Chapter 2
Carbon (Graphene/Graphite)

2.1 Structures

Carbon is the sixth element of the periodic table with the ground state level *P, and
electron configuration /s*25°2p®, which is hybridized to form sp', sp® and sp’
chemical bonds between atoms. The general oxidation states (numbers) of carbon
in numerous inorganic compounds are (—4) (+4) and (+2); the radii of carbon are:

atomic (metallic, CN = 12)—0.091 nm,

atomic (van der Waals)—0.170 nm,

atomic (covalent)—various, see Table 2.1,

ionic (+4)—0.015 nm (CN = 4) or 0.016 nm (CN = 6);

its electronegativity is 2.55 in Pauling scale, or 2.50 in Allred—Rochow scale. The
hybridized sp"-bonding (1 < n < 3) differs considerably from common s- or
p-bonds inherent to other chemical elements of the basic periods. The values of
energy characteristics, in particular, specific bond energies (average bond energy
per bond order) of carbon—carbon sp"-bonds occupy a wide area of intermediate
positions between those characteristics of s- and p-elements, depending substan-
tially on the hybridisation type of bonding: s > sp® > sp® > sp' > p (Table 2.1).
The electron hybridization predetermines the ability of carbon atoms to arrange
numerous compounds with other elements of the periodic table, but also the various
allotropes, such as carbyne/carbyte, graphene/graphite and diamond (Table 2.2),
which are structured with linear, planar and tetrahedral symmetry, coordination
numbers of 2, 3 and 4 and the bond angles of 180°, 120° and 109.47°, respectively
for sp'-, sp>- and sp>-hybridized forms. According to Mendeleev “none of the
elements can compete with carbon in ability to form complex structures” [1, 540].

There has been a new wave of interest in carbon materials caused by the recent
discoveries in the nanoscience [2, 9-14, 31, 42, 45-53], which has affected all
science and engineering fields. Some points of view are developed in literature to
classify carbon macro- and nanostructures. In this way, schemes based on
hybridization characteristics were suggested by McEnaney [9], Heimann et al. [10],

I. L. Shabalin, Ultra-High Temperature Materials I, 7
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Inagaki [11], Belenkov [12], Shenderova et al. [13, 78] and Falcao and Wudl [14].
The systematic classification of all the experimentally confirmed and theoretically
predicted carbon structures, which is given in Table 2.2, is based mainly on the
relative values of the specific bond energies of sp"-hybridized carbons as well as
carbon phase transformation diagram (see Sect. 2.2). This approach, employing
within the overall hierarchy of classified carbon structures from submolecular to
macroscopic scales, in accordance to the bonding energy criteria, allows marking
out among the variety of carbon structures three general families (with integer
degree of hybridisation index n):

carbyne general family (n = 1), including sp'-hybridized (a-sp' + 2m) carbons
from nanostructured carbyne to its macrostructural crystalline form “carbyte”
(the existence of carbyne (or carbolite) has not been universally accepted; the
proposed term for a macrostructural form is given on the basis of analogy with
graphene—graphite and fullerene—fullerite correlations);

graphene general family (n = 2), including sp*-hybridized (a-sp> + ) carbons
from nanostructured graphene to macrostructural crystalline graphite with its
polytypic (hexagonal and rhombohedral) forms;

diamond general family (n = 3), including sp>-hybridized (-sp°) carbons from
various nanostructured diamonds to macrostructural crystalline diamond with its
polytypic (cubic and hexagonal) forms.

and two intermediate (or transitional) families (with non-integer degree of
hybridisation index n):

graphyne intermediate family (1 <n <2), including sp'~"-hybridized
(o-sp"~"% 4+ (3 — n)n) carbons from nanostructured graphyne (analogue of
graphene modified by triple bonds) to macrostructural “graphyte” with various
polytypes, which are characterized by the intermediate between carbyne and
graphene hybridisation type (currently, hypothetical structures calculated and pre-
dicted only theoretically; the proposed term for a macrostructural form is given on
the basis of analogy with graphene—graphite and fullerene—fullerite correlations);

fullerene intermediate family (2 <n < 3), including sp?~"= -hybridized
(<7—s172<"<3 4+ (3 — n)m) carbons from numerous species of nanostructured
fullerenes and hyperfullerenes, single-walled and multi-walled nanotubes,
nanoscrolls, nanobarrels, nanocones and other nanostructures to macrostruc-
tural forms, such as fullerites, nanotubular crystals, hypothetical structures of
haeckelites and schwarzites, as well as plenty of carbon/carbonaceous products,
such as soot, carbon black, so-called “amorphous” carbon, pyrolitic carbon,
coke, charcoal, activated carbon, molecular-sieve carbons, glassy carbon, car-
bide derived carbons, intermediate graphite-to-diamond transition phases, dia-
mond-like carbon films and others, which are characterized by the intermediate
between graphene and diamond hybridisation type (mainly, the fullerene family
structures can be considered as distorted graphene related structures, where
deviation from planarity is occured because of the partial heptagons and/or
pentagons substitution for hexagons in graphene networks; special measures
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32 2 Carbon (Graphene/Graphite)

termed pyramidalization angle and/or curvature are used for evaluation of
nonplanarity (deviation from graphene plane geometry) in fullerene family
structures),

which differ in the sp”-hybridisation (1 < n < 3) types of carbon structures.
The main structural characteristics, including crystal lattice parameters and
densities, and relative thermal stabilities of the various carbon allotropic, polymor-
phic and polytypic forms, grouped under family headings within the overall hier-
archy from submolecular to macrostructural scales, are summarized in Table 2.3.

2.2 Thermal Properties

2H-graphite (or a-graphite) is the most stable thermodynamically form of carbon
under standard conditions, so its standard enthalpy of formation (at 298.15 K)
AH®;595 is zero, similar to those characteristics for all other chemical elements.
The generalized phase and transition diagram of carbon based on several main
sources [28, 176-190, 535-538] is given in Fig. 2.1. In the region of moderate
pressures, this variant of carbon phase diagram assumes the sequence of trans-
formations with temperature (energy) increase from sp> (diamond) through sp?
(graphite/graphene) to sp' (carbyte/carbyne), which is corresponding to the spe-
cific bond energy approach established for the carbon structures classification
previously (see Sect. 2.1). The general thermodynamic properties of carbon
(graphite) are summarized in Table 2.4.

t b B
1000 |- --______Octacarbon (BCE) ‘ |

Diamond Liquid

10 b metastable graphite’ ™~ === e

-

- . 1 .~
+ metastable dlamopg//./ metastable liquid (?)
r

& . ? >
& o1r /./‘/: Carbyte — 7
9 /,/’ 1 (carbyne)
> - !
% 1E-3 '. E
o I Graphite \ Vapour
1E-5 | (graphene) | 4
'.
]
1E-7 ! -
1
1
1E-9 . 1 ) 1 1 . 1
0 2000 4000 6000 8000 10000

Temperature, K

Fig. 2.1 The generalized phase and transformation diagram of carbon according to the several
main sources [28, 176-190, 535-538]
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Table 2.4 General thermodynamic properties of graphite

Characteristics Symbol  Unit Value References
Standard molar entropy (at 298.15 K $°0s Jmol ' K™!' 574 [4]
and 100 kPa) 5.697-5.743 [42]
Molar enthalpy difference Hsos — Ho kJ mol™! 1.054 [540]
Standard molar heat capacity (at €298 Jmol ™' K™! 8.517 [4]
298.15 K and 100 kPa) 8.544 [227]
8.033-8.635 [42]
Specific heat capacity (at 298.15 K) ¢ TkeT" K™ 690-719 [42]
651 [138]
Molar enthalpy (heat) of melting AH,, kJ mol ™! 117 (for triple [3-4]
point)
146 [138]
Specific enthalpy (heat) of melting MJ kg™! 12.2 [138]
10 (for melt. [180]
point)
Molar enthalpy (heat) of vaporization AH, MJ mol ™! 0.717 (for 298 K) [6]
0.71 [138]
Specific enthalpy (heat) of MJ kg™! 59.1 [138]
vaporization
Sublimation point (at 0.1013 MPa) Ty, K (°O) 4000 (3730)* [42]
4100 (3825) [3]
Melting point (at 10 MPa)® T K (°C) 4020 (3750) [6, 138]
4200 (3930) [42]
Melting point (at 12 MPa)® 4160 £ 50 [186]
(3890 + 50)
Melting point (at 10-100 MPa)® 4800 + 100 [180]
(4530 £ 100)
Melting point (at 300 MPa)® 4750 (4480) [138]
Boiling point Ty K (°O) 4200 (3930) [6]

4560 (4290)* [42]
Triple point (graphite—liquid—vapour)b Tw, P K (°C), MPa 3800 (3530), 0.02 [28]
4000 (3730), 0.1 [179]
4200 (3930), 10 [42]
4500 (4230), 10 [178]
4760 (4490), 10,3 [3]
Triple point (graphite-diamond- K (°C), GPa 4100 (3830), 12.5 [6]
liquid)b 4250(3980),16.4° [190]
4300 (4030), 9.4 [188]
4500 (4230), 10 [178]

(continued)
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Table 2.4 (continued)

Characteristics Symbol  Unit Value References
Triple point (diamond—octacarbon K (°C), GPa 7400 (7130), 850" [189]
(BC8)—liquid)®

Critical point® K (°C), GPa 6810 (6540), 0.22 [911]

# Estimated values (for practical application approximate values are recommended: total pressure
of carbon over graphite surface at 3790 K (3520 °C) —0.1 MPa, mass vaporization rate of
graphite at 3300 K (3030 °C)—10~> kg m~> s~ ', linear vaporization rate of graphite at 3100 K
(2830 °C)—~10"° ms™' [138])

° The main divergences in the experimental results available in literature [178—186] are in the
values of the true melting temperature and triple point of graphite in the range of 4000 or 5000 K
¢ Determined using a semi-empirical long-range carbon bond-order potential partly based on
ab initio data

4 Calculated within the framework of the statistical model

¢ Melting point of carbon (diamond) at 12.4 GPa-4710 K (4440 °C)

T Predicted from first-principles calculations based on density functional theory

& Critical density—0.64 g cm™ [911]

For the molar heat capacity ¢, = f(T, K), J mol ™' K™, the following rela-
tionship for the range of temperatures from 298 to 2500 K is recommended [227]:

cp = 17.17+ (427 x 107°)T — (8.79 x 10°)T 2. (2.1)

The heat capacity of carbon (graphite) materials increases rapidly with tem-
perature up to 1000 °C, where it levels off at approximately 2 kJ kg~' K~' with
the subsequent increase beginning at 2800—3000 °C (Fig. 2.2). The important
remark, which should be made in regard to the thermal behaviour of carbon at
ultra-high temperatures, is connected with its vaporization (especially, in vacuum).
At moderate pressures carbon (graphite) does not melt but sublimates very
intensively with vaporization rate exceeding 0.01 kg m~* s~' when temperature
reaches more than 3000 °C. The values of standard molar entropy S$°9g, molar c,
and specific ¢ heat capacities, enthalpies (heats) of melting and vaporization, molar
and specific enthalpy differences Ht — H,og, vapour pressures and mass/linear
vaporization rates are given in Addendum in comparison with other ultra-high
temperature elements (refractory metals) in the wide ranges of temperatures.

All vector-defined thermal properties of carbon (graphite) reflect extremely
high anisotropy inherent to graphite crystals. The properties can vary considerably
depending on geometrical directions in carbon (graphite) structures. The main
anisotropy coefficient

{= apara/aperp7 (22)

where @para, Gperp are, respectively, the values of a physical property in parallel and
perpendicular directions to the graphene basal plane (or axis of symmetry), for
thermal conductivity of quasi-single crystalline graphite material, such as highly
oriented pyrolytic graphite, reaches up to 200.
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200

150

100

50

Deviation, %

-100 L L
0 1000 2000 3000

Temperature, 0C

Fig. 2.2 Relative variations of some physical properties of common industrial graphite materials
with temperature: c—heat capacity, o—thermal expansion, c—mechanical strength, E—Young’s
modulus, p—electrical resistivity and A—thermal conductivity (based on several sources [41-43,
136, 138, 194, 209, 223-224])

Around the hierarchy of graphene/graphite structures from nano- to macro-
scales all the materials are characterized by highly anisotropic properties; e.g.,
carbon nanotubes are very good thermal conductors along the tube, but good
insulators laterally to the tube axis (Table 2.5). Some kind of similar particularities
are also common for the variety of carbon (graphite) products, including the
graphite containing bulk materials, which are very different in structure and
composition. The variation of thermal conductivity in the different directions of
graphite crystals with temperature is shown in Fig. 2.3.

For bulk carbon (graphite) materials produced in industry, thermal conductivity
depends strongly on the various defects of their structures. The values of thermal
heat capacity and thermal conductivity of various carbon products: industrial
graphitized carbon materials, pyrolitic (pyrographite) and vitreous (glass-like)
carbons, thermally expanded (exfoliated) graphite materials and carbon (graphite)
filaments in commercial carbon fibres are given in Tables 2.6, 2.7, 2.8, 2.9, 2.10.
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Table 2.5 Some physical properties of graphitic nanostructured carbons and quasi-single crys-
talline graphite at room temperature

Nanostructure Thermal Electrical Young’s Tensile References
conductivity, resistivity, modulus, strength,
Wm'K' Qm TPa GPa

Graphene 4800-5300 ~1x 1078 0.67-0.91*  130* [191, 197—

200]

Single-walled 3500 (axial ~3x 107" ~1 (axial  13-53°, [91, 195,

nanotubes direction), (for metal-like direction) 94.5-126.2% 196, 201-
1.5 (radial nanotubes, (axial direction) 204]
direction) axial direction)

Multi-walled ~ 1500 ~1x 1077 0.27-0.95* 11-150* [91, 205

nanotubes (in 206]

axial direction)

Nanoscrolls ~ 1300 - 0.7-0.8 3-20 [91, 208,

(whiskers, in 221]

axial direction)

Nanofiber 20-1300 (0.6-1.4) x 0.01-0.7 up to 4.5° [91, 130]

(nanowire, in 107°

axial direction)

Quasi-single ~ 1500 (in 3.85 x 1077 ~1 (in ~ 100 (in basal  [91, 136,

crystalline basal plane) (in basal basal plane) plane) 209]

graphite (highly ~7.5 plane)

oriented (perpendicular 5.2 x 107°

pyrolytic to basal plane) (perpendicular

graphite)™* to basal plane)

# Theoretical prediction
® Experimental observation
¢ Linear coefficient of thermal expansion (20-200 °C): (-1.1) x 107% and (25-27) x 107

K™' (in basal plane and perpendicular to basal plane, respectively) [138, 209, 214]

The thermal expansion—contraction behaviour of carbon (graphite) is very
complicated (Fig. 2.4). To take into account this aspect is a question of vital
importance in the materials design for ultra-high temperature applications. The
magnitudes of linear thermal expansion coefficients for various industrial carbon
(graphite) products are also presented in Tables 2.6-2.10.
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Fig. 2.3 Variation of the thermal conductivity in the different directions of graphite crystals with
temperature [41-43, 138, 209]

For averaged highly oriented graphite and quasi-isotropic carbon (graphite),
compared with other ultra-high temperature elements (refractory metals), the
values of thermal conductivity and thermal expansion in the wide range of tem-
peratures are summarized in Addendum.

2.3 Electro-Magnetic and Optical Properties

Together with thermal properties, electrical resistivity of carbon (graphite) mate-
rials and its property-temperature relationship are also extremely anisotropic and
sensitive to the order/disorder of carbon atoms in graphitic materials structures.
For well-ordered crystals (highly oriented pyrolytic graphite), the variations of
specific electrical resistance in the general crystallographic directions and in the
wide range of temperatures are presented in Fig. 2.5.

Indeed, the character of these plots differs essentially from the electrical
resistivity—temperature relationships observed for the common graphite materials
(see Fig. 2.2), which are far from the ideal structure. The values of electrical
resistance of graphitic nanostructured carbons, various industrial graphitized car-
bon materials, pyrolitic (pyrographite) and vitreous (glass-like) carbons, thermally
expanded (exfoliated) graphite materials and carbon (graphite) filaments in com-
mercial carbon fibres are given in Tables 2.5-2.10.

Carbon (graphite) is highly diamagnetic with molar magnetic susceptibility )me
(SI) = —75.4 x 107° cm® mol ™" in parallel direction to the basal graphene planes
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Table 2.7 General physical properties of pyrolytic carbon (graphite) materials®

Property Unit T, °C  Direction to deposition plane References

perpendicular parallel

Density g cm™? 20 1.4-2.24 [138, 194,
208-209]
Specific heat capacity kJ kg~' K=' 20 0.962-1.00 [138, 194]
250 1.25
500 1.55
750 1.8
1000 2.0
1500 2.05
2000 2.08
2500 2.1
Thermal conductivity W m~' K=' 20 1-6.5 190-1100 [42, 136, 138,
200 1.5-54 290-500 194, 209,
700 1.2-4.6 150-310 539]
1200 0.96-3.9 120-210
1700 0.7-3.8 97-170
2200 0.5-2.0 70-140
15-25
Coefficient of linear 107 K~!  20-100 15-25 (=1.3)-(+1.0) [42, 136, 138,
thermal expansionb 20-500 20-24 (-0.4)—(+2.1) 194, 209,
20-800 — 0.5-2.6 539]
20-1000 22-25.5 0.7-1.1
20-1500 22-26.5 1.2-1.6
20-2000 24-26.5 1.2-1.9
20-2500 24-27 2
Electrical resistivity pQ m 20 (0.25-10) x 10> 0.5-10 [42, 136, 138,
500 3.4 x 10° 2.6 194, 208—
700 (2.8-3.5) x 10° 2.5-2.7 209, 539]
1700 1.25 x 10° 3.5
2200 0.7 x 10° 4.0
Young’s modulus GPa 20 3-11 7.5-41 [42, 138, 194,
600 - 10.3-28 207-208]
1650 - 23.3-24.0
2200 - 18.5-20.6
2700 - 9.6-17.8
Coulomb’s (shear) GPa 20 - 14.5-15.5 [209]
modulus

(continued)
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Table 2.7 (continued)
Property Unit T, °C  Direction to deposition plane References

perpendicular parallel

Tensile strength MPa 20 4.8 21-170 [42, 138, 194,
1650 - 116-125 207-209]
2200 - 152-188
2500 - 180-240
2800 - 316415
Flexural (bending) MPa 20 80-250 10-20 [42, 136, 138,
strength 1000 180-206 - 194, 207-
2200 100-213 - 209]
Compressive strength 20 56-100 282-480 [208-209]
Hardness, Mohs HM 20 4.5 1.0 [194]

2 For isotropic pyrolytic carbon: density—2.1 g cm™>, Young’s modulus—28 GPa and flexural
(bending) strength—350 MPa (at 25 °C) [42, 136]; for isotropic “pyroceramic” carbon: density—
1.8-2.1 g cm™, specific electrical resistivity—12-18 pQ m, Young’s modulus—16-21 GPa,
tensile strength—87-123 MPa, flexural (bending) strength—45-250 MPa, compressive strength—
380-550 MPa (at 20 °C), coefficient of thermal expansion (20-500 °C)—(2.6-6.0) x 107° K1,
thermal conductivity (1000-2000 °C)—14-17 W m~' K~' [207, 209]

® Coefficient of volumetric thermal expansion, 107¢ K~'—19-25 (20-100°C), 21-26.5 (20-500 °C),
24-27 (20-1000 °C), 26-27.5 (20-1500 °C) and 28-29 (20-2000 °C) [539]

at room temperature [3, 539-540], the y.,, versus temperature relationships for
both main directions in the graphite crystals are shown in Fig. 2.6.

The general optical properties of carbon (graphite) for wavelength A = 0.620 pm
are following: index of refraction (single crystal)—2.6, index of absorptance (single
crystal)—1.4, reflective index under normal incidence—0.24 (polished graphite)
and 0.35 (cleaned single crystal surface) [6]. In visible-light spectrum the mono-
chromatic emittance (spectral emissivity) ¢, of graphite is near to that of a grey body
and varies for A = 0.65 um from 0.77 (well-polished surfaces) to 0.95 (roughened
surfaces). The integral emittance et of graphite ranges from 0.6 to 0.9. The tem-
perature variations for the both coefficients of emittance are linear:

e=¢ tal, (2.3)

with the positive values of a for integral emittance ¢t and negative value—for
spectral emittance ¢; (4 = 0.665) [138]. The recommended values of electrical
resistivity, magnetic susceptibility, integral and spectral emittances and thermoionic
emission characteristics for carbon (graphite) materials are given in comparison
with other ultra-high temperature elements (refractory metals) in Addendum.

2.4 Physico-Mechanical Properties

Hardness of carbon (graphite) materials ranges widely depending on their macro-
and microstructures and bulk densities. To compare this property for the various
graphitic products or with other ultra-high temperature materials is often
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Fig. 2.4 Variations of linear thermal expansion coefficients in the different directions of graphite
crystals with temperature [41-42, 209]
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Fig. 2.5 Variations of specific electrical resistance in the different directions of graphite crystals
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logarithm scale) [41, 209]
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Fig. 2.6 Variations of molar magnetic susceptibility in the different directions of graphite
crystals with temperature [539]

connected with certain difficulties because the hardness measurements have been
made in practice by differing methods (Shore HS, Vickers HV, Rockwell HR,
Brinell HB, Knoop HK, Mohs HM scales [192]). For the main types of carbon
(graphite) materials approximate hardness values are following:

industrial structural and electrode graphitized (molded) products—HYV 30—100
kgf mm~2 (0.3-1 GPa) [42], HM 1, HR 70—110 or HS 50—80 hardness
numbers [192];

vitreous carbon (graphite)—HV 150-340 kgf mm > (1.5-3.4 GPa);

pyrolytic carbon (graphite)—HV 140-370 kgf mm > (1.4-3.7 GPa) [42, 136,
192].

At ambient temperatures, because of pores, flaws and microstructural defects
concentrating the applied mechanical stresses, carbon (graphite) polycrystalline
materials fails at much lower level than the theoretical strength of the graphite
crystal, and mechanical failure occurs by absolutely brittle fracture. The flaws and
defects are gradually annealed, stresses are relieved and plastic deformation
becomes more probable with increasing temperature [42]. This evolution results in
the general increase of the mechanical properties of graphite, so at the temperature
range of about 2500 °C the strength of graphitized carbon materials is almost
twice the value corresponding to room temperature. Theoretical predictions and
experimental observations of tensile strength of graphitic nanostructured carbons
are shown in Table 2.5. The values of strength characteristics of structural,
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electrode and nuclear graphite materials for the different types of mechanical
loading (tension, flexure and compression) are given in Table 2.6. Commonly, the
physico-mechanical properties of graphitized materials, because of the preferential
orientation of graphite grains (microcrystallites), vary with parallel and perpen-
dicular directions to the axis of processing (extrusion, molding, pressing etc.).
However, in spite of the fact that the individual crystals of graphite always perform
super-high grade of anisotropy, special technological routes are elaborated for the
industrial production of quasi-isotropic graphite materials [11]. The ratios between
tensile o, flexural (bending) o and compressive o, strength characteristics for
structural graphite materials

or/or =2 (2.4)
ranges from 1.5 to 2.1, and
oc/op =2 (2.5)

ranges from 1.6 to 2.9 [194]. The various strength properties of pyrolytic carbon
(graphite) materials are presented in Table 2.7. The flexural (bending) and com-
pressive strengths of vitreous (glass-like) carbon materials are given in Table 2.8
and tensile strength of thermally expanded (exfoliated) graphite materials is
included in Table 2.9. The tensile strength and strain to failure (elongation) of
carbon (graphite) fibres are given in Table 2.10. Data on the fracture toughness
(critical stress intensity factor) of some nuclear graphites are included in Table 2.6.

Although the strength of graphite rises with temperature increase, at the same
time creep resistance of graphitized materials falls. Commonly, the creep char-
acteristics of carbon (graphite) materials are higher in parallel direction to the
preferential orientation of the normals to the basal planes of graphite grains (or in
parallel direction to molding axis) than analogous characteristics in perpendicular
directions. The strain rate of graphitized materials during steady-state stage of
creep is defined by general relationship

i = c(%) Cexp <— R—QT> (2.6)

where & = 0¢/0t = 01/10t is the creep rate in s~', C & 40 is the constant inde-
pendent of applied stress ¢ and temperature 7 in K, ¢}, ultimate strength, n = 4 is
the creep exponent constant, 0 &~ 210 kJ mol ™" is the activation energy of creep
and R is the gas constant [194, 908]. At the same temperature the creep rate of
graphitized materials is higher in vacuum and reduces with inert gas pressure
increase.

Quasi-single crystalline graphite (e.g. highly oriented pyrolytic graphite) is a
typical transversely isotropic material, and most graphitic and graphite containing
materials applied in practice possess the infinite order axis of symmetry as well. In
the expression for the elastic constants of graphite crystals

Z,‘ = C,:]'Ef/‘(l',j = 1, 2, ceey 6), (27)
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linking the stresses X; and the strains E; in the low strain limit, only 12 parameters
(stiffness coefficients or modules) c¢; are non-zero: ¢y = ¢, €12 = €31,

C13 = C31 = C23 = C3p, 33, Ca4 = Cs5 and cee = (c11—C12)/2.

Thus, the elasticity tensor for single crystal graphite material is symmetrical,
and the stress—strain relationship (representation of Hooke’s law) expressed by the
matrix notations is read [217, 229, 231]:

Oxx Cl1
Oyy ‘12
Oz \ _ | €13
o. [ | O
Oz 0
Oy 0

Cl2 C13 0 0
cyp c3 0 0
c3 ¢z 0 0
0 0 Cy4 0
0 0 0 Cq4
0 0 0 0 %(Cll — Clz)

(= NeleNe)

or in the inverse form with compliances s;;:

Exx S11
Eyy S12
€z \ _ | S13
e (] O
&xz 0
Exy 0

S12 813 0 0
sitosi3 00
s;3 833 0 0
0 0 S44 0
0 0 0 S44
0 0 0 0 2(81] — S]z)

[N eNoNoNe)

bax (2.8)

The compliance coefficients are readily expressed in terms of the stiffness

coefficients:

C33 1
Zsn=—F+—7-,
c Cl1 —C12
C33 1
2512 =y T T
c Cl1 —C12
_ C13
S13 = _?7
_cntcn
533 - C2 b
1
S44 = —,
Ca4

1
2 2
¢t = C33(6‘11 +6‘12) — 26‘13 =3 >0,

N

st = S33(S11 +512) — ZS%3.

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

The reciprocal expressions of stiffness coefficients in terms of compliance coef-
ficients have the same form if ¢* is replaced with s°.
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In particular, there are seven elastic characteristics of graphitic materials, which
can be defined and measured (various designations of them applied in the literature
are given in brackets) [217, 226, 229, 231]:

E, (E, E,, E, or E;;)—in-plane Young’s modulus (for directions within the
isotropic (isometric) plane, or in the parallel directions to the basal graphene
planes; for carbon (graphite) high-modulus fiber filament—Ilongitudinal mod-
ulus, commonly);

E, (E, E,, E. or Es3)—out-of-plane Young’s modulus (for the direction per-
pendicular to the isotropic (isometric) plane, or in the perpendicular direction to
the basal graphene planes; for carbon (graphite) high-modulus fiber filament—
transversal modulus, commonly);

Gy, (G or G,,)—Coulomb’s (shear) modulus for the isotropic (isometric) plane,
or in the parallel planes to the basal graphene planes;

Gz (G' or G,, = G,,,)—Coulomb’s (shear) modulus for planes normal to the
isotropic (isometric) plane, or in the perpendicular planes to the basal graphene
planes;

vi2 (v or v,,)—Poisson’s ratio (major), which characterizes the contraction
within the isotropic (isometric) plane due to forces applied within this plane;
vi3 (V' or v,,)—Poisson’s ratio, which characterizes the contraction within the
isotropic (isometric) plane due to forces applied in the direction perpendicular
to it;

vo3 (V' or v,)—Poisson’s ratio, which characterizes the contraction in the
direction perpendicular to the isotropic (isometric) plane due to forces applied
within this plane.

However, only five from seven characteristics mentioned above are independent.
The equality E v 3 = E,V,3 exists because of the symmetry of the elasticity tensor.

Young’s and Coulomb’s (shear) moduli and Poisson’s ratios are associated with
the stiffness coefficients ¢;; in the following forms:

1/E, —v/E1  —vi3/E 0 0 0
—vi2/E} 1/E; —vi3/E> 0 0 0
/B —via/Es  1/E, 0 0 0

0 0 0 1/G3 0 0
0 0 0 0 1/Gy3 0
0 0 0 0 0 1/G1271 o
ci ¢ c3 O 0 0
cp ¢ c3 0 0 0
ci3 ci3 ¢33 0 0 0
10 0 0 cu O 0
0 0 0 0 cy4 0

0 0 0 0 0 Licy—cn)
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Table 2.11 Elastic properties of graphite crystals at room temperature

Property Methods of determination

Ultrasonic, sonic resonance Inelastic x-ray Theoretical estimation [229, 235]
and static testing” [232] scattering [233] 2H-graphiteb

3R-graphite

e (E), GPa 1060 £ 20 1109 £ 16 1020 1020
¢12, GPa 180 £ 20 139 + 36 - -

¢13, GPa 15+5 ~0 - -

¢33 (E), GPa  36.5 + 1.0 38.7 £ 0.7 36.1 36.4
casr (G.), GPa 0.18-0.35° 50403 - -

6 (G,y), GPa 440 + 20 485 £ 10 - -

viz (Vay) 0.16 0.12 0.16 0.16
Vi3 (V) 0.012 ~0 0.012 0.0065
Vas (v.0) 0.34 ~0 0.34 0.18

# Compliance coefficients 5= Ei/Z;: 1/s1; =1.02 &+ 0.03 TPa, 51, = 0.16 & 0.06 TPa™!, s13=0.33
+ 0.08 TPa™!, 1/533 = 36.5 + 1.0 GPa, s¢ = 2.3 £ 0.2 TPa~' [232]

® Ab initio calculations: c11 + ¢c12 = 1280 GPa, ¢35 = -0.5 GPa, ¢33 = 40.8 GPa [236]

¢ The spread in the value for cyy is due to the presence of dislocations and the value is >4.0 GPa
for dislocation-free graphite [136, 234]

d ce6 = (cr1—C12)/2

The experimental estimates of the elastic properties of 2H-graphite crystals
were based on rather indirect data on the ensembles of small pyrolytic graphite
crystals with close orientations along the hexagonal axis of symmetry (axis ¢) and
with a wide orientation scatter in perpendicular directions [232, 234]; later more
direct experimental data on 2H-graphite single crystals were extracted using the
method of inelastic x-ray scattering [233]. These experimental data together with
some theoretical estimates for 2H- and 3R-graphites are shown in Table 2.11.

The condition for the isotropic character of media is

2C44/(C11 — C12) = 1, (218)

so substituting the values for these elastic constants of graphite, this ratio becomes
0.0004 [136], which means that the Young’s modulus varies appreciably with
orientation and graphite materials are extremely anisotropic. The Young’s mod-
ulus of graphite crystals as a function of angle 6 with ¢ axis (perpendicular to the
basal graphene planes) is symmetric for 2H-graphite (or near-symmetric for
3R-graphite) reaching in both cases the highest values (£ > 1 TPa) with sharp
maximum at § = 7/2 and the lowest values (E < 5 GPa) with low-grade minimum
at 0 ~ 0.2zn. For the analogous angular dependence of Poisson’s ratio vy, the
asymmetry about 0 = 7/2 for 3R-graphite is somewhat larger; v,, is limited by the
value 0.16 reached in the neighborhood of 8 = 7/2 and is rapidly reduced for both
graphite polytypes. In the range of angles 0 = (0.13—0.38)7 Poisson’s ratio v,,
becomes negligible (less than 0.01) and even negative. In the transverse direction,
orthogonal to the previous one, the behaviour of Poisson’s ratio v,, is quite dif-
ferent, since its value can be higher than the upper limit of Poisson’s ratio for a
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elastic isotropic medium (its thermodynamic limits are —1 < v < 0.5) [229]. The
values of Young’s modules for graphitic nanostructured carbon forms are sum-
marized in Table 2.5. For large stresses in reality, the stress-strain relationship for
polycrystalline graphite materials is non-linear and approximated by the equation
of Jenkins [237]

¢ = Ac + Bo*, (2.19)

where A is equal to s33 for specimens cut off in parallel direction to the preferential
orientation of the normals to the basal planes of graphite flake-like grains (against-
grain specimens) or sy; for specimens cut off in perpendicular direction to the
preferential orientation of the same normals (with-grain specimens), and in
accordance to Jenkins’ model

B=2¢/0,, (2.20)

where & is the longitudinal residual strain after the graphite has been subjected to
a maximum stress .. For various industrial graphitized carbon products (for
specimens cut off in different directions), the values of A range from 0.044 to 0.207
GPa~' and B range from 0.232 to 3.262 GPa~ [237]. The elasticity of com-
mercially available graphitic products is considerably different from those values
of the ideal crystals since they are controlled by the preferential crystallite ori-
entation, porosity and structural defects. The elastic properties of various industrial
graphitized carbon materials, pyrolitic (pyrographite) and vitreous (glass-like)
carbons and carbon (graphite) fibres are given in Tables 2.6-2.8 and 2.10. The
temperature variation of Young’s modulus and strength characteristics of averaged
industrial graphitized materials is presented in Fig. 2.2.

For averaged highly oriented graphite and quasi-isotropic carbon (graphite),
compared with other ultra-high temperature elements (refractory metals), the
values of physico-mechanical (strength, elasticity) properties in the wide range of
temperatures are summarized in Addendum.

2.5 Nuclear Physical Properties

The isotopes of carbon (standard atomic mass—12.0107 u) from 8C to %°C and
their general characteristics are summarized in Table 2.12; the naturally occurring
isotopes are listed in order of decreasing abundance, and unstable radioactive
isotopes—in order of decreasing half-life period of decay.

Nuclear physical properties of carbon (isotopic mass range, total number of
isotopes, thermal neutron macroscopic cross sections, moderating ability and
capture resonance integral), compared with other ultra-high temperature elements
(refractory metals), are given in Addendum.
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Table 2.12 General characteristics of the isotopes of carbon [3, 6, 576-578]
Isotope Mass, u Abundance, Half-life Decay mode, excitation (radiation)
% period energy, MeV
2c 12.000000  98.93% - -
3¢ 13.003355 1.07° - -
4c 14.003242  <107'° 570 x 10y p7, 0.155
e 11011434 - 20.33 min B*, 0.99
e 10.016853  — 19.29 s B, 22; 9,072, 1.05
5c 15.010599  — 245 s B, 4.3 (80 %), 9.8 (20 %)
1ec 16.014701 - 0.75 s B, 1 (97.9 %), B~ (2.1 %)
¢ 17.022586  — 0.19 s B~ (71.59 %), p~, n (28.41 %)
°Cc 9.0310367 - 0.127 s B (60 %); B, p (23 %); B, o (17 %)
8¢ 18.02676 - 92 ms B~ (68.5 %), =, n (31.5 %)
oc 19.03481 - 46.2 ms B, 0 (47.0 %), f~ (46.0 %), f~, 2n
(7.0 %)
20¢ 20.04032 - 16 ms B, 10 (72.0 %), f~ (28.0 %)
2c 22.05720 () - 6.2 ms B
2lc 21.04934 () - <30 ns n
8¢ 8.037675 - 20 x 1072's  2p, 0.230

? Range of natural variation—98.853-99.037 at.%
b Range of natural variation—0.963-1.147 at.%

2.6 Chemical Properties

The specific electron configuration of carbon atoms has been proved in the num-
berless variety of carbon containing compounds formed by the chemical interaction
between carbon and other elements of the periodic table. Organic chemistry as a
special discipline is devoted directly to the carbon compounds with hydrogen,
oxygen and nitrogen and their multi-component derivatives, which are termed
organic compounds and, correspondingly, differed from inorganic compounds. The
various inorganic compounds of carbon are classified in the following types:

simple molecular compounds (with p-elements of groups 15-17: halogens
(F, Cl, Br, I), chalcogens (O, S, Se) and pnictogens (N, P)), covalent bonded;
salt-like carbides (or acetylenides, compounds with s-elements of groups 1-2:
alkali metals (Li, Na, K, Rb, Cs) and alkaline earth metals (Be, Mg, Ca, Sr, Ba)
and d-elements of groups 11-12: Cu, Ag, Au, Zn, Cd, Hg), mainly ionic or
covalent-ionic (e.g. Be and Mg carbides) bonded;

interstitial carbides (or metal-like carbides, compounds with d-elements of
groups 4-6: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W), mainly metallic bonded;
intermediate carbides (compounds with d- and f-elements of group 3: Sc, Y,
lanthanoides (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and
actinoids (Th, Pa, U, Np, Pu, Am) and light d-elements of groups 7-10: Mn, Fe,
Co, Ni), ionic-metallic or covalent-metallic bonding;

covalent carbides (compounds with p-elements of groups 13-14: B, Al, Si),
mainly covalent or covalent-ionic (e.g. Al carbides) bonded;
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graphitic/graphene and fullerene compounds (or intercalation (lamellar) com-
pounds, with some elements, ions and molecules), mainly molecular bonded;
carbon containing complex compounds (ternary, quaternary and higher order
compounds) with the combination of the different types of chemical bonding.

