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Abstract The thermodynamic modeling of the ternary
system C-Cr-Zr has been obtained by modeling the Gibbs
energy of all individual phases using the CALPHAD
(CALculation of PHAse Diagrams) approach. There is no
ternary compound in this system. The liquid is modeled as
a substitutional solution phase, while the solid solution
phases including ZrC, (aZr), (BCr), (BZr), Cr;C,, Cr,Cs,
Cry3Cq, Cl14, C15 and C36 are described by sublattice
models. The modeling covers the whole composition and
temperature ranges. A set of self-consistent thermodynamic
parameters for the C-Cr-Zr system is obtained by consid-
ering the phase diagram data in the ternary system. Com-
prehensive comparisons between the calculated and
measured phase diagram and thermodynamic data show
that the experimental information is satisfactorily accoun-
ted for by the present thermodynamic description. The

D4 Yafei Pan
pan2018 @hfut.edu.cn

< Shuyan Zhang
Shuyan.zhang @ceamat.com

School of Materials Science and Engineering, Hefei
University of Technology, Hefei, Anhui 230009, People’s
Republic of China

Engineering Research Center of High Performance Copper
Alloy Materials and Processing, Ministry of Education, Hefei
University of Technology, Hefei 230009, Anhui, People’s
Republic of China

State Key Laboratory of Powder Metallurgy, Central South
University, Changsha 410083, Hunan, People’s Republic of
China

Centre of Excellence for Advanced Materials, Songshan
Lake, Dongguan 523808, Guangdong, People’s Republic of
China

@ Springer

liquidus projection and reaction scheme of the C-Cr-Zr
system are also presented.

Keywords C-Cr-Zr - CALPHAD - phase equilibria -
thermodynamic modeling

1 Introduction

By introducing refractory metal elements such as Cr and Zr
into carbon steel, dispersed carbides can be formed during
the aging process, so as to obtain excellent mechanical
properties and heat-resistance.'*! In addition, Cr- and Zr-
based carbides are also identified as the effective rein-
forcing particles to fabricate the outstanding cutting tools.
It has been proven that ZrC can significantly improve the
hardness and high-temperature properties of WC-based
cemented carbides.®! The introduce of Cr3C, to the TiC-
based cermets can not only facilitate the formation of finer
microstructure and better mechanical performance, but also
improve their ability of oxidation resistance, rust resistance
and corrosion resistance.”! Thus, it is of technological
interest to study the formation of the carbides in the C-Cr-
Zr system.

The CALPHAD (CALculation of PHAse Diagrams)
approach is a useful tool to establish thermodynamic
databases, which are the bases for the prediction of ther-
modynamic properties, phase diagrams, diffusion”' and
phase-field simulations.'” In order to develop the thermo-
dynamic databases of multicomponent cemented car-
bides,'”! knowledge concerning phase equilibria and
thermodynamic properties of the C-Cr-Zr ternary system is
of fundamental importance. The present work is thus
intended to (I) critically evaluate the experimental phase
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diagram information and thermodynamic data in the C-Cr-
Zr ternary system and its constituent binary systems from
the literature, and (II) develop self-consistent thermody-
namic description for the C-Cr-Zr system by means of the
CALPHAD approach.

2 Evaluation of Phase Diagram Data
in the Literature

In the present assessment, the published phase diagram,
and thermodynamic data of C-Cr-Zr system are critically
reviewed. To facilitate reading, the symbols to denote the
stable phases in the C-Cr-Zr system are summarized in
Table 1.

2.1 Binary Systems

The thermodynamic descriptions of the C-Cr binary system
were firstly performed by Andersson™ and Kajihara and
Hillert.” However, the thermodynamic parameters
obtained by these two groups of authors, could not meet the
demand for a reasonable extrapolation to the Fe-Cr-V-C
system. Consequently, Lee!'”! reassessed the C-Cr system
by considering both the C-Cr-Ni and Fe-Cr-V-C systems.
Most recently, Khvan et al."''! found that the calculated
temperature of the eutectic reactions in the C-Cr system by
using the parameters from Lee’s work!'”! is even lower
than the reported temperature of the corresponding ternary
eutectic reaction."'? For this reason, they reassessed the
parameters of the liquid phase in C-Cr system on the basis
of absorbing other solid phase parameters from Lee.''”! As
discussed above, the modeling reported by Khvan et al.'!!
is adopted in the present work.

