Gm viven by Eq. A8 a =1, ¢ = 3

o,]lhcc - 1L11bcc -

“on CN
"Ly, -50000, 'L.IbCC . g
e g
letragonal
RIS ocher . 5 %GEY = -120002 + 43.06T

stoichiometric Phase

(.as °ngas - °c$§P = 112085 - 48.024T + 1.808 TInT

(tef. 0)
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