The comprehensive information on the chemical interaction of carbon with all
the elements of the periodic table is given in Table 2.13. The carbon containing
systems and corresponding binary compounds are considered there in accordance
to the groups of elements from 1 to 17.

Table 2.13 Chemical interaction of carbon (graphite) with elements of the periodic table (binary
systems in accordance to the groups of elements)®

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
Group 1
C-H H, variety of hydrocarbon No interaction with H, at normal [5, 138, 238]
compounds (e.g. CHy, C,H, conditions. At temp. <600-800 °C
etc.), C and p ~ 0.1 MPa, the interaction
is extremely slow. Practically
graphite is highly resistant to H, at
800-2200 °C. With catalyst (Ni) at
900-1000 °C CHy is formed, at
temp. >1730 °C C,H, and other
hydrocarbons are produced. The
corrosion rate of commercial
graphite in H, gas flow
(56 kg m™2 s™') at 1400 °C-0.13,
1580 °C-0.3 2230 °C-3.3 and
2730 °C-33 kg m 2 s ..
C-Li o-Li, p-Li, y-Li, ¢-Li,C, The solubility of C in liquid Li: at [138, 238-241,

(<~410-800 °C, invariable
compos.), -Li,C,
(~410-440 °C, ?), y-Li,C,
(~440-560 °C, ?), 0-Li,C,
(at least at 560 °C, ?), layered
compounds (LiCe,, LiCiz4y,
LiCig4y LiCoysr, LiCsputns
LiC74y), C

Eutectic y-Li-a-Li,C,

(175 °C, <1 at.% C)

200 °C—~2 x 107* at.% and at
735 °C—~0.4 at.%. The presence
of ~0.26 wt.% N, does not affect
the solubility of C in Li at temp.
>~350 °C, but at lower temp. it
increases the solubility of C
considerably. At 600 °C the
corrosion resistance of graphite in
liquid Li is low. The mixture of Li
and C reacts at 800 °C with the
formation of carbide (acetylenide)
Li,C,. A number of C-rich
lamellar or intercalate compounds
are formed by the reaction of Li
vapour with graphite. The wetting
angle of molten pure Li: 115°
(Ar, 200 °C), 110° (Ar, 400 °C).

530, 905,
1004]

(continued)
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Table 2.13 (continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
C-Na o-Na, f-Na, NaC (?), a-Na,C,, The solubility of C in liquid Na:  [138, 238, 241,
f-Na,C,, layered compounds ~ with O = 0.004 wt.%, at 300 °C— 290, 916-918,
(NaCg,, NaCig+,, NaCsgqr,, 0.90, 500 °C-1.22, 700 °C-1.44, 920, 1003]
NaCgy.,), intercalated full- and with O = 0.026 wt.%, at
erenes (Nay(Cgp), Naz(Cg), 300 °C-2.70, 500 °C-3.22,
Na4(C60), Na6(C60), Na9‘7(C60) 700 OC—3.56, 1072 at.%. At
and other), C 300 °C the corrosion resistance of
No diagram plot graphite in liquid Na is low. Na,C,
is synthesized by the interaction of
Na with C,H, at 300-400 °C.
C-K K, KC (7), K,C,, layered Binary compounds are synthesized [138, 238, 241,
compounds (KCg,, KCj¢t,, by the interaction of K melt or 290, 919-921,
KCoyir, KC361y, KCyosys vapour with graphite or C;H, at ~ 923]
KC48ixs KCGO:{:\:? KC72ix and 300400 °C.
some other), intercalated full-
erenes (a-K(Cgp), f-K(Cep),
7-K(Cs0), 6-K(Cs), K3(Ceo),
%-K4(Co0), B-Ka(Co0), Ke(Ce0),
K(Cr0), Ka(C70), Ko(Cro),
K(C7,) and other), C
No diagram plot
C-Rb Rb, RbC (?), Rb,C; (?), layered Binary compounds are synthesized [138, 238, 241,
compounds (RbCg.,, RbC44,, by the interaction of Rb melt or  922-923, 925]
o-RbCoyy, f-RbCoyy, vapour with graphite or C,H, at
RbCs4.t,, RbCyg4, RbCegop 300450 °C.
and some other), intercalated
fullerenes (a-Rb(Cyg), f-Rb(Cep),
7-Rb(Cyp), Rb3(Csp), Rba(Ceo),
Rbg(Cep), Rbg g(Cg4) and
other), C
Order—disorder or structural
transformations «-RbC,, —
B-RbC, (7)
No diagram plot
C-Cs Cs, CsC (?), Cs,C, (?), layered Binary compounds are synthesized [138, 238, 241,
compounds (CsCgy,, CsCjox,, by the interaction of Cs melt or 922, 924]
CSCgtrs #-CSCoyy, f-CsCoysy, vapour with graphite or C,H, at
Csc36:{:x» CSC48iXs CSC6O:!:X5 300400 °C.
CsCgy and some other),
intercalated fullerenes
(2-Cs(Cep), B-Cs(Cep), Cs3(Ceo),
-Cs4(Ce0), B-Cs4(Co0),
Csg(Cgp) and other), C
Order—disorder or structural
transformations o-CsC,, —
B-CsC,, ()
No diagram plot
C-Fr No data - -

(continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

Group 2

C-Be a-Be, f-Be, Be,C Be,C is formed directly from the [138, 238,
(<~2100-2200 °C), BeC,, C elements, BeC,—by the inter- 241-242]
No diagram plot action of Be with dry C,H,. The

max. solid solubility of C in Be
is <0.1 at.% (?). For diffusion rate
in the system at various temp. see
Addendum.

C-Mg Mg, MgC (<2625 °C, Carbides are formed by the [138, 238, 241,
invariable compos., 7), Mg,C; interaction of Mg with hydro- 700, 926]
(<~600-760 °C), MgC, (<at carbons at elevated temp. For
least ~2200 °C, invariable diffusion rate in the system at
compos., ?), C various temp. see Addendum.

C-Ca a-Ca, f-Ca, a-CaC, CaC, is formed directly from the [138, 238,
(<~25°C, ?), p-CaC, elements at 1250 °C in Ar 241-243, 701,
(~25-450 °C), y-CaC, atmosphere. For diffusion rate in ~ 927-928]
(~350-435 °C), 0-CaC, the system at various temp. see
(from ~435-500 °C to Addendum.
~2160-2980 °C, invariable
compos.), layered compounds
(CaCg4., and other), inter-
calated fullerenes (Casz,(Cgp),

Cas(Cgp), Cay(Cgp) and other),
C

Eutectic 6-CaC,—Ca (820 °C,

2 at.% C)

Eutectic 6-CaC,—C (2100 °C,

75 at.% C)

C-Sr a-Sr, f-Sr, a-SrC, (<30 °C,  SrC, is formed directly from the  [138, 238,
7, B-SrC, (from -30 °C elements at 1250 °C in Ar 241-243, 702,
to ~370 °C), y-SrC, atmosphere. 929, 930]

(~370-1800 °C, invariable
compos., ?), layered com-
pounds (SrCeqy, STCio4y,
SrCig4y, STCospy STC304y,
SrCse4.,), intercalated
fullerenes (Srz'og(CGO),

Sr3(Cgp), Sr(Cgp) and other), C

Eutectic y-SrC,—C (?)

(continued)
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System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction References

C-Ba

C-Ra
Group 3
C-Sc

Ba, a-BaC, (<~25 °C),
p-BaC, (~25-2000 °C,
invariable compos., ?), layered
compounds (BaCg.,, BaCg.,,
BaCy+y, BaCigiy, BaCoysy,
BaC30ix, BaC36:tx), inter-
calated fullerenes (Bag(Cgp),
Basz(Cyp) and other), C
Eutectic -BaC,-Ba (?)

No data

a-Sc, f-Sc, ScC_, (or
Scyp4,C, <~2255-2285 °C,
congruent melt. point corresp.
to ~ScCy 46, homog. range—
21.5-38.5 at.% C at
1860-1865 °C and 23.5-34.5
at.% C at 20-30 °C), Sc;C (?),
-Sc4C3 (from ~950 °C to
~1500-1510 °C, invariable
compos.), f-ScyCs,, (or

Sc13C gty from ~ 1500-
1510 °C to ~1860-1865 °C,
incongruent melt. point,
homog. range—42.8-48.5 at.%
©), Sc3Cyy (o1 S¢15C94r,
<~1790-1800 °C,
incongruent melt. point,
homog. range—54.1-55.9 at.%
C), intercalated fullerenes
(Sc,(Cgy) and other), C
Eutectic Sc3C4_—C
(~1720-1725 °C, 62 at.% C)

Carbides are synthesized directly
from the elements at 575-700 °C
in vacuum (~ 107> Pa).

[138, 238,
241-243, 703,
930, 937]

The presence of C increases the
melt. point of Sc from 1541 °C to
1579 °C and temp. of polymorphic
transformation -Sc — f-Sc from
1337 °C to 1543 °C. The max.
solubility of C in «-Sc is ~4.5
at.% (at 1540-1545 °C) and in
p-Sc is ~2.5 at.% (at

1575-1580 °C). The elemental Sc
and C interact at 1800-2000 °C in
vacuum (or reductive conditions)
with the formation of ScC,_, and
Sc4Cs_,. For diffusion rate in the
system at various temp. see
Addendum.

[138, 238,
241-245, 602,
931]

(continued)
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System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction References

o-Y, B-Y, Y3C (or YCq.5 - 0.405
7, Yo4,C (<~905-990 °C,
homog. range—28.5-36.0 at. %
Cat 900 °C, ?), YC;, (or
YCy 33, y-phase, continuous
solid solution with f-YC,.,,
from ~905-1325 °C (?) to
~1805-2360 °C, with
congruent melt. points
corresp. to ~YCo35-0.43

at ~2000-2020 °C and
~YCo4-217at
~2360-2415 °C and with
min. melt. point corresp.

to ~YCpoo-1.17 at
~1805-1810 °C, homog.
range—from ~61.5 to
~69-72 at.% C at 2020 °C,
~18.0-67.5 at.% C at

1660 °C, ~17-49.5 at.% C
and ~63-67.5 at.% C at

1560 °C, ~17-42 at.% C at
1300 °C and ~ 18-37 at.%

C at 1000 °C), a-Y4Cs

(<~ 1305 °C, invariable
compos.), $-Y4Cs
(~1305-1530 °C, invariable
compos.), o-Y3Cy_, (or

=Y 15C 194, <~1185-1325 °C,
homog. range— ~ 54-59 at.%
C, ), B-Y3Cy (or B-Y15Cio.sns
from ~ 1185-1325 °C to

~ 1525-1655 °C, homog.
range— ~ 54-59 at.% C, ?),
o-Y,Cs_ (<~ 1185 °C, homog.
range—~ 58-60 at.% C, ?),
B-Y,Cs_, (<~1185-1645 °C,
homog. range— ~ 56-60 at.%
C, 7, a-YC, (<~1320-

1325 °C, invariable compos.),
PB-YC,., (or y-phase,
continuous solid solution with
YC4, see YCi4, above),
intercalated fullerenes (Y (Cg,)
and other), C

The presence of C increases the [238, 241-242,
melt. point of Y from 1522 °C to 244, 246, 932—
1560 °C and temp. of polymorphic 934]
transformation a-Y — f-Y from

1478 °C to 1520 °C. The max.

solubility of C in «-Y is 8.8 at.%

(at 1520 °C) and in p-Y is ~7.0

at.% (at 1560 °C). Y carbides are

formed directly from the elements

at 1560-1600 °C in vacuum (or

reductive conditions). For

diffusion rate in the system at

various temp. see Addendum.

(continued)
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Table 2.13 (continued)

System

Type of phase diagram Character of chemical interaction References
(constituent phases,

temperatures

and compositions of

transformations)

Continuous solid solution
YC,_,—f-YCs,, (or y phase,
see YC;., above, miscibility
gap: critical point—~57-58
at.% C at ~1645-1655 °C,
from ~40-42to ~66-67 at.%
C at 1325 °C)

Eutectic f-YC,4,~C (2290 °C,
74 at.% C)

Lanthanides

C-La

a-La, p-La, y-La, La,Cs_, At 800-875 °C the solubility of C [138, 241-242,
(<1415 °C, incongruent melt. in f-La is ~3.4-4.3 at.%. La 244, 247, 935]
point, homog. range— ~ 54-60 carbides are formed directly from
at.% C at 800 °C), a-LaC, the elements at 920-1000 °C in
(<~1060-1080 °C, invariable vacuum (or reductive conditions).
compos. at low temp. and For diffusion rate in the system at
restricted homog. range (~1  various temp. see Addendum.
at.% C) at 1060 °C), f-LaCy,

(from ~1060-1080 °C to

~2440-2360 °C, congruent

melt. point corresp. to

~LaC,, homog. range—

~65.5-68 at.% C at 2250 °C

and ~63-67 at.% C at

1415 °C), e-LaC, (?),

intercalated fullerenes (La(Cg,)

and other), C

Eutectic fi-La-LayCs_,

(~800-805 °C, ~20.6-20.8

at.% C)

Eutectic f-LaC,.,—C

(~2235-2270 °C,

~69.5-71.5 at.% C)

(continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C—Ce a-Ce, fp-Ce, y-Ce, 5-Ce, Ce,C  The presence of C decreases the — [138, 241-242,
(7), CeC (?), Ce,Cs melt. point of Ce from 798 °C 244, 391, 936]
(<~1535-1900 °C, to ~700-705 °C and temp. of
incongruent melt. point, polymorphic y-Ce — 6-Ce
invariable compos.), a-CeC, transformation from 726 °C to
(<~1050-1110 °C with 630 °C (corresp. to content ~6
invariable compos. at low at.% C). At elevated temp. the
temp. and restricted homog. substantial solubility of C in J-Ce
range (~ 1.5 at.% C) at and y-Ce is observed. The max.

1050-1110 °C), p-CeCyy, solubility is ~ 10 at.% C at
(from ~1050-1110 °C to 650-700 °C. Ce carbides are
~2250-2340 °C, congruent formed directly from the elements
melt. point corresp. to at 800-900 °C in vacuum (or
~CeC,, homog. range reductive conditions).
width—~1.5-2 at.% C), CeC;
(7), intercalated fullerenes
(Ce(Cg,) and other), C
Eutectic 0-Ce—Ce,C3
(~660-700 °C, ~19.5-20
at.% C)
Eutectic f-CeC,,—C
(~2220-2250 °C, ~69.0-69.5
at.% C)
C-Pr o-Pr, f-Pr, PryCs_, The presence of C decreases the  [238, 241-242,

(<~1540-1555 °C,
incongruent melt. point,
homog. range ~55-60 at.% C
at 800 °C), a-PrC,
(<~1130-1150 °C, invariable
compos. at low temp. and
restricted homog. range

(~1 at.% C) at

1130-1150 °C), p-PrCo,
(from ~1130-1150 °C to
2320 °C, congruent melt.
point, homog. range width—
~1.5-2 at.% C), C

Eutectic f-Pr-Pr,Cs_,
(~795-805 °C, ~15 at.% C)
Eutectic f-PrC,.,—C
(~2250-2260 °C, 71.5 at.%
)

melt. point of Pr from 931 °C

to ~795-805 °C and temp. of
polymorphic o«-Pr — f-Pr
transformation from 795 °C

to ~670-680 °C. At elevated
temp. the substantial solubility of
Cin f8-Pr and o-Pr is observed. The
max. solubility achieves ~8 at.%
in f-Pr and ~5 at.% in o-Pr. Pr
carbides are formed directly from
the elements at 900-1000 °C in
vacuum (or reductive conditions).

244]

(continued)
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System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction References

C-Nd

C—Pm
C-Sm

C-Eu

O(-Nd, B-Nd, NdzC.‘;,x

(<~ 1570-1670 °C, melt.
point, homog. range— ~ 54-60
at.% C), a-NdC,
(<~1130-1170 °C), p-NdC,
(from ~1130-1170 °C to
~2180-2340 °C, melt.

point, ?), C

Eutectic -NdC,-C
(~2255-2295 °C)

No diagram plot

No data

o-Sm, f-Sm, y-Sm, Sm;_,C
(or SmC,_,, homog. range—
~25-33 at.% C), Sm,C;_,
(<at least 1325 °C, melt.
point, homog. range—
~54-60 at.% C), a-SmC,
(<~ 1150-1190 °C, invariable
compos.), -SmC,
(<~2200-2300 °C, melt.
point), layered compounds
(SmCs,, SMCyosy, SMCgey,
SmCysr, SMC04r, SMCpx
and other), intercalated
fullerenes (Sm3(Cgp),
Smg(Cep), Sm3(Cyp) and
other), C

Eutectic ;-SmC,—C
(~2210-2270 °C)

No diagram plot

Eu, Eu;_,C (or EuC,_,, homog.
range— ~25-33 at.% C),
EllzC:;, Ol-EllCz

(<~345-375 °C, invariable
compos.), f-EuC, (from
~345-375 °C to at least
1700 °C, melt. point), layered
compounds (EuCg..,, EuCir4,,
EuC\g4r, BuCoypay, EuCsos,,
EuCs¢., and other),
intercalated fullerenes
(Buz.82(Ce0), Eug(Cep),
Eu3(C70), Eug(Cyp) and
other), C

No diagram plot

No solubility of C in Nd at room

temp. Nd carbides are formed
directly from the elements at
1000-1100 °C in vacuum (or
reductive conditions).

Sm carbides are formed directly
from the elements at
1075-1150 °C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

Eu carbides are formed directly

[238, 241-
242]

[238, 241-242,
929, 937]

[238, 241,

from the elements at 800-900 °C  938-939]

in vacuum (or reductive
conditions).

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

C-Gd

C-Tb

a-Gd, f-Gd, f-Gd;_.C (or
GdC,_,, homog. range—
~25-33 at.% C), a-Gd,C,
Gd4Cs (?), GdrCs_, (homog.
range— ~ 54-60 at.% C),
o-GdC, (<~ 1220-1290 °C,
invariable compos.), f-GdC,
(from ~1220-1290 °C to
~2340-2400 °C, melt. point),
GdCg.., (layered compound, ?),
C

Eutectic f-GdC,—C
(~2280-2345 °C)

No diagram plot

o/-Tb, a-Tb, -Tb, Tbs_,C (or
TbC,_,, homog. range—
~25-33 at.% C), a-Tb,C (?),
B-TbyC (7), TbaCs (), TbysCio
(7), Tby,Cs_, (homog. range—
~54-60 at.% C), o-TbC,
(<~1100-1305 °C), -TbC,
(from ~1100-1305 °C to
~2040-2280 °C, melt.

point, ?), C

Eutectic -TbC,-C
(~2255-2295 °C)

No diagram plot

o/-Dy, a-Dy, p-Dy, Dy;_.C
(or DyC,_,, homog. range—
~25-33 at.% C), a-Dy,C,
B-Dy:C (2), Dy,Cs (),
Dy;5Cio (7), Dy,Cs_ (homog.
range— ~ 54-60 at.% C),
o-DyC, (<~ 1275-1315 °C),
o/-DyC; (?), f-DyC,

(from ~1275-1315 °C to

at least 2250 °C, melt.

point, ?), C

Eutectic f-DyC,—C
(~2265-2315 °C)

No diagram plot

Gd carbides are formed directly
from the elements at
1300-1400 °C in vacuum (or
reductive conditions).

Tb carbides are formed directly
from the elements at
1350-1400 °C in vacuum (or
reductive conditions).

Dy carbides are formed directly
from the elements at
1400-1500 °C in vacuum (or
reductive conditions).

[238, 241,
616]

[238, 241]

[238, 241]

(continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
C-Ho a-Ho, f-Ho, Hos_,C (or HoC,_,, The solubility of C in Ho at [238, 241]
homog. range—~25-33 at.% C), ~ 1300 °C is negligible. Ho
o-Ho,C, f-Ho,C (?), HoyCs (?), carbides are formed directly from
Ho;5C9 (or HosCg, ?7), HosC4 (?), the elements at 1480-1550 °C in
Ho,C; (?), Ho,C3_, (homog. vacuum (or reductive conditions).
range— ~ 54-60 at.% C), For diffusion rate in the system at
a-HoC, (<~ 1280-1330 °C), various temp. see Addendum.
o/ -HoC, (at least 1145-1165 °C,
7), f-HoC, (from ~ 1280—
1330 °C to at least 2250—
2290 °C, melt. point), C
Eutectic fi-HoC,—C
(~2250-2290 °C)
No diagram plot
C-Er o-Er, f-Er, Er;_,C (or ErC,_,, Er carbides are formed directly [238, 241]
homog. range—~25-33 at.% from the elements at
O), Er;5Cyo, ErsCy4 (7), EryC;  1500-1600 °C in vacuum (or
(7), ErpyCs (metastable, ?), reductive conditions). For
a-ErC, (<1330 °C), o/ -ErC, (at diffusion rate in the system at
least at 1145-1165 °C, ?), various temp. see Addendum.
P-ErC, (from 1330 °C to at
least 2230-2280 °C, melt.
point), C
Eutectic -ErC,—C
(~2220-2290 °C)
No diagram plot
C-Tm o-Tm, f-Tm, Tms_,C (or Tm carbides are formed directly  [238, 241,
TmC,_,, homog. range— from the elements at 940]

~25-33 at.% C), Tmlsclg,
ngC4 (‘7), Tm4C7 ((’), Tm2Cg
(metastable, ?), a-TmC,

(<~ 1120-1370 °C), o/-TmC,
7, p-TmC, (from
~1120-1370 °C to ~2130-
2230 °C, melt. point, ?), TmCs,
intercalated fullerenes
(Tm(Cg;) and other), C
Eutectic -TmC,-C
(~2225-2265 °C)

No diagram plot

1550-1600 °C in vacuum (or
reductive conditions).

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

C-Yb

C-Lu

Actinides
C-Ac

a-Yb, f-Yb, y-Yb, Ybs_,C
(YbC,_,, homog. range—
~25-39 at.% C, at least
<1500 °C, ?), YbCyp.os (),
a-YbC,_, (at least <1500 °C,
7, YbC, 554, (homog. range—
~56.9-58.8 at.% C, ?),
Yb15C19, Yb3C4iX (at least
<1500 °C), Yb,C5 (meta-
stable, ?), «-YbC, (at least
<1500 °C), -YbC, (),
layered compounds (YbC..,,
YbCi,4, and other),
intercalated fullerenes
(Yb,.75(Cgp) and other), C
Eutectic -YbC,—C
(~2175-2255 °C)

o-Lu, f-Lu, Lus_,C (or LuC,_,,
?), Lu15C19, LU3C4 (?), LU4C7
(7), Lu,Cs (metastable, ?),
o-LuC, (<~1390-1520 °C),
f-LuC, (from ~ 1390-

1520 °C to melt. point, ?), C
Eutectic f-LuC,-C
(~2210-2250 °C)

No diagram plot

No data

Yb carbides are formed directly
from the elements at 800-900 °C
in vacuum (or reductive
conditions).

Lu carbides are formed directly
from the elements at
16501750 °C in vacuum (or
reductive conditions).

[238, 241, 938,
941-942]

[238, 241]

(continued)
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System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

C-Th

o-Th, f-Th, ThC, ., («-Th—

ThC 1x and ThC 1 ix_y'ThCZ—x
continuous solid solutions

(with miscibility gaps),
<2500-2625 °C, congruent melt.
point corresp. to ~ThC ,
homog. ranges—~ 0-7 at.% C
and ~40-50 at.% C at

720-920 °C, ~22-66 at.% C at
2000 °C), Th,C5 (metastable, ?),
o-ThC,_, (<1255-1440 °C,
homog. range— ~ 64-66 at.% C),
f-ThC,_, (from 1255-1440 °C
up to 1470-1495 °C, homog.
range—~ 62.5-66.0 at.% C at
1440-1450 °C), y-ThC,_,
(from 1470-1495 °C up to
~2550-2670 °C, congruent melt.
point corresp. to ~ThC; o), C
Continuous solid solution
o-Th-ThC, ., (homog. range—
from ~8 at.% Cupto ~51 at.%
C at 1570 °C; miscibility gap in
the solid state: critical point—
~1140-1570 °C at ~30 at.% C,
ranges from ~6 at.% C to ~40
at.% C at 900 °C)

Continuous solid solution
ThC;,—y-ThC,_, (min. melt
point 2430 °C corresp. to

~ThC; ,, homog. range—

from ~15 at.% Cupto ~66
at.% C at 1800 °C, miscibility gap
in the solid state: critical point—
1850 °C at ~55 at.% C, ranges
from ~50 at.% C to

~62 at.% C at 1470 °C)
ThCy., + f-ThC,_, miscibility
gap in the solid state

(1255-1470 °C, ranges from
~50at.% Cto ~63 at.% C at
1255 °C)

ThC, ., + o-ThC,_, miscibility
gap in the solid state (<1255 °C,
ranges from ~50 at.% C to ~67
at.% C at 1000 °C)

Eutectic y-ThC,_,—C
(~2445-2500 °C, ~70 at.% C)

Max. solid solubilities of C in Th
are ~66.0 at.% («-Th) at
1500-2400 °C and ~9.2 at.%
(B-Th) at 1710 °C. Th carbides are
formed directly from the elements
at 1700-1900 °C in vacuum (or
reductive conditions). For
diffusion rate in the system at
various temp. see Addendum.

[138, 238,
241-244, 248,
492]

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C-Pa a-Pa, -Pa, PaC, PaC,, C - [241]
No diagram plot

C-U o-U, p-U, y-U, UC,, (or The solubility of C in a-U at [138, 238,
J-phase, <~2490-2590 °C, 660 °C is <0.006 at.%, in -U at 241-244, 248,
congruent melt. point corresp. 770 °C-0.02 at.% and in y-U at 492, 910]

to ~UC.g9, invariable
compos.—~ 50 at.% C at
temp. <~ 1000 °C, homog.
range—~47-56.5 at.% C at
2050 °C), {-U,C5 (from
~860 °C (?) to

~ 1730-1825 °C, invariable
compos.), a-UC,_, (from

~ 1475-1515 °C to
~1760-1795 °C, homog.
range—63.9-65.0 at.% C at
1755-1775 °C, max. C
content corresp. to UC g4),
p-UC,_; (or o-phase,
<~2435-2585 °C, congruent
melt. point corresp. to
~UC, 94 1.96, Tepresents the
UC, 4, phase in equilibrium
with graphite), C

Continuous solid solution
UC;4,—f-UC,_, (min. melt
point ~ 2405 °C corresp. to
~UC, 5, homog. range—from
~47 at.% C to 66.7 at.% C at
2200 °C; miscibility gap in the
solid state: critical point—
~2050-2105 °C at ~56.5
at.% C, ranges—from 52.8
at.% C to 62.3 at.% C at
1820 °C)

Eutectic y-U-UC, .,
(~1115-1120 °C, ~1 at.% C)
Eutectic -UC,_—C
(~2400-2555 °C, ~67 at.%
O]

1115-1120 °C-0.22-0.37 at.% C.
The solubility of C in molten U is
obeyed the rule:

lgx (in at.% C) = 2.87-4000/T
(in K).

UC,4, and UC,_, are formed
directly from the elements at
1700-1900 °C in vacuum (or
reductive conditions). The
UC,.,—p-UC,_, continuous solid
solution alloys cannot be fixed by
tempering, in the contrast to the
U-UC, ., solid solution alloys. At
the temp. range of 1300-1600 °C
molten U wets UC,, perfectly,
the wetting contact angles in the
U-UC, ., are close to 40-60°. For
diffusion rate in the system at
various temp. see Addendum.

(continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C-Np o-Np, f-Np, -Np, NpC,_, Np carbides are formed directly — [238, 241]
(homog. range—~45-49 at.% from the elements at
C at 950 °C), Np,Cs, NpC,, C  1700-1900 °C in vacuum (or
No diagram plot reductive conditions).

C—Pu o-Pu, $-Pu, y-Pu, 6-Pu, &'-Pu, The presence of C decreases the  [138, 238,
&-Pu, PusC, (<575 °C, melt. point of Pu from 640 °C to 241-242, 244,
incongruent melt. point, 634 °C, but slightly affects the 248, 492, 998]
invariable compos.), PuC,_, temp. of polymorphic transitions.

(<~ 1655 °C, incongruent At 700-900 °C the solubility of C
melt. point corresp. to PuCy g9, in molten Pu is obeyed the rule:
homog. range—~44.5-47.5 lgx (in at.% C) = 2.5-2300/T
at.% C at 400-600 °C and—  (in K).

~38-47.5 at.% C at Pu carbides are formed directly
630-640 °C), Pu,Cs_, from the elements at
(<2020-2050 °C, incongruent 1500-1700 °C in vacuum (or
melt. point, homog. range—  reductive conditions).

58.5-60 at.% C at 610 °C

and ~57-61 at.% C at

1660 °C), a-PuC,

(<~1660 °C, invariable

compos., metastable, ?),

p-PuC, (from ~ 1660 °C

to ~2200-2250 °C,

incongruent melt. point,

invariable compos.), C

Eutectic (degenerative)

&-Pu-PuC_, (~634 °C, 7)

C-Am o-Am, f-Am, y-Am, Am,C;, - [241]
AmGC,, C
No diagram plot

C—Cm No data - -

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System Type of phase diagram
(constituent phases,

Character of chemical interaction References

temperatures
and compositions of
transformations)
Group 4
C-Ti o-Ti, f-Ti, Tip4,C The presence of C decreases the  [138, 238,

(<~1900 °C, ), TizCorr (?),

TieCsx (), TiCy_,

(<~3065-3080 °C, congruent

melt. point corresp. to
~TiCg77 - 0.80, homog.

range— ~ 38-50 at.% C at
2780 °C, ~28.5-49.0 at.% C
at 1650 °C and ~34.0-48.5

at.% C at 920 °C), C

Order—disorder transformations
(~590-785 °C (?), in TiC,_,
homog. range ~31.5-39.0
at.% C (9), Tizj:xc, Ti3C2ix

and TigCs4,—the ordered
phases of TiCy_,, 7)
Eutectic f-Ti-TiC,_,

(~1640-1655 °C, ~1.544

at.% C)
Eutectic TiC,_~C

(~2775-2785 °C, ~63 at.%

O

melt. point of Ti from 1670 °C 241-244, 248~
to ~1640-1655 °C and increases 252, 411, 530,
the temp. of o-Ti — f-Ti 579, 594, 600,
transition from 882 -920 °C. At 606, 904,
the S-Ti-TiC,_, eutectic temp. the 1018]
solubility of C in f-Ti is 0.55 at.%

C. At 920 °C the solubility of C in

p-Tiis 0.5 at.% C and in o-Ti-2

at.% C. In the wide ranges of temp.

the solubility of C is obeyed the

rules:

Igx (in at.% C) = 1.74-1800/T

(in K) for o-Ti (600-900 °C)

and

lgx (in at.% C) = 1.40-2100/T

(in K) for f-Ti (920-1645 °C).

TiC,_, is formed directly from the

elements at 1700-2100 °C in

vacuum (or reductive conditions).

The reaction between C and Ti (in

powdered mixtures) relates to the

gasless combustion or solid flame
phenomena, which are termed the
self-propagating high temp.

synthesis (SHS). The reaction is

passing in the narrow layer called

the combustion zone, which travels

through the initial mixture by a

wave spreading mechanism due to

the great exothermic heat effect of

the reaction and heat transfer of

reagents. The reaction converts C

and Ti to the carbide phase

(products) after the only local

initial ignition of the reaction.

(continued)
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Table 2.13 (continued)
System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
During the SHS extremely high
temp. of heating are reached, so
the necessary condition for its
realisation is the high thermal
stability of products. 2D-nano-
sheets Ti,C, (graphene-like
nanocrystals) is synthesized by the
exfoliation of TizAlC, in
hydrofluoric acid. The wetting
angle of molten pure Ti: 0°
(vacuum, 1725 °C); for Ti
containing alloys, see Table 2.16.
For diffusion rate in the system at
various temp. see Addendum.
CZr o-Zr, -Zr, Zr,+C (?), Zr3C,., The presence of C decreases the  [138, 238,
(7, ZrgCssy (1), ZrCy_, melt. point of Zr from 1855 °C 241-244, 248~
(<~3420-3540 °C, congruent to ~ 1805-1835 °C and increases 256, 530, 579,
melt. point corresp. to the temp. of o-Zr — S-Zr 1017]

~ZrCyg0- 0.86: homog.

range— ~ 38.5-49.0 at.% C at
2910 °C, ~36-50 at.% C at
1820 °C and ~37-50 at.% C

at 870 °C), C

Order—disorder transformations
(max. temp. ~900-945 °C, in
ZrC,_, homog. range ~26-49
at.% C ({’), ZrZixC, Zr3C2ix,

Zr¢Cs.,—the ordered phases of

Z1Ci_, ?)
Eutectic f-Zr-ZrC,_,

(~1805-1835 °C, ~1.4-3.0

at.% C)

Eutectic ZrC,_—C
(~2850-2930 °C,
~64.5-65.0 at.% C)

transition from 863 °C to
~870-885 °C. At this temp. the
solubility of C in a-Zr is ~3 at.%.
At the f-Zr—ZrC,_, eutectic temp.
the solubility of C in f-Zris ~1
at.% C. At lower temp. the
solubility of C in -Zr decreases
to ~0.8 at.% at 1400 °C, ~0.5
at.% at 1330 °C and ~0.3 at.% at
1175 °C. At 1000-1800 °C the
solubility of C in f-Zr is obeyed
the rule:

Igx (in at.% C) = 2.2-3800/T

(in K)

ZrC,_, is formed directly from the
elements at 1800-2200 °C in
vacuum (or reductive conditions).
The reaction between C and Zr (in
powdered mixtures) relates to the
SHS type (see special notes for the
C-Ti system). The wetting angle
of molten pure Zr: 0° (vacuum,
1900 °C). For diffusion rate in the
system at various temp. see
Addendum.
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

C-Hf

Group 5
Cc-v

o-Hf, -Hf, Hf3C54., (7), HfCs.
(?7), HfC,_, (<~3930-3960 °C,
congruent melt. point corresp. to
~HfC g9 094, homog. range—
~37.0-49.5 at.% C at 3180 °C,
~34.0-49.5 at.% C at 2360 °C
and ~38.0-49.5 at.% C at

1200 °C), C

Order—disorder transformations
(max. temp. ~505-535 °C, in
HfC,_, homog. range ~38-49
at.% C (7), Hf3C,4.,, HfCsp—
the ordered phases of HfC,_,, ?)
Eutectic a-Hf—f-Hf
(~2180-2220 °C, ~1.5at.% C)
Peritectic o-Hf (~2240-2360 °C,
~14-15 at.% C)

Eutectic HfC,_~C
(~3150-3185 °C, ~65-68 at.%
®)

V., VesC (), VsC (7), 2-V,,,C
(<~800-850 °C, homog.
range—~31-33 at.% C),
p-V,4,C (from ~800-850 °C
to ~2185-2190 °C, incongruent
melt. point, homog. range—
~26.5-36.5 at.% C at 1650 °C),
f'-V2,.C (<~1500-1610 °C,
homog. range—27.5-32.0 at.%
O), (-V4Cs_, (or V5C,, or
&-phase, <~ 1320-1700 °C,
~37.7-42.8 at.% C), V¢Csr,
(<~1180-1260 °C, homog.
range—~43-45.5 at.% C),
VsCray (<~1080-1160 °C,
homog. range—~46.3-48.1
at.% C), VCy_, (<~2625-

2800 °C, congruent melt. point
corresp. to ~VCo7s_- 0356
homog. range—~42.5-46.0
at.% C at 2650-2670 °C,
~37-47 at.% C at 2185 °C

and ~40.5-48.0 at.% C at

1320 °C, max. C content corresp.
to ~VCogs-0s9), C

The presence of C decreases the
melt. point of Hf from 2231 °C
to ~2180-2220 °C. C stabilizes
o-Hf and increases the temp. of
o-Hf — fS-Hf transition from

1743 °C to ~2240-2360 °C. In
o-(Hf,C)—p-(Hf,C) eutectic alloy
the solubility of C in -Hf is

~0.6-1.0 at.% and in o-Hf-~2-3
at.%. The max. solid solubility of

C in o-Hf is ~14-15 at.% (at

2240-2360 °C). HfC,_, is formed

directly from the elements at
1900-2300 °C in vacuum (or

reductive conditions). The reaction

between C and Hf (in powdered

mixtures) relates to the SHS type

(see special notes for the C-Ti
system). For diffusion rate in the
system at various temp. see
Addendum.