The thermodynamic description from Guillermet'"! is
generally admitted as the major contribution on the C-Zr
binary system, which proposed a reliable assessment of the
system based on a wide compilation of experimental data
from previous works.!"*'" In the present optimization, the
description of the C-Zr system derives from Guillermet’s
work,ml which has been widely used in the thermody-
namic database of cemented carbides.

Many researchers have performed thermodynamic
modeling of the Cr-Zr system.''®2°! Recently, Pavld
et al.””"! carried out the first-principles calculations on the
total energies of Laves phases in all three structures, i.e.
C14, C15 and C36. Then they derived a thermodynamic
description of the Cr-Zr system based on the calculation
results. In addition, Lu et al.”?*! performed the experimental
study at different temperatures to determine the phase
boundaries and supplemented the literature with new
experimental and calculated data to re-evaluate the Cr-Zr
system. On the basis of the work form Lu et al.”*?! Liu
et al.”*! conducted a modified description of the C15 phase
and adjusted the invariant reaction from C36 = C15 + L
(1547 °C) to L + C36 = C15 (1562 °C), in order to better
fit the phase relationships in the Cu-Cr-Zr ternary system.
The parameters of Cr-Zr system are adopted from the
works of Lu et al.,m] and Liu et al./*!

2.2 Ternary Systems

The first investigation on the phase equilibria of the C-Cr-
Zr system was reported by Fedorov and Kuz'mal®¥ at
1300 °C. The isothermal section is characterized by the
ZrC phase with a NaCl-type crystalline structure, which
forms six three-phase regions: ZrC + (C) + Cr3Cs,
ZrC + Cr;C, + CryCs, ZrC + Cry;Cs; + Cry3Cs,

Table 1 Crystallographic information and thermodynamic models to describe the phases in the C-Cr-Zr system

Phase Prototype Pearson symbol Space group Designation Phase description

Liquid - - - Liquid,L Liquid solution

ZrC NaCl cF8 Fm-3 m ZrC Solid solution based on fcc ZrC

(BCr) or (BZr) w cl2 Im-3 m (BCr,pZr) Solid solution based on bee (BCr) or (BZr)
(0Zr) Mg hP2 P63/mmc (0Zr) Solid solution based on hcp (oZr)

Cr;C, Cr;C, oP20 Pnma Cr;C, Binary stoichiometric phase of Cr;C,
Cr,C; Cr,C5 hP80 P3cl Cr,C; Binary stoichiometric phase of Cr;C;
Cry3Cg Cry3Cg cF116 Fm-3 m Cry3Cs Binary stoichiometric phase of Cry;Cg
CryZr_Cl4 MgZn, hP12 P6s/mmc Cl4 Solid solution based on Laves_C36 Cr,Zr
Cr,Zr_CI15 MgCu, cF24 Fd-3 m Cl15 Solid solution based on Laves_C15 Cr,Zr
CryZr _C36 MgNi, hP24 P63/mmc C36 Solid solution based on Laves_C36 Cr,Zr
Graphite C-a hP4 P63/mmc Graphite,(C) Graphite carbon
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ZrC + Cry;C6 + (BCr), ZrC 4 (BCr) + C15 and ZrC +
C15 + (PZr). The solubility of Cr in the ZrC reaches up to
6 at.%, while Cr-based carbides dissolve negligible
amounts of Zr. It should be noted that the phase boundaries
of the three-phase regions were determined by the methods
of x-ray diffraction and microstructural analyses and the
detailed alloy compositions were not reported in their
work. Obviously, their work cannot accurately determine
the solubility of Cr in the ZrC phase with different carbon
contents. Since the relevant data is very limited, these
phase equilibria are also given the certain weight in the
present modeling.