[138, 238,
241-244, 248—
252, 254, 257,
579, 1006]

The solubility of Cin V: 0.13 at.% [241-244,
at 700 °C, 0.5 at.% at 1100 °C and 248-251, 258-

2.3-2.6 at.% at 1600 °C. At

260, 579, 720,

1500-1600 °C the solubility of C 723, 1000,

in V is obeyed the rule:

Igx (in at.% C) = 7.4-12,800/T
(in K)

The max. solubility of C in V is
~4.3-5.5 at.% (at V-f-V,,C
eutectic temp.). V carbides are

formed directly from the elements

at 1100-1200 °C in vacuum (or

reductive conditions). The reaction

between C and V (in powdered

mixtures) relates to the SHS type

(see special notes for the C-Ti
system). For diffusion rate in the
system at various temp. see
Addendum.

1020]

(continued)
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Table 2.13 (continued)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

Eutectic V-f-V,.,C (1650 °C,
15 at.% C)

Eutectic VC,_-C
(~2625-2670 °C,

~49.5-53.5 at.% C)

C-Nb Nb, a-Nb,C The solubility of C in Nb: 0.1 at.% [138, 241-244,
(<~1200-1230 °C, invariable at 1200 °C, 0.26 at.% at 1500 °C  248-251, 254,
compos.), -Nb,,,C and ~5.5-7.2 at.% at 258, 260-262,
(from ~1200-1230 °C to 2230-2350 °C. At 1500-2200 °C 530, 579, 719-
~2450-2575 °C, homog. the solid solubility of C in Nb is  720]
range— ~28-33 at.% C at obeyed the rule:

2350 °C), y-Nby4.,C lgx (in at.% C) = 3.65-7600/T
(from ~2450-2575 °C to (in K)

~3035-3090 °C, incongruent The solubility of Nb in graphite
melt. point, homog. range—  is <0.001 at.% C. Nb carbides are
~27-35 at.% C), {-Nb,C;5_,  formed directly from the elements
(or Nb3Cyyys at 1300-1400 °C in vacuum (or
<~1575-1750 °C, homog. reductive conditions). The reaction
range—~40.0-41.5 at.% C), between C and Nb (in powdered
NbgCs., (ordered, mixtures) relates to the SHS type
<~1050-1320 °C, homog. (see special notes for the C-Ti
range— ~42-49 at.% C), system). The limiting wetting

NbC,_, (<~3600-3615 °C, angle of molten pure Nb: 60°
congruent melt. point corresp. (vacuum, 2700 °C); for Nb

to ~NbCy .79 0.84, homog. containing alloys, see Table 2.16.
range—~ 38-49 at.% C at For diffusion rate in the system at
3300 °C, 29.2-49.6 at.% C at various temp. see Addendum.
2600 °C, 37.6-49.8 at.% C at

2350 °C and ~41-50 at.% C

at 1200 °C, max. C content

corresp. to ~NbCg9), C

Eutectic Nb—f-Nb,,,C

(~2335-2355 °C,

~10.5-10.7 at.% C)

Eutectic NbC,_,—C

(~3250-3305 °C, ~58-60

at.% C)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C-Ta Ta, TagsC (?), a-Ta,, C The max. solubility of C in Ta [138, 241-244,
(<~1930-2270 °C, homog. is ~7.0-7.5 at.% (at Ta—f}-Ta,,C 248-251, 254,
range—~31.0-32.5 at.% C at eutectic temp.). The solid solu- 260, 579, 720,
1930 °C), f-Tayy,C bility of C in Ta is obeyed the 722-723]
(from ~1930-2270 °C to rules:
~3330-3400 °C, incongruent Inx (in at.% C) = 8.23-16,700/T
melt. point, homog. range—  (in K) at 1500-1950 °C
~26-35 at.% C at 2830— and
2850 °C), &-TazCoi, Inx (in at.% C) = 5.18-9900/T
(~2000 °C, invariable (in K) at 1950-2640 °C.
compos., ?), {-TasCs_, Ta carbides are formed directly
(0.44 < x <0.53, or {-TaC,_,, from the elements at
<~2170-2800 °C, homog. 1300-1500 °C in vacuum (or
range—~38.0-42.8 at.% C), reductive conditions). The reaction
TagCs., (ordered, <1160 °C), between C and Ta (in powdered
TaC,_, (<3985-4000 °C, mixtures) relates to the SHS type
congruent melt. point corresp. (see special notes for the C-Ti
to ~TaCygg - 0.89, homog. system). For diffusion rate in the
range—37.9-49.9 at.% C at system at various temp. see
3450 °C, 36.5-49.9 at.% C at Addendum.
3340 °C, 39.6-49.9 at.% C at
2850 °C and 41.5-49.9 at.% C
at 1930 °C, max. C content
corresp. to ~TaCyg9), C
Eutectic Ta—f-Ta,,,C
(~2800-2860 °C,
~12.0-12.3 at.% C)
Eutectic TaC,_,—C
(~3400-3450 °C, ~61 at.%
9]

Group 6

C-Cr Cr, Cry3Cety The max. solid solubility of C in  [138, 241-242,

(<~1575-1610 °C,
incongruent melt. point
corresp. to CrC 7, homog.
range—~20-21 at.% C at
1530 °C, ~20-22 at.% C at
1200 °C), Cr3C (metastable, ?),
CryCs4, (<~1765-1790 °C,
congruent melt. point corresp.
to CrCy 43, homog. range—
~29.5-31.5 at.% C at 1730 °C
and ~28.5-31 at.% C at

1575 °C), Cr,C (?), Cr3Cy_,
(<1810-1830 °C, incongruent
melt. point corresp. to CrCy ¢7,

Cris ~0.3-1.9 at.% C (?) at 244, 248-250,
1530-1580 °C. Cr carbides are 394, 417, 579,
formed directly from the elements 841]

at 1400-1800 °C in vacuum (or

reductive conditions). For

diffusion rate in the system at

various temp. see Addendum.
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
homog. range—~39.7-40.0 The max. solid solubility of C in
at.% C at 1730 °C and Cris ~0.3-1.9 at.% C (?) at
~39.8-40.0 at.% C at 1400 °C), 1530-1580 °C. Cr carbides are
CrC (metastable, ?), C formed directly from the elements
Eutectic Cr—Cr»3Cg.. at 1400-1800 °C in vacuum (or
(~1530-1580 °C, ~14-14.5 reductive conditions). For
at.% C) diffusion rate in the system at
Eutectic Cr;C34.,—Cr3Cs_, various temp. see Addendum.
(~1725-1740 °C, 32.6 at.% C)
C-Mo Mo, a-Mo,,C (or /-Mo,,,C, The max. solubility of C in Mo [138, 241-244,

<1430-1440 °C, homog.
range—~31.3-33.3 at.% C at
1230 °C), o’'-Mo,,,C (or
&-Mo,,,C, ordered), -Mo,.,C
(from ~1200-1650 °C to
~2520-2540 °C, congruent
melt. point corresp. to MoC sy,
homog. range—26.0-35.7 at.%
C at 2205 °C, ~30.0-35.5
at.% C at 1655 °C and
~31-34 at.% C at 1430 °C),
7-MoCy_, (or Mo;C,_,

from ~ 1650-1655 °C to
~2530-2560 °C, congruent
melt. point corresp. to MoCy ¢,
homog. range—36.5-39.2 at.%
C at 2510 °C and ~38.5-39.5
at.% C at 1960 °C, invariable
compos. ~39 at.% C at

temp. <1800 °C), a-MoC,_,
(from ~1950-1960 °C to
~2530-2650 °C, congruent
melt. point corresp. to MoCy 75,
homog. range—~41.0-43.1
at.% C at 2585 °C,
~39.6-43.0 at.% C at 2545 °C
and ~39.8-42.2 at.% C at
2200 °C), y-MoC
(<1200-1220 °C, invariable
compos. ~50 at.% C), C
Eutectic Mo—f-Mo,.,C
(~2200-2205 °C,

~16.7-18.0 at.% C)

Eutectic ;-Mo,4.,C—-MoC_,
(~2510 °C, ~36 at.% C, ?)
Eutectic «-MoC,_,—C
(~2584-2589 °C, 45 at.% C)

is ~1.1-1.3 at.% C at

2200-2205 °C. At 1330-2205 °C
the solubility of C in Mo is obeyed
the rule:

Inx (in at.% C) = 3.97-21,000/T
(in K)

Mo carbides are formed directly
from the elements at

1200-1400 °C in vacuum (or
reductive conditions). Under
specific pressure 5 MPa the
diffusion welded joint between
f-Mo,..C and Mo is produced at
1600 °C (5-15 min exposure). For
diffusion rate in the system at
various temp. see Addendum.

248-250, 260,
579, 723]
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2 Carbon (Graphene/Graphite)

System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction References

C-W

W7 a‘W2+xC (OI' ﬁ,l‘W2+xC,
from 1250 °C to
~2100-2140 °C, homog.
range—~ 30-33 at.% C),
ﬁ‘W2+xC (Or BI_WZ-FXC’

from ~2100-2140 °C to
~2320-2490 °C, homog.
range—~29.6-33.4 at.% C),
7-Wa1,C (or f-W5.,C,

from ~2320-2490 °C to
~2775-2795 °C, congruent
melt. point corresp. to
WCo.43 045, homog. range—
~27.5-35.5 at.% C at

2735 °C, ~26-35 at.% C at
2710 °C and ~28-34 at.% C
at 2530 °C), y-WC/_, (or
oa-WC_,, f-WC,_,, from
~2530-2535 °C to ~2745-

2785 °C, congruent melt. point

corresp. to WCy g4, homog.
range— ~ 37.4-40.0 at.% C at
2720 °C), 0-WCy, (or
o-WC1,, <~2745-2785 °C,
incongruent melt. point
corresp. to WCi g0~ 1.015
homog. range— ~49.6-50.6
at.% C at 2720 °C, ~49.9-
50.6 at.% C at 2530 °C

and ~50.1-50.6 at.% C at

2000 °C, invariable compos. at

temp. <2000 °C), C
Eutectic W—y-W,_,.C
(~2710-2715 °C, ~22-25
at.% C)

Eutectic y-W,4,C—y-WC_,
(~2735-2760 °C,
~36.0-36.5 at.% C)
Eutectic y-WC;_,—0-WC 1,
(~2720-2760 °C, ~36-41
at.% C)

Phase diagram data available in

literature are controversial

The max. solubility of C in W [138, 241-242,
is <l at.% C (at 2710-2715 °C). 244, 248-250,
At 1400-2600 °C the solubility of 263, 419, 579,
Cin W is obeyed the rule: 603, 721,

Inx (in at.% C) = 4.67-15,000/T 1001, 1005]
(in K)

W carbides are formed directly from

the elements at 1400-1600 °C in

vacuum (or reductive conditions).

For diffusion rate in the system at

various temp. see Addendum.
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
Group 7
C-Mn o-Mn, ;-Mn, y-Mn, 6-Mn, The max. solid solubility of C in  [138, 238, 241,
&-Mny4,C (from ~990 °C Mn modifications: z-Mn— 244, 264]
to ~1305-1310 °C, ~6.5-7.0 at.%
incongruent melt. point (at ~770-900 °C), -Mn—
corresp. to MnCy 35~ 039, ~1.0-2.5 at.%
homog. range—~13-28 at.% (at ~820-900 °C), y-Mn—
C), Mn,;C¢ (<~ 1020~ ~13-16 at.%
1035 °C, invariable compos.), (at ~990-1240 °C), and 6-Mn—
Mn,;5C,4 (or Mn;;C5 (?), ~1-2 at.% (at ~1220-1240 °C).
from ~ 850 °C to 1020 °C, Mn carbides are formed directly
invariable compos. from the elements at
~21.1-21.5 at.% C, ?7), Mn;C 1200-1300 °C in non-oxidative
(from ~970 °C to ~1050— conditions.
1060 °C, invariable compos.),
Mn;sC, (from ~425 °C (?) to
~1090-1170 °C, invariable
compos. ~28.5-28.6 at.% C),
Mn;C; (<~ 1330-1340 °C,
incongruent melt. point
corresp. to MnC 43, invariable
compos. <30 at.% C), C
C-Tc Tc, TcCy_, (or Tz, C, 7), C At 910 °C the solubility of C in Tc [241, 391, 840,
Eutectic TcC,_—C is ~1 at.% C. 943]
(~1650-1885 °C, ~25-33
at.% C, ?)
Eutectic Tc—C (1660 °C, ~30
at.% C, 7)
Phase diagram data available in
literature are controversial
C—Re Re, metastable carbides (?), C The max. solubility of C in Re [138, 241,
Eutectic Re-C is ~11-17 at.% C at the Re-C 265-266]

(~2480-2505 °C, ~16.5-23
at.% C)

eutectic temp. The solubility
decreases with temp. decline and

amounts ~4.2 at.% C at 1800 °C.

Metastable Re carbides are

synthesized at ultra-high pressures

(6-18 GPa).

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

Group 8
C-Fe

C-Ru

C-Os

a-Fe, y-Fe, 0-Fe, metastable
compounds Fe,C, 6-Fe;C
(<~ 1207-1252 °C), y-FesC,,
a-Fe,Cs, -Fe;Cs, n-Fe,C,
&-Fe,C and a-Fe,C, C (see refs.
for details)

Eutectic y-Fe—C (1153 °C, 17.1
at.% C)

Metastable eutectic y-Fe—Fe;C
(1147 °C, 17.3 at.% C)

Ru, metastable carbides (?), C
Eutectic Ru-C

(~1940-1965 °C, ~ 18 at.%
0

Os, metastable carbides (?), C
Eutectic Os—C
(~2730 °C, ~10-17 at.% C)

The max. solid solubility of C in
Fe modifications: o-Fe—
~0.090-0.096 at.% (at

727-740 °C), y-Fe—~8.9-9.1 at.%
(at 1147-1153 °C) and J-Fe—
~0.4-0.5 at.% (at 1493-1499 °C).
The presence of various
contaminations decreases the
y-Fe—C eutectic temp. (see refs. for
details). Molten Fe dissolves
considerable amounts of C; the
solubility of C increases with
increasing temp. linearly and
reaches >24 at.% C at 2000 °C. Fe
carbides are not formed directly
from the elements. The limiting
wetting angle of molten pure Fe is
60° (vacuum, 1425-1540 °C), 0°
(vacuum, >1550 °C), 37° (H,,
1550 °C); for Fe—4.3 at.% C alloy:
90° (vacuum, 1540 °C); for Fe-5
at.% C alloy: 130° (vacuum,

1540 °C). For diffusion rate in the
system at various temp. see
Addendum.

The max. solubility of C in solid
Ru is ~3-4 at.% C (at eutectic
temp.). At 1000 °C the solubility
amounts ~0.4 at.% C. At
800-1200 °C the solubility of C in
Ru is obeyed the rule:

lgx (in at.% C) = 3.02-4438/T
(in K)

The solubility of C in liquid Ru at
boil. point (4150 °C) is ~30 at.%
C.

The max. solubility of C in solid
Os is ~2 at.% C (~2730 °C); in
liquid Os at boil. point (5010 °C) it
is 39.1-39.7 at.% C.

[138, 238, 241,
244, 267-268,
530, 907]

[238, 241, 244,
945]

[138, 238, 241,
244]

(continued)
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Table 2.13 (continued)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
Group 9
C—Co &-Co, a-Co, metastable The presence of C decreases the  [138, 238, 241,
compounds CozC and Co,C, C ¢-Co — «-Co transition temp. up 244, 269, 530,
Eutectic o-Co-C to ~400-420 °C and magnetic 1021]
(~1310-1320 °C, (paramagnetic-ferromagnetic)
~11.2-12.5 at.% C) phase transition up to 1035 °C.
Metastable eutectic The max. solubility of C is
-Co—CozC (~ 1190 °C, ~4.1-4.3 at.% (in «-Co at the
~17.4-21.0 at.% C) a-Co—C eutectic temp.) At room
Gas-eutectic Co—C (gas—liquid- temp. the solubility of C in e-Co—
graphite non-variant equi- 0.49 at.% C. Molten Co dissolves
librium, ~2415 °C, ~38-39 considerable amounts of C
at.% C) (from ~ 12 at.% at 1320 °C to

~28 at.% C at 2400-2415 °C).
Practically, no solubility of Co in
graphite. Co carbides are not
formed directly from the elements.
The limiting wetting angle of
molten pure Co is 82° (vacuum,
1425 °C); for Co-2.7 at.% C alloy:
130° (vacuum, 1495 °C). For
diffusion rate in the system at
various temp. see Addendum.
C-Rh Rh, metastable carbides (?), C The max. solubility of C in solid [238, 241, 244,

Eutectic Rh—C Rhis ~1.5-4.0 at.% C (at eutectic 945]
(~1670-1700 °C, ~15 at.% temp.). At 1000 °C the solubility
C) amounts ~0.2 at.% C. At

800-1250 °C the solubility of C in
Rh is obeyed the rule:

lgx (in at.% C) = 3.05-4013/T
(in K).

The solubility of C in liquid Rh at
boil. point (3700 °C) is ~ 16 at.%

C.

C-Ir Ir, metastable carbides (?), C  The solubility of C in solid Iris  [138, 238, 241,
Eutectic Ir-C ~3 at.% at the eutectic temp. 244]
(~2280-2310 °C, ~21-29 and ~0.01 at.% C at 1000 °C. At
at.% C) 800-1250 °C the solubility of C in

Ir is obeyed the rule:

Igx (in at.% C) = 1.45-3244/T
(in K).

The solubility of C in liquid Ir at
boil. point (4400 °C) is ~31.5
at.% C.

(continued)
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2 Carbon (Graphene/Graphite)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
Group 10
C-Ni Ni, NizC (metastable), C The solubility of C in solid Ni—  [138, 238, 241,

Eutectic Ni-C

(~1317-1327 °C, ~8.5-10

at.% C)

Metastable eutectic Ni—Ni;C
(~1050-1120 °C, ~20-23

at.% C)

Gas-eutectic Ni-C (gas-liquid-
graphite non-variant equi-
librium, ~2490 °C, ~33-34

at.% C)

C-Pd Pd, no binary compounds, C

Eutectic Pd-C

(~1505-1515 °C, ~8-19

at.% C, ?)

2.5-2.7 at.% at the eutectic temp.
and 0.2-0.4 at.% C at 700 °C. It is
obeyed the rule:

Igx (in at.% C) = 0.2-2600/T

(in K)

at the range of temp. from 500 °C
to 1300 °C. The max. C content in
Ni metastable solid solution
reaches ~7.4 at.% C. Molten Ni
dissolves considerable amounts of
C (from 10.9 at.% at 1450 °C to 25
at.% C at 2490 °C). The solubility
of C in liquid Ni is obeyed the
rule:

lgx (in at.% C) = 1.55-896/T

(in K)

at the range of temp. from 1400 °C
to 1700 °C. Practically, no
solubility of Ni in graphite. Ni
carbide is not formed directly from
the elements. The wetting angle of
molten pure Ni: 50° (vacuum,
1455 °C), 68° (H,, 1500 °C);
Ni-2.3 at.% C alloy: 145°
(vacuum, 1455 °C); for other Ni
containing alloys, see Table 2.16.
For diffusion rate in the system at
various temp. see Addendum.

The max. solubility of C in solid
Pd is ~7-9 at.% C (at eutectic
temp.). At 900 °C the solubility
amounts ~3 at.% C. At
900-1500 °C the solubility of C in
Pd is obeyed the rule:

Igx (in at.% C) = 3.58-1262/T
(in K).

The solubility of C in liquid Pd at
boil. point (2965 °C) is ~16-18
at.% C.

244, 269-271,
530, 848]

[138, 238, 241,
244, 944,
1022]
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
C-Pt Pt, metastable compounds Pt;C The solubility of C in solid Pt [138, 238, 241,
(7) and Pt,C, C is ~2.5-4.0 at.% at the eutectic ~ 244]
Eutectic Pt—-C temp., ~1.7 at.% C at 1245 °C
(~1705-1740 °C, 16.8 at.% and ~0.8 at.% C at 875 °C. At
O 870-1250 °C the solubility of C in
Pt is obeyed the rule:
lgx (in at.% C) = 1.4-1800/T
(in K)
The solubility of C in liquid Pt at
boil. point (3800 °C) is ~19 at.%
C.
Group 11
C—Cu Cu, unstable compounds (e.g. No interaction. At melt. point [138, 238, 241,

Cu,C, and CuC,), C
Peritectic Cu (~ 1100 °C,
~0.04 at.% C)

(1084.87 °C) the solubility of C in 244, 530, 910]
solid Cu is ~ 100 times higher
than the similar value in liquid
Cu: ~0.03 and ~0.0003 at.% C,
respectively. The solubility of C in
liquid Cu is very low (~0.0027
at.% at 1500 °C and ~0.016 at.%
C at 1700 °C). Chemical
compounds, e.g. Cu,C, and CuC,,
are unstable and formed only
indirectly. The wetting angle of
molten pure Cu: 120-150° (high
vacuum, 1090-1100 °C),
139-145° (on vitreous carbon,
high vacuum, 1090-1100 °C),
157° (vacuum, 1100 °C), 150°
(H,, 1100 °C), 170° (vacuum,
1200 °C); for Cu containing
alloys, see Table 2.16.

(continued)
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2 Carbon (Graphene/Graphite)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
C-Ag Ag, unstable compounds, C No interaction. At melt. point [138, 238, 241,
Peritectic Ag (962.23 °C, (961.93 °C) the solubility of C in 530, 910]
0.036 at.% C) solid Ag is >10° times higher than
the similar value in liquid Ag
(>0.035 and <~107" at.% C,
respectively). The solubility of C
in liquid Ag is very low (~0.01
at.% at 1660 °C and ~0.02 at.% C
at 1940 °C). Chemical
compounds, e.g. Ag,C,, are
unstable and formed only
indirectly. The wetting angle of
molten pure Ag: 135-150° (high
vacuum, 970-1100 °C), 167°
(vacuum, 1000 °C); for Ag
containing alloys, see Table 2.16.
C-Au Au, unstable compounds (e.g. The max. solubility of C in solid [138, 238, 241,
Au,Cy), C Au is ~0.080-0.082 at.% C (at  910]
Eutectic Au-C (~ 1040- eutectic temp.). The solubility of C
1050 °C, ~4.7 at.% C, ?) in liquid Au at boil. Point
(2860 °C) is ~4.9 at.% C.
Chemical compounds, e.g. Au,C,,
are unstable and formed only
indirectly. The wetting angle of
molten pure Au on graphite single
crystal-119° (vacuum, 1100 °C)
and vitreous carbon—135-138°
(high vacuum, 1100 °C).
Group 12
C—Zn Zn, unstable compounds (e.g.  No interaction. The solubility of C [138, 238,
ZnC,), C in liquid Zn at boil. point is 241]

No diagram plot

negligible (traces). Zn carbide
ZnC, is unstable and formed only
indirectly. At 600-700 °C the
corrosion resistance of graphite in
liquid Zn is very high. For
diffusion rate in the system at
various temp. see Addendum.
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System Type of phase diagram
(constituent phases,
temperatures

and compositions of

transformations)

Character of chemical interaction

References

C-Cd Cd, unstable compounds, C

No diagram plot

C-Hg

7) compounds, C
No diagram plot

Hg, unstable (e.g. Hg,C»,
HgC,,) and lamellar (e.g.
HgCg, at least at 25-105 °C,

No interaction. The solubility of C
in liquid Cd at boil. point is
negligible (traces). For the range
of temp. from melt. point

(321.1 °C) to boil. point (767 °C),
theoretical estimation gives the
values of C solubility in molten Cd
from 3 x 107" t0 2 x 1077 at.%
C, respectively. Carbide CdC, is
unstable and formed only
indirectly

No interaction. The solubility of C
in liquid Hg at boil. point is
negligible (traces). C is the least
soluble element in Hg. For the
range of temp. from melt. point
(-38.8 °C) to boil. point

(356.6 °C), theoretical estimation
gives the values of the C solubility
in molten Hg from ~107* to

2 x 107'% at.% C, respectively.
Carbides HgC, and Hg,C, are
metastable and formed only
indirectly. At 300-600 °C the
corrosion resistance of graphite in
liquid Hg is very high (30 days
exposure with circulating Hg). The
contact wetting angle of molten
pure Hg: 154° (air, 20 °C).

[138, 238,
241]

[138, 238, 241,
530, 913-914]
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2 Carbon (Graphene/Graphite)

System Type of phase diagram
(constituent phases,

Character of chemical interaction

References

temperatures
and compositions of
transformations)
Group 13
C-B f-B, Bs,C (or B5oC, <1280 °C, The solubility of C in B is [138, 238, 241,

metastable, ?), BsC, (?),
BsoC; (or BysC, CyBsBys,
<1100-1245 °C, metastable,
7), B4oCs (7), B24C (), BsC
(), B13Caq, (<2450 °C,
congruent melt. point corresp.
to ~Bs5,5C, homog. range—
~11.5-20.0 at.% C at

2350 °C, ~9.5-19.7 at.% C at
1980 °C and ~12.0-13.4 at.%
C at 1400 °C, ?7), B13C5_,
(1200-1980 °C, homog.
range—18.0-18.5 at.% C at
1850 °C, ?), B4+.C

(<~2450 °C, congruent melt.
point corresp. to ~Bj3.95_4.45C,
homog. range—~ 10.0-24.3
at.% C at 2375-2245 °C,
~9.3-22.3 at.% C at 2080 °C
and ~9.2-21.6 at.% C at
1800 °C, ?), B1;C4 (7), ~BC,
7, ~BC; (or B,C,,, 7), C
Peritectic §-B (~2080-2105 °C,
~1.0-14at%C, ?)

Eutectic f-B-B44.,C
(~2075-2080 °C, <1 at.% C, ?)
Eutectic B4,C-C
(~2245-2390 °C, ~28.5-30.0
at.% C)

Phase diagram data available in
literature are controversial

negligible. The max. solubility of
B in graphite is 2.3 at.% at

2390 °C. It decreases with temp.
decreasing and amounts ~ 1 at.%
C at 1700 °C. B carbides are
formed directly from the elements
at elevated temp. For diffusion rate
in the system at various temp. see
Addendum.

244, 252, 272—
279, 321, 359,
724, 1019]

(continued)
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Table 2.13 (continued)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C-Al Al, Al;C, (<1730 °C, 7), Al4C; Practically, no solubility of C in  [138, 238, 241,
(<~1970-2250 °C (?), solid Al. The solubility of C in 244,277, 278-
incongruent melt. point, liquid Al is extremely low: 0.7 280, 307, 530,
invariable compos.), C at.% at 1200 °C, 0.31 at.% at 661, 910, 946—
Data on phase diagram 1000 °C and 0.22 at.% at 800 °C. 947, 1016]
available in literature are Al carbide is formed directly from
controversial. the elements in H, at

1200-1300 °C. The wetting angle
of molten pure Al in vacuum is
123° at 830 °C (initially, before
reaction), ~ 145-160° at
875-1000 °C, ~140° at 1100 °C,
~85° at 1200 °C (5 min
exposure), ~50-70° at 1200 °C
(long-term exposure), 139° at
830 °C (on vitreous carbon, before
reaction); pure Al wets sintered
Al4C; with a contact angle of 55°
at 1100 °C; for Al containing
alloys, see Table 2.16.

C-Ga Ga, no binary compounds, C ~ No interaction. Ternary [138, 238, 278,

No diagram plot compounds are formed by the 681, 910]
interaction of transition metal
carbides with Ga. At 600 °C the
corrosion resistance of graphite in
liquid Ga is very high. The wetting
angle of molten pure Ga on
vitreous carbon: 138° (high
vacuum, 30 °C), 125° (high
vacuum, 900 °C).

C-In In, no binary compounds, C No interaction. Ternary [238, 278, 681,
compounds are formed by the 704, 910]
interaction of transition metal
carbides with In. The wetting
angle of molten pure In on graphite
or vitreous carbon: 135-150° (high
vacuum, 200-800 °C).

C-Tl o-Tl, p-Tl, TIC, (metastable, ~ No solubility of C in liquid TI. [238, 241, 278,

M, C
No diagram plot

Ternary carbides are formed by the
interaction of transition metal
carbides with TI. For the range of
temp. from melt. point (304 °C) to
boil. point (1473 °C), theoretical
estimation gives the values of C
solubility in molten TI from
4x107"7t01 x 107* at.% C,
respectively.

681]

(continued)
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Table 2.13 (continued)

2 Carbon (Graphene/Graphite)

System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)
Group 14
C-Si Si, SisCs (?), a-SiC (variety of The solubility of C at eutectic [138, 238,
polytypes), f-SiC temp.: in liquid Si-5 x 107> at.%. 241-244, 252,
(<~2500-2830 °C, and in solid Si~(7+9) x 107* 278-282, 359,
incongruent melt. point, at.% (7). At 1150-1350 °C the 705-708,
invariable compos.), SiC, (?), solubility of C in Si is obeyed the 1015]
C rule:
Eutectic Si-SiC Igx (in at.% C) = 3.2-10,400/T
(~1400-1410 °C, (in K)
~0.03-1.25 at.% C, ?) Si carbides are formed directly
Data available in literature on from the elements at elevated
o-SiC « f-SiC transformation temp. At temp. >2000 °C in
are controversial. vacuum, SiC decomposes with the
formation of graphite. Data
available in literature on the
solubility of C in Si are
controversial. SiC is perfectly
wetted by molten Si, the contact
angle of Si on a-SiC is 30-40°.
The wetting kinetics of Si on C is
fast, the contact angle of 40-50° is
reached in less than 40-60 s; on
polycrystalline graphite the final
contact angle is 10-30°. For
diffusion rate in the system at
various temp. see Addendum.
C-Ge Ge, no binary compounds, C  No interaction. Ge ternary carbides [238, 241, 244,

Eutectic (degenerative) Ge—C
(~938 °C, 7)

are formed by the interaction of
transition metal carbides with Ge.
Practically, no solubility of C in
solid Ge. Near the melt. point
(938 °C) the solubility of C in
liquid Ge is 0.23 at.%, but it
increases near the boil. point
(2834 °C) considerably. The
wetting angle of molten pure Ge
on graphite or vitreous carbon:
135-150° (high vacuum,
950-1100 °C).

681, 709, 910]

(continued)
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System

Type of phase diagram
(constituent phases,
temperatures

and compositions of
transformations)

Character of chemical interaction

References

C-Sn

C-Pb

Group 15
C-N

o-Sn, f-Sn, intercalated
fullerenes (Sn(Cgg), Sn(Cgp)
and other), C

No diagram plot

Pb, PbC, (metastable, ?), C

N, variety of compounds (e.g.

C,N,, some polymorphs of
C3Ny, azafullerenes (CsoN),,
CssNa, Cs7N3, CagNyy,
cyanofullerenes (Cgo(CN)s,,,
n = 1-+9), percyanoalkynes
(-alkenes, -alkanes),
perazidoalkynes (-alkenes,
-alkanes),
percyanoheterocycles,
dicyanopolyynes, aromatic
cyanocarbons etc.), C

For the range of temp. from melt.
point (232 °C) to boil. point
(2270 °C), theoretical estimation,
in accordance to

lgx (in at.% C) = -1.685-13,800/T
(in K),

gives the values of C solubility in
molten Sn from 1 x 107 to

8 x 107*at.% C, respectively. Sn
ternary carbides are formed by the
interaction of transition metal
carbides with Sn. The corrosion
resistance of graphite in liquid Sn is
very high. The wetting angle of
molten pure Sn on graphite or
vitreous carbon: ~ 135-150° (high
vacuum, 250-800 °C).

Practically, no solubility of C in
solid Pb. The solubility of C in
liquid Pb is: 0.41 at.% at 1170 °C,
0.79 at.% at 1415 °C and 1.6 at.%
C at 1555 °C. Pb ternary carbides
are formed by the interaction of
transition metal carbides with Pb.
Data on C solubility available in
literature are controversial. At
300 °C the corrosion resistance of
graphite in liquid Pb is very high.
The wetting angle of molten pure
Pb on vitreous carbon: 142° (high
vacuum, ~ 330 °C).

No direct interaction at high temp.
without any special activation (e.g.
microwave radiation, electrical
discharge etc.), so N is
recommended for graphite as a
protective atmosphere at

temp. <2500-3000 °C. At higher
temp. gas cyanogen (dicyan) C,N,
is formed. Several polymorphs of
C nitride (C3N,4) and related
structures are prepared in the form
of films by employing special
technological routes.

[138, 238, 241,
681, 910, 948]

[138, 238, 241,
681, 710, 910]

[5, 138, 238,
283-284, 359,
531, 711-717]

(continued)
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2 Carbon (Graphene/Graphite)

System Type of phase diagram
(constituent phases,
temperatures

and compositions of

transformations)

Character of chemical interaction

References

C-P P, some unstable compounds

(e.g. C¢Pg), intercalated

fullerenes (Pg(Cgo) and other),

C

C-As As, AsC; (2), C

No diagram plot

C-Sb
No diagram plot

C-Bi Bi, no binary compounds, C

No diagram plot

Group 16

Cc-0 O, CO,, CO, G50,
(metastable), fullerene
containing compounds

(03):(Ce0), (03)(C70) and

other, C

Sb, no binary compounds, C

No direct interaction. C¢Pg is
formed by special reaction
pathways. Ternary carbides are
formed by the interaction of
transition metal carbides with P.
The solubility of C in As near the
boil. point is extremely low. As
carbide has been prepared indirect
methods; ternary carbides are
formed by the interaction of
transition metal carbides with As.
At 1300 °C the solubility of C in
liquid Sb is ~1 at.%. At 600 °C
the corrosion resistance of graphite
in liquid Sb is very high.

No interaction. The solubility of C
in Bi near the boil. point (1565 °C)
is very low. At 600 °C the
corrosion resistance of graphite in
liquid Bi is very high. The wetting
angle of molten pure Bi on
vitreous carbon: 142° (high
vacuum, ~ 300 °C).

Graphite is in equilibrium with
CO, (<400 °C), or CO + CO,
(~400-1000 °C), or CO
(~1000-3200 °C). In common
conditions the oxidation of carbon
in air initiates from 450-500 °C.
The oxidation process is controlled
by the mechanisms of the chemical
reaction of gasification at
600-800 °C (Q = 170-200

kJ molfl), or gas diffusion at
800-1000 °C (Q = 2045

kJ mol~"). At temp. <600 °C the
main product of oxidation is CO,,
at higher temp.—CO. The average
oxidation rate of pyrolytic carbon
is ~0.12 (<900 °C) and ~1.2
(>2000 °C) kg m~2 s~ ', The
oxidation rate of graphitized
materials in air flow (150 cm?®
s™H: at 350 °C-0.1, 400 °C-0.6,
500 °C-80 and 600 °C-800

kg m2s L

[238, 681, 718,
949, 1024]

[138, 238, 241,
681]

[138, 238,
241]

[138, 238, 241,
910]

[5, 136, 238,
285-289, 531,
664, 996,
1025]

(continued)
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System Type of phase diagram Character of chemical interaction References
(constituent phases,
temperatures
and compositions of
transformations)

C-S a-S, B-S, S12CS5 (?), C3Sg (), C sulfides are formed directly from [5, 238, 681,
CS,, a-C5S3 (7), f-CuS5 (D), the elements at elevated temp. S 950, 997]
C3S4 (D), CS, C3S,, CoS (D), ternary carbides are formed by the
fullerene containing com- interaction of transition metal
pounds (SgCS>(Cep), carbides with S.

(58)2(Co0), S48(C70), Sas(Cre)
and other), C
No complete diagram plot

C-Se Se, CSe,, C No direct interaction. CSe, is [5, 238, 241]
No diagram plot synthesized by special reaction

pathways.

C-Te Te, no binary compounds, C  No interaction [238, 850]
No diagram plot

C-Po a-Po, f-Po, no binary No interaction with Po vapours at [241]
compounds, C temp. <700 °C.

No diagram plot

Group 17

C-F F, variety of compounds, The intensive interaction of C with [5, 238, 290,
including fullerene containing F, begins at 500-600 °C CF,, 953]

(e.g. (Cgo)F;g and other), C C,F¢ and other fluoro-carbons are
formed directly from the elements.
At 450 °C CF,, (n < 1, variable
compos. from CF to C4F)
intercalation (lamellar) compounds
are synthesized.

C-Cl Cl, variety of compounds, No direct interaction with Cl, at  [138, 238, 290,
including fullerene containing temp. <2300 °C. CgCl and other 952, 999]
(e.g. (C40)Cls and other), C lamellar (intercalate) compounds

are synthesized by special reaction
pathways.

C-Br Br, CBry, CgBr, (or Ci¢Br», or Intercalation (lamellar) and full-  [5, 238, 290,
Cs6Br-3Br,, lamellar com- erene containing compounds are ~ 951]
pound), fullerene containing synthesized.
compounds ((Cgo)Br, a-(Cgp)

BrayBry, -(Ce0)Brag-Bry,
(Cy0)Br;4 and some other), C
No diagram plot
C-1 I, Cl, Coly (D), CL (D), - [238, 954]

fullerene containing com-
pounds ((Ceo)(L2), (Co0)(12)2
and some other), C
No diagram plot
C-At No data -

# The intervals of temperatures and compositions for the melting and invariant equilibria points,
homogeneity ranges and thermal stability regions of constituent phases are given taking into

account the minimal and maximal values (data spread) available in literature



106 2 Carbon (Graphene/Graphite)

The data on the selected ternary, quaternary, quasi-binary, quasi-ternary and
multi-component carbon containing systems, which are the most important for the
design, manufacture and application of ultra-high temperature materials, are
summarized in Table 2.14. The composition and temperature stability regions for
the main binary and ternary carbon containing high temperature phases are given
in Tables 2.13, 2.14 taking into account the spread of numerical magnitudes
available in literature currently.

Table 2.14 Chemical interaction of carbon (graphite) with elements and compounds at elevated,
high and ultra-high temperatures (selected ternary, quaternary, quasi-binary, quasi-ternary and
multi-component systems in alphabetical order)”

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Al-B Plotted at 900, 1000 and 1400 °C: Al,,,Bs5Cs (x = 0.1), [241-242, 244, 277,
AlB4oC4 (eventually high-temp. phase of Al,,,Bs5,Csg, 7), 291, 313]
Ol-Al3B48C2 (<650 OC), ﬂ-A13B48C2 (Or A13B44C2,
>650 °C), AI3BC; (or AlgB4C;, 2A14,C5-B4C, <1835 °C),
Al3;BC (<1100 °C), Al,B; (<~955 °C, ?), AlB,
(£~955-980 °C), AlB,( (1660-1850 °C), a-AlB;,
(£~1450-1550 °C), p-AlB, (~1450-2150 °C, ?),
y-AlB 5 (~1550-2150 °C, ?), B4+,C, Al,Cs, Al, -B, C

C-Al-B-N No diagram plot [892, 955]
Al B24CyNy,y (or Alg185B6CNo 256)
No interaction between B4, C and AIN in powder mixtures
at 1500-1850 °C (hot pressing in graphite dies without
protective environment).

C-Al-B-Si  Al4C;5-B4C-SiC is plotted at 1800 °C: AlgB4C; (or [292]
2A14C3'B4C), A14S1C4 (Or A14C3SIC), A14Si2C5 (Or
Al,C5-2SiC), Al4Cs, B44,C, SiC

C-Al-Be-Si  Al4C3-Be,C-SiC is plotted at 1860 °C: Al;¢Be,SiCyy (or [295-297]
4A14C3B62CSIC), A124B625i4023 (Or 6A14C3B62C4S1C,
?), A115Be4SiC]5 (or 4A14C32B€2CSIC), AlgBCzSng (Or
2A14,C5-Be,C-SiC), AlgBeCs (or 3A1,C5-Be,C), Al,BeC,
(or A14C3'B62C), A12B63C3 (or A14C3'3B62C), A14S1C4 (Or
Al,C5-SiC), Al,Cs, Be,C, SiC

C-Al-Cr-Ti  No diagram plot [680-681, 860]
(T1,Cr),AIC (M,,+1AX,-phase solid solution)
C-Al-Cr-V  No diagram plot [680-681, 744-745,

(V,Cr)AIC, (V,Cr)3AIC, (M,,41AX,,-phase solid solutions), 860]
(V,Cr)sAlL,C; (M,,;1AX, -phase solid solution, intergrown
structure, ?)

C-Al-Hf Plotted at 700 °C: Hf,Al3C4, Hf3A13Cs (or HfAIC, ¢47), [242, 896, 956, 965]
HfsAl;C, HfAl; (<1590 °C), HfAl, (<1650 °C), Hf;Al;
(<1640 °C), HfAI (<1800 °C), Hf4Al; (<~ 1420 °C),
Hf;Al, (<~ 1595 °C), Hf,Al (<~ 1145 °C), Al4C;. HfC_,,
o-Hf, -Hf, C
Depending on compos., graphite is in equilibrium with
Hf2A13C4 + HfCl,X, or Hf2A13C4 + A14C3.
The interaction between HfC;_, and Al at temp. >1250 °C
leads to the formation of solid solutions (?).

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-Al-Ir Plotted partially at 1100 °C: no ternary compounds (at least [241, 244, 593, 995]
in the Ir rich part of the system), IrAl;, (<2120 °C),
InAlsy, (<~1615 °C), IrAl; (<1450 °C), Ir,Aly;
(<1015 °C), I, Aly (<900 °C), Al,Cs, Al Ir, C
In the wide compos. range graphite is in equilibrium with
metal Ir based solid solution and IrAl;.,.

C-Al-Mn-Si  Mn;sSi;C,~Mn3AlC,~Mn;5Si3C,—C and MnsSizC,— [298-299]
Mn;AIC,—Al4C3—C are plotted schematically.
C-Al-Mo Plotted at 1000 and 1450 °C: Mo;_,Al,,,C [242, 896, 957]

(-0.12 < x < 0.24, or Moy 46 +0.52A10.31 - 037C0.17),
(Al,M0)4C;5 (solid solution based on Al4Cs; < 5 at.% Mo),
MoAl;, (<~ 690 °C), MoAls (<735 °C), MoAl, (or
MoyAly,, <1130 °C), MozAlgy, (<~ 1550 °C), MoAl,_,
(x = 0.3, ~1490-1570 °C), MoAl;, (~1470-1720 °C),
Mos Al (<2150 °C), a-Mo,,,C, ¢’'-Mo,,,C, f-Mo,.,C,
n-MoC,_,, a-MoC,_,, y-MoC, Al, Mo, C

The interaction between --Mo,.,C and Al at

temp. >1250 °C leads to the formation of solid solutions
.

C-Al-Mo-Ni Plotted schematically and partially [851]
General consideration of the system.

C-AI-N-Si  Al4C3—AIN-SiC is plotted at 1860 °C: Aly,,Si;_,Ni..C7_. [280, 297, 300-302]
(-0.04 < x < 0.04), AlsSiNC, (or Al4C3-AIN-SiC),
AlgSiC5 (or 2A1,C5-SiC), Al4SiC, (or Al4C3-SiC), Al,Si>Cs
(or Al4C5-2SiC, ?), AIsNC; (or Al4C5-AIN), AI3NC (?),
AIN (<2400-2450 °C), Al4C3, SiC
SizN4~AIN-SiC and Al4C3;—~AIN-SiC are plotted at 1760
and 1860 °C, respectively: Als_,Si,N;_,C3,, (0 <x < 0.4),
AlS—xSile—xCSer (X ~ 05), AlS—xSile—xC3+x
(0.85 < x < 1), AlsSiNCy (or Al4C5-AIN-SiC), AlsNC; (or
Al4C3-AIN), ALSiCy (or Al4C;-SiC), AIN
(<2400-2450 °C), B-SizN, (<~ 1800-1900 °C), Al4Cs,

SiC
C-AI-N-Ti  No diagram plot [680-681, 744-745,
Ti,AIC,,N, (x = ~0.8, 0 <y <~0.8), TizAl(C,N), 860]

(M,,;1AX,-phase solid solutions)

C-AI-Nb Plotted at 700 and 800 °C: Nb,AIC (M,,;1AX,-phase), [680-681, 744-745,
o-NbyAlC3, -NbyAIC; (M,,1AX, -phases, ?), NbAl;_, 860, 896, 898, 958—
(<1680 °C), Nby4 Al (<1940 °C), Nbs,,Al (<2060 °C), 959, 965]
AlyCs, -Nb,C, -Nby,,C, 7-Nby,C, {-NbyCs_,, NbsCs.py,
NbC,_,, Al, Nb, C
No solid solutions based on ternary and binary compounds.

C-Al-Nb-Ti No diagram plot [680-681, 860]
(Ti,Nb),AIC (M,,;1AX,,-phase solid solution)
C-Al-Nb-V  No diagram plot [680-681, 860]

(V,Nb),AIC (M,,;;AX,,-phase solid solution)

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Al-Nb—Zr

C-AlI-O

C-Al-O-Si

C-Al-O-Ti

C-Al-O-U

C-Al-Si

C-Al-Ta

C-Al-Ta-Ti

No diagram plot

(Nb,Zr),AlIC (M,,;1AX,-phase solid solution)

Plotted at 1000-2400 °C: Al,OC, Al;04C, AlCo0( (at
least at 2000-2050 °C), AIC,0, (at least at 2100 °C),
Al4C,0q (at least at 2100 °C), AICO (at least at 2400 °C),
ALO (7), y-Al,05_,, a-Al,O3 (<~2030-2055 °C), Al4C5,
Al O, C

Al,05-ALC; is plotted: Al,OC (1650-2000 °C), Al,04C
(<1890 OC), 1-A1203, A14C3

In vacuum, the interaction between C and «-Al,Oj initiates
in powdered mixtures from ~ 1350 °C, on bulk materials
contacts—from ~ 1800 °C, and is ruled by diffusion stage
(parabolic law) with formation of Al,C;.

No diagram plot

At 2000 °C in powdered mixtures, the interaction between
SiC and Al,Os in air leads to the formation of elemental Al,
Si and phases close to nonstoichiometric mullite
xA1,05-ySi0, (7).

No diagram plot

Ti,Al(C,0) (M,,;1AX,-phase oxycarbide solid solution)
No diagram plot

At 1900 °C the interaction between f-UC,_, and Al,O; is
weak.

Plotted at <580, 2000 and 2150 °C: AlgSiC; (or
2A14,C5-SiC), AlSiCy (or Al4C5-SiC), Al4Cs, SiC, Al Si, C
Al4C3-SiC is plotted: AlgSiC; (<2085 °C, incongruent
melt. point), a-Al4SiCy, f-Al4SiCy (<2080 °C, congruent
melt. point), Al4Si,Cs (or Al4C;3-2SiC, ?), Al4SizCg (or
Al4C3-3SiC, ?), AlySiyC; (or Al4Cs-48SiC, ?), Al4Cs, SiC
The presence of Si in Al alloys results in the predominant
formation of SiC and suppresses the formation of Al,C;
during the contact interaction of the Al-Si alloys with
graphite.

Plotted at 700 and 1000 °C: Ta,AlC, TazAlC,, TasAlzC_,,
a-TaAlC; (<~ 1600 °C), f-TasAlCs (M, AX,-phases),
TazALC (?), TaAl; (<1550-1630 °C, ?), TaAl,

(<~1595 °C, 7), a-Ta,Al; (<1225 °C, ?), f-TayAls
(~1225-1550 °C, ?), TaAl (<1770 °C, ?), 0-Ta, Al
(<~2000-2100 °C), TasAl (?), Al4Cs, o-Ta,,,C,
ﬂ-TaZixC, C-Ta4C3_x, TaGCSixs TaCl_x, Al, Ta, C

The interaction between TaC,_, and Al at temp. >1250 °C
leads to the formation of solid solutions (?).

Plotted at 1100 °C (for 9.1 and 25 at.% C): (Ti,Ta),AlC
(M,,+1AX,-phase solid solution), (Ta,Ti)C;_, (TaCy_,—
TiC,_, monocarbide continuous solid solution with the
critical point of the miscibility gap calculated to be below
0°C)

[680-681, 860]

[138, 194, 303-304,
382, 960]

[891]

[744-745]

[242]

[242, 292-294, 661,
1002]

[242, 680-681, 744—
745, 860, 881, 896,
965]

[680-681, 860, 881]

(continued)



2.6 Chemical Properties

Table 2.14 (continued)

109

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Al-Ta-V

C-Al-Ti

C-Al-Ti-V

C-AlI-U

No diagram plot

(V,Ta),AlIC (M,,;1AX,-phase solid solution)

Plotted at 750-1300 °C: TizAlIC_, (x = 0.5,

<1570-1590 °C), Ti,AlIC,_, (x = 0.2, <1615-1635 °C,
M,;1AX,-phase), TizAlC,_, (at least at ~1300 °C,
M,.,1AX,-phase), -(Ti,Al) (ordered, ~1105-1425 °C),
or-Tizy, Al (<~1180-1195 °C), a-Tip4, Al (<~ 1500 °C,
7, y-TiAl L, (<~ 1455-1480 °C), Ti;_,Al;,, (disordered,
1170-1480 °C), TisAls (<700-810 °C, ?), o-TiAlr4,
(<~1225-1240 °C), f-TiAlyy, (?), &-TisAly; (from
990-995 °C to ~ 1415 °C, ?), {-TirAls., (or J-TirAls,,
or TigAl,s, from ~975-1150 °C to ~1385-1430 °C),
o-TiAlz (<~600-930 °C), f-TiAl; (from ~600-930 to
1355-1395 °C), Al4C; (no solubility for Ti), TiCy_,, o-Ti,
p-Ti, Al, C

TiC;_,—y-TiAl; ., is partially plotted: Ti,AlC,_,, TiC,_,,
y-TiAl;4,; the max. solubility of TiC,_, in y-TiAl ., at
1530 °C is 0.9 mol.% and it decreases to <0.7 mol.% as
the temp. decreases to 600-1200 °C.

Non-stoichiometric TiC;_, (0.09 < x < 0.18) is resistant to
corrosion in molten Al at temp. <1000-1100 °C; the
interaction of near-stoichiometric TiC,_, (x < 0.09) with Al
leads to the formation of Al4Cs, whereas highly non-
stoichiometric TiC;_, (x > 0.18) interacts with the
formation of -TiAl;. At 1250-1400 °C weak interaction
between TiC;_, and Al with the formation of Al4Cj; is
observed. At 1700 °C Al vapour penetrates into the porous
structure of TiC;_, without chemical interaction.

The M,,,1AX,-phase of Ti3;AlC, exfoliated in hydrofluoric
acid are employed for the fabrication of Ti,C, 2D-
nanosheets (graphene-like nanocrystals).

No diagram plot

(Ti,V),AIC (M,,;1AX,-phase solid solution)

Plotted at 600 °C: UAIsCy, a-UALC; (?), f-UAILZCs,
U,AI3Cy (7), a-UAly,, (<~645 °C), f-UAly,,
(~645-730 °C), UAl; (<1350 °C), UAl, (<1620 °C),
AlC3, UC 4y, (-U,Cs, 0-UC,,, f-UC,,, o-U, B-U, y-U,
Al, C

UC,4,~UAL is plotted: eutectic—1540 °C, ~ 10 mol.%
UCH.JY (~35 at.% C)

No solid solutions based on ternary and binary compounds.
The interactions between UC,., and Al at temp. >500 °C,
and between «-UC,_, and Al at temp. >600 °C are active;
and lead to the formation of C, UAl; and UAly,,.

[680-681, 860]

[241-242, 244, 305—
312, 605-606, 624,
680-681, 744-745,
830, 859-860, 881,
896, 903-904, 962]

[680-681, 860]

[242, 961]

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Al-V

C-Al-W

C-Al-Zr

C-As-Nb

C-As-V

C-Au-Th

C-Au-U

C-B-Be

Plotted at 800 and 1000 °C: V,AIC, V3AIC, (M,,;1AX,-
phases), V4AIC;_ (x = 1/3, M,,;1AX,,-phase, ?), VoAl
(<~665 °C), V;Al5 (<~690 °C), V4Aly; (<~735 °0),
VAl; (<1360 °C), VsAlg (<1670 °C), Al4Cs, a-V,,,C,
ﬂ'VZj:xca /)”_V2+XC7 C'V4C3—x’ VGCSixs V8C7ix’ Vcl—x»

V, Al C

No solid solutions based on ternary and binary compounds.
Plotted at 900 °C: WAIC,_, (x = 0=+ 1.0, or (W 5Alo5)Cy_y
with y = 0-+0.5, ?), W,Al,C, (ordered phase W>AIC, ?),
P-WAl; (<697 °C), 5-WAls_, (<870-871 °C), e-WAl,r,
(<~1325 °C), (-WAl34, (~1300-1345 °C), n-W3Aly.,
(~1325-1420 °C), 0-WAl,., (~1335-1650 °C), Al,Cs,
O(-Wz_H(C, ﬂ-W2+XC, V—Wzixc, 'J}-WC],X, 5—WC1ix, W, Al, C
The interaction between 6-WC .., and Al at

temp. >1250 °C leads to the formation of solid solutions
.

Plotted at 600, 700 and 1000 °C: Zr3A13C5, Zr2A13C5,
ZrsAlC, Zr,Al3Cy (), ZrAIC,_, (?), ZrAl; (<1580 °C),
ZrAl, (<1645 °C), Zr,Als (<1595 °C), ZrAl (<1275 °C),
ZrsAly (~1000-1530 °C), ZryAly (<~ 1035 °C), Zr3Al,
(<~ 1480 °C), ZrsAlz (~1000-1400 °C), Zr,Al

(<1250 °C), Zr;Al (<~990 °C), Al,Cs, ZrCy_,, o-Zr, f-Zr,
Al, C

The interaction between ZrC,_, and Al at temp. >1250 °C
leads to the formation of solid solutions (?).

No diagram plot

Nb,AsC (M,,;1AX,,-phase)

Plotted at 1100 °C: V,AsC (M,,+1AX,-phase), V3AsC (wide
homog. range), VsAs;Ci_, (x = 0.3), VAs,, VAs, a-V4As3,
B-V4AS3, V3A82, O{-V5A83, ﬁ-VSAS:;, ”)’-VsASj;,VzAS, V3AS,
-V, C, f-Voi,C, f'-V3,,C, {-V4Cs_y, VeCsr, VsCoosv,
VC_, V, As, C

No diagram plot

At 850 °C, in vacuum the interaction between ThC,_, and
Au leads to the formation of C and Th;4Aus; (or ThAus).
No diagram plot

At 950-1100 °C, in vacuum the interaction between UC,
and Au leads to the formation of C and U 4Aus; (or UAus).
No diagram plot

BeB,C (?), BeB,C (?)

The interactions of C with Be4B (or BesB) and BeB, at
temp. >900 °C, with Be,B at temp. >1000 °C and with
BeB, at temp. >1200 °C lead to the formation of Be,C.

[680-681, 744745,
748, 860, 896, 898,
962]

[242, 541, 644, 896,
963]

[242, 744-745, 882
883, 896, 964-965]

[680-681, 744745,
860]

[680-681, 744745,
860, 956-967 ]

[242]

[242]

[242]

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-B-Ce

C-B-Co

C-B-Cr

C-B-Cr-N

C-B-Cr-Si

C-B-Dy

C-B-Eu

C-B-Er

C-B-Gd

Plotted at 1730 °C: CesB3Cj,, CesB,Cei (0 < x < 0.2, ?),
Ce5B4C5 (7), OC-CeB2C2 (?), ﬂ-CeB2C2 (.—,)’ CCB2C4 (7),
CeB,C (?), Ce19BoC3 (?), CeBC (?), CeB, (<~2380-2390
°C), CeBgi, (<~2290-2550 °C), Ce,C3, a-CeCs,
ﬂ-CeC2iX, B4iXC, OC-CC, ﬁ—Ce, "/-Ce, ﬁ-B, C

No equilibrium phase diagram plot

Co02,B4C,

The interaction between B4.,C and Co leads to the
formation of eutectic alloy and solid solutions.

Plotted at 1100 and 1450 °C: Cr3(B,C)C,_, (or Cr3B,C_,,
~1550-1710 °C), Cr3(B,C;_,); (or Cr3(C,B),_,, Cr3BC,
<1810-1830 °C), Cr7(B,C|_,)3+x (or Cr7(C,B)34, Cr7BCy,
<1765-1780 OC), Cr23(BXC1—x)6ix (0r Cr23(C,B)6i,,
<1575-1615 °C), Cr,,B (<~ 1870 °C), CrsB34,
(<~1900 °C), a-CrB; 4, (<1000 °C, ?), f-CrB .,
(~1000-2150 °C, ?), Cr3B4, (<2070-2075 °C), Cr,Bj; (at
least at ~1000-1500 °C), CrB,., (<~2150-2250 °C),
CrB4 (<~ 1450-1500 °C), B4,C, Cr, -B, C
CrB,—B,4.,C is plotted: eutectic—2150 °C, ~40 mol.%
B4+.C (~7-8 at.% C)

CrB,—C is plotted: eutectic—~ 1875-1980 °C

No diagram plot

At 1650 °C the interaction between o-BN and Cr;C,_, leads
to the formation of Cr and Cr,,,N.

SiC-CrB; is plotted: eutectic—2030 °C, ~25 mol.% SiC
(12.5 at.% C); the max. solid solubility of CrB, in SiC

is ~2 mol.% and that of SiC in CrB, is ~2.5 mol.% (at
the eutectic temp.)

No diagram plot

DyBC, Dszc, DyB2C2, Dy5B2C5, Dy2B4C, Dy5B2C6, ?
Plotted at 1500 °C: EuB,C,, EuB,C, (or Euy(C,B)3),
EuBg¢_,C,, (0 < x < 0.25, or Eu(C,B)g), EuBg,
(<~2580-2710 °C), Eus_,C, Eu,Cs, a-EuC,, -EuC,,
EuCg, B4+.C, Eu, f-B, C

No diagram plot

ErBzc, EI'B2C2, Er5B2C5, Er2B4C, EI'5B2C6, ErB28'5C4, ?
Plotted at 2000-3000 °C: GdBC, GdB,C,, GdB,Cy,
Gd2B2C, Gd2B3C2, Gd3B2C3, Gd3B4C2, Gd3B4C3 (Or
Gdo3B0.4Co.3), Gd3BsCy, GdyB3C3, GdyB3Cy, GdsBoCs,
Gd5B2C6, GdSBSC4, Gd6B9C4, Gd7B4C9 (or
Gdo.35B0.19C0.46, 7), Gd7B5Cy (or Gdo 35B0.45Co.2, 7),
GdgB7Cs (or Gdo4B.35Co.25, ?7), GdgBgCo, GdgBoC5,
Gngng (Or Gd|0B9C5), Gd9B8C7, Gd9B10C6, Gd]oBgC@,
Gd;sB4C6, GdB, (~1280-2050 °C), ~Gd,Bs

(<2100 °C), GdB,4 (<~2650 °C), GdBg¢., (<2510 °C),
GdBgg (or GdB (g, <2150 °C), Gds,,C, Gd,C, GdC_,,
Gd,Cs_y, 2-GdC,, -GdC,, GdC, B4, C, Gd, -B, C

No solid solutions based on binary and ternary compounds.

[241, 244, 391, 690,
958]

[242, 727]

[241-242, 244, 276,
314-317, 320, 322—
323, 394, 690, 725-
726]

[242]

[318, 566-567]

[391, 690]

[241, 319, 690]

[391, 690]

[241, 391, 616618,
690]
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-B-Fe

C-B-Fe-Ti

C-B-Hf

C-B-Hf-Si

C-B-Hf-W

C-B-Ho

C-B-Ir-Th

Plotted at 700-1080 °C: Fe5(B,C;_,) (or Fe;(C,B), [241-242, 244, 324—
<~1190-1250 °C, 0.05 < x < 0.90 at 1050 °C), 327, 391]
Fey3(B,Ci_,)g (or Fey3(C,B)g, Fea3C3B3, <800-965 °C),

Fe,B (<~ 1405 °C), FeB (<~ 1590 °C), Fe;C, B44..C,

a-Fe, y-Fe, o-Fe, f-B, C

TiC,_,~TiB,.—Fe is plotted: eutectic—1170 °C, 1 mol.% [834]

TiCy_,, 7.5 mol.% TiB,., (0.8 at.% C)

Plotted at 1400-3200 °C: HfB.., (<2100 °C), HfB,.., [138, 241-242, 244,
(<~3250-3410 °C), HfC,_,, B4+,C, o-Hf, f-Hf, p-B, C  328-333, 573]
Eutectic HfB,.,—o-Hf-S-Hf (1850 °C)

Eutectic HfBzix—B4ixC—ﬂ-B (1950 OC)

Eutectic HfB;4,—B44,C-C (~2260-2320 °C, ~6.5-9.0

at.% Hf, ~25.0-28.5 at.% C)

Eutectic HfB,, ,—HfC;_~C (~2480-2515 °C, ~21-24

at.% Hf, ~38.0-39.7 at.% C)

HfB,.,—B4.,C is plotted: eutectic—~ 2330-2410 °C,

~68-78 mol.% B44,C (~15.0-15.8 at.% C); the max.

solid solubility of HfB,., in B44,C is <1 mol.% and that

of B4,C in HfB,., is <2 mol.% (at the eutectic temp.)

HfB,.,—HfC;_, is plotted: eutectic—~3110-3140 °C,

~35 mol.% HfC,_, (~16.0-16.3 at.% C); the max. solid

solubility of HfB,., in HfC;_, is ~10 mol.% and that of

HfC,_, in HfB,., is <2 mol.% (at the eutectic temp.)

HfB,.,—C is plotted: eutectic—~ 2340-2515 °C,

~24-38 mol.% HfB,., (~35-40 at.% C); the max.

solubility of C in HfB,. . is <3 at.% (at the eutectic temp.)

No diagram plot [566-567, 653]
The general consideration of HfB,.,—SiC phase relations.

No diagram plot [653]

The general consideration of HfB,.,—x-WC phase

relations.

Plotted at 1500 °C: HoBC, HoB,C, HoB,C,, Ho,B,C3, [241, 334, 690]
H03B2C3, H05B2C6, H0582C5, H015B2C17, HOB2

(<2200 °C), HoBy, (<2500 °C), HoBg., (<2180 °C),

HoB, (<2100 °C), HoBgg (<2025 °C), Ho,C, HosCsg,

Ho,C3, HoC,, B,4.,C, a-Ho, f-Ho, -B, C

No solid solutions based on binary and ternary compounds.

No diagram plot [976]
ThIrszc, ?

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-B-La

C-B-La-Mo

C-B-La-Si

C-B-La-Si-
w

C-B-Lu

C-B-Mn

C-B-Mo

No complete diagram plot [241-242, 244, 370,
LaBC, LaB2C2, LaB2C4, La5B2C6, (r’), LamBgC]z, (r’), 391, 690]
La;sB14Co, (7), La;oBs_,Cyi_, (or LasBy ;. 25C 5155,

7, LasB4Cs_,, (x = 0.15, ?), LaB4 (<1800 °C), LaBg.,

(<~2500-2715 °C), La,Cs_,, a-LaC,, -LaCs,.,, B4+, C,

o-La, f-La, y-La, -B, C

LaBg.,—B4+,C is plotted: eutectic— ~2220-2260 °C,

~70 mol.% B44,C (~12.5 at.% C); mutual solubilities of

the components are very low

No diagram plot [242]

LaBg, and fi-Mo,.,C are stable and compatible with each

other at 1800-2100 °C

LaBg.,—SiC is plotted: eutectic— ~2090-2130 °C, [568]

~75 mol.% SiC

o-W,Bs_,—LaBg1,—SiC is plotted: triple eutectic— [570]

~ 1860-1900 °C, ~45 mol.% SiC, ~10 mol.% LaBg..,;

virtually no mutual solubilities between the components

No diagram plot [690]

LuB2C2, LU3BC3, LuBZC, ?

Plotted at 800, 850 and 1000 °C: Mn;BC, (?), Mny;3B3C3  [242, 391, 969-970]
(7), Mn»3(C,B)g (extended solid solution based on Mn»3Cg),

Mn,(C,B);5 (extended solid solution based on Mn;Cs),

Mns(C,B), (extended solid solution based on MnsC,),

MnB, (<~ 1380 °C), MnB, (~ 1100-1830 °C), Mn;B4

(<~ 1825 °C), MnB (<~ 1890 °C), Mn,B (<~ 1580 °C),

Mn4B (<~ 1120 OC), S—Mn4ixC, Mn15C4, MH3C, B4ixC,

o-Mn, -Mn, y-Mn, 6-Mn, -B, C

Plotted at 1300 and 1800 °C: Mo,BC,_, (<2100-2300 °C), [138, 241-242, 244,
Mo, B (<2280 °C), Mo3B, (1920-2070 °C), a-MoB;_, 320, 335-337, 394,
(<2180 °C), i-MoB 1, (~1800-2610 °C), MoB,_, 690, 853, 877]
(~1515-2375 °C), Mo,Bs_, (<2140 °C), MoB,_, (or

MoBs;,,, <~ 1805 °C), a-Mo,,,C, o'-Mo,,,C, f-Mo,..C,

n-MoC,_,, «-MoC,_,, y-MoC, B4.,C, Mo, -B, C

Eutectic MoB,_,—B4.,C-C (~2250-2280 °C, ~22 at.%

Mo, ~17 at.% C)

Eutectic Mo,BC,_,—f-MoB,—C (~2170-2215 °C, ~43

at.% Mo, ~30 at.% C)

Eutectic M0o,BC;_,—a-MoC;_,—C (~2115-2165 °C, ~48

at.% Mo, ~41 at.% C)

Eutectic ,B-MOB 1 :tx_,B'MOZﬂ:XC_MOZBC 1—x

(~2260-2270 °C, ~56 at.% Mo, ~ 18 at.% C)

Eutectic Mo,4,B-f-Mo,.,C-Mo (~2100-2155 °C, ~76

at.% Mo, ~10 at.% C)

p-MoB,.—C is plotted: eutectic— ~ 2300 °C, ~45 mol.%

p-MoB ., (~36 at.% C)

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-B-Mo-N

C-B-Mo-Ni

C-B-Mo-Si

C-B-N

C-B-N-Nb

C-B-N-Si

MoB,_,—C is plotted: eutectic—2180 °C (?)

Mo,BC,_,—C is plotted: eutectic—1825 °C (?)
Mo,Bs_,—C is plotted: eutectic—2175-2200 °C (?)
MoB,_,—B,4.,C is plotted: eutectic— ~ 30-40 mol.%
Byt C (D)

No diagram plot

In vacuum the interaction between metal Mo and
composition of a-BN + 23 mol.% B4..,C begins from
1600 °C (in powder mixtures—from 1500 °C) and leads to
the formation of Mo,.,B, «-MoB,_, (frontal layers) and
f-Mo,..C (inclusions); at temp. >1700 °C dense
specimens weld together.

No diagram plot

The intensive interaction between B,.,C and Ni-Mo alloy
is observed.

No diagram plot

The general consideration of MoB,_,—SiC phase relations.
Plotted at 1530-4030 °C: B3CNj3 (or B(CN)3, <450 °C),
a-BCN, (0 < x <~2, BN-C substitutional solid solution,
graphene/graphite-like), f-BC,N,, (0 < x <~ 1, BN-C
substitutional solid solution, diamond-like), variety of
metastable phases—B,CN,, BCN, BC,N, BC3N, (BN),C_,,
B,_.C,N, BC4_,N, Bso(C,_N,), and others, a-BN (or
h-BN, graphene/graphite-like, <2770-3170 °C), «'-BN (or
r-BN, f-graphite-like), f-BN (or c-BN, diamond-like),
y-BN (lonsdaleite-like), B4+,C, f-B, N, C

a-BN-C is plotted: gas-eutectic B,4,C—C (2385 °C, ~30
at.% C)

The interaction between graphite materials and «-BN
initiates from 1900 °C and leads to the formation of B4 ,C
and some complex phases. The solubility limit of carbon in
the a-BN is ~ 15 at.%.

The chemical composition of nanotubular structures varies
widely within the C—B-N system. The stacking of C-rich or
BN-rich tubular shells in multiwalled structures can be
varied as well.

No diagram plot

In vacuum the interaction between metal Nb and
composition of o-BN + 23 mol.% B,4.,C begins from
1600 °C and leads to the formation of NbB;,., and NbB,. ,;
at 1900 °C dense specimens weld together.

Plotted at 1400 and 2000 °C: SizB,oC; (?), a-BN (or h-BN,
graphene/graphite-like, <2770-3170 °C), SiB3.,
(<~1270 °C), SiB¢ (<1850 °C), SiB,,

(<~2020-2035 °C), a-SizN, (metastable, ?), -SizNy
(<~1800-1900 °C), B4,C, a-SiC, -SiC, Si, f-B, N, C

[829]

[242]

[566-567]

[241-242, 244, 338
346, 359, 571-572,
635-638, 735, 862,
867, 878-879, 886]

[829]

[241, 244, 359, 571-
572, 762]

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-B-N-Ta

C-B-N-Ti

C-B-N-W

C-B-Nb

No diagram plot [829]
In vacuum the interaction between metal Ta and

composition of o-BN + 23 mol.% B4,.,C begins from

1600 °C and leads to the formation of TazB4., (traces of
/l—TaBH:X, TaBZix and V—TaZiXN).

Plotted schematically [571]
General consideration of the system.