The invariant equilibria of the C-Cr-Zr system were
investigated by Eremenko et al.*>*®! using chemical
analysis (CA), x-ray diffraction (XRD), scanning electron
microscopy (SEM), differential thermal analysis (DTA)
and Pirani-Alterthum method. The investigated specimens
were prepared by arc-melting, followed by homogenization
treatment. The primary crystallization phases, namely
those of ZrC, Cr3C,, Cr;Cs, Cry3Cq, (BCr), (BZr), C14 and
(C) are detected in the as-cast alloys. Eremenko et al.?®
given the invariant equilibria of L + (C) = ZrC + Cr;C,
at 1805 °C, L =ZrC + Cr;C, + Cr;,C; at 1730 °C,
L+ Cr7C3 = 7rC + Cr23C6 at 1605 °C, L = ZrC + Cr23_
Ce + (BCr) at 1575°C, L =27rC + (BCr) + Cl14 at
1595 °C, and L = ZrC + C14 + (BZr) at 1320 °C. They
also reported three ternary eutectic maxima reactions, i.e.,
L =ZrC + Cr,C;z at 1750 £ 10 °C, L = ZrC + (BCr) at
1740 & 10 °C and L = ZrC + C14 at 1630 £+ 10 °C.

Based on the obtained thermodynamic data, Eremenko
et al.” also constructed two vertical sections of CrrsZras-
Cr;5Cy5 and Zr-Crs;Cyg. Using DTA method, Shurin and
Dmitrieva?’! determined the Cr-ZrC vertical section with a
eutectic temperature of 1785 £ 20 °C and composition of
4.2 at.% ZrC, which is consistent with the result from
Eremenko et al.'*®! According to Shurin and Dmitrieva,”
the solubility of ZrC in (Cr) at 1785 °C is measured to be
1.3 at.%. The data mentioned above are all considered in
the present optimization.

3 Thermodynamic Models

In the present modeling, the Gibbs energy functions for the
elements C, Cr and Zr are taken from the SGTE compi-
lation by Dinsdale.'”” The thermodynamic parameters in
the C-Cr, C-Zr and Cr-Zr binary sub-systems are taken
from Khvan et al.,[”] Guillermet,[l3] and Liu et al.”®
Different thermodynamic models are applied depending on
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the crystal structure and thermodynamic property of each
phase.

3.1 Liquid

The liquid phase is described as substitutional solution, and
the Gibbs energy is expressed by the Redlich-Kister-
Muggianu polynomial'?*-%

0~L __ 0 ~L 0 ~L 0~L
Gm_‘xC' GC+‘xC". GCr+xZ". GZr

+ RT - (x¢ - Inxc + x¢r - Inxe, + xz - Inxz,)
L L L
+xcXer Lot Xe Xz Lo gy + Xor Xz Ly gy
ex ~L
+ GC,Cr,Zr

(Eq 1)

where R is the gas constant, and x¢, x¢, and xz, are molar
fractions of the elements C, Cr and Zr, respectively. The
standard element reference (SER) state,”® ie. the
stable structure of the element at 25 °C and 1 bar, is used
as the reference state of Gibbs energy. The parameters
LZL] (i,j = C,Cr,Zr) are the interaction parameters from the
binary constituent systems. The ternary excess Gibbs
energy MGIE’,Cr,Zr is expressed as follows:

ex ~L
Ge.crzr = Xc - Xer - Xz
OyL 1yL 2yL
’ (Xc ’ LC,Cr“,Zr + Xcr LC,Cr.Zr + Xz LC,Cr,Zr)
(Eq 2)

in which the interaction parameters "L¢ ¢, 7., L¢ ¢,z and

*L¢.c,z are linearly —temperature-dependent. These

parameters will be evaluated in the present work.
3.2 Solid Solution Phases

The Gibbs energies of the ZrC, (BCr), (BZr) and (0Zr)
phases are described using two-sublattice models devel-
oped by Hillert and Staffansson!®!! as (Cr, Zr),(C, Va).. In
this model, it is assumed that Cr and Zr atoms occupy one
sublattice while C atoms and vacancies occupy the other
one, since C atoms are generally known to occupy only
interstitial sites in these phases. The symbols a and c¢
denote the numbers of sites on each sublattice and have
values of a =1 and ¢ =1 for the ZrC phase with fcc
structure; a = 1 and ¢ = 3 for the (BCr)) and (BZr) phases
with bee structure; a = 1 and ¢ = 0.5 for the (aZr) phase
with hcp structure. For one formula unit (Cr, Zr),(C, Va),,
the Gibbs energy of a phase is expressed as follows:
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G =Yg, ¥ "Glye + ¥y Ve "Gl +Ver W - "Gl
+ 3 W "Gy + @ RT - (Yo, - Inyp, + 3, - ny,)
+c¢-RT - (y¢ - Inyl +yy, - Inyy,)