No diagram plot [829]
In vacuum the interaction between metal W and

composition of «-BN + 23 mol.% B,..,C begins from

1900 °C (in powder mixtures—f{rom 1800 °C) and leads to

the formation of W,,,B and a-WB /|, (at temp. >2100 °C).
Plotted at 1750 °C: Nb3B5;C (<2970 °C), NbyB5C, (?), [138, 241-244, 336,
Nb,B4C5 (?), NbsB4Cy (?), Nb3B, (<~ 1800-2230 °C), 347-351, 394, 832,
NbB, 4, (<~2270-2915 °C), NbsB¢ (<~2295-2870 °C, 877]
7), Nb3By4 (<~2700-2935 °C), NbB,.., (<~3000-

3035 °C), a-Nb,C, -Nb,,C, y-Nb,.C, {-NbyCs_,,

NbgCs.y, NbCo_,, B41,C, Nb, -B, C

Eutectic Nszix—Nb3B4—Nb3B3C (2900 OC, ~43 at.%

Nb, ~12.5 at.% C)

Eutectic NbB,_,—NbC;_,—Nb;B;C (2700 °C, ~41.5 at.%

Nb, ~15.5 at.% C)

Eutectic NbB;,—NbsBs—NbC;_, (2730 °C, ~49.5 at.%

Nb, ~8 at.% C)

Eutectic Nb3B4~NbC;_,—Nb;B;C (2340 °C, ~44.5 at.%

Nb, ~12.5 at.% C)

Eutectic Nb-NbB . ,—f-Nb,,,C (2060 °C, ~75 at.%

Nb, ~7 at.% C)

Eutectic NbB,,—NbC;_,—C (2570 °C, 28.5 at.% Nb, 31.5

at.% C)

Eutectic NbB,,—B4.,C-C (2245 °C, ~15 at.% Nb,

~22.5 at.% C)

Nb3;B4—Nb;B;C is plotted: eutectic—2940 °C,

~12-13 mol.% Nb;B, (~12.5 at.% C)

NbB,.,—Nb3B;C is plotted: eutectic—2910 °C,

~16-17 mol.% NbB,., (~13 at.% C)

Nb3B3;C-NbC,_, is plotted: eutectic—2790 °C,

~3-5 mol.% NbC,_, (~14.5 at.% C)

NbB.,—NbC,_, is plotted: eutectic— ~ 2800 °C,

~20 mol.% NbC,_, (~8.5 at.% C)

Nb3;B4—NbC,_, is plotted: eutectic—2830 °C,

~50 mol.% NbC,_, (~10 at.% C)

NbB,. —NbC,_, is plotted: eutectic— ~ 2600-2900 °C

(7), ~43-47 mol.% NbC,_, (~16-18 at.% C)

NbB,.,—B4.4,C is plotted: eutectic—~2220-2280 °C,

~60-65 mol.% B4, ,C (~12-13 at.% C, ?); the max. solid
solubility of NbB,.., in B44,C is ~3 mol.% and that of

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-B-Nb-Si

C-B-Nd

C-B-Ni

C-B-Ni-Si

C-B-Ni-Y

C-B-Os-Th

C-B-Pd

C-B-Pr

B4+,C in NbB,., is ~2 mol.% (at the eutectic temp.)
NbB,..,—C is plotted: eutectic— ~2360-2710 °C,
~32-40 mol.% NbB,., (~29 at.% C)

At 2200 °C in vacuum the interaction of graphite with
NbB, L, results in the formation of NbB,.., and NbC,_,.
Some data on the system available in literature are
controversial.

No diagram plot

The general consideration of NbB,.,—SiC phase relations.
No diagram plot

NdB,C,, NdsB,Cs, Nd,BC, Nd;oByC;,, NdsB,C7, .

(x = 0.1), NdBC, ?

Plotted at 900-1300 °C: Ni,B,C; (or Ni,B,_,C,,
Nig¢B27Cos6, 7), NisB (<~ 1155 °C), Ni,B (<1125 °C),
NiygBs_, (or 0-NigBs, x ~ 0.2, <1025 °C), NiyBs,, (or
m-NigBs, x =~ 0.1, <~ 1030 °C), NiB (<1035 °C), B4.C,
Ni, f-B, C

The contact interaction between B,,C and Ni results in the
formation of multi-phase transition zone, including NiyBj
phase.

No diagram plot

The intensive interaction between B4..,C and Ni-Si alloy is
observed at 1450-1480 °C.

Plotted at 1300 °C: YNi,B, ,C, (x =1,0<y < 1),
YNiB4,XCx, YN]BC, I\IixByCZ (or NiZBl—xva Ni(,_(,szC()_(,,
7, YNiyB, YNi;;,Be, YNiBy, Y,Ni3Bg, YNigBs, Y4NiB3,
Y;Ni;B,, YNi,Cs, YsNiygCs, YNiC,, YBC, YB,C,, YB,C,
Y,BC,, YB, (<~2100-2320 °C), YB4 (<~2610—

2800 °C), YBg, (<~2600-2780 °C), YB, (<2200 °C),
YBgs (<2100 °C), NizB (<~ 1155 °C), Ni,B (<1125 °C),
Ni4B3_X (X X 02, or 0-Ni4B3, <1025 OC), Ni4B3+x

(x ~ 0.1, or m-NigBs, <~ 1030 °C), NiB (<1035 °C),
Y2:+:C, YCity, 2-Y3Cs s, f-Y3Cs s, 2-Y2Csy, f-Y2Csy,
OC-YCZ, B“Yclixs B4:brC’ O(-Y, ﬁ-Y, Nl, B-B, C

At 1300 °C the complex compounds YNiB,_,C, and
YB,C; are stable in the presence of graphite.

No diagram plot

ThOSszC?

No diagram plot

PdsBC, (x =~ 0.2, 7)

At 1480-1500 °C the interaction between B4 ,C and Pd
results in the formation of Pd borides.

No diagram plot

Pl'BzCz, PI'|0B9C|2, PrzBC, PI‘5B2C5, PI'BC, Pl‘]oB4C13,)C
(0 = x <05, or PrsB,Ce25-6.50), ?

[566-567]

[391, 690]

[241-242, 244, 727—
729]

[242]

[241-242, 244, 728,
730]

[976]

[242]

[391, 690]

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-B-Pt

C-B-Pt-Th

C-B-Sc

C-B-Si

C-B-Si-Ta

C-B-Si-Ti

C-B-Si-V

No diagram plot

At 1480-1500 °C the interaction between B4, C and Pt
results in the formation of Pt borides.

No diagram plot

ThPt,B,C, ?

Plotted at 25 and 1700 °C: ScB,C,, Sc,BC,, ScyBC, (or
Sc3Bo.75C3), ~ScaBCs (or ScogBsaCis7, SczB1.1C30),
~S¢;B30C3 (or ScBysCy 60, 7), ~ScyBsgC (or ScB7Co.s,
7), ScB,C (?), ScB13C (?), ScB, (<2250 °C), ScB»
(<2040 OC), SCC],x, OC-SC4C3, ﬁ-SC4C3+x, SC3C4,x, B4ixC,
a-Sc, f-Sc, f-B, C

No solid solutions based on binary and ternary compounds.
Plotted at 1130-2480 °C: SiB,C, (n ~ 30, x = 0.35),
~SiBgCo (?), SiBs., (<~ 1270 °C), SiBg (<1850 °C),
SiB,, (<~2020-2035 °C), B,.,C, SiC, Si, f-B, C
Eutectic SiC-B,4,C-C (~2245-2300 °C, ~62-70 mol.%
B4+,C, ~30 mol.% SiC, ?)

Transition reaction: liquid + C (graphite) < SiC + B,,C
(2295 °C, 1)

SiC-By44,C is plotted: eutectic— ~2240-2300 °C (?)

No diagram plot

The general consideration of TaB ,.,—SiC phase relations.
Plotted schematically: TisSi3(B,C),_, (Nowotny phase),
TisSiz,C, (0 < x < 0.99, solid solution based on
TisSisz,, <~2130-2335 °C), Ti3SiC, (<2375 °C, narrow
homog. range at lower temp., M,,,;AX,,-phase), SiB,C,

(n ~ 30, x = 0.35), ~SiBsCy (?), SiB3., (<~ 1270 °C),
SiBg (<1850 °C), SiB,, (<~2020-2035 °C), TisSi

(<1170 °C), TisSis (<1920 °C), TiSi (<1570 °C), TiSi,
(<1490-1500 °C), TiB,_, (<~2180-2200 °C), Ti3;B4
(<~2200-2205 °C), TiB,, (<3200-3250 °C), TiC_,,
B4+.C, SiC, o-Ti, -Ti, Si, -B, C

TiC,_,—SiC-TiB,.., is plotted: eutectic—~2110-2190 °C,
~16-34 mol.% TiC,_,, ~44-56 mol.% SiC (~32-35
at.% C)

SiC-B44C-TiB,., is plotted: eutectic— ~ 2200-2250 °C,
~51 mol.% B4+,C, ~41 mol.% SiC (~25 at.% C)
SiC-TiB,., is plotted: eutectic— ~ 2150-2250 °C,
~64-68 mol.% SiC (~27 at.% C)

No diagram plot

The general consideration of VB,—SiC phase relations

[242]

[983]

[391, 690, 971-972]

[241-242, 244, 352~
359, 571-572, 889—
890]

[566-567]

[241-242, 244, 419,
463, 487, 503, 506—
509, 566-567, 571,

640-642, 654-659,

680-681, 691, 731-
734, 860, 889]

[566-567]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

C-B-Si-W SiC-f-W,Bs_, is plotted: eutectic— ~2030-2090 °C, [566-567, 569]
~40 mol.% SiC

C-B-Si-Zr SiC—ZrB,.., is plotted: eutectic—2270 °C, 23 mol.% [360, 566567, 590,
ZrB,.,; the max. solid solubility of ZrB,.., in SiC is 654]

~2.7 mol.% and that of SiC in ZrB,,, is ~3 mol.% (at
the eutectic temp.)

At 2000 °C SiC, ZrB,., and B4 ,C within the mol.
ratios ~(20-45) : (30-70) : (10-25) are compatible with

each other.

C-B-Sm No diagram plot [391, 690]
o-SmB,C,, -SmB,Cs, SmsB,Cs, SmsB,Cs, SMBC, ?

C-B-Ta Plotted at 1750 °C: Ta,. B (~1900-2420 °C), Ta3B,4 [138, 241-242, 244,

(<2180 °C), /-TaB 4, (<3090 °C), TazB,., (<3030 °C), 349, 351, 361-365,
TaB,., (<~3040 °C), o-Tay,C, f-Tap4,C, {-TayCs_,, 723, 832]
Ta(,Csix, TaC|_x, B4ixC, Ta, IB-B, C

Eutectic TaB,,,—B4.C—f-B (~2000 °C, ?)

Eutectic TaB,4,—B44,C—C (~2150 °C)

Eutectic TaB,.,~TaC;_~C (2550 °C)

TaB,.,—B4.,C is plotted: eutectic— ~ 2340-2400 °C,

~67-69 mol.% B4, ,C (~14.5 at.% C); the max. solid

solubility of TaB,., in B44,C is <1 mol.% and that of

B4+,C in TaB,., is ~1 mol.% (at the eutectic temp.)
TaB,.,~TaC,_, is plotted: eutectic— ~2690-2770 °C,

~34-35 mol.% TaC,_, (~12 at.% C); the max. solid

solubility of TaB,., in TaC;_, is ~7 mol.% (at the

eutectic temp.), the components are virtually insoluble in

each other at temp. <2100 °C

TaB,.,—C is plotted: eutectic— ~ 2390-2650 °C,

~32 mol.% TaB,4, (~40 at.% C)

C-B-Tb No diagram plot [391, 690]
TbB,C, TbB,C,, Tb,B4C, TbsB,Cs, TbsB,Cs, ?
C-B-Th Plotted at 900, 1300 and 1400 °C: ThB,C, ThBC,, Th,BC,, [138, 238, 241, 244,

ThBC, Th3BC;, ThB, (<2475 °C), ThBg,, (<2450 °C), 391]
~ThBgg - 77 (<~2150 °C), ThC.,, o-ThC,_,, f-ThC,_,,
y-ThC,_,, B4+.C, a-Th, -Th, -B, C

No mutual solid solubility between Th carbides and

borides.
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System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-B-Ti Plotted at 1500-2900 °C: TiB,C, (?), TiB;_ [138, 241-242, 244,

(<~2180-2200 °C), Ti3B4 (<~2200-2205 °C),

TiB,4, (<3200-3250 °C), B4+.C, TiC,_,, o-Ti, -Ti,

p-B, C

Eutectic TiB_~TiC;_, (x ~ 0.5)-f-Ti (~ 1450-1535 °C,
~91-93 at.% Ti, ~2-3 at.% C)

Eutectic TiB,4,—B4+,C (x ~ 4+7, ~Bg. ;C)-f-B
(~1990-2060 °C, ~1.5-1.9 at.% Ti, ~0.2-1.5 at.% C)
Eutectic TiB,4,—B4+,C (x &~ 0)-C (~2110-2245 °C,
~7-10 at.% Ti, ~23-28 at.% C)

Eutectic TiB,4,~TiC_, (x ~ 0)-C (~2380-2400 °C,
~26-29 at.% Ti, 37.4-38.0 at.% C)

TiB,4,—B44.C (x = 0) is plotted: eutectic—
~1900-2240 °C, ~58-60 mol.% B4, ,C (~14 at.% C);
the max. solid solubility of TiB,., in B44,C is ~2 mol.%
and that of B4,C in TiB,4is ~0.5 mol.% (at the eutectic
temp.)

TiBy4,-B41+.C (x & 0.5+2.0, ~B45.60C) is plotted:
eutectic—~ 2160-2380 °C, ~70-75 mol.% B4,C
(~11-16 at.% C); the max. solid solubility of TiB,., in
B44,Cis ~2.4-4.0 mol.% and that of B4,,C in TiB,,
is ~1.0-1.5 mol.% (at the eutectic temp.)

TiBy4, (x & 0)-TiC;_, (x = 0.05) is plotted: eutectic—
~2480-2700 °C, ~54-70 mol.% TiC;_, (~21-29 at.%
C); the max. solid solubility of TiB,., in TiC;_, is
~2-3.5 mol.% and that of TiC,_, in TiB,., is <2 mol.%
(at the eutectic temp.)

TiBy4, (x & 0)-TiC_, (x = 0.08) is plotted: eutectic—
~2600-2685 °C, ~67-70 mol.% TiC,_, (~27-29 at.%
C); the max. solid solubility of TiB,., in TiC,_, is

~2-5 mol.% and that of TiC,_, in TiB,., is ~2-3 mol.%
(at the eutectic temp.)

TiBy4, (x & 0)-TiC,_, (x = 0.20) is plotted: eutectic—
~2450-2690 °C, ~62-71 mol.% TiC,_, (~22-26.5 at.%
C); the max. solid solubility of TiB,., in TiC;_, is

~3-5 mol.% and that of TiC;_, in TiB,4, is ~1-5 mol.%
(at the eutectic temp.)

TiBy4, (x = 0)-TiC_, (x = 0.32) is plotted: eutectic—
~2380-2675 °C, ~76 mol.% TiC,_, (~28-29 at.% C);
the max. solid solubility of TiB,., in TiC,_, is

~5-7 mol.% and that of TiC,_, in TiB,,is ~5 mol.% (at
the eutectic temp.)

TiB,.,—C is plotted: eutectic— ~2490-2555 °C,

~39-42 mol.% TiB,.., (~32-34.5 at.% C); the max. solid
solubility of C in TiB,., is ~2-5 mol.% (at the eutectic
temp.)

252, 330, 364-366,
391, 567, 571, 573,
596-599, 627, 691,
838, 889, 985]

(continued)



120 2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
At 1600 °C TiB,_, is in equilibrium with TiC;_, (TiCo 4 - 0.65),
TiBZix—With TiCl,X (TiC0A65 . IAO) and Tl3B4—W1th TiC0‘65.
In the TiB,4,~TiCy_, system, with increasing C content in
TiC,_, from TiCy 4 to TiCy g, the eutectic temp. increases; and
further increase in C content from TiCy g to TiC; o leads to the
decrease of the eutectic temp. With increasing C content in
TiC,_,, the solubility of TiB,.., in TiC;_, declines. In the wide
temp. ranges, depend. on compos., graphite is in equilibrium
with TiBzi,( + TiC]_X or TlBZiX + B4ixC.

C-B-Tm No diagram plot [690]
TmB2C2, TmBzc, Tm5B2C6, Tm5B2C5, Tszs7C8, ?

C-B-U Plotted at 1300-1600 °C: UB,_,Cy,, (<2145 °C), UB,C  [138, 241, 244, 367—
(<2280 °C), ~UsB,Cy, UB,y., (<2385 °C), UB, 368, 391, 690]

(<2495 °C), UB;, (<~2145-2235 °C), UC,4,, (-U,Cs,
o-UGC,, f-UC,,, B44,C, U, -B, C

C-B-V Plotted at 1450, 1600 and 2000 °C: V_B,,C (V_\Bys—  [138, 241-242, 244,
B,5C solid solution, metastable, ?), V3B, (or V3(B_,C,),, 349, 362, 364-365,
<~1900-1915 °C), VB (<~2550-2570 °C), V5B 369, 371, 832]

(<~ 1725-2560 °C), V3B, (<~2600-2615 °C), V,B;
(<~2610-2665 °C), VB, (<2700-2750 °C), a-V,,,C,
ﬁ'VZisz ﬁ/—V2+XC, g'V4C3—x7 VGCS:E)(’ V8C7:tx7 VCl—x,
B4+.C, V, -B, C

VB,.,—B4.,C is plotted: eutectic—~2140-2200 °C,
~52-55 mol.% B,4.,C (~13 at.% C); the max. solid
solubility of VB, in B44,C is <1.5 mol.% and that of
B4+,C in VB,,, is ~2 mol.% (at the eutectic temp.)
VB,.,—VC,_, (x = 0.12) is plotted: eutectic—~2100—
2140 °C, ~54 mol.% VC,_, (~20 at.% C); the max. solid
solubility of VB, in VC;_, is ~8.5-10.0 mol.% and that
of VC_, in VB, is <2 mol.% (at the eutectic temp.)
VB,.,—C is plotted: eutectic—2450 °C, ~30-32 mol.%
VBs4, (~44 at.% C); the solubility of C in VB, is low
Some data on the system available in literature are
controversial.

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility
C-B-W Plotted at 1500-2800 °C: W,,,B (<2670 °C), a-WB .,  [138, 241-242, 244,
(<2110-2170 °C), f-WBj, (from 2110-2170 °C to 320, 372-3717, 394,

2665 °C), -W,Bs5_, (~900-2365 °C), WBy4,, (<2020 °C), 564-565, 912]
-W2,,C, B-W1,,C, 7-W31,C, f-WC\_,, 6-WCiy B4 C,
W, -B, C

Eutectic WB4,,—B4+.C—f-B (1950 °C)

Eutectic W B—y-W,, .C-W (~2355-2385 °C,
~70.7-71.0 at.% W, ~11-12 at.% C)

Eutectic Wy B—f-WB,—y-W,,C (~2305-2325 °C,
~60-62 at.% W, ~14 at.% C)

Eutectic ﬁ_WBlix_y_WZ:th_é_WCI:tx (~2300—2325 OC,
~55-58 at.% W, ~16-19 at.% C)

Eutectic -WB4,—a2-W,Bs_~C (~2240-2260 °C,
~32-35 at.% W, ~7.4-7.9 at.% C)

Eutectic o-W;,B5_,—B44,C-C (2180 °C, ~18-20 at.% W,
~8-11 at.% C)

Wi, B—y-W,,C is plotted: eutectic— ~2370-2390 °C,
~41 mol.% y-W,4,C (~12.0-12.5 at.% C); the max. solid
solubility of W,,,B in y-W,,C is ~7 mol.% and that of
7-W54,C in W, B is ~3 mol.% (at the eutectic temp.)
Wy.,B-0-WC\, is plotted: eutectic—2290 °C
p-WBL,—y-W,.,C is plotted: eutectic— ~2325-2330 °C,
~38 mol.% y-W,.,C (~ 15 at.% C); the max. solid
solubility of f-WB., in p-W,,,C is ~5 mol.% and that
of p-W5.,C in f-WB4, is ~5.5 mol.% (at the eutectic
temp.)

o-W5Bs ,—B,4,C is plotted: eutectic— ~2130-2220 °C,
~76 mol.% W,Bs_, (~6.0-7.2 at.% C); the max. solid
solubility of a-W,Bs_, in B4, Cis ~ 1.5 mol.% and that of
B4+.C in a-W;,Bs_, is ~3 mol.% (at the eutectic temp.)
p-WB,—C is plotted: eutectic— ~2270-2400 °C,

~77 mol.% B-WB i, (~13-14 at.% C); the max.
solubility of C in f-WB ., is 2-3 at.% (at the eutectic
temp.)

o-W,Bs_,—C is plotted: eutectic— ~2190-2285 °C,
~63-65 mol.% a-W,Bs_, (~7.0-7.6 at.% C); the max.
solubility of C in a-W,Bs_, is 2.0-2.5 at.% (at the eutectic
temp.)

At 2000 °C the interaction of graphite with W, ,B results
in the formation of «-WB 4, and 5-WC,4,. At
1100-1600 °C B4, C reacts with metal W with the
formation of W, B and a-WB ..
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-B-Y Plotted schematically: YBC, YB,C,, YB,C, Y,BC,, YB, [241, 244, 391, 690,
(<~2100-2320 °C), YB4 (<~2610-2800 °C), YBg, 728]
(<~2600-2780 °C), YB;; (<2200 °C), YBgs (<2100 °C),
Y24.C, YCisr -Y3Cs s, f-Y3Ca s, 0-Y2Csy, f-YoCs
OC-YCz, ﬁ_YCZ:{:Xa B4:l:xC’ OC-Y, ﬁ-Y, ﬁ-B, C

C-B-Yb No diagram plot [391, 690]
YbB,C, YbB,C,, ?

C-B-Zr Plotted at 1400-3000 °C: ZrB,., (<3220-3265 °C), [138, 241-242, 244,
ZrBiy_ . (~1695-2290 °C), ZrC,_,, B4+.C, o-Zr, p-Zr, 252, 330, 364-365,
p-B, C 378-381, 391, 394,

Eutectic ZrB, ~ZrC,_,—f-Zr (~1615-1650 °C, ~86-88 567, 573-574]
at.% Zr, ~1.4-2.0 at.% C)

Eutectic ZrB>_—B,4,C—f-B (~1990 °C)

Eutectic ZrB,4,—B44,C-C (~2165-2190 °C, ~11 at.%
Zr, ~23-25 at.% C)

Eutectic ZrB,,—ZrC;_,—C (2360 °C)

ZrB,,—B44,C is plotted: eutectic— ~2200-2300 °C,
~65-75 mol.% B44,C (~13-16 at.% C); the max. solid
solubility of ZrB,,, in B44,C is ~1 mol.% and B4.,C in
ZrBy4, is ~ 1.5 mol.% (at the eutectic temp.)

ZrBoy, (x & 0)-ZrCy_, (x = 0.03+0.12) is plotted:
eutectic—~2620-2850 °C, ~42-43 mol.% ZrC,_,
(~19-20 at.% C); the max. solid solubility of ZrB,., in
ZrC,_, is ~1-5 mol.% and that of ZrC,_, in ZrB,, is
<2 mol.% (at the eutectic temp.); some data on this
quasibinary system available in literature are controversial
ZrB,,—C is plotted: eutectic— ~ 2230-2390 °C,

~40 mol.% ZrB, ., (~33 at.% C); the max. solubility of C
in ZrB,., is <2 at.% C (at the eutectic temp.)

C-Be-O No diagram plot [138, 194, 382]
In vacuum (~ 1072-107* Pa), the interaction in powdered
mixtures between C and BeO with the formation of Be,C
initiates from 1300-1315 °C and that on bulk materials
contacts—from 2000-2300 °C. In air, heating the pow-
dered mixture BeO + C at 1800-1900 °C results in the
reduction of BeO with the subsequent secondary oxidation
of Be,C and Be vapour.

C-Be-O-Th No diagram plot [242]
At temp. >1100 °C BeO and ThC,, interact with the
formation of ThO,_,.

C-Be-O-Ti  No diagram plot [242]
At 1500-2200 °C BeO and TiC,_, interact with the
formation of Be,C.

C-Be-O-U  No diagram plot [592]
At 1600-2000 °C BeO and UC,.., interact with the
formation of Be,C and intermetallic compounds.
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C—Be-Si Plotted schematically at 1000 °C: Be,C, o-SiC, Be, Si, C [242, 814]
Graphite is in equilibrium with Be,C + SiC. In vacuum at
1000-1150 °C SiC interacts with Be negligibly; at higher
temp. the interaction leads to the formation of Be,C and Si.
C-Be-Ta No diagram plot [138]
BeXTaCO,%, ?
At 1400-2800 °C the addition of Be (1 %) does not affect
the densification process of TaC;_, powder by hot pressing.
C-Be-Th Plotted at 1000 °C: no ternary compounds, ThBe,3 [244, 973]
(<~1930 °C), ThC;4,, a-ThC,_,, f-ThC,_,, y-ThC,_,,
Be,C, BeC,, o-Th, f-Th, o-Be, i-Be, C
No solid solutions based on binary compounds.
C-Be-U Plotted at 1000 °C: no ternary compounds, UBe;3 [242, 244, 383, 973]
(<~1980 °C), UC\,, (-UyCs, a-UC,_,, f-UC,_,, Be,C,
BeC,, ¢-U, -U, y-U, a-Be, f-Be, C
No solid solutions based on binary compounds.
o-UC,_,—UC;1,—Be,C is plotted at 1700 °C: UC;, (solid
solution), {-U,Cj, a-UC,_, (solid solution), Be,C
C-Bi-Pb No diagram plot [138]
The corrosion resistance of graphite in liquid eutectic alloy
Bi-Pb in the wide range of temp. is very high: no corrosion/
erosion in dynamic conditions (4 m/s) testing at 1095 °C
for 24 h.
C-Ca-O Plotted at 25 °C: CaCO3;, CaO (<2565-2585 °C), a-CaC,, [194, 382, 974]
p-CaC,, y-CaC,, 0-CaC,, CaCg.,, a-Ca, f-Ca, O, C
The interaction between C and CaO in powdered mixtures
initiates in vacuum from 1300 °C and under atmospheric
pressure—from 2130 °C.

C—Ca-O-U  No diagram plot [242]
At 1900 °C the interaction between f-UC,_, and CaO is
weak.

C-Cd-Ti No diagram plot [680-681, 744745,
Ti,CdC (M,,,1AX,-phase) 860]

C—Ce-Ir Plotted partially at 1100-1400 °C: Ceylr (<710 °C), Ceslr [990]

(<~880-950 °C), Ceslr; (<950 °C), Ce,lr (or Ce;lr; (?),

<1100 °C), Ceslr; (<1100 °C), Ceslry (or Ceyslryz (?),

<1180 °C), Celrp, (<2250 °C), Celr; (<2105-2120 °C),

Ce,lr; (<2000 °C), Celrs (<1955-1960 °C), Ce,Cs,

a-CeC,, f-CeCshyy, 0-Ce, p-Ce, y-Ce, 6-Ce, Ir, C

Depend. on compos., graphite is in equilibrium with

Celrs + Ir, or Celrs + Celry,, or Celryy, + f-CeCshp,.
C-Ce-Mo Plotted at 1600 °C: Ce,C;, -CeCsy, i-M0,.,C, 0-Ce, [391]

p-Ce, y-Ce, 6-Ce, Mo, C

No solubility between Ce and Mo carbides
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Ce-N-Th

C-Ce-N-U

C—Ce-Si

C—Ce-Th

C—Ce-U

C-Ce-U-Zr

C—Ce-Zr

C—Co-Fe-
Ni-W
C-Co-Hf

C—Co-Hf-Nb

C-Co-Hf-Ta

No diagram plot

ThC;.,—CeN,., carbonitride continuous solid solution
No diagram plot

UC,,—CeN,., carbonitride continuous solid solution
Plotted at 400 °C: CesSiC, CezSi,C, (?), (CesSi,)C,
(interstitial solid solution based on Ce;Si,—up to
~12-14.5 at.% C, <~ 1390 °C), CeSi,_, (<1620 °C),
CesSis (<~ 1560 °C), CeSi (<1470 °C), CesSiy
(<~1440 °C), CesSi3 (<~ 1400 °C), CeC, Ce,C3, a-CeC,,
p-CeCs,y, f-SiC, a-Ce, f-Ce, y-Ce, 6-Ce, Si, C

No solid solutions based on binary and ternary compounds
apart from Ce;Si,.

Plotted at 1600 °C: (Th,Ce)C,_, (monocarbide solid
solution based on ThC;_,—up to 40 mol.% ‘CeC’),
(Ce,Th),C5 (solid solution based on Ce,C3), (Th,Ce)Cs,
(y-ThC,_,—f-CeC,.., dicarbide continuous solid solution),
a-Ce, p-Ce, y-Ce, 6-Ce, a-Th, -Th, C

Plotted at 1600 °C: (U,Ce)C, .., (monocarbide solid solution
based on UC;,,—up to 15 mol.% ‘CeC’), {-U,C3, Ce,Cs3,
(U,Ce)Csy (2-UC,_,—f-CeCs., dicarbide continuous solid
solution), a-Ce, f-Ce, y-Ce, 0-Ce, a-U, p-U, y-U, C

No diagram plot

The solubility of ‘CeC’ in (U,Zr,Ce)C,_, decreases sharply
with increasing concentration of Zr

Plotted at 1600 °C: ZrC,_,, Ce,Cs, a-CeC,, f-CeCsr,,
a-Ce, p-Ce, y-Ce, 6-Ce, a-Zr, -Zr, C

No solubility between Ce and Zr carbides.

Plotted partially

General consideration of the system

Plotted at 1100 °C: Hf,,,Co (<1315 °C), HfCoy,
(<1640 °C), HfCo,., (<1670 °C), Hf>,Co; (or HfCoy,
<1350 °C), HfsCoy3 (~950-1280 °C), HfCo,
(~1050-1250 °C), HfC,_,, o-Hf, -Hf, a-Co, C
HfC,_,—Co is plotted: eutectic—1370 °C, ~3 mol.%
HfC,_,

HfC,_, is in equilibrium with Co and series of Co-Hf
intermetallides.

HfC,_, (x = 0.06)-NbC,_, (x = 0.18)-Co is plotted

The eutectic equilibrium between two solid solutions based
on HfC,_,—NbC,_, monocarbide continuous solid solution
and metal Co at 1360-1435 °C.

HfC,_, (x = 0.06)-TaC,_, (x = 0.08)—Co is plotted

The eutectic equilibrium between two solid solutions based
on HfC,_,~TaC,_, monocarbide continuous solid solution
and metal Co at 1420-1445 °C.

[391]
[391]

[628]

[391]

[391]

[391]

[391]

[757]

[242, 244, 391, 417]

[621]

[621]
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Co-Hf-Ti

C-Co-Hf-V

C-Co-Hf-Zr

C-Co-Mo

C-Co-Nb

C—Co-Nb-Ta

C—Co-Nb-
Ta-Ti-W
C—Co-Nb-Ti

C-Co-Nb-V

HfC,_, (x = 0.06)-TiC;_, (x = 0.20)-Co is plotted

There are three binary and one ternary (1370 °C, 3.5 mol.%
HfC,_,, 5.5 mol.% TiC,_,) eutectics in the system.
HfC,_, (x = 0.06)-VC,_, (x = 0.17)—Co is plotted

There are three binary and one ternary (1320 °C, 3.5 mol.%
HfC,_,, 10.0 mol.% VC,_,) eutectics in the system.
HfC,_, (x = 0.06)-ZrC,_, (x = 0.19)—Co is plotted

The eutectic equilibrium between two solid solutions based
on HfC,_,—ZrC,_, monocarbide continuous solid solution
and metal Co at 1380-1435 °C.

Plotted at 1000 °C: ~Mo;_. 4Co; . 3C (or 15, 1;-Mo3Co30),
11-MogCogC, a-Mo3Co,_, (~ 1000-1620 °C), u-MogCo7.x,
(or u-MoCoy,,, &-MoCoy,,, <~ 1510 °C), k-MoCo3,
(<1025 °C), 0-Mo,Coq_, (~1015-1200 °C), «-Mo,,.C,
Mo, «-Co, C

Plotted at 1100 °C: #-Co,Nb,C, CozNbzC (?), u-CoNb 4,
(or u-Co7Nbg,, <~ 1400-1480 °C), 4,-CosNbsz_,
(1200-1420 °C), 4(f)-Cor4,Nb (<~ 1480-1520 °C),
A3-CosNb (from 1030 °C to 1240-1250 °C), y-Co;Nb,..,
(<1050 °C), a-Nb,C, f-Nb,,,C, NbC,_,, Nb, a-Co, &-Co, C
NbC,_,—Co is plotted: eutectic— ~ 1360-1380 °C,

~5 mol.% NbC,_,; the max. solubility of NbC,_, in Co
is ~ 1.5 mol.% and that of Co in NbC;_, is 8 mol.% (at the
eutectic temp.)

NbC_, (x = 0.18)-TaC,_, (x = 0.18)-Co is plotted

The eutectic equilibrium between two solid solutions based
on NbC,;_~TaC;_, monocarbide continuous solid solution
and metal Co at 1410-1445 °C.

General consideration of the system.

NbCy_, (x = 0.10)-TiC,_, (x = 0.14)-Co is plotted

The eutectic equilibrium between two solid solutions based
on NbC,_~TiC,_, monocarbide continuous solid solution
and metal Co at 1390-1410 °C.

NbC,_,—VC,_,—Co is plotted schematically and partially at
1100 °C: (Nb,V)C,_, (monocarbide solid solution based on
NbC,_,), (V,Nb)C,_, (monocarbide solid solution based on
VCi_,), Co

Eutectic (Nb,V)Cy_,—~(V,Nb)C;_,—Co (~1310-1350 °C,

2 mol.% NbCy_,, 11 mol.% VC,_,)

NbC_, (x = 0.18)-VC,_, (x = 0.12)—Co is plotted:
eutectic—1330 °C, 3.0 mol.% NbC,_,, 10.5 mol.% VC,_,
In total, there are three binary and one ternary eutectics in
the system.

[622]

[622]

[621]

[242, 244, 391, 417]

[242, 244, 384-385,
391, 417]

[621]

[1023]

[621]

[385-386, 622]
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C—Co-Nb-W
C-Co-Nb-Zr

C-Co-Ni-W

C—Co-0Os-W

C—Co-Re-W

C-Co-Ru-W

C-Co-Si

C—Co-Ta

C—Co-Ta-Ti

C—Co-Ta-V

C-Co-Ta-W

General consideration of the system.

NbCy_, (x = 0.18)-ZrC,_, (x = 0.19)-Co is plotted

The eutectic equilibrium between two solid solutions based
on NbC,_—ZrC,_, monocarbide continuous solid solution
and metal Co at 1380-1410 °C.

No diagram plot

Some phase fields are considered.

No diagram plot

Os promotes a-Co — ¢-Co transformation in the WC—Co
system.

No diagram plot

Re promotes «-Co — ¢-Co transformation in the WC-Co
system.

No diagram plot

Ru promotes a-Co — ¢-Co transformation in the WC-Co
system.

Plotted at 1000, 1100 and 1500 °C: Co;Si (~1170-1215 °C),
2-C0,4,Si (<1320 °C), f-Co,_,Si (~1240-1335 °C),

CoSi ., (<1460 °C), CoSi, (<~ 1325 °C), SiC, &-Co, a-Co,
Si, C

In vacuum, the contact melting between SiC and Co is
observed at 1150-1160 °C. At 1500 °C CoSi, reacts with C to
form CoSi; .., and SiC. CoSi; ., and -Co,_,Si are more stable
in equilibrium with C.

Plotted at 1100 °C: 5-Ta4Co,C, 43-Cos_,Ta (or Co,;Ta,
Co,,Tagg, <1450 °C), 4,-Cosy,Ta (<1595-1650 °C),
A1-CosTa,_, (from 1110-1150 °C to 1540 °C), u-CoTa;y,
(or u-CoyTag,, <1700 °C), CoTa, (<1800 °C), a-Ta,,,C,
,B-Tazﬁc, é’-Ta4C3,X, T36C5ix, TaCl,x, Ta, OC-CO, C
TaC,_,—Co is plotted: eutectic— ~ 1340-1370 °C,

~3 mol.% TaC,_,

TaC,_, is in equilibrium with Co and A,-Co,.,Ta.

TaC,_, (x = 0.18)-TiC;_, (x = 0.20)—Co is plotted

The eutectic equilibrium between two solid solutions based
on TaC,_~TiC,_, monocarbide continuous solid solution
and metal Co at 1390-1445 °C.