FYer Y Y Lz ¥ Yor Yo - Wa Lerzeva

+Yer Y W 'Lz‘r:C,Va

+ 2 Ve Wa Lorcwa T Yer Yz - YE  Wa * Lérzrcva
(Eq 3)

where y;. and y/,, are the site fractions of Cr and Zr in the
first sublattice, and y/- and yy, are the site fractions of C
and Va in the second sublattice. The parameter °GYy, (i =
Cror Zr) is the Gibbs energy of pure element i, and the
parameter °GY (i = Cror Zr) is the Gibbs energy of a
hypothetical state where all the interstitial sites are com-
pletely filled with C. L{, ;v L¢y.cv, and LY.y, are the
binary parameters from the sub-binary systems, while the
L¢, 7.c and L¢, 5.y, are the ternary parameters that will
be optimized in the present assessment.

Considering the limited experimental data on the solu-
bility of the third element, the binary phases CrzC,, Cr;Cjs,
Cry5Cq, C14, C15 and C36 are considered as pure binary
stoichiometric phases. It is presumed that the sublattice of
graphite is totally filled by C due to the negligible solu-
bility of Cr and Zr in graphite. The Gibbs energy of gra-
phite is taken from the SGTE database.”*"

4 Results and Discussion

The evaluation of the model parameters was carried out
using the optimization program PARROT,"*?! which works
by minimizing the sum of the square of the differences
between measured and calculated values. The step-by-step
optimization procedure described by Du et al.”* was uti-
lized in the present assessment. Each piece of selected
information was given a certain weight based on the
uncertainties of the experimental data. The weights were
changed by trial and error during the assessment until most
of the selected experimental information was reproduced
within the expected uncertainty limits.

Based on the experimental sections of 1300 °C,**! the
modeling of the C-Cr-Zr system proceeds with the solid
phase. Therefore, the thermodynamic parameters of ZrC
phase are firstly evaluated. For the fcc-ZrC phase with
large homogeneity ranges varying from 37.3 to 50.0 at.%
C, two ternary parameters °L{¢’, . and *L{, . are intro-
duced to model the ZrC with higher C contents, while one

ternary parameters 'L¢i%,. ., are adopted to model the
ZrC with lower C contents. During the optimization, it is
found that the parameter OGgf._CZr:C is used to limit the solid
solubility of Cr in the ZrC phase. When the parameter
OGgfer:C reaches up to +161,903.988, the solubility solid
solubility of Cr in the ZrC phase is reduced to 7.35 at.%.
The parameter *GE, - is used to increase the stability of
the ZrC phase. Only by setting the parameter to
— 323,421.99 or below, the assessment can fit well with
the experimental data and avoid the formation of
fce#l + fec#2 for the ZrC phase in the high C region. No
ternary parameters of (oZr) with hep structure and (BCr)
and (BZr) with bce structure are introduced in the present
OLg%‘ffIZr and ZLIéi‘]C"rifZZr for liquid
are assessed by using the experimental data including liq-
uidus, primary crystallization fields and invariant equilib-

07 Liquid . .
L¢ ¢z 1s mainly to assess the

assessment. Subsequently,

ria.*>?%! The parameter

temperatures of the invariant reactions related to the C-Cr
binary system and the parameter ZLLCi‘IC"ri_[IZr is mainly to
assess the temperatures of the invariant reactions related to
the Cr-Zr binary system. Finally, the thermodynamic
parameters obtained above are optimized at the same time
by considering all selected phase diagram information.

Table 2 presents the thermodynamic parameters of the
C-Cr-Zr system obtained from the present modeling. Based
on these thermodynamic parameters, all phase equilibrium
data are calculated to demonstrate the reasonability of the
present assessment including isothermal sections, vertical
sections and liquidus projection (Fig. 1).