TaCy_, (x = 0.18)-VC,_, (x = 0.17)-Co is plotted

There are three binary and one ternary (1320 °C, 4.0 mol.%
TaC;_,, 7.0 mol.% VC,_,) eutectics in the system.
General consideration of the system.

[1023]
[621]

[755, 848]

[856]

[856]

[856]

[242, 244, 417, 503,

645]

[242, 244, 391, 417]

[621]

[622]

[1023]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Co-Ta—Zr TaC,_, (x = 0.18)-ZrC,_, (x = 0.19)—Co is plotted [622]
There are three binary and one ternary (1250 °C, 3.0 mol.%

TaC,_,, 5.0 mol.% ZrC,_,) eutectics in the system.

C—Co-Ti Plotted at 1000 and 1100 °C: Ti,,Co (<~ 1060 °C), [242, 244, 391, 417,
TiCoyy, (<1325 °C), a-TiCoy, (or ¢-TiCo,.,, <1235 °C), 609, 1009]
p-TiCoyy, (or A-TiCosy,, <~ 1210-1220 °C), TiC034,

(<1190 °C), TiC,_,, p-Ti, a-Co, C

TiC,_,—Co is plotted: eutectic— ~ 1360-1400 °C,

~6 mol.% TiC,_,

At 1230-1360 °C the solubility of TiC,_, in Co is

~ 1 mol.%; TiC,_, is in equilibrium with Co, TiCoy.,,
o-TiCo,., and Ti-Co melt.

C-Co-Ti-V  TiC_, (x = 0.20)-VC,_, (x = 0.17)—Co is plotted [621]
The eutectic equilibrium between two solid solutions based
on TiC,_,~VC,_, monocarbide continuous solid solution
and metal Co at 1330-1390 °C.

C—Co-Ti-W  No diagram plot [848, 1023]
Some phase fields are considered.
C-Co-Ti-Zr TiC,_, (x = 0.20)-ZrC;_, (x = 0.19)—Co is plotted [622]

There are three binary and one ternary (1320 °C, 5.0 mol.%
TiCy_,, 5.0 mol.% ZrC,_,) eutectics in the system.

C—Co-U No diagram plot [391]
UCoC,, ?
C-Co-V Plotted at 1100 °C: 1-V4Co,C, V3Co (<~ 1025 °C), [242, 244, 385-386,

0-VCoy4, (<~1420 °C), VCos., (<~ 1070 °C), a-V,,,C, 391, 417]

B-V21,C, f'-V2.,C, (-V4Cs_y, VeCsirr V§Crrs VCiy,

a-(Co,V), (V,Co), C

VC,_,—Co is plotted: eutectic—~ 1320-1360 °C,

~14-16 mol.% VC,_,; the max. solubility of VC,_, in Co

is ~5-11 mol.% and that of Co in VC,_, is 3 mol.% (at the

eutectic temp.)

VCy_, is in equilibrium with o-(Co,V) and g-VCoy.,.
C—Co-V-Zr ZiCi_, (x =0.19-VC,_, (x = 0.17)—-Co is plotted [622]

There are three binary and one ternary (1300 °C, 4.0 mol.%

ZrCy_,, 9.0 mol.% VC,_,) eutectics in the system.

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Co-W

C—Co-Zr

C—Cr-Fe-Mo
C—Cr—Fe-Ti

C-Cr-Fe-V

C—Cr—Fe-W
C—Cr-Hf

C—Cr-Ir

Plotted at 1000-1500 °C: 1;-(Co,W),C, (or Cog_,We..C,
x & 0+0.1, <~ 1730 °C), 1,-(Co,W)cC (or Coy,,W4_.C,
Co34,W3.,C, x & 0+0.2, <~ 1965 °C), k-(Co,W),C (or
CoWsC, or CosWoCy, metastable), k-Cosz W
(<~1090-1100 °C), u-Co7Wer, (<~1690 °C), a-W,,,C,
B-Wz_,.xc, "/-Wzixc, "/-WC|_X, 5-WC1ﬁ, O(-CO, W, C
Eutectic 6-WC;4,—a-Co-C (~1300 °C, 4.6 at.% W, 11.5
at.% C)

Eutectic 6-WC,,—a-Co—-Co0,,,W,4_C (1325 °C)
0-WC,.—Co is plotted: eutectic— ~ 1290-1340 °C,
~19.5 mol.% 6-WCj.,; the max. solid solubility of
0-WC\, in Co is 7-10 mol.% (at the eutectic temp.); the
solubility of Co in 6-WCj, is very low.

Plotted at 800, 1200 and 1400 °C: Zr;4,Co (<~980 °C),
n-Zr,Co (<~ 1090-1100 °C), {-ZrCo (<~ 1370-1400 °C),
&-ZrCoy4, (Or Ar-ZrCosyy, <~ 1560-1590 °C), 0-ZrCoy
(or ZrgCossz, <~ 1350-1450 °C), v—Zr2C01] (or Zr;Cosg,
(<~1270 °C), ZxC_,, f-Zr, a-Co, C

ZrC,_,—Co is plotted: eutectic—1360 °C, ~4-5 mol.%
ZrCl,x

The mutual solubilities between the components of the
system are low; ZrCy_, is in equilibrium with Co and series
of Co—Zr intermetallides.

Plotted partially at 1000 °C

No diagram plot

TiC interacts with Fe—Cr alloy intensively.

Plotted partially at 700-1150 °C

Plotted partially at 700, 1000 and 1150 °C

Plotted at 1350 °C: A,-HfCrp., (<~ 1335-1420 °C),
A1-HfCrpp, (from ~1335-1420 °C to 1825 °C), Crp;Coty,
Cr7C3ix, CI'3C2,X, HfCl,x, OC—Hf, ﬁ—Hf, Cr, C

HfC,_,—Cr is plotted: eutectic—1810 °C, ~13 mol.%
HfC,_,

The max. solubility of Cr in HfC_, is corresp. to compos.
(Hfp.91Crg09)Ci_r. The mutual solubilities of other
constituent binary phases in the system are low too.

No diagram plot

~ Cr,Ir,C (at least at ~ 1500 °C)

[242, 244, 387-391,
417, 513, 755, 786,
796-800]

[138, 242, 244, 391,
417, 547

[842]
[242]

(841, 843]
[841]

[242, 244, 391, 417,
583, 603]

[391, 583]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Cr-Mo

C—Cr-Mo—
Re-Ti
C—Cr-Mo-Ti

Plotted at 1000-1800 °C: {-(Mo,Cr,)4Cs_ (y/z = 3, at [138, 242, 244, 391,
least at 1650-2290 °C, ?), f-(Mo,Cr),.,C (semicarbide 402-403, 417, 580~
extended solid solution based on ;-Mo,.,C with max. 583, 603, 794-795,
solubility of “imaginary” phase ‘Cr,4,C’—up to 837, 842]
~60-90 mol.%.), (Cr,Mo0),3Cg., (extended solid solution

based on Cry;Ce., With max. solubility of “imaginary”

phase ‘M0,3Cg.,'—up to ~20 mol.%), a-(Mo,Cr)C,_,

(extended solid solution based on -MoC;_,—up to

~ (Mo 3Cry7)Cy_,) at higher temp.), n-(Mo,Cr)C;_,

(extended solid solution based on #-MoC_, with max.

solubility of Cr—up to 30 at.% at 20052035 °C), Cr;Cs..,

(max. solubility of Mo—-5.0 at.% at 1350 °C and 6.3 at.% at

1515 °C), Cr3C,_, (no solubility of Mo at 1350 °C and max.

solubility of Mo—10.4 at.% at 1810 °C), (Mo,Cr), C

Eutectic f-(Mo,Cr);.,C—Cr;Cs, (~ 1740 °C, 62 at.% Cr, 31

at.% C)

Eutectic -(Mo,Cr),+,C—Cr7C34.,—Cr3C,_, (~1685-1710 °C,

63 at.% Cr, 32.5 at.% C)

Eutectic f-(Mo,Cr),-+,C~(Mo,Cr)~(Cr,M0)»3Cq+,

(~1500-1515 °C, 55.5 at.% Cr, 19 at.% C)

Eutectic ff-(Mo,Cr),.,C—o-(Mo,Cr)C_—#-(Mo,Cr)Cy_,

(~2020 °C)

Eutectic ff-(Mo,Cr),.,C—a-(Mo,Cr)C;_—~Cr3C,_, (~ 1800 °C)

Eutectic f-(Mo,Cr),,C—(Cr,M0)23C¢+—Cr7Cs,

(~1540 °C)

Eutectic o-(Mo,Cr)C_—Cr3C,_—C (~ 1840 °C)

Depend. on compos., graphite is in equilibrium: at

1300 °C—with -(Mo,Cr),+.,C, -(Mo,Cr),4,C + Cr3C,_,

and Cr;C,_,; at 1800 °C—with #-(Mo,Cr)C,_,, #-(Mo,Cr)Cy_,

+ a-(Mo,Cr)C_,, -(Mo,Cr)C;_,, o-(Mo,Cr)C;_, +

{-(Mo,Cr)4C5_, and Cr3Cs._,.

Practically, at 1800-2000 °C Mo is compatible with Cr;Cs_,.

No diagram plot [852]
General consideration of the system

Plotted partially [852]
Eutectic (Mo,Cr)-TiC;_, (~ 1630 °C, ~4-8 at.% Mo)

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Cr-Nb

C-Cr-O-W

C—Cr-O-Zr

Plotted at 1050-1750 °C: (Nb,Cr)C,_, (monocarbide [242, 244, 391, 417,
extended solid solution based on NbC;_,—up to 581-583, 603, 663,
(Nbg.72+0.74Cr0.26 - 0.28)C 1), 42-NbCrp, (<1585— 784, 837, 858]
1625 °C), 1;-NbCry, (from 1585-1625 °C to

~1670-1820 OC), Cr2306ix, CI'7C3iX, CI‘3C2,X, fX-szC,
p-Nb,,.C (solubility of C at 1050 °C is 6 at.% Cr),

y“NbZ:bcC> gy-Nb4C3,x, Nb6c5:tx’ Nb, Cr, C

Eutectic i-Nb,,,C—24;-NbCr,,—Nb (~ 1660-1665 °C)

Eutectic (Nb,Cr)Cy_,—f-Nb,,,C—1;-NbCr,.,

(~1670-1690 °C)

Eutectic (Nb,Cr)Cy_—4;-NbCr,4 ~Cr (~1610-1630 °C)

Eutectic (Nb,Cr)C_—Cr3C¢,~Cr (~ 1540-1560 °C)

Eutectic (Nb,Cr)C;_,~Cr7C34,~Cr3C¢.1, (~1565-1595 °C)
Eutectic (Nb,Cr)C;_,—Cr3C,_,—CryCs, (~1650-1680 °C)

Eutectic (Nb,Cr)C;_,~Cr3C,_~C (~ 1740 °C)

NbC,_,—Cr is plotted: eutectic—1640 °C; the solubility of Cr

in NbC,_,is ~3-9 mol.% and that of NbC,_, in Cr is

~2 mol.%

NbC,_,—~(Cr,Nb,) is plotted (x ~ 0.1+-0.2,y ~ 0.98,

z &~ 0.02): eutectic—> 1640 °C, ~12 mol.% NbC,_, (12.2

at.% Nb, 8.3 at.% C)

NbC,_,—4;-NbCr;,., is plotted: eutectic—~ 1690-1695 °C;

the max. solubility of 1;-NbCr,., in NbC,_, is corresp. to

compos. (Nbg 9gCrg.02)C;_, and that of NbC;_, in 4;-NbCryp.t,

is corresp. to ~0.8 at.% C

NbC;_,—Cr;Cs., is plotted: eutectic—~ 1685 °C; the max.
solubility of Cr;Cs.., in NbC|_, is corresp. to compos.
(Nbg.90Crg.10)Ci_y and that of NbC,_, in Cr;C3..—to compos.
(Cro.99Nbg 01)7C3+,

The solubility of Nb in Cr carbides is low. Depend. on

compos., graphite is in equilibrium with one (Nb,Cr)C,_,, or

two carbide (Nb,Cr)C,_, + Cr3C,_, phases.

Some data on the mutual solubilities of the compounds

available in literature are controversial.

No diagram plot. [242, 808]
At 1300 °C, in vacuum 0-WC,, interacts with Cr,O3 in
powder mixtures intensively; W—Cr alloy is formed (100 %
reduction time-30 min.).

No diagram plot [242]
At 1300-1800 °C, in vacuum the interaction between

Cr3C,_, and ZrO,_, led to the formation of Cr,Cs., and

ZrC,0,.
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Table 2.14 (continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C—Cr-Re

C-Cr-Re-Ti

C-Cr-Si

Plotted at 1300-1800 °C: (Re,Cr),4C (extended solid
solution based on Re; at 1700 °C the combined max. solid
solubilities of Cr and C in Re are 53 and 36 at.%,
respectively, and corresp. to compos. ~ (CrggReg2)24.C),
O'-CrzRe3ix, Cr23C6ix, CI'7C3iX, CI'3C2,X, Re, Cr, C
Eutectic (Re,Cr),4,C—Cry3Ce.—Cr (~1650-1665 °C)
Eutectic (Re,Cr),4,C—Cr,3Cg,—0-CroRes
(~1665-1680 °C)

Eutectic (Re,Cr),4,C—Cr;Cs,~Cr3Co_, (~1705-1730 °C)
Eutectic (Re,Cr),4,C—CryCs.,—Cr3Cqp,

(~1625-1640 °C)

Eutectic (Re,Cr),4,C—Cr;C,_—C (~1750-1780 °C)
(Re,Cr),4.,C—Crp3Ce., is plotted: eutectic—~ 1675 °C; the
max. solubility of Cry;C¢., in (Re,Cr),,C is corresp. to
compos. (Rep 4Crg6)2+,C and that of (Re,Cr),,,C in
Cr3Cs—t0 compos. (Crg76Re0.24)23Ce64x

At 1665 °C the max. solubility of Re in Cry;Ce., is
corresp. to compos. (CrggoReg20)23Cs+, and in Cr;Czy—
to compos. (Crg.92Req08)7C3+,; at 1300 °C the max.
solubility of Re in Cry3Cgqy, (~ 10 at.%) is also higher than
in Cr;C;.., and Cr3C,_,. Depend. on compos., graphite is in
equilibrium with (Re,Cr),4,C, or (Re,Cr),,C + Cr3C,_,,
or Cr;Co_,.

No diagram plot

General consideration of the system

Plotted at 1000, 1400 and 1600 °C: CrsSizC,

(x =~ 0.8+1.0, or Crs_,Si3_.C,4, (0.25 < x + z < 1.05), or
CrsSi;_,C,, at least <1400 °C), Cr;.,Si (<1770 °C),
o-CrsSizy, (<1505 °C), p-CrsSiz, (1505-1680 °C), CrSi
(<~ 1415 °C), CrSi, (<1490 °C), Cry;3Ce.ty, Cr7Csaay,
Cr;C,_,, SiC, Si, Cr, C

The max. solubility of C in CrsSi;C,, Cr34.,Si, CrSi and
CrSi, is about 11, <4, 1 and 0.06 mol.% C, respectively; no
Si solubility—in Cr;Cs., and Cr3C,_,. Graphite is in
equilibrium with SiC + Cr;C,_,, SiC—with Cr3C,_,,
Cr5Si3C,, CrSi and CrSi,, and Crz,  Si—with Cry3Cg.y,,
Cr;Cz4,, and CrsSizC,. At 1000-1200 °C the sequence of
reaction layers observed in the diffusion couples is
following: Cr/Cr,3Cg4,/CryC3,/Cr7Csy, + Crip, Si/
Cr34.,51/CrsSi;C,/SiC. In inert gas or H, atmosphere the
interaction in powder Cr-SiC mixtures initiates at

temp. >1000-1100 °C; at 1450-1650 °C, depend. on
compos., the formation of solid solution of C and Si in Cr,
Cr23C6ix, Cr7C3ix, Cr3C2,X, Cr3ixSi and CrSSi3CX is
observed.

[244, 391, 417, 580,
583, 603, 837]

[852]

[242, 244, 267, 392—
394, 417, 503, 623,
792-793, 854]

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C—Cr-Ta

C—Cr-Tc
C—Cr-Ti

Plotted at 1000-2000 °C: (Ta,Cr)C,_, (monocarbide [242, 244, 391, 417,
extended solid solution based on TaC,_,—up to 581-583, 603, 784,
~(Tag.64-0.73Cr0.27+0.36)C1=0)> A2-TaCrps, 837, 865, 876]
(<1660-1695 °C), 4;-TaCr,., (from 1660-1695 °C to

~2010-2040 OC), Cr2306ix, CI'7C3iX, CI‘3C2,X, O{-T32+xc

(solubility of Cris <2 at.%), f-Tas+C, {-TasCs_,, TagCs.r,,

Ta, Cr, C

Eutectic f-Tay,C—4,-TaCrp.,~Ta (~1935-1950 °C)

Eutectic (Ta,Cr)Ci_,—f-Tay4, C—2;-TaCrypy

(~1945-1960 °C)

Eutectic (Ta,Cr)Cy_—4;-TaCr,4,—Cr (~ 1665-1685 °C)

Eutectic (Ta,Cr)C_,—Cry3C¢,—Cr (~1540-1545 °C)

Eutectic (Ta,Cr)C I,X—Cr7C3 iX—Cr23CGix

(~1560-1590 °C)

Eutectic (Ta,Cr)C_,—Cr3C,_,—Cr;C34, (~1700-1710 °C)

Eutectic (Ta,Cr)C,_—Cr;C,_—C (~1745-1755 °C)

(Ta,Cr)Cy_, (x = 0.21)~(Cr,Ta,) (y = 0.991, z = 0.009) is

plotted: eutectic—~ 1695 °C, ~10-11 mol.% (Ta,Cr)C;_,

TaC,_,—Cr is plotted: eutectic— ~ 1675-1695 °C; the max.

solubility of Crin TaC;_, is ~ 3.4 mol.% and that of TaC;_,

in Cris ~2 mol.%

TaC,_,—4;-TaCr,., is plotted: eutectic—~ 1990 °C; the

max. solubility of 4;-TaCr,.., in TaC,_, is corresp. to

compos. (Tag 9gCr.02)C;_x and that of TaC,_, in A,-TaCrp.,,

is 1 at.% C

TaC,_—Cr,Cs, is plotted: eutectic—~ 1720 °C; the max.

solubility of Cr;Cs.., in TaC_, is corresp. to compos.

~(TayoCry ;)C,_, and that of TaC,_, in Cr,C5,—to

compos. ~(Croo9Tap 01)7C3+,

p-Tay,C—1;-TaCr,., is plotted: eutectic— ~ 1960 °C

Depend. on compos., graphite is in equilibrium with one

(Ta,Cr)C_,, or two (Ta,Cr)C,_, + Cr3C,_, carbide phases.

Plotted schematically [583, 840]

Plotted at 800-2800 °C: (Ti,Cr)C,_, (monocarbide [242, 244, 391, 395-
extended solid solution based on TiC;__,—up to 396, 417, 581-583,
(Tig32Cro.63)Ci_y), A2-TiCr,_ (<1220 °C), A,'-TiCr,_, 603, 788-791, 837]
(8001270 °C), 4,"-TiCr,_, (1270-1370 °C), Cry3Cery»

Cr7C3iX, CI‘3C2,X, (ﬁ—Ti,Cr), C

Eutectic (Ti,Cr)C,_,—Cr3C,_~Cr;Cs, (1695 °C)

Eutectic (Ti,Cr)C;_,—Cry3Cs~Cr (1540 °C)

(Ti,Cr)Cl,X—Cr7C3ix (TiCO'gg—CrCOA()) is plOtted:

eutectic—1725 °C, ~65 mol.% Cr;Csz4, (~5 at.%

Ti, ~31 at.% C)

(Ti,Cr)C,_,—Cr3C,_, is plotted: eutectic—~ 1700 °C,

~90 mol.% Cr3C,_,; the max. solubility of Cr;C,_, in

(Ti,Cr)Cy_, is ~25 mol.%

(Ti,CnCy_ (x = 0.0H)—(CryTi,) (y = 1.0, z = 0) is

plotted: eutectic—~ 1100-1130 °C, ~ 10 mol.%

(continued)
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Table 2.14 (continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Cr-U

C-Cr-V

C-Cr—-W

(Ti,Cr)Cy_, (~9 at.% Ti, ~8.5 at.% C); at 1100 °C the
max. solubility of TiCg 96 in Cr is ~3 mol.% and that of Cr
in TiCO_g(, is ~4 mol.%

(Ti,Cr)C_—(Cr,Ti,) is plotted (x = 0.20, y = 0.95,

z = 0.05): eutectic—1685 °C, ~15 mol.% (Ti,Cr)C,_,
(~14 at.% Ti, ~8 at.% C)

(Ti,Cr)Cy_,—(Cr,Ti,) is plotted (x = 0.33, y = 0.40,

z = 0.60): eutectic—1360 °C, ~5 mol.% (Ti,Cr)C;_,
(~60 at.% Ti, ~2 at.% C)

Plotted at 1200 °C: UCI'Cz, UzCI'gCg, UCI'2C3+X, UXCI'4C2,
UCitr, {-UrCs, CrpsCesy, CriCssy, Cr3Coy, U, Cr, C
UC,.,—Cr is plotted: eutectic—~ 1430 °C, ~28 mol.%
UC]ix

UC, ., is in equilibrium with Cr and Cr carbides. The max.
solubility of “imaginary” phase ‘CrC’ in hypostoi-
chiometric (U,Cr)C,_, is ~20 mol.%.

Plotted at 1000 and 1350 °C: VCr,C,_, (ordered phase
(V,.Cr)3Cay, x & 0.5, or Vag.25Cr3g..43C37, <1750 °C),
(V,Cr)C,_, (extended monocarbide solid solution based on
VC_—up to ~(Vo.43+0.58Cro.42+057)Ci at

1000-1350 °C, ?), p-(V,Cr),+,C (extended semicarbide
solid solution based on -V, C—up to ~(V(5Crg5)2+.C
at 1000 °C and ~(V(4Crgg),+,C at 1350 °C),
(Cr,V)23Cg, (solid solution based on Cry3Cgi,—up to

~ (Cro.91V0.00)23Ce+, at 1000 °C and ~ (Cry.82V0.18)23Ce-tx
at 1350 °C), (Cr,V),Cs., (solid solution based on
Cr7C3iX— up to ~(Cr0‘9V0A1)7C3iX at 1000 °C and
~(Crp.8V0.2)23Cs+x at 1350 °C), Cr3Cy_, 2-V2,.C,
B'-V2.:C, (-V4Cs s, VeCsir, VsCrar, (V,Cr), C

Eutectic f-(V,Cr)24,C—~(Cr,V)23Ce+—(V,Cr) (~ 1490 °C)
Eutectic ﬂ—(V,Cr)ZixC—(Cr,V)23C61x—(Cr,V)7C3ix
(~1520 °C)

In general, V carbides dissolve a large amount of Cr, in
comparison with it the solubility of V in Cr carbides is low.
Plotted at 1300-1600 °C: WCrgCs3, W3Cr,Cy, WCrsCs (?),
o-(W,Cr),,..C (extended semicarbide solid solution based on
a-Wo,,C—up to compos. (W, 1Cro.9)24.C), y-(W,Cr)C_,
(extended monocarbide solid solution based on y-WC_,—
up to ~(Wq3Crg7)Cy_, at higher temp.), (Cr,W)»3Ce.r,
(extended solid solution based on Cry3Cg,—up to
compos. ~ (CrggW2)23Ce.xy), (Cr,W)3C,_, (extended solid
solution based on Cr;C,_,—up to ~(Cryg5Wy. 15)3Co, at
1350 °C), (Cr,W);C;s., (solid solution based on Cr;Cs.,—
up to ~(Crp.95sWo,05)7C3.4r at 1350 °C), 6-WC),, (W,Cr),
(Cr,W), C

The max. solubility of “imaginary” phase ‘W,3Cq,” in
(Cr,W)»3C¢r, is ~20 mol.% at 1300 °C, ~ 13 mol.% at
1350 °C and ~ 10 mol.% at 1400 °C.

[242, 244, 391,
417, 612]

[242, 391, 417,
583, 603, 782-787,
837, 843]

[242, 244, 391,
397-399, 404, 417,
580-583, 603, 780,
781, 837]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Cr-Zr

C-Cs—Zr

C-Cu-Si

C-Cu-Zr

C-Dy-U

C—Er-Ir

C-Er-N-Th

Plotted at 1300-1800 °C: A,-ZrCr,_, (<~ 1530-1590 °C), [242, 244, 391,
A'-ZrCr,_, (from ~ 1530-1590 °C to 1620 °C), 395, 400, 417,
M""-ZrCr,_ (1620-1675 °C), Cr»3Cgy, CrsCsy, Cr3Cyhy, 581-583, 603,
7rCy_,, p-Zr, Cr, C 775-779, 837]
Eutectic ZrC;_,—Cr3C,_,—Cr;Cs., (1730 °C)

Eutectic ZrC_,—Cr,3Cs4—Cr (1575 °C)

Eutectic ZrC_—~A,"-ZrCr,_~Cr (1595 °C)

Eutectic ZrC,_,—/,-ZrCr,_~Zr (1330 °C)

ZrC,_,—Cr,Cs, is plotted: eutectic—1750 °C
ZrC,_—2,"-ZrCr,_, is plotted: eutectic—1630 °C

ZrCy_—CryZr, (x = 0.28, y = 0.998, z = 0.002) is plotted:
eutectic—~ 1760-1775 °C, ~5.0-5.6 mol.% ZrC,_,

(~91 at.% Cr, ~3.7 at.% C)

ZrC_—Cr (x = 0.095) is plotted: eutectic—

~1730-1805 °C (?), ~4-5 mol.% ZrC,_, (~91 at.%

Cr, ~4.3 at.% C); max. solubility of ZrC,_, in Cr is

1.3 mol.% (at eutectic temp.)

ZrC_—Cr (x = 0.03) is plotted: eutectic—1120-1140 °C

(7), ~3.5-6.4 mol.% ZrC,_, (~93.5 at.% Cr, ~3.2 at.%

C); max. Cr solubility in ZrC;_, is ~2.3-8.5 mol.% (?) and

that of ZrC;_, in Cr is <0.1 mol.%

The max. solubility of Cr in ZrC;_, is ~1.5-3.0 mol.% and
corresp. to compos. ~ (Zry.97Crg03)C;_,; the solubility of

Zr in Cr carbides is very low.

Data on the system available in literature are very

controversial.

No diagram plot [833]
The solubility of Cs in ZrC,_, decreases with increasing

temp. from 1.5 x 1072 mol.% at 1210 °C to 0.4 x 107*

mol.% at 1210 °C.

No diagram plot [242]
At 1100-1600 °C, in the reducing atmosphere the

interaction between SiC and Cu results in the formation of

C and Cu silicides, which dissociate at higher temp.,

forming secondary SiC.

No diagram plot [902]
Zr,Cu,C, (?7)

No diagram plot [391]
UC,,—DyC,_, monocarbide continuous solid solution or
extended solid solution based on UC;4, (?).

Plotted partially at 1100-1400 °C: Erslr, Erslr,, o-Erslrs, [990]
(7), B-Erslrsy,, Erslry, Erlr, Erlro., Ers_C, Er;5Co,

o-ErC,, B-ErC,, o-Er, S-Er, Ir, C

Depend. on compos., graphite is in equilibrium with

Erlr,, + Ir, or Erlrpy, + -ErC,.

No diagram plot [391]
ThC, . ~ErN,., continuous solid solution

(continued)
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

References

C-Er-U No diagram plot

UC;.,—ErC,_, monocarbide continuous solid solution or
extended solid solution based on UC;,.

No diagram plot

UC,.,—EuC,_, monocarbide continuous solid solution or
extended solid solution based on UCj,.

Plotted at 1100 °C: Hf,. Fe (<1260 °C), «-HfFe,.,

(<~ 1200 °C), p-HfFe,. (~1200-1640 °C), A-HfsFe;.
(<~ 1820 °C), Fe;C, HfC,_,, o-Fe, y-Fe, 6-Fe, o-Hf, f-Hf, C
HfC,_,—Fe is plotted: eutectic—~ 1410-1490 °C,

~2-4 mol.% HfC,_,; at the eutectic temp. the solubility of
HfC,_, in Fe is <0.3 mol.%

HfC,_, is in equilibrium with Fe and Fe—Hf intermetallides.
Plotted at 550-1800 °C: #,-(Mo,_,Fe,)sC (or MosFe;C,
Mo,Fe,C, <2065 °C), é-(Fe;_Mo,);C (or MoFe,C,
M012F622C10, 655-1085 OC), (Fe,M0)23C6 (Or M02F621C6,
metastable, ?) and other metastable ternary phases, A-Fe;Mo
(<~900-1000 °C), p-FesMo,_, (or FegoMosg, R-phase,
from ~1190-1210 °C to ~ 1490 °C), u-Fe;Mog_,
(<1370 °C), 6-FeMo, ., (from ~1540-1610 °C to
1215-1255 °C), Fe;C, a-Mo,,.,C, «’-Mo,,C, f-Mo,,C,
n-MoC,_,, «-MoC,_,, y-MoC, a-Fe, y-Fe, 6-Fe, Mo, C
Eutectic ¢-(Fe;_Mo,);C—(Fe,_Mo,);C~y-Fe (1065 °C, 7.7
at.% Mo, 18 at.% C)

At 1000 °C f-Mo,.,C is in equilibrium with steel phase
containing 2 at.% Mo and 4 at.% C.

No diagram plot

General consideration of the system
NbC,_~TiC,_~TiN;,~Fe and NbC;_—~-NbN_,—
TiN,.,—Fe are plotted schematically at 1200 °C
NbCl,x—VCl,x—é—Nle,x—TiNlix—é—VNl,x—Fe is plOtth
schematically at 1000 °C

No diagram plot

General consideration of the system

Plotted at 800-2000 °C: &-Fe,. Nb (or A-Fe, Nb
<~1625-1665 °C), u-FeNb,, (or u-Fe;Nbg,,, or
Felebmﬁ, <~1600-1700 OC), FC3C, O(-szC, ﬁ-Nb2+XC,
V_NbZ:bcC’ C-Nb4C3,x, Nb6C5:Ex» NbCl,X, OC-FC, "y—Fe, 5-F€,
Nb, C

Eutectic u-FeNb,—e-Fe, Nb—f-Nb,, ,C (1595 °C)
Eutectic u-FeNb;,—f-Nb,,.C-Nb (~ 1400 °C)

Eutectic ¢-Fe, Nb-NbC,_.—~d-Fe (~ 1370 °C)

Eutectic NbC;_,—y-Fe-C (~ 1150 °C)

NbC,_,—Fe is plotted: eutectic—1420 °C, ~3-5 mol.%
NbC,_,; at 1250 °C the max. solubility of NbC;_, in Fe
is ~2 mol.%

The solubility of C in ¢-Fe,,,Nb and u-FeNb, is
negligible. NbC,_, is in equilibrium with Fe and &-Fe,, .Nb.

C-Eu-U

C-Fe-Hf

C-Fe-Mo

C-Fe-N-Nb

C-Fe-N-Nb-
Ti
C-Fe-N-Nb-
Ti-V
C-Fe-N-Ti

C-Fe-Nb

[391]

[391]

[242, 244, 391,
417]

[138, 242, 244,
391, 417, 542-545,
610, 846, 900]

[869]
[870-871]
[871]

[872]

[138, 242, 244,

391, 417, 546-548,
868]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility
C-Fe-Nb-V NbC,_,—VC,_,—Fe is plotted schematically at 1000 °C [871]
C-Fe—-Ni-Ti No diagram plot [242]
At 1500 °C TiC,_, interacts with Fe-Ni alloy intensively.
C-Fe-Ni-W No diagram plot [755, 848]
Some phase fields are considered.
C-Fe-Si Plotted at 800-1450 °C: FegSiC, FesSiC (?), FegSirC (?), [242, 244, 267,
FeoSiC, (?), 0p-Fes ., Si (<~ 1300 °C), o;-Fes,,Si 393, 401, 417, 503,

(<~ 1155 °C), a;'-Fes4,Si (or FesSisa,, 965-1250 °C), 505, 549-550]
p-Fe, Si (1040-1210 °C), n-FesSiz (~825-1100 °C),
&-FeSij4, (<1410 °C), {;-FeSi, (~935-1220 °C), {,-FeSi,
(<980 °C), Fe;Siy, (or FeSip,,, x & 0.3, 935-1220 °C),
Fe;C, SiC, a-Fe, y-Fe, o0-Fe, Si, C

Eutectic FegSiC—y-Fe—Fe;C (1030 °C, 8.8 at.% Si, 15.2
at.% C)

Eutectic o,0-Fe—y-Fe—~C (1156 °C, 15.0 at.% Si, 7.6 at.% C)
Eutectic o,0-Fe—¢-FeSi;,~C (1182 °C, 31.9 at.% Si, 0.6
at.% C)

At 1100 °C in H, the interaction between SiC and Fe
results in the formation of #-FesSis; in vacuum the contact
melting is observed at 1165 °C.

C-Fe-Si-Ti No diagram plot [242]
At 1500 °C TiC,_ interacts with Fe-Si alloy intensively.

C-Fe-Si-V Plotted partially and schematically. [608]
Eutectic VC,_,—Fe3C—y-Fe-C (1150 °C)

C-Fe-Ta Plotted at 1100 °C: ¢-Fe,q,Ta (<~ 1775 °C), u-FeTa,,, [242, 244, 391,
(or u-Fe;Tag,,, <~1800-1900 °C), Fe;C, a-Ta,,,C, 417]
p-Tay.,C, (-TayCs_,, TagCs..,, TaCy_,, a-Fe, y-Fe, J-Fe,

Ta, C
TaC,_,—Fe is plotted: eutectic—1440 °C, ~2-3 mol.%
TaC]_X

o-Tay,,C is in equilibrium with &-Fe,,,Ta and u-FeTa.,,
TaC_ (x > 0.15)—with &-Fe,,Ta and TaC,_,
(0.01 < x < 0.15)—with Fe.

C-Fe-Ti Plotted at 25-1600 °C: TiFe;, (<~ 1315 °C), TiFe,, [242, 244, 391,
(<~1425 °C), Fe;C, TiC,_,, a-Fe, y-Fe, 6-Fe, p-Ti, o-Ti, C 405-406, 417,
Eutectic TiFe,, ,~TiC;_, (~1425 °C, 33.4 at.% Ti, 0.5 551-556, 611]
at.% C)

Eutectic TiFe . ~TiC,_—p-Ti (~1070 °C, 71.8 at.% Ti,
0.1 at.% C)

Eutectic TiFe,, ,~TiC;_—d-Fe (~ 1290 °C, 16.4 at.% Ti,
0.2 at.% C)

Eutectic TiCy_,~y-Fe-C (1150 °C, 0.9 at.% Ti, 17.6 at.% C)
TiC,_,—Fe is plotted: eutectic—~ 1380-1475 °C,

~6-10 mol.% TiC,_,

At 1250-1260 °C the solubility of TiC,_, in y-Fe

is <0.6+0.7 mol.%; depend. on temp., TiC,_, is in
equilibrium with y-Fe or a-Fe and Fe-Ti intermetallides.