The calculated sections of the C-Cr-Zr system at
1300 °C in comparison with the experimental results from
Fedorov and Kuz’ma'?*! are shown in Fig. 2. It can be seen
that the calculated phase relationships fit well with the
experimental ones. The ZrC phase forms six three-phase
regions with the (C), Cr3C,, Cr;Cs, Cry3Cg, (BCr), C15 and
(BZr) phases. The maximum solid solubility of Cr in ZrC is
calculated to be 7.35 at.%, which occurs at 47.2 at.% C. In
the present modeling, the solubilities of Zr in the CrzC,,
Cr;C; and Crp3Cq phases and C in the C15 phase is set to
be zero, which is very close to the experimental results.

To better illuminate the phase relationship of the C-Cr-
Zr system, Fig. 3a—f shows the calculated sections at 500,
1500, 1600, 1700, 2000 and 3000 °C. It can be seen that
the solubility of Cr in the ZrC phase does not change
significantly with the increasing temperature. The liquid
phase firstly forms in the Zr-rich corner and gradually
extends to the whole Cr-Zr sub-binary side, as the
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Table 2 Summary of the optimized thermodynamic parameters in the C-Cr-Zr system®

Liquid: Model (C,Cr, Zr),

OpLiguid — _ 69245 — 35T OpHiquid — 4 83242 OLE# = 4 88000

OpLiguid — _ 305420.6 — 16.02T OLES = — 39269.66 L% = + 50000

OpLiauid — _ 10071.34 — 1.20T 'LE%! = — 1425.96 — 0.74T L = — 8284.87 + 0.92T
OpLiguid — _ 731523.70 LEE, = — 188951.43

ZrC: Model (Cr,Zr),(C,Va),
0GEec = 0GB + °GE“4 1200 — 1.94T
OGHe = —224784.9 + 297.0288T — 48.14055TIn(T) — 0.001372273T% — 1.015994 x 107'T° + 5172137 — 8.30054316 x 10°73
0GEec va = —11977 + 6.8194T
OG5 va = —41870.2 — 35.70271T + 6.042424TIn(T) — 0.001326472T>
OG5 va = —81870.2 — 35.70271T + 6.042424TIn(T) — 0.0013264727>
0GE,.c = + 161903.988 2GEY,.c = — 323421.995
Gy cva = — 1541197.15
(BCr,BZr)-Bec: Model (Cr,Zr),(C,Va)s
0GEee, = 0GB« + 3 9GZ* + 416000°GE< = °GE< + 3 °GE™ + 416000
G5 = —142838.2 + 631.7121T — 96.28173TIn(T) — 0.0018560377> — 9.2968513 x 10T 4 22613567 — 7.933899 x 10°T
0GB va = — 190T OGE v = — 2232213
0GE,, va = + 48365.47-13.9T 'G5y va = + 10065.57 — 6.1T
(0Zr)-Hep: Model (Cr,Zr)(C,Va)g s
OGHE, = OGHP 1 0.5 °GEP — 18504 + 9.4173T — 2.4997TIn(T) + 0.001386T>
OGYn. = — 115822.7 + 212.2971T — 36.10565TIn(T) — 0.0013754897% — 1.361587 x 107'T° + 2171317" — 19505689 x 10°T>

OGHT. = + 4165 OGE%. v = + 3206.881
°GE, va = + 89700 — 11T 'GE, v = + 38800 + 6T

Cr;C,: Model (Cr);(C),

0GE3E? = — 100823.8 + 530.66989T — 89.669471In(T) — 0.03011887>
Cr,Cs: Model (Cr)7(C);

OGSIE? = — 201690 + 1103.128T — 190.177TIn(T) — 0.0578207T>
Cr,3Cq4: Model (Cr)7(C)3

OGEZ = — 521983 + 3622.24T — 620.965TIn(T) — 0.1264317°
Cr,Zr-C14: Model (Cr,Zr),(Cr,Zr),

OGEM. =3 °GEee + 83339.0 — 2.3T 9G5S, = 3 °GHP + 62388.0 — 4.3T
0GEM,, =2 0GB« 4 OGH — 9050.3 — 11.85T OGS, = 0GB + 2 OGH” 4+ 279176.1 — 8.2T
°GEricrze = — 22800 °GE Yz = + 27800

Cr,Zr-C15: Model (Cr,Zr)>(Cr,Zr),
OGEY, = 3 °GEee + 79374.0 — 2.59T 9GSL3, =3 °GHP + 81154.0 — 8.33T
9GS, = 3 9G%* 4 °GH — 23004.1 — 4.26T 0GSIY, = °GBe + 2 9GH + 303085.2 — 8.46T
Gz = — 13641.9 9GE Yz = + 13864.39

Cr,Zr-C36: Model (Cr,Zr),(Cr,Zr),
°GES, = 3 °GE + 77859.0 — 6.33T °GZS, = 3 °GHP + 69218.7 — 3.44T
9GS, = 2 °GEe + °GH — 11809.8 — 10.4T 9GS, = °GEe + 2 °GE” + 228202.8 — 8.51T
GG ez = — 9540 °GE %z = + 19750

C: Model (C),;

*All parameters are given in J/mole and temperature (7) in K. The Gibbs energies for the pure elements are taken from the compilation of
Dinsdale.'”®! The thermodynamic parameters in the C-Cr, C-Zr and Cr-Zr binary sub-systems are taken from Khvan et al.,"""! Guillermet''*! and
Liu et al.,”*¥ respectively. The underlined parameters are assessed in the present work
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Fig. 1 Calculated binary phase diagrams: (a) C-Cr system, ' (b) C-Zr system'*! and (c) Cr-Zr system'*!

temperature increases to 2000 °C. In this temperature
ranges, the Laves phase undergoes the following transfor-
mations: C15 — C36 — Cl14. When the temperature
reaches up to 3000 °C, liquid has dominated the ternary
system and the ZrC phase shrinks adjacent to the C-Zr side.

The calculated vertical sections Cr;5Zr,5-Cr;5Css, Zr-
Crs5Cyg and Cr-CrgpZrgCyp of the C-Cr-Zr system

together with the experimental data from Eremenko
et al.®® and Shurin and Dmitrieva®”! are shown in
Fig. 4a—c. Most experimental data are in good agreement
with the present calculation results. The calculated liquidus
projection of the C-Cr-Zr ternary system is given in Fig. 5,
while Fig. 6 presents the reaction scheme in the range of
melting/solidification for this system. Table 3 presents the
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C 5
100 Fedorov and Kuz'ma"”"

T=1300°C

a Phase composition
----Phase boundary

0 ' 2
0 B0 30 40 6015 g0 100
71 Atomic percent, Cr Cr

Fig. 2 Calculated isothermal section of the C-Cr-Zr system at
1300 °C compared with the experimental data reported by Fedorov
and Kuz'ma**

comparison between the calculated and experimental
invariant equilibria.”®! The invariant reaction types, tem-
peratures and compositions reported in the literature are
well reproduced by the present calculations. Compared
with the experimental results reported by Eremenko
et al.,” the present modeling predicts three primary
crystallization regions including one C15 and two C36, and
three invariant reactions of U2: L + Cl14 = ZrC 4 C36,

@ Springer

PI: L + ZrC + C14 = C36 and U4:
L + C36 = ZrC + C15.

For the other C-Cr-X (X = Refractory metal elements)
systems, the reciprocal parameter of Gpy.cy, is not
adopted to describe the fcc phase in the C-Cr-Ti**! system,
and the reciprocal parameters of Ggfx;c,w are introduced
to model the fcc phase in the C-Cr-Ta®™ and C-Cr-Nb™®
systems. Therefore, it is meaningful to discuss the role of
the reciprocal parameter G¢i'y.c v, in the C-Cr-Zr system.
Based on the obtained parameters in the present work, the
reciprocal parameter 'Ggi,ch:C_’Va for fcc is set to be 0, and
the other parameters °G(y,. and G, are remodeled
and changed from + 161,903.988 and — 323,421.995 to
+ 50,558.5 and — 429,563.4, respectively. Using the
remodeled parameters, the isothermal section of 1300 °C
and the Cr-ZrC vertical section are represented in Fig. 7a
and b. It can be found the phase relationship is consistent
with the previous results, however the phase equilibria
information related to ZrC phase cannot be described very
well. So it is meaningful to introduce the reciprocal
parameter of G@;‘gmvd to model the fcc phase in the C-Cr-
Zr system.