(continued)
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Fe-U Plotted at 1000-1400 °C: UFeC, (<1615 °C), ~UzFe,Cs
(<1500 °C), ~UjzFeCg (at least > 1150-1400 °C),
U, Fe,Cig (<1200 °C), UgFe (<795-805 °C), UFe,_,
(<1230 OC), FC3C, UC]iX, C-UQC:;, O(-UCZ,}(, ,B-UCZ,X,
o-Fe, y-Fe, a-Fe, y-U, p-U, «-U, C
Eutectic UC;.,—UFe,_,—y-Fe (1040 °C); no mutual solid
solubilities between the components
Eutectic UC,,—UFe,_~UgFe (720 °C); no mutual solid
solubilities between the components
UC,.,—UFe,_, is plotted: eutectic— ~ 1040-1200 °C,
~11 mol.% UC;4, (~3.8 at.% C); no mutual solid
solubilities between the components
UC,4,—y-Fe is plotted: eutectic—~ 1120-1205 °C,
~17 mol.% UC,., (~15 at.% C); no mutual solid
solubilities between the components
UFeC,—y-Fe is plotted: eutectic—1160 °C, ~ 14 mol.%
UFeC, (~20 at.% C); no mutual solid solubilities between
the components

C-Fe-V Plotted at 500-1150 °C: #-V3Fe;C (?), 6-VFe 4,
(from ~100-650 to ~ 1200-1250 °C), Fe;C, o-V,,,C,
B-V2ilC, -V, C, (-Vi4Csy, V6Csiasr VsCrw, VCiy,
o-Fe, y-Fe, a-Fe, V, C
Eutectic Fe;C-{-V,Cs_, (~1150 °C, 10.2 at.% V, 27.7

at.% C)

Eutectic -V,.,C-VC,_~a-Fe (~1390 °C, ~36 at.% V,
~4.5 at.% C)

Eutectic Fe;C-VC,_—y-Fe (~1120 °C, 2.75 at.% V, 17.1
at.% C)

VC,_,—Fe is plotted: eutectic—~ 1390-1415 °C,
~7-8 mol.% VC,_,
VC,_, is in equilibrium with a-(Fe,V) and y-Fe, -V, ,C—
with a-(Fe,V), o-VFe 4, and (V,Fe)

C-Fe-W Plotted at 600-1500 °C: k-W3FeC (<~ 1600 °C),
nl—W3Fe3C (<~ 1670 OC), 1’]1-W6F66C (§~ 1400 OC),
W,Fe,Cg (metastable), WFeC (metastable, ?), A-Fe, W
(£~1060 °C), u-FesWe_, (or FesW,, ~1190-1635 °C),
0-FeW ., (~400-1215 °C), Fe;C, a-W,,.C, -W,,,C,
p-Woi,C, »-WCy_,, -WC\,, 6-Fe, y-Fe, a-Fe, W, C
Eutectic 6-WC,—y-Fe-C (~1145 °C, 1.3 at.% W, 17.5
at.% C)

C-Fe-Zr Plotted at 1100 °C: ZrsFesC (?), Zrz. Fe (<~ 885 °C),
Zry. Fe (~775-975 °C), ZrFe,,, (<~ 1675 °C), ZrFe;
(<~ 1480 °C), FesC, ZrC,_,, y-Fe, p-Zr, C
ZrC,_—Fe is plotted: eutectic— ~ 1400-1475 °C,
~3-4 mol.% ZrC,_,
The solubility of ZrC,_, in y-Fe is <0.5 mol.%; ZrC,_, is in
equilibrium with Fe and Fe-Zr intermetallides.

[242, 244, 391,
452]

[242, 244, 391,
417, 557-558, 843,
845, 873]

[242, 244, 391,
417, 559-562, 604,
662, 755-847]

[241-242, 244,
391, 417]
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2 Carbon (Graphene/Graphite)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

References

C-Ga-Mo

C-Ga-Nb

C-Ga-Ta

C-Ga-Ti

C-Ga-V

C-Gd-U

C-Gd-N-Th

C-Ge-Si-Ti

C-Ge-Ti

C-Ge-V

No diagram plot

Mo,GaC (M,,;1AX,-phase)

Plotted partially at 800 °C: Nb,GaC (M,,,;AX,,-phase),
NbGas_, (<1235 °C), NbsGas (<1300 °C), NbsGay
(<1540 °C), NbsGaz, (<1950 °C), Nbs_,Ga (<1860 °C),
OC-szC, ﬂ'Nb2+xCa V'NbZixC’ C'Nb4c3—xs Nb(uCSix’ NbCI—x’

Nb, Ga, C
No diagram plot

Ta,GaC (M,,;;AX,,-phase)

No diagram plot

Ti,GaC, TiyGaCz (M,,,1AX,,-phases)

Plotted partially at 800 °C: V,GaC (M,;;AX,-phase),
VisGay (<495 °C), V,Gas (<1050 °C), VeGay,
(~995-1155 °C), VeGasy, (<1095 °C), V3.,Ga
(<1300 °C), 4-V2,,C, f-Vou,C, f'-V2,,C, {-V4Cs,
VGCSix’ V8C7ix’ VC],X, V, Ga, C

Plotted at 1000-1500 °C: (U,Gd)C;4, (UC;,—f-GdCy_,
(or f-Gds_,C) monocarbide continuous solid solution),
«-Gd,C, (Gd,U),C5_, (solid solution based on Gd,C5_,),
{-(U,Gd),C; (solid solution based on {-U,C3), f-(Gd,U)C,_,
(solid solution based on $-GdC,), y-U, -U, o-U, a-Gd,

B-Gd, C

o-UC,_—a-GdC, and -UC,_,—f-GdC; series of dicarbide
continuous solid solutions are also formed. At temp.
<1000 °C UC;4,~f-GdC,_, (or -Gds_,C) monocarbide
continuous solid solution has a miscibility gap.

No diagram plot

ThC,.,~GdN,_, continuous solid solution

No diagram plot

Ti3Si,Ge;_,C, (0 < x < 1, M,,;;AX,,-phase solid solution)
Plotted at 1200 °C: Ti,GeC, TizGeC, (M,,;;AX,-phases),
TisGeCs; (M,+1AX,-phase, metastable, ?), TisGes

(<1980 °C), TigGes (<1650 °C), TiGe, (<1075 °C), TiC,_,,

%-Ti, B-Ti, Ge, C

Plotted partially at 800 °C: V,GeC (M,;;AX,-phase),
V3GCC (?), V17GC31 (<955—965 OC), V]lGeg
(<1565-1585 °C), V5sGes_, (~1930 °C), V3.,Ge
(<1690 °C), a-V5.,C, -V2.C, f'-V5,,C, {-V4Csy,
V6Csir VsCrir, VCi_, V, Ge, C

(680681, 744—
745, 860]

[244, 680681,
744-745, 860,

975]

(680681, 744—
745, 860]
(680681, 744—
745, 859-860]
[244, 680-681,
744-745, 860,
975]

[241, 391]

[391]
[680-681, 860]
[244, 633, 680-
681, 744-745,
860]

[680-681, 744—
745, 748, 860]
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System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-H-Hf No diagram plot [825]
HfC,H, (x = 0.55-+0.58, y = 0.42--0.43, or Hf,C,, H,_,
(HfC,,HfH,_,), x = 0.1, y = 0.14)
C-H-La No diagram plot [825]
LaC,H, (or La,CH_, LaC-LaH,)
C-H-Nb No diagram plot [825, 888]
NbC,H, (0.71 <x <0.81,0 <y <0.30,?)
C-H-O-Zr No diagram plot [825]
Zr0Og 6Co2H,
C-H-Th No diagram plot [825]
Th,CH, (or ThC-ThH,), Th3CH, (or ThC-2ThH,)
C-H-Ti No diagram plot [825]
TiC,H, (x = 0.460--0.675, y = 0.158=-0.625, or Ti,CH,
(TiC-TiH,), x = 0.46+-0.60), TiC,H, (x = 0.4, z = 1.2)
C-H-V No diagram plot [825]
VCH, (x = 0.75, y = 0.25), V,CH, (x = 0.3)
C-H-Y No diagram plot [825]
YC,H, (or Y,CH,, YC-YH, z = 2.55)
C-H-Zr No diagram plot [825-826, 866]
ZrCH, (x = 0.30+0.65, y = 0.30+1.25, or Zr,CH,,
Zl‘zclileiy, ZrClix'Zl‘Hli}., or ZI‘3CHX, ZI”3C1:EXH1:E}.,
ZrClixQZrHliy)
C-Hf-In No diagram plot [680-681, 744—
Hf,InC (M,,;AX,,-phase) 745, 860]
C-Hf-In-Ti No diagram plot [680-681, 860]
(Ti,Hf),InC (M,,+1AX,-phase solid solution)
C-Hf-Ir Plotted at 1500 °C: Hf,, Ir (<~ 1720-1775 °C), Hf;lr, [244, 391, 417]
(Or Hf51r3, <~1930-1970 OC), HfIrH_x (Or Hf47Ir53,
<~2410-2440 °C), Hflrs,, (<~2460-2470 °C), HfC,_,,
o-Hf, f-Hf, Ir, C
Depend. on compos., graphite is in equilibrium with
Hflrz,, + HfC,_, or Hflrs,, + (Ir,Hf).
C-Hf-Mn No diagram plot [242]

The interaction between HfC,_, and Mn leads to the
formation of eutectic alloy and solid solutions.

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Hf-Mo

C-Hf-Mo-Ni

Plotted at 1250-2100 °C: (Hf,Mo)C;_, (HfC;_.—a-MoC;_, [138, 242, 391,
monocarbide continuous solid solution at temp. 407, 409410, 579,
>~ 1700-2000 °C, or extended solid solution based on 614, 772-774,
HfC,_, with homog. range from HfCg 56 .99 to 827-828, 832, 835,
(Hfp.1sMo0g.85)Co.72 - 0.77 at 1400 °C, from HfCp 54090 to  837]
(Hfo.11Mo00.89)Co.72 -0.77 at 1700 °C, from HfCy 54 .09 to
MoCye4-0.71 at 2000 °C; the C content of the mixed
monocarbide phase increases as Hf substitutes for Mo),
f-(Mo,Hf),..,C (semicarbide solid solution based on

p-Mo,..C with homog. range from MoCg 4 ¢ 55 to
(MOOAQHfOAl)CO.475 050 at 1400-2000 OC), O(-(MO,Hf)Cl,X
(extended monocarbide solid solution based on «-MoC,_,

with homog. range from MoC g5 .70 tO

(Mog.93 = 0.95Hf0.05 - 0.07)Co.65 - 0.70 at 1400-1700 °C;
o«-MoC,_,—HfC,_, monocarbide continuous solid solution at

temp. >~ 1700-2000 °C), n-(Mo,Hf)C,_, (solid solution

based on #-MoC;_, with max. solubility of Hf—up to 3

at.% at 1700 °C), a-HfMo,., (<~1770-1875 °C),

p-HfMo,_, (from ~1770-1875 °C to ~2130-2210 °C),

o-Hf, f-(Hf, Mo), Mo, C

Eutectic (Hf,Mo)C;_.—Mo-f-(Mo,Hf),.,C

(~2100-2140 °C, 6 at.% Hf, 20 at.% C)

Eutectic (Hf,Mo)C_.—p-(Hf Mo)—a-Hf (~ 1740-1780 °C,

83 at.% Hf, 2.5 at.% C)

Eutectic (Hf,Mo)C_—p-(Hf Mo)-f-HfMo,_, (~ 1850 °C)
Eutectic (Hf,Mo)C,_,—1-(Mo,Hf)C,_—p-(Mo,Hf),.,C

(~2470 °C)

HfC,_,.—Mo is plotted: eutectic—~2310-2370 °C,

~11-15 mol.% HfC,_, (~11.5 at.% C); at eutectic temp.

the max. solid solubility of Mo in HfC,_, is >15 mol.%

and that of HfC,_, in Mo is ~ 1.6 mol.%, the latter one
decreases with decreasing temp. up to—0.4 mol.% at

2100 °C and 0.25 mol.% at 1250 °C

Additions of Hf affect the solid solubility of C in Mo; at

higher Hf content, the solubility of C decreases obviously.

The presence of Hf stabilizes a-MoC,_,. The interaction
between HfC,_, and Mo initiates from 1500-1800 °C (5 h
exposure) and becomes noticeable at 2000-2200 °C (2 h
exposure).

Some data available on the system in literature are

controversial.

HfC,_,—f-Mo,,C-Ni is plotted at 1220 °C: eutectic— [408]
~1200-1240 °C, ~7 mol.% p-Mo,.,C, ~4 mol.%

HfC,_,; the max. mutual solubilities of the components at
eutectic temp. are: in HfC,_~9 mol.% [-Mo,..,C and

15.5 mol.% Ni, in f-Mo,.,C-3 mol.% HfC,_, and

20 mol.% Ni and in Ni-1 mol.% HfC,_, and 4 mol.%
B-Mo,..,C.

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Hf-Mo-Si

C-Hf-Mo-Ti

C-Hf-Mo-V

C-Hf-N

C-Hf-N-O

C-Hf-Nb

C-Hf-Nb-U

C-Hf-Nb-V

No diagram plot.

At 1900-1950 °C in Ar atmosphere or low vacuum
(~100 Pa) the interaction in HfC; ,—MoSi, powder
mixtures leads to the formation of SiC and (Mo,Hf)sSi5,.
HfC,_, (x = 0.02)-TiC,_, (x = 0.03)-‘MoC’ is plotted at
1500-1650 °C: a small miscibility gap forms at temp.
<1630 °C at compos. Hfj 4sMog 55C1 o; at lower temp. a
large miscibility gap connects the TiC;_,—HfC;_, and
HfC,_, —‘MoC’ boundary systems; addition of ‘MoC’ to the
TiC,_—HfC,_; solid solution decreases the critical
miscibility temp., while addition of TiC,_, to HfC,_—
‘MoC’ raises the critical temp.; no max. type ternary
critical point.

HfC,_, (x = 0.02)-VC,_, (x = 0.12)-‘MoC’ is plotted at
1500-2750 °C: addition of VC,_, to the HfC,_~‘MoC’
monocarbide solid solution increases the critical miscibility
temp.; phase equilibria are dominated by a large miscibility
gap at 1500 °C.

HfC,_—HfN, . ,—Hf is plotted at 1150 and ~2000 °C:
HfC,N, (0.6 < x 4+ z < 1, HfC,_,—HfN, .., carbonitride
continuous solid solution, homog. range at 1150 °C:

~HFCg 60-HINo 70-HIN; o~HfCo 95), f-Hf
HfC,_—HfN;.,—‘HfO’ is plotted at 1600 and 2000 °C:
homog. limits of HfC,_,—HfN, .., continuous solid solution
(HfCXNyOZ) are HfC0'7500‘25 and HfNO,SOOOZO (1600 OC)
and HfC0_7000_30 and HfN()_7500_25 (2000 OC)

Plotted at 1200-2050 °C: (Hf,Nb)C,_, (HfC,_.—NbC,_,
monocarbide continuous solid solution), ;-Nb,,,C (max.
solubility of Hf is ~5 at.%), y-Nb,,C, {-NbsC5_,,
NbeCs.t,, f-(HEf,ND), C

Graphite is in equilibrium with (Hf,Nb)C,_,.
HfC,_,—NbC,_,~UC/, is plotted at 2050 °C: (Hf,Nb,U)C
(based on HfC,_,—NbC,_, and NbC,_,~UC, ., monocarbide
continuous solid solutions with homog. range depend. on
temp.), 2 monocarbide solid solutions region (or miscibility
gap, limited by compos. ~ (Hf 4Ug¢)Ci_—

~ (Hfo.75U0.25)C 1=~ (Hf.5Nbp 2Up 3)C1-)
HfC,_,—NbC;_,—VC,_,is plotted at 2050 °C: (Hf,Nb,V)C;_,
(based on HfC,_~NbC,_, and VC,_—NbC,_, monocarbide
continuous solid solutions, with homog. range depend.

on temp.), 2 monocarbide solid solutions region (or
miscibility gap, limited by compos. ~ (Hfy9gV.02)C1_x—

~ (Hf0.03V0.97)C 1=~ (Hfo 22 03Nbg 512 052V0.2203)C1-)

[894, 899]

[409]

[410]

[138, 242, 391,

411, 454]

[411-412]

[138, 242, 391,
413, 813, 824, 837,
844]

[391]

[413]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Hf-Ni

C-Hf-Ni-Ti

C-Hf-Ni-W

C-Hf-Ni—Zr

C-Hf-O

C-Hf-O-Ti

C-Hf-Os

C-Hf-Pb

Plotted at 1100 °C: Hf,Ni (<~ 1195-1200 °C), a-HfNi
(<1170 °C), f-HfNi (1170-1530 °C), HfoNiy,
(<1335-1340 °C), Hf;Ni;( (or Hf,Ni3, <1290-1295 °C),
Hf3Ni; (or Hf,Nis, from ~ 1015-1020 °C to 1250 °C),
HfgNiy; (from ~1175-1180 °C to 1300 °C), a-HfNi;
(<1200 °C), f-HfNis (from 1200 °C to ~ 1300-1340 °C),
Hf,Ni; (<1480 °C), HfNis (<1240 °C), HfC,_,, Ni, o-Hf,
p-Hf, C

HfC,_,—Ni is plotted: eutectic— ~ 1320-1330 °C,

~3-5.6 mol.% HfC,_,; at the eutectic temp. the solubility
of HfC,_, in Ni is <0.7+1.0 mol.% and that of Ni in
HfC,_~~7.5 mol.%

HfC,_, is in equilibrium with Ni and Ni-Hf intermetallides
HfC,_,~TiC,_,—Ni is plotted at 1225 °C: eutectic—
~1205-1235 °C, ~1.0-1.2 mol.% HfC,_,, ~5-6 mol.%
TiCy_,

HfC,_,—0-WC ., —Ni is plotted at 1000 °C: eutectic—

15 mol.% HfC,_,, 15 mol.% §-WC,,; regions of solid
solutions based on the individual components are not large
(6-7 mol.%)

HfC,_, (x = 0.02)-ZrC;_, (x = 0.17)-Ni is plotted
partially: HfC, ,—ZrC,_, monocarbide continuous solid
solution forms in the presence of Ni; minimum on the line
of eutectic solidification (Hf,Zr)C,_,—Ni is lower by
100-150 °C than eutectic temp. in the HfC;_,—Ni and ZrC,_,
—Ni systems and corresp. to compos. 4 mol.% HfC,_,,

4 mol.% ZrC,_, and 92 mol.% Ni

C-Hf-$-HfO,_, is partially plotted at 1900 °C: homog.
limits of HfC,O, (HfC,_,—‘HfO’ oxycarbide solid solution)
are ~HfC 7500 .25—HICq 55—HICp 99

The equilibrium pressure of CO over graphite in the
mixture with o-HfO,_, and HfC,_, is ~0.1 MPa at

1640 °C, ~0.05 MPa at 1600 °C, ~0.02 MPa at 1500 °C
and ~0.01 MPa at 1400 °C.

No diagram plot.

At 1500-2200 °C the interaction between TiC,_, and
HfO,_, leads to the formation of TiC,O,.

Plotted at 1500 °C: 6-Hf3,,0s (<1640-1680 °C),
e-Hf,,,0s (<1860-1900 °C), n-Hf,.,Os (<2040-2080 °C),
0-HfOs; 1, (<2500-2540 °C), A-HfOs;.., (<~2700 °C),
HfC,_,, o-Hf, -Hf, Os, C

Graphite is in equilibrium with (Os,Hf) + HfC,_,. The
solubility of Hf in Os (with the presence of C) and
solubility of Os in HfC,_, are low.

No diagram plot

Hf,PbC (M,,,;AX,,-phase)

[242, 244, 391,
414-415, 417,
839]

[414]

[415]

[839]

[411, 416]

[242]

[391, 417]

[680-681, 744—
745, 860]
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Hf-Pd

C-Hf-Pt

C-Hf-Re

C-Hf-Rh

C-Hf-Ru

C-Hf-S

C-Hf-Si

C-Hf-Sn

Plotted at 1300 °C: Hf,Pd (<1405-1425 °C), HfPd
(<1600-1620 °C), Hf3Pd, (<1550-1570 °C), HfPd, (from
1350-1390 °C to 2075 °C), HfPd;3 (<1955-1975 °C),
HfC,_,, «-Hf, f-Hf, Pd, C

Depend. on compos., graphite is in equilibrium with
(Pd,Hf) alloy, or HfPd;, or HfPd; + HfC,_,.

Plotted at 1500 °C: Hf,Pt (<1620 °C), HfPt (<2100 °C),
HfoPt;; (<1550 °C), Hf,Pt; (1400-1670 °C), HfPt,
(1630-1960 °C), HfPt3., (<2150 °C), HfC,_,, o-Hf, p-Hf,
Pt, C

Depend. on compos., graphite is in equilibrium with (Pt,Hf)
ﬂlloy + HfPt:;iX or HfPt3iX + HfCl,X.

Plotted at 1500 °C: HfRe,, (or Hf|;Reo, or Hf3Re,,
<~2280-2445 °C), /-HfRe,, (<~2850-3160 °C),
y-HfsRepqt, (or HfRe;, <~2800-3100 °C), HfC,_,, «-Hf,
p-Hf, Re, C

HfC,_,—Re is plotted: eutectic—2720 °C, ~20-30 mol.%
HfC,_,; the mutual solubilities of the components are low
Graphite is in equilibrium with Re + HfC,_,.

Plotted at 1500 °C: HfRh;C, (x ~ 0.4), y-Hf>,,Rh

(<~ 1450-1520 °C), 6-HfRh;, (<~2180-2290 °C),
Hf;Rhs., (or Hf;Rh3,,, <2040 °C), HfRh;3,, (<2130 °C),
HfC,_,, o-Hf, 5-Hf, Rh, C

The solubility of C in HfRh3., is ~5-10 at.%; no
solubility of Rh in HfC,_,. Depend. on compos., graphite is
in equilibrium with Rh + HfRh;C, or HfRh;C, + HfC,_,
Plotted at 1500 °C: HfRu3C,_, (x ~ 0.3), HfRu;.,
(<~2350-2400 °C), HfRu, (<~1900-1950 °C), HfC,_,,
o-Hf, f-Hf, Ru, C

HfC,_,—Ru is plotted: eutectic— ~ 2000 °C

Graphite is in equilibrium with Ru + HfC,_,

No diagram plot

Hf,SC (M,,+1AX,-phase)

Plotted at 1300 °C: HfsSi3Cy,, (x = 0.09), Hf,Si
(<~2070-2095 °C), Hf5Si, (<2460-2500 °C), Hf5Siy (or
Hf5Si;, <2305-2335 °C), HfSi (<~ 2125-2155 °C), HfSi,
(<~1535-1550 °C), HfC,_,, SiC, o-Hf, Si, C

Graphite is in equilibrium with SiC + HfC,_,.

No diagram plot

Hf,SnC (M,,,1AX,,-phase)

[244, 391, 417]

[391, 417]

[242, 244, 391,
417, 835, 837]

[244, 391, 417]

[391, 417]

[680-681, 744—
745, 860]
[242, 417-419,
503, 771]

[680-681, 744—
745, 860]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Hf-Ta

C-Hf-Ta-U

C-Hf-Tc
C-Hf-Th

C-Hf-Ti

C-Hf-Ti-V

Plotted at 1000-3950 °C: (Hf,Ta)C,_, (HfC,_,~TaC,_, [138, 242, 391,
monocarbide continuous solid solution), «-(Ta,Hf),,,C 419-423, 723, 813,
(extended semicarbide solid solution based on «-Ta,,,C, 837, 885]
~1000-2230 °C, max. solubility of Hf, depend. on

temp.—~ 1.5-10.7 at.%), f-(Ta,Hf),. ,C (extended

semicarbide solid solution based on f-Ta,.,C,

~2000-3200 °C, max. solubility of Hf, depend. on

temp.— ~ 1.5-18.5 at.%), (-TasCs_,, TacCs,, o-Hf, f-Hf,

Ta, C

HfC,_,—TaC,_, is plotted: miscibility gap in the solid state

(critical point—890 °C, at compos. ~Hfy 5. g¢Tap4-05C1_)

The data on the higher melting points of (Hf,Ta)C,_, in

comparison with individual HfC,_, and TaC,_, are not

confirmed. Graphite is in equilibrium with (Hf,Ta)C_,.
HfC,_,—TaC,_,—UC, ., is plotted at 2050 °C: (Hf,Ta,U)C,, [391]
(based on HfC,_,—TaC,_, and TaC,_~UC, ., monocarbide

continuous solid solutions with homog. range depend. on

temp.), 2 monocarbide solid solutions region (or miscibility

gap, limited by compos. ~ (Hfy4Up6)Ci_—

~ (Hfo.75U0.25)C1_x—~ (Hfp 55Tao 15 Up3)C10)

Plotted schematically [840]

No diagram plot [138]
HfC,_~ThC,, extended monocarbide solid solutions

(terminal solubility).

Plotted at 800, 1500 and 2000 °C: (Hf,Ti)C,_, (HfC,_,—  [138, 242, 391,
TiC,_, monocarbide continuous solid solution at higher 414, 424426, 625,
temp. with miscibility gap at lower temp.), two mono- 813, 816]
carbide extended solid solutions region (Hf,Ti)C,_, (based

on HfC,_,) + (Ti,Hf)C,_, (based on TiC,_,), a-Hf, p-Hf,

o-Ti, -Ti, C

HfC,_,-TiC,_, is plotted: miscibility gap in the solid

state (critical point—~ 1765-2050 °C (?), at
~Hfo.40-0.45Ti0.55 - 0.60C1-x» gap width at 1500 °C—from

~Hfo1-02

Tigg- 09C1x t0 ~Hfp50-0.75Ti0.25+ 0.50C1-)

Graphite is in equilibrium with (Hf,Ti)C,_, or (Hf,Ti)C,_,

+ (Ti,HHC\_,.

HfC,_,-TiC,_—VC,_, is plotted at 2050 °C: (Hf,Ti,V)C,_, [413]
(based on HfC,_,~TiC,_, and VC,_~TiC;_, monocarbide

continuous solid solutions with homog. range depend.

on temp.), 2 monocarbide solid solutions region (or

miscibility gap, limited by compos. ~ (Hf.0gV.02)Ci_—

~ (Hf0,03V0.97) C1_—~ Hfo.14 0.17T10.73 - 0.74V0.00 - 0.12)C 1)

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Hf-Ti-W

C-Hf-Tl

C-Hf-U

C-Hf-U-Zr

C-Hf-V

C-Hf-V-W

HfC,_~TiC,_—~0-WC,., is plotted at 1500-3100 °C:
(Hf,Ti,W)C,_, (monocarbide solid solution based on HfC,_,),
(Ti,Hf,W)C,_, (monocarbide solid solution based on TiC;_,),
(Hf, Ti,W)C,_, + (Ti,Hf W)C,_,, (Hf, Ti,W)C,_,
(monocarbide solid solution based on (Hf, Ti)C,_,) +
J-(W,Hf, Ti)C, 1, (monocarbide solid solution based on
0-WCyiy)

(Hf,W)C_,—~(Ti,W)C,_, miscibility gap in the solid state:
limited by compos. Hf0,64Ti0,36CI—X_HfOAZZTiOJSCl—.X_
Hf41Ti27W0.32C1+ (at 1540 °C)

No diagram plot

Hf,TIC (M,,.;AX,,-phase)

Plotted at 1800 and 2000 °C: (Hf,U)C,_, (HfC,_~UC4,
monocarbide continuous solid solution, or extended
monocarbide solid solutions based on HfC,_, and UC,, at
lower temp.), a-UC,_,, o-Hf, f-Hf, U, C

HfC,_,—UC,, is plotted: miscibility gap in the solid state
(critical point—~ 1730 °C, ?)

At higher temp., depend. on compos., graphite is in
equilibrium with (Hf,U)C,_, or (Hf,U)C,_, + UC,_,; the
compos. of (Hf,U)C,_, in equilibrium with C + UC,_, is
corresp. to ~ (HfoUp 1)C;_, (at 2200 °C) and shifts to
lower U concentrations with temp. increase.
HfC,_,—ZrC,_~UC, ., is plotted at 2050 °C: (Hf,Zr,U)C .,
(based on HfC,_—ZrC,_, and ZrC,_~UC,., monocarbide
continuous solid solutions with homog. range depend. on
temp.), 2 monocarbide solid solutions region (or miscibility
gap, limited by compos. ~ (Hfy 4Uq¢)Ci1.—

~ (Hfp.75U0.25)C 10—~ (Hfo.45Z10.10U0.45)C1+0)

Plotted at 1000 °C: HfV,., (<1550 °C), a-V,,,C,
ﬁ'VZj:XC’ ﬁ,'v2+xca g'V4C3—.v’ V6C5ixa V8C7j:x’ Vcl—xa
HfC,_,, «-Hf, V, C

HfC,_,—VC,_, is plotted: eutectic— ~ 2580-2650 °C,
~70-75 mol.% VC,_,; the mutual solubilities of HfC,_,
and VC/_, in each other are ~ 15 vol.% (at eutectic temp.)
The mutual solubilities of other components are lower.
HfC,_,—VC,_,—-WC\., is plotted at 1750-2970 °C:
(Hf,V,W)C,_, (monocarbide solid solution based on
(Hf,V)C,_,), (Hf,V,W)C,_, (monocarbide solid solution
based on HfC,_,), (V,Hf,W)C,_, (monocarbide solid
solution based on VC,_,)

(HE,W)C_,~(V,W)C,_, miscibility gap in the solid state:
limited by compos. ~ (Hfo9Vo.1)Ci_,—~ (Hfo.1V0.0)Ci_~
~ (Hfo.40+0.45V0.40+ 0.4sW0.15)C 1+, (at 2580 °C)

Addition of 0-WC_, decreases the critical temp. of
miscibility gap.

[426]

[680-681, 744—
745, 860]
[138, 391]

[391]

[391, 427, 813,

837]

[427]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

C-Hf-W Plotted at 1500-2660 °C: (Hf,W)C,_, (HfC,_,—y-WC,_,  [242, 244, 391,
monocarbide continuous solid solution at higher temp.), 415, 417, 428-430,
HfW,., (<~2495-2530 °C), 2-W,,.C, -W,,,C, 773, 827, 835,
7-Wo,C, y-WC_,, 6-WC\,, o-Hf, -Hf, W, C 837]

Eutectic (Hf,W)C;_,—y-W,,C-W (2660 °C, 8 at.% Hf,
22 at.% C); at the eutectic temp. the monocarbide solid
solution compos. is (Hfy g3Wg.17)Co g0 and semicarbide
solid solution compos. is (W .94Hf(.06)2Co.99 (With max.
solubility of Hf in y-W,,C); the max. solid solubilities of
C and Hf in metal W are ~1 at.%

HfC,_,—W is plotted: eutectic— ~2790-2930 °C,

~20-25 mol.% HfC,_, (~20 at.% C); the solubility of W
in HfC;_, is 6 mol.% (at eutectic temp.)

The presence of Hf stabilizes y-WC;_,

C-Hf-Zr Plotted at 1600-3900 °C: (Hf,Zr)C,_, (HfC,_~ZrC,_, [138, 391, 424—
monocarbide continuous solid solution), o-(Hf,Zr), 425, 634, 813,
B-(Hf,Zr), C 1006]

Eutectic (Hf,Zr)C,_—p-(Zr,Hf)—a-(Hf,Zr) (2030 °C)
HfC,_,—ZrC,_, is plotted: continuous solid solution
Graphite is in equilibrium with (Hf,Zr)C,_,.

C-Ho-U No diagram plot [391]
UC,4+,—HoC;_, monocarbide continuous solid solution or
extended solid solution based on UC,4,.

C-In-Nb No diagram plot [680-681, 744—
Nb,InC (M,,,1AX,,-phase) 745, 860]

C-In-Ti Plotted partially at 1300 °C: Ti,InC (M,,;;AX,,-phase), [587, 680-681,
Ti3InC, TizIng (<~795 °C), TiC,_, (solubility of In < 5  744-745, 859-
at.%), o-Ti, §-Ti, In, C 860]

The extension of homog. range for both ternary compounds
in the system is ~2—4 at.%.

C-In—Zr No diagram plot [680-681, 744—
Zr,InC (M,,,1AX,,-phase) 745, 860]
C-Ir-Mo Plotted at 1500 °C: ~Mo,lr,C (stable at least at temp. [244, 391, 431]

<1500 °C, ?), Irs_ Mo (<2300 °C), &-IrMo; 4, (from
1400-1620 °C to 2270 °C), IrMoy ., (<1600-1620 °C),
o-Ir;Mo7,, (from ~1970-1980 °C to ~2080-2110 °C),
IrMos,, (<2100-2120 °C), f-Mo,.,C, Mo, Ir, C
C-Ir-Nb Plotted at 1500 °C: Ir;. Nb (<2435-2440 °C), a,-IrNb,_, [244, 391, 431]
(<~1985 °C), o-IrNb;_, (<~ 1900 °C), o-IrNb,_,
(<~2060 °C), IrNb;, (<2125-2130 °C), f-Nb,,.C,
(-Nb4C3,x, NbCl,X, Nb, Ir, C
Depend. on compos., graphite is in equilibrium with
Ir; Nb + NbC,_, or Ir; Nb + (Ir,Nb).
C-Ir-Rh No diagram plot [138]
Eutectic (50 % Ir + 50 % Rh)-C (1930 °C)

(continued)
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Table 2.14 (continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Ir-Sc

C-Ir-Si

C-Ir-Ta

C-Ir-Th

C-Ir-Ti

C-Ir-U

C-Ir-V

C-Ir-W

C-Ir-Y

No digram plot

ScIrsC, a-Sci3lrCy, f-ScilrCy

Plotted at 1340 °C: IrSi3 (at least at ~1400-1500 °C),
IrSi, (at least at ~1400-1500 °C), Ir,Siz (or IrSi 5, at
least at ~1250-1400 °C), IrSi (at least at ~ 1500 °C),
Ir3Si, (or Iry 5Si, at least from ~ 500-700 °C to

~ 1500 °C), Ir,Si (at least at ~ 1500 °C), Ir5Si (at least at
~ 1500 °C), SiC, Si, Ir, C

Plotted at 1500 °C: f-Ir34Ta (<2450-2455 °C), y-IrsTa,,,
(or or-Ir3Ta,,,, <1860-1865 °C), 6-IrTa,_, (or «;-IrTa;_,,
<~2120-2125 °C), ¢-IrTas, (<2475-2480 °C),
OC-TaZ+xC, ﬁ—TaZixC, C—Ta4C3,X, Ta6C5ix, TaCl,x,Ta, II', C
Depend. on compos., graphite is in equilibrium with
p-Irs, Ta + TaCy_, or S-Irz4Ta + (Ir,Ta).

No diagram plot

Th,Ir,C, (?)

Plotted at 1500 °C: Tis_JIr (<1515 °C), o-Tilr| 4,

(<~ 1745 °C), p-Tilr|+, (<~2130 °C), Tilrs,
(<~2115-2125 °C), TiC,_,, p-Ti, Ir, C

Depend. on compos., graphite is in equilibrium with
Tilrs4, + TiCy_, or Tilrsy, + (Ir,Ti).

Plotted at 1300 °C: U,IrC,, UsIr (~750-945 °C), U,Ir
(<~775 °C), a-Uslr, (<~900 °C), -Uslr,

(~900-1120 °C), Ulr (<1470 °C), Ulr,

(<~ 1850-1875 °C), Ulr; (<~2000-2005 °C), UC,,
C-U2C3, U, Ir, C

Plotted at 1500 °C: V34, Ir (<~1900-1960 °C), VIry,,
(< ~at least 1880 °C), V_Ir . (or (V_Ir)Ir,

0.04 < x < 0.19, <at least 1900 °C), VIrsy, (<at least
2000 °C), f-V21.C, f'-V2,,C, {-ViCs_r, V6Csiirs
V8C7ix,VC1,x, V, II', C

Depend. on compos., graphite is in equilibrium with
VIr3iX + VC],X or Vlr3ix + (Ir,V)

Plotted at 2000 °C: ~W.,Ir,C (?), 0-Ir3_ W (?), p-IrsWor,
(<~2500 °C), &-IrtW 1, (?7), 0-IrW3, (from

1795-1850 °C to 2520-2570 °C), a-W,,.C, p-W,,.C,
'))-Wzixc, ",’-WCI_X, 5-WC1h, W, II', C

Plotted partially at 1100-1500 °C: Y;Ir (<1425 °C), Yslr,
(<1525 °C), Yealrsy (2), of-Yslra, (2), 0-Yslrzo, (7).
B-Yslrs., (<1600 °C), Yilr, (<1725 °C), YIr (<2150 °C),
Yy, (<2400 °C), YIr; (<2100 °C), Y,4+,C, YCi4,,
a-Y4Cs, B-Y4Cs, -Y3Cs_y, f-Y3Cyr, -Y5Csy, f-Yo2Csy,
-YC,, -YCoiy, 0-Y, -Y, I, C

Depend. on compos., graphite is in equilibrium with
Ylrpe, + Ir, or Ylrpe, + -YCs.