5 Conclusions
On the basis of sufficient experimental information, the

C-Cr-Zr ternary system is modeled using the CALPHAD
method, and a set of reasonable parameters for each phase
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<«Fig. 3 Calculated isothermal section of the C-Cr-Zr system at 500 °C
(a), 1500 °C (b), 1600 °C (c), 1700 °C (d), 2000 °C (e) and 3000 °C
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Fig. 4 Calculated vertical sections Cry5Zr,5-Cr75C,s, Zr-Crs;Cyg and Cr-CrgpZrp0Coq of the C-Cr-Zr system together with the experimental data
from Eremenko et al.””®! and Shurin and Dmitrieva'?’
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Fig.. 5 .Calculated liquidus Binary Systems; Ternary system:

projection of the C-Cr-Zr o o C

system according to the present €,:2927°C e,:1854°C Ul:1796°C El1:1754°C
thermodynamic modeling p,: 1824°C e,:1772°C 100 U2:1633°C Pl1:1625°C

p,: 1633°C e,:1622°C 90
P, 1617°C e,:1576°C

e,: 1569°C p,: 1562°C 30
€, 1340°C

U3:1610°C E2:1570°C
E3:1563°C U4:1560°C
E4:1333°C

€, maxt 1769 °C

€5 maxt 1766 °C
11662 °C

D (B0 3o CCISLGCIes (TGRS
7r Atomic percent, Cr

in this system are obtained, which can well reproduce the  reactions. The liquidus projection and reaction scheme of
phase equilibrium relationships of the ternary system over  C-Cr-Zr system are also calculated according to the present
the whole composition and temperature ranges including  optimization, which is very important for practical appli-
vertical sections, isothermal sections and invariant cations and basic material research.
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Fig. 6 The reaction scheme for
the C-Cr-Zr system including
liquid phase according to the
present calculations with
temperature in °C. The invariant
reactions among solid phases
are not included in this figure

Table 3 Comparison between
the calculated and measured!*®’
invariant reactions with
participation of liquid phase in
the C-Cr-Zr system

@ Springer

C-Cr C-Cr-Zr Cr-Zr C-Zr
2927] e
L=(C)+ZrC
1854 | e,
1824 P, —
L+(C)=Cr.C. L=HfC+(BHf)
[1796] L+(C)=zrC+Cr,C, ] U]
1772 [ & I
L=Cr,C,+Cr,C, C)+ZrC+Cr,C,
1769 | Comar
L=ZrC+(BCr)
1766 | ©5.max
L=ZrC+Cr,C,
[1754] L=zrC+Cr,C +Cr,C [E]|
T
ZrC+Cr,C,+Cr,C,
1662 | Comen
L=7rC+C14 TEEI
v v L+C14=C36
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P—
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T T 1622] e,
5T T T, | ZrC+C14+C36 C14=C36+L
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L+Cr,,C,=(BCr) I v
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‘ v
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T 1562 p.
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T 1340 | Cio
C36+ZrC+CI15 L=C15+(BZr)
[1333] L=ZrC+C15+(BZr)|E4]
T
ZrC+C15+(BZr)
Invariant reaction Composition of liquid phase, at.% T, °C
C Cr Zr Cal. Exp.
€4.max: L = ZrC + (BCr) 4.7 89.2 6.1 1769 1740 + 10
€s.max: L = ZrC + Cr;C; 30.3 67.4 2.3 1766 1750 + 10
€6.max: L = ZrC + Cl14 2.6 61.7 35.7 1662 1630 + 10
Ul: L + (C) = ZrC + Cr;5C, 39.2 57.3 35 1796 1805
El: L = ZrC + Cr3C, + Cr,Cs 34.0 63.7 2.3 1754 1730
U2: L + Cl14 = ZrC + C36 1.1 73.7 25.2 1633 -
Pl: L + ZrC + C14 = C36 3.2 50.5 46.3 1625 -
U3: L + Cr,C3 = ZrC + Cry3Ce 18.2 80.9 0.9 1610 1605
E2: L = ZrC + Cry;Cs + (BCr) 13.8 85.4 0.8 1570 1575
E3: L = ZrC + C36 + (BCr) 0.4 80.9 18.7 1563 1587
U4: L + C36 = ZrC + C15 2.6 43.5 53.9 1560 -
E4: L = ZrC + C15 + (BZr) 0.6 27.7 71.7 1333 1320
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Fig. 7 Calculated isothermal section of 1300 °C and the Cr-ZrC vertical section, according to the remodeled parameters. The blue box indicates

the worse fit between the calculated and experimental phase equilibria
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