[986-988]

[431, 503-504]

[244, 391, 431]

[391]

[244, 391, 431]

[242, 244, 391,
431, 693]

[391, 431]

[244, 391, 431]

[990]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Ir-Zr

C-La-N-Th

C-La-U

C-Lu-U

C-Mg-Mo-O

C-Mg-Nb-O

C-Mg-O

C-Mg-O-Si

C-Mg-O-Ta

C-Mg-O-Ti

C-Mg-O-W

C-Mg-O—Zr

Plotted at 1500 °C: Zrslr (<1305 °C), Zr,Ir (<1340 °C),
Zrslrs (<1730 °C), o-ZrIr,_, (<900-950 °C), p-Zrlr,,
(from 900-950 °C to 2050 °C), Zrlr, (<2085 °C), Zrlrs.
(<2280 °C), ZrC,_,, o-Zr, p-Zr, Ir, C

Depend. on compos., graphite is in equilibrium with
Zrlrsy . + ZrCy_y, or Zrlrsy, + (Ir,Zr).

No diagram plot

ThC,—LaN,_, carbonitride continuous solid solution
Plotted at 1500 °C: -(La,U)C,.., (extended dicarbide solid
solution based on f-LaC,.,), UC,.,, (-U,Cs, La,Cs_,, U,
La, C

The solubilities of ‘LaC’ in UC,., and La,Cs_, in {-U,C;5
are <1 mol.%.

No diagram plot

UC,.,~LuC,_, (or Luz_,C) monocarbide continuous solid
solution or extended solid solution based on UC,,.

No diagram plot

At 1800-2300 °C the interaction between MgO and
p-Mo,,C is weak.

No diagram plot

At 1800-2300 °C, in vacuum MgO and NbC,_, interact
with the formation of Nb and NbC,O,,

No diagram plot

MgCOz, MgC204

In vacuum (0.01-0.05 Pa), the interaction between C and
MgO is ruled by chemical boundary reaction stage (linear
law) and initiates in powdered mixtures from ~ 1350 °C
and on bulk materials contacts—from ~ 1800 °C.

No diagram plot

At 1600 °C MgO and SiC interact intensively.

No diagram plot

In vacuum, the interaction between MgO and TaC,_,
initiates at temp. >2200-2300 °C.

No diagram plot

At 1600-1900 °C, in He MgO and TiC,_, interact with the
formation of Mg,TiOy, TiO;., and CO; at 1800-2300 °C,
in vacuum—with the formation of C, Mg and TiC,O,,.

No diagram plot

At 1800-2300 °C the interaction between MgO and
0-WC, ., is weak.

No diagram plot

At 2000-2300 °C in vacuum MgO and ZrC,_, interact with
the formation of C, Mg and ZrC,0O,.

[244, 391, 431]

[391]

[244, 391]

[391]

[242]

[242]

[138, 194]

[242]

[138, 242]

[242]

[242]

[242]
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

References

C-Mn-Nb

C-Mn-Mo

C-Mn-Si

C-Mn-U

C-Mn-W

C-Mn-Zr

C-Mo-N

C-Mo-N-Ti

No diagram plot

At 1350 °C the interaction between NbC,;_, and Mn leads
to the formation of eutectic alloy and solid solutions.
Plotted at 800 °C: #1-MozMn;C, Mo,Mn,C, «-(Mo,Mn),,,C
(extended solid solution based on «-Mo,.C), o-MnsMos_,
(from 1075-1105 °C to 1300-1500 °C), u-MnsMog,
(<1400—1600 OC), £—Mn4iXC, Ml’l23C6, Ml’l15C4, MH3C,
Mn;sC,, Mn;Cs, o'-Mo,,C, y-MoC, «-Mn, -Mn, y-Mn,

Mo, C

Depend. on compos., graphite is in equilibrium with
o«-(Mo,Mn),.,.C, or «a-(Mo,Mn),.,.C + Mn,Cs;, or Mn;Cs.
Plotted at 1000 and 1130 °C: MnsSiC (Nowotny phase),
MngSi,C, MnsSizC, (<1285-1300 °C, solid solution based
on MnsSi3), Mng.,Si (<880 °C), v-MnySi,, (<1060 °C),
o-Mnj;_,Si (<~ 675 °C), f-Mn3L,Si (from ~675 °C to
1070-1075 °C), MnsSi, (<850 °C), MnSi,_, (<1270-
1275 OC), MnHSilgix (or MnSil_75,x, <1150-1155 OC),
0-MnSi, (or 0-Mn5Sise, ?), &-Mny.C, Mn,3Ce, Mn;5Cy,
Mn;C, MnsC,, Mn,Cj3, SiC, -Mn, y-Mn, 6-Mn, Si, C
The solubility of Mn in SiC is very low (~2x 10~* at.% at
1850 °C and ~2x1072 at.% at 1950 °C).

No diagram plot
UMnC2

Plotted at 800 °C: 5-W3Mn3C, k-W;MnC,_,, (Mn,W),C
(or ~Mn;Wo5.1Cs25), &Mnys,C, MnpCe, Mny5Cy,
MH3C, Ml’lsCz, MH7C3, (3—WC1ix, OC-MI'), ﬂ—Mn, W, C
Depend. on compos., graphite is in equilibrium with
5—WC1ix + MH7C3 or MH7C3.

No diagram plot

At 1300 °C the interaction between ZrC,_, and Mn leads to
the formation of eutectic alloy and solid solutions.

Plotted at 1100 °C: 6-Mo(C,N), ., (extended solid solution
based on 6-MoN or 5-MoN-‘MoC’ carbonitride continuous
solid solution at higher temp.), -Mo,,(C,N) (extended
solid solution based on a-Mo,,,C with max. solubility of
y-Mo,4 N-65 mol.%), y-Mo,., N, Mo, N, C
TiC,_~TiN;+~a-MoC,_~d-MoN is plotted at 1450 °C
(Pn2 < 0.2 MPa) and 1600-1650 °C (pn. < 0.3 MPa):
(Ti,Mo0)(C,N);+, (extended solid solution based on
TiC,_~TiN;., carbonitride continuous solid solution)
TiC,_,—TiN;,—2-MoC,_, is partially plotted at 1600 °C:
(Ti,Mo0)(C,N);_, (extended solid solution based on TiC;_,)
(Ti,Mo)(C,N) phase separates into two phases, of which
one is richer in Ti and N than another; the two-phase field
becomes smaller at higher temp.

[242]

[391]

[244, 299, 393,
431, 503, 769—
770]

[391]

[391]

[242]

[391, 431, 476,
853]

[432, 584, 588]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Mo-Nb

C-Mo-Nb-Ta

C-Mo-Nb-U

C-Mo-Nb—Zr

C-Mo-Ni

C-Mo-0O

C-Mo-O-Zr

C-Mo-Os

Plotted at 1400-3000 °C: (Nb,Mo)C,_, (extended solid
solution based on NbC,_,, or NbC,_—~«-MoC,_,
monocarbide continuous solid solution at 2000-2600 °C),
p-(Mo,Nb),...C (extended solid solution based on
p-Mo,.,C with max. Nb solubility corresp. to

~ (Mog ¢Nbyg 4)2C), f-(Nb,Mo),.,C (solid solution based on
p-Nb,,,C with max. Mo solubility—~ 3 at.%), n-MoC,_,,
(Nb,Mo), C

The interaction between NbC;_, and Mo initiates from
1700-1800 °C (5 h exposure) and becomes noticeable at
2000-2200 °C (2 h exposure). Under specific pressure

5 MPa the diffusion welded joint between NbC;_, and Mo
is produced at 1600 °C (5-15 min exposure).

p-Mo,.. .C—f}-Nb,,,C—x-Ta,, C is plotted at 1650 and
2000 °C: (Ta,Nb,Mo),.,C (based on f-Nb,,,C~a-Ta,, C
semicarbide continuous solid solution), f-(Mo,Ta,Nb),.C
(solid solution based on -Mo,,C), (Ta,Nb,Mo),.,C

+ (Ta,Nb,Mo)C;_, + (Mo,Nb,Ta), (Ta,Nb,Mo)C;_,

+ (Mo,Nb,Ta), f-(Mo,Ta,Nb),,C + (Ta,Nb,Mo)C;_,

+ (Mo,Nb,Ta)

o-MoC,_,—NbC,_,—UC,, is plotted at 2000 °C:
(U,Nb,Mo)C,_, (based on NbC;_~UC;., monocarbide
continuous solid solution), UMoC,, a-(Mo,Nb,U)C,_,
(based on a-MoC,_,)

oa-MoC;_,—NbC_,—ZrC,_, is plotted at 2000 °C:
(Zr,Nb,Mo)C,_, (based on NbC,_~ZrC,_, continuous solid
solution), «-(Mo,Zr,Nb)C,_, (based on a-MoC,_,)

Plotted at 1000 °C: 111—M06Ni6C, 111,2-MO3 %4Ni2;3C,
p-Niy Mo (<865-875 °C), y-Niz, Mo (<905-915 °C),
0-NiMo ., (or u-MoNiy,, <~ 1360-1365 °C), «-Mo,,,C,
o’-Mo,,,C, Mo, Ni, C

f-Mo,.C-Ni is plotted: eutectic—1265 °C, ~9 mol.%
p-Mo,.C; the solubility of f-Mo,.,C in Ni is

~2.5 mol.% (at eutectic temp.) and ~ 1.5 mol.% (at

950 °C), and that of Ni in /-Mo,.,C is ~21 mol.% (at
eutectic temp.) and ~10-11 mol.% (at 950 °C)

Plotted partially at 930 and 1530 °C: -M0O,.,
(<2125-2325 °C), 0-Mo,,.,C, o'-Mo,,,C, -Mo,..,C, Mo,
0O, C

No diagram plot

At 1500-2000 °C the interaction between f}-Mo,.,C and
ZrO,_, results in the formation of ZrC,0, and Mo.
Plotted at 1500 °C: ~Mo30s;C, (<1500-1530 °C),
f-Mo3.4,0s (<2210 °C), 6-Mo,.,0s (<2420-2440 °C),
,B-MOzixC, MO, OS, C

The mutual solubilities of all the constituent binary phases
are low. Depend. on compos., graphite is in equilibrium
with (Os,Mo) or (Os,Mo) + f-Mo,..C.

[138, 242, 391,
433-434,773, 827,
837, 853]

[435]

[436]

[436]

[242, 244, 391,
408]

[431, 575, 853]

[242]

[244, 391, 431]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Mo-Pt

C-Mo-Pu

C-Mo-Pu-U

C-Mo—Re

C-Mo-Rh

C-Mo-Ru

C-Mo-Sc

Plotted at 1100 and 1500 °C: ~Mos_¢PtysCy_1 1 (at least [244, 391, 431]
> 1230-1260 °C), n-Pt,.. Mo (<~ 1780-1820 °C),

0-PtMo, 1, (<1280-1320 °C), ¢-PtMos_, (<~ 1455-1910 °C),

&-PtMos_, (from 1455-1495 °C to ~2155-2195 °C),

p-PtMog_,. (from 1270-1290 °C to 1760-1800 °C), «-Mo,..,C,

o/ -Moy,C, f-Mo,.,C, Mo, Pt, C

Plotted at 20, 900 and 1000 °C: a-PuMoC, (<1680 °C),  [242, 391, 906]
p-PuMoC, (from 1680 °C to 2130-2170 °C, congruent

melt. point), #-PusMo;C; (or Pu,MoC,, <~ 1900 °C,

congruent melt. point, ?), PuC,_,, Pu,Cs_,, ®-Mo,,,C,

o'-Mo,,,C, f-Mo,..C, 1-MoC,_,, o-Pu, f-Pu, y-Pu, J-Pu,

d'-Pu, ¢-Pu, Mo, C

Eutectic #-PusMo;C3-PuC;_,—&-Pu (~610-630 °C)

Depending on compos., graphite is in equilibrium with

PuMoC, + Pu,Cs;_, or PuMoC, + «-Mo,,,C.

No diagram plot [391]
(U,Pu)MoC, (PuMoC,-UmoC, dicarbide continuous solid

solution), (U,Pu)MoC,_, (or (U,Pu)MoC; 7, solid solution

based on UMoC,_,, or UMoC, ;)

Plotted at 1400 and 1500 °C: n-MosRe,C (at least at [138, 244, 391,
1400 °C, ?7), ~MoReC;_, (x ~ 0.2 at least at 431, 581-583, 603,
~1400-1500 °C, ?), f-(Mo,Re),.C (fi-Mo,.,C-Re 811]
continuous solid solution), a-(Mo,Re)C,_, (extended solid

solution based on a-MoC,_, with the max. solubility of Re

corresp. to compos. ~(Mog,Rep8)Ci_,), c-MoRes,

(from 1100-1150 to 2620-2670 °C), y-MoRes,

(<1970-2030 °C), Mo, Re, C

The presence of Re stabilizes a-MoC/_,.

Plotted at 1100 and 1500 °C: ~Mo,Rh,C (at least [244, 391, 431]
>~ 1360 °C), Rh3 Mo (<1180-1220 °C), &-Rh,. Mo

(from ~ 1000-1200 to 2065-2085 °C), ¢-RhMo .,

(<975-1125 °C), f-Mo,,C, Mo, Rh, C

Plotted at 1100 and 1500 °C: ~MozRu3C, (at least [244, 391, 431,
>~ 1300 °C), 0-RuzMos., (from ~ 1145 °Cto 1915- 853]

1920 °C), a-Mo»,.C, «’-Mo»,.C, f-Mo,...C, Mo, Ru, C

Partially plotted at 1200 °C: (Sc,Mo)C;_, («-MoC_,— [244-245, 431]
ScC,_, monocarbide continuous solid solution), «-Sc4Cs,

B-Sc4Csxs Sc3Cyy (or ScisChoy), -Moy,,C, o'-Mo,,,C,

f-Mo,..C, n-MoC,_,, y-MoC, Mo, «-Sc, f-Sc, C
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Mo-Si

C-Mo-Si-Ta

C-Mo-Si-Zr

C-Mo-Ta

C-Mo-Ta-V

C-Mo-Tc
C-Mo-Th

Plotted at 1100-1730 °C: Mos_,Si;C, (x = 0.6--1.0,

y & 0.2-1.0, or Mo3(Si,Mo;_,)»(C,Si;_,)3,

x = 0.10+0.55, y = 0.15+0.40, or MooSi;Cy4, MogSisC,
Mo,SisC, at least at 1200-1700 °C, Nowotny phase),
a-MoSi, (<1900 °C), f-MoSi, (from 1850-1900 °C to
2020 °C), MosSiz, (<2170-2180 °C), Mo;Si
(<2025-2065 °C), 2-Mo,,.C, o/-Mo,,.,C, f-Mo,.,C,
n-MoC,_,, «-MoC,_,, y-MoC, SiC, Mo, Si, C

SiC-Mo is plotted: Mos_,SizC,, Mo3Si, MosSiz.,
p-Mo,...C, o-MoC,_,, SiC, Mo

At 1600 °C, depend. On compos., graphite is in equilibrium
with Mos_ySi_ng, M05__,,Si3Cx + SIC, or M05_}.Si3CX +
f-Mo,..C. In vacuum, the reaction between graphite and
a-MoSi, begins at ~ 1500 °C (2 h contact exposure) and
leads to the formation of Mos_,SizC, and SiC.

No diagram plot.

At 1900-1950 °C in Ar atmosphere or low vacuum

(~ 100 Pa) the interaction in TaC;_,—MoSi, powder
mixtures leads to the formation of SiC and (Mo,Ta)sSiz.,.
No diagram plot.

At 1950 °C in Ar atmosphere the interaction in ZrC;_,—
MoSi, powder mixtures leads to the formation of SiC and
(MO,ZI’)SSi:;iX.

Plotted at 1400-3500 °C: (Ta,Mo)C,_, (extended solid
solution based on TaC,_,, or TaC,_~«-MoC,_, mono-
carbide continuous solid solution at 2000-2600 °C),
p-(Mo,Ta),C (extended solid solution based on -Mo,,C
or -Mo,.,C—f3-Ta,.,C semicarbide continuous solid
solution at 2300-2500 °C), a-Ta,,C, {-Ta,Cs_,, (stabilized
by Mo), TagCs,, n-MoC,_,, (Mo,Ta), C

At higher temp. graphite is in equilibrium with single solid
phase (Ta,Mo)C;_,. In vacuum the interaction between
TaC;_, and Mo initiates from 2000 °C (5 h exposure).
Under specific pressure 5 MPa the diffusion welded joint
between TaC;_, and Mo is produced at 1400 °C (5-15 min
exposure).

p-Mo,  C—f-V, C—a-Ta,,,C is plotted at 1650 and
2000 °C: (Ta,V,Mo),.,C (based on -V, ,C—a-Ta,,,C and
p-V;.,C—p-Mo,..,C semicarbide continuous solid solu-
tions), (Ta,V,Mo0),.,C + (Ta,V,Mo)C,_, + (Ta,V,Mo),
(Ta,V,Mo)C,_, + (Ta,V,Mo)

Plotted schematically

Plotted at 1500 °C: ThMo,C; (?), #-(Mo,Th)C,_,,
p-Mo,.,C, ThC ., (y-ThC,_,), -Th, Mo, C

[138, 242, 244,
431, 437, 503,
630-632, 665,
736738, 819]

[894, 899]

[894]

[138, 242, 391,
419, 438-439, 723,
773, 827, 837]

[435]

[840]
[138, 391]

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Mo-Ti

C-Mo-U

C-Mo-U-Zr

C-Mo-V

Plotted at 1200-2750 °C: (Ti,Mo)C,_, (TiCi_—a-MoC_, [138, 242, 391,
monocarbide continuous solid solution at 1900-2600 °C, or 419, 440, 579,
extended solid solution based on TiC;_, with the max. 767-768, 773, 821,
solubility of Mo corresp. to compos. ~ Tip 1 MogoCpg at 823, 827, 837,
1500 °C and ~Ti0‘05M00.95C0‘3 at 1750 OC), ﬁ'MOZiXC’ 1013]
n-MoC,_,, f-Ti, Mo, C

Eutectic (Ti,Mo)C;_,—f-Mo,.,C~(f-Ti,Mo) (2160 °C)

Eutectic (Ti,Mo0)C,_.—(-Ti,Mo) (2240 °C)

TiC,_,—Mo is plotted: eutectic—~2160-2310 °C,

~20 mol.% TiC,_,; the solubility of Mo in TiC_, is

~35 mol.% and that of TiC,_, in Mo is ~4-6 mol.% (at

eutectic temp.)

At higher temp. graphite is in equilibrium with single solid

phase (Ti,Mo0)C;_,. In vacuum the interaction between

TiC;_, and Mo initiates at temp. >2000 °C (5 h exposure).

Under specific pressure 5 MPa the diffusion welded joint

between TiC;_, and Mo is produced at 1600 °C (5-15 min

exposure).

Plotted at 550-2000 °C: UMoC,_, (x ~ 0.3, a low C form [138, 242, 244,
of UMoC,), UMoC, (<2230-2350 °C (?), congruent melt. 391, 431, 441, 453,
point), ®-UMo,C, (metastable, ?), y-UMoC (metastable, ?), 612, 620, 812]
UMo,C (?), MoU,, (<595-630 °C), UC4,, {-U,Cj5,

o-UC,_,, f-UC,_,, 0-Mo,,,C, o'-Mo,,,C, -M0,..,C,

n-MoC,_,, a-MoC_,, y-MoC, «-U, -U, y-U, Mo, C

UC,4,—Mo is plotted: eutectic—~ 1700-1800 °C

UMoC,_,—UC ., is plotted: eutectic—2160 °C

UMoC,_,—f-Mo,.,C is plotted: eutectic—2270 °C

UMoC,_,—Mo is plotted: eutectic— ~2000 °C

UMoC,_,—C is plotted: eutectic—2200 °C

UC, .+, and Mo are compatible with each other at temp.

<1000-1100 °C; at 1000 °C (500 h exposure) the

dimension of reaction zone between them reaches 10 um.

At 1200 °C the reaction results in the formation of

p-Mo,.,C and metal U. At 1000-1200 °C the performance

of UC,_, in the contact with Mo is very similar.

o-MoC,_,—ZrC,_,—UC,., is plotted at 2000 °C: [436, 812]
(U,Zr,Mo)C, ., (based on ZrC,_~UC,,, monocarbide

continuous solid solution), UMoC,, a-(Mo,Zr,U)C,_, (solid

solution based on a-MoC_,)

At ~2000 °C (UgsZrg5)Cj.t, reacts vigorously with metal

Mo.

Plotted at 1500-2000 °C: (V,Mo0)C,_, (extended solid [242, 391, 442,
solution based on VC,_, or VC,_~«-MoC;_, monocarbide 773, 827, 837]
continuous solid solution at higher temp.), f-(V,Mo0),.,C
(B-V24,C—p-Mo,.,C semicarbide continuous solid

solution), #-MoC,_,, «-MoC,_,, (V,Mo), C

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Mo-W

C-Mo-W-Zr

C-Mo-Zr

C-N-Nb

C-N-Nb-W

Plotted at 1000-2500 °C: (W,Mo)C (y-MoC—-9-WC, ., [138, 241-242,
monocarbide continuous solid solution at temp. 244, 391, 443,
<1100-1200 °C, or extended solid solution based on 764-766, 827, 837,
0-WC)., at higher temp.), o-(Mo,W)C,_, («-MoC,_,— 853]

7-WC/_, continuous solid solution at ~2550-2650 °C, or

extended high temp. solid solution based on a-MoC,_, with

the max. solubility of W corresp. to compos.

~(Mog75W25)Co 65 at 2000 °C, ~(Mog.e7W0.33)Co.6s at

2100 OC, ~(M00.33W0A67)C0,65 at 2230 °C and

~(Mog,03W0.97)Co.62 at 2500 °C), n-(Mo,W)C;_,

(extended solid solution based on n-MoC,_, with max.

solubility of W corresp. to compos. ~ (Mog 75W.25)Co 64 at

1850-2000 OC, ~(M00,67W0A33)C0A64 at 2100 °C and

~ (Mo sWy.5)Co.es4 at 2200-2500 °C), B-(Mo,W),,C
(f-Mo,.,C—0/f-W,,,C semicarbide continuous solid

solution or extended solid solution based on ;-Mo,.,C at

lower temp.), (W,Mo), C

At 1800-2000 °C Mo is compatible with 0-WC,_,. Under

specific pressure 5 MPa the diffusion welded joint between

0-WC) ., and Mo is produced at 1600 °C (5-15 min

exposure).

ZrC_.—Mo—W is plotted partially at 1200, 1600 and [831]

2000 °C: solubility of ZrC,_, in the Mo-W solid solution

decreases with fall in temp.; homog. range of the solid

solution steadily decreases with rise in W content

Plotted at 1400-2100 °C: (Zr,Mo)C,_, (extended solid [138, 242, 244,
solution based on ZrC,_,, or ZrC,_~o«-MoC,_, 391, 431, 579, 773,
monocarbide continuous solid solution at higher temp.), 827, 835, 837]
p-Mo,..C, 3-MoC,_,, «-MoC,_,, 6-ZrMo,

(<~ 1880-2000 °C), Zr, Mo, C

ZrC,_,—Mo is plotted: eutectic— ~2240-2280 °C,

~20-30 mol.% ZrC,_,; the solubility of Mo in ZrC;_,

is >10 mol.% and that of ZrC,_, in Mo is <20 mol.% (at

eutectic temp.)

At higher temp. graphite is in equilibrium with single solid

phase (Zr,Mo)C,_,. At 2000-2200 °C Mo is compatible

with ZrC;_, (2-5 h exposure). In vacuum the interaction

between ZrC,_, and Mo initiates from 1900 °C (5 h

exposure). Under specific pressure 5 MPa the diffusion

welded joint between ZrC,_, and Mo is produced at

1300 °C (5-15 min exposure).

NbC,_,—d-NbN,_,—Nb is plotted at 1250-1450 °C: [242, 391, 444,
Nb(C,N);_, (or NbC,N;, NbC,_,—-NbN,_, monocar- 662, 863]
bonitride continuous solid solution), -Nb,. . (C,N) (or

Nb,C,N,, -Nb,,,C—f-Nb, N semicarbonitride

continuous solid solution), Nb

General consideration of the system [915, 1023]

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-N-Nd-Th

C-N-O-Pu-U
C-N-O-Si

C-N-O-Ti

C-N-O-Zr

C-N-Pr-Th

C-N-Pu-U

No diagram plot [391]
ThC;.,—NdN /., carbonitride continuous solid solution

See C-N-Pu-U in this table.

Plotted schematically at 1430-1840 °C: Si,ON, (<~ 1860 °C), [244, 445-446]
Si0, (<~ 1700 °C), f-SizN4 (<~ 1800-1900 °C), SiC, Si, O,

N, C

Si3N,—SiO,—C is plotted at 1480-1850 °C: Si,ON,, SiO,,

P-SizNy, SiC, C

SizN,—SiC-Si0, is plotted at 1810-1850 °C: Si,ON,, SiO,,

P-SizNy, SiC, Si

Si,0ON,—SiC is plotted: gas eutectic—~ 1840 °C, ~25 mol.%

SiC

Si,ON,—C is plotted: graphite is in equilibrium with

SiC + Si,ON, at ~ 1490 °C and ~37 mol.% C

No diagram plot [411]
Ti(C,N,0) 4, (or TiC,N,O,, oxycarbonitride phase, TiC;_,
-TiO,., oxycarbide, TiC,_,—0-TiN,., carbonitride and
0-TiN4,~TiO; 4, oxynitride continuous solid solutions)
ZrC_—ZrN;1,~ZrO’ is plotted at 1600 and 2000 °C: [411-412]
homog. range limits of ZrC,_,—ZrN;., carbonitride

continuous solid solution (ZrC,N,O,, oxycarbonitride

phase) are ~ZrC 450055 and ~ZrNg 50035 (1600 °C)

and ’\'ZI'CO‘2500.75 and ~ZI‘NO'4500'55 (2000 OC)

No diagram plot [391]
ThC.,—PrN;., carbonitride continuous solid solution
(U,Pu)-C-N is plotted at 1480 °C (taking into account the [447-448, 595]
presence of O0): (U;_Pu,)C_,_.N,O, (U;_Pu)C1,~
(U,_Pu,)N,_, carbonitride continuous solid solution
contaminated with O, z = 0=0.15), (U;_Pu,),Cs_,,
4-(U1_Pu,)Cy, 0-UnN3,, (<~ 1130 °C), -U,N3_,

(from ~940-1100 °C to ~ 1350 °C), (U,Pu), N, C
(U,Pu)0.49N0.49C0.02~(U,Pu)o.49No.51—(U,Pu)g.51No 49 is

plotted at 730 °C and 1230 °C (O concentration—500 and

2000 ppm): (U;_Pu,)C;_,_.N,O,, (U,Pu)O,,, (<~2370-

2860 °C), a-UyN3,,, f-UsN5_,, (U,Pu), N, C

Graphite is in equilibrium with (U;_,Pu,)C,_,_.N,;O, or
a-UpN3,, (B-UaN3_,) and (U;_Pu)Cy, N,O..

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-N-Si

C-N-Si-Ti

C-N-Sm-Th

C-N-Ta

C-N-Ta-U

C-N-Ta-W
C-N-Th

Plotted at 1415-2700 °C (total pressure—0.1 MPa): [138, 359, 445,
o-SiCoNy (?), -SiCoNy (<900 °C), a-SioCNy (), f-SioCNy 571-572, 760-763,
(<1000 °C), SiC\N, (), a-SizN, (metastable, ?), f-SisN,  887]

(<~ 1800-1900 °C), SiC, Si, N, C

Si3N4—SiC is plotted: Si3Ny, SiC, Si

At 1780 °C the solubility limit of SiC in f-Si3Ny is

~2 mol.%. At temp. <1500 °C the nitridation of C-Si

mixtutres leads to the formation of f-SizNy4 and -SiC. The

polytype stability and the structural failures in SiC are

affected by N, pressure.

Plotted at 1650 °C: TiC,N, (TiC,_,—0-TiN,, carbonitride [571, 642, 744—
continuous solid solution), -SizsNy (<~ 1800-1900 °C),  745]

SiC, Ti, Si, N, C

Graphite is in equilibrium with TiC;_,N, (0 < x < 0.66)

and TiC0_34NQ_66 + SIC, SiC—with TiCl,XNX

(066 <x< 087) and TiC0.13N0.87 + ﬂ-Si3N4 and

p-SisNy + Si, p-SisNy—with TiC;_ N, (0.87 < x < 1.0)

and 5-TiN1ix + Nz.

Thin film Ti3Si(C,N), (M,,+1AX,-phase carbonitride solid

solution) were synthesized.

No diagram plot [391]
ThC;.+,—SmN;, carbonitride continuous solid solution
TaC,_,—0-TaN,_.~Ta is plotted at 1250, 1450 and 1900 °C: [138, 242, 244,
Ta(C,N),_, (or TaC,N,, TaC,_,—0-TaN,_, monocar- 391, 431, 662]
bonitride continuous solid solution), Ta,(C,N) (or

Ta,C,N_, a-Ta,, C—y-Ta,, N semicarbonitride continuous

solid solution at higher temp., or extended solid solutions

based on o-Ta,,,C and y-Ta,,,N at lower temp.), e-TaN,

C—Ta4C3_x, Ta

At 1150-2370 °C the interaction between C and J-TaN,_,

converts the nitride phase into carbonitride or carbide

phases.

No diagram plot [822]

At 1400 °C (66 h exposure) small reaction zone was found

on the contact surface between metal Ta with UC 7N 3 and

UC.4No, at 1800 °C (3 h exposure)—the interaction is

noticeable.

General consideration of the system [803, 1023]
Plotted at 1500-2200 °C: ThCN, Th(C,N),_, (or ThC,N,, [391, 449]
ThC,.~ThN,., and ThC,~«-Th continuous solid

solutions with miscibility gaps), Th3Ny.,, 7-ThC,_,, a-Th,

p-Th, N, C

(continued)



2.6 Chemical Properties

Table 2.14 (continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-N-Ti

C-N-Ti-V

C-N-Ti-W

C-N-U-V

TiC,_—0-TiN,.,~Ti is plotted at 500-2000 °C: Ti(C,N)_,
(or TiC,N,, 0.33 < x + z < 1.04, TiC;_,—0-TiN; 4,
carbonitride continuous solid solution with homog. range:
TiC0_487TiC0_957TiN0_437TiN1_() at 1650 °C and TiC0_757
Ticl‘o—TiNoAﬁg—TiNl‘o at 500 OC), (-Ti4N3,X (at least at
~1000-1200 °C, ?), n-TizN,_, (at least at ~1000 °C, ?),
&'-TisN3, (<800 °C), &-Tiro, N (<~ 1100 °C), «-Ti, S-Ti
TiC_, (x = 0.05)-0-TiN;, (TiN, ) is plotted at pressure
N, 0.1 MPa

No diagram plot

TiC,_—0-VN,_, carbonitride continuous solid solution
TiCl,X—é—WClix—(s—TiNlix—(S—WNl,X is plotted at

1425 °C: (Ti,W)(C,N), ., (extended solid solution based on
TiC,_,—0-TiN;, carbonitride continuous solid solution),
0-W(C,N),4,, C

Upon increasing C concentration, graphite and
0-W(C,N),, are formed together with two (Ti,W)(C,N)
phases, of which one is richer in Ti and N than another. The
addition of N to (Ti,W)C,_, at 1750 °C also results in
partitioning of the mixed carbonitride phase in a W-rich
carbide with low N content (W,Ti)(C,N);., and W-poor Ti
carbonitride (Ti,W)(C,N);4,.

Plotted at 800-2100 °C: UsCgN, (?), UgCy3N (?),
U(C,N); 4, (or UC,N,, UC,.,~UN,_, monocarbonitride
continuous solid solution with wider homog. range

(x + z # 1) in the UC;,-rich area; in UC,N, + C
equilibrium index z in compos. is affected by the pressure
of N, and structural form of C), «-U,N3,, (<~ 1130 °C),
p-UsN3_, (from ~940-1100 °C to ~ 1350-1550 °C at N,
pressure 0.1 MPa), {-U,Cs, a-UC,_,, f-UC,_,, U, N, C
UC;4,~UNy_, is plotted: continuous solid solution, max.
melt. point 2910 °C is corresp. to ~UCy3Nq7

Essentially no solid solubility of N in {-U,Cj, a-UC,_,,
p-UC,_, or that of C in f-U,N;_,. At N, pressure 0.1 MPa,
the U nitrides are more stable than the U carbides up to
1800 °C, but at 2000 °C, the U carbides -UC,_, and
U(C,N); ., become more stable. In vacuum or Ar graphite
is in equilibrium with U(C,N),,, + p-UC,_..

For diffusion rate in the system at various temp. see
Addendum.

No diagram plot

At 1000 °C (66 h exposure) the carburization or nitridation
of metal V is occurred on the contact surface with
UC(7Np3 and UCy 4N, at 1400 °C (66 h exposure)—the
interaction is significant.

[138, 242, 391,
411,454, 571, 584,
643, 977-979,
1010]

[241, 244, 391,
431]

[563, 584-586,
880, 1013]

[138, 244, 391,
450-451, 740-743,
759]

[822]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-N-U-Zr No diagram plot. [822]
At 1000 °C (66 h exposure) no appreciable reaction was
occurred on the contact surface of metal Zr with UCy 7Nj 3
and UCg 4Ny, at 1400 °C (66 h exposure)—small reaction
zone was found.
C-N-V VC,_—0-VN_~V is plotted at 1400 °C: V(C,N),_, (or [138, 391, 411,
VC,N,, VC,_,~6-VN/_, continuous solid solution, ordering 643, 884]
at low temp.), Vo (C,N) (or Vo,C,N,, f-V,,,C-f-V,, N
continuous solid solution), V
The ordering of VC,N_ leads to the formation of a V¢Cs_.,-
or VgCy.,-type superstructure, depend. on compos.
C-N-W No diagram plot. [391, 541]
WC,.,N, (extended solid solution based on 6-WC,.,, ?)
C-N-Zr ZrCy_—ZrN, . ,~Zr is plotted at 1120-2000 °C: Zr(C,N),, [138, 242, 244,
(or ZtC,N,, 0.54 < x + z < 1.04, ZrC,_—ZrN, 4, 391, 411, 454, 584,
continuous solid solution with homog. range: ZrCy so— 980]
ZrCy.95—Z1Ny 56—2Z1N; o at 1150 °C), a-Zr, f-Zr
ZrCy_ (x = 0.07)-ZrN; 4, (ZrNyg,) is plotted
C-Nb-Ni Plotted at 1100 °C: n-Nb4Ni,C, Nb3Ni;C (?), NbgNicC (?), [242, 244, 391,
NigNb (<535 °C), Niz4 Nb (<~ 1400 °C), u-NigNb_, (or 431, 455-458]
1-NiNb,,,, <1290 °C), a-Nb,C, p-Nb,,.C, NbC,_,, Ni,
Nb, C
NbC,_,—Ni is plotted: eutectic— ~ 1320-1345 °C,
~5-6 mol.% NbC,_,; at the eutectic temp. the solubility of
NbC,_, in Ni is ~2-3 mol.% and that of Ni in NbC,_,—
~9 mol.%
C-Nb-Ni-Ta  NbC,_, (x = 0.2)-TaC,_, (x = 0.1)-Ni is plotted [459]
schematically: eutectic—from 1330 °C (NbC;_,—Ni) to
1350 °C (TaC;_,—Ni), ~5-6 mol.% (Nb,Ta)C,_, (NbC;_—
TaC,_, monocarbide continuous solid solution); at the
eutectic temp. the solubility of (Nb,Ta)C;_, in Ni
is ~3.0-3.5 mol.%
C-Nb-Ni-V NbC,_, (x = 0.1)-VC,_, (x &~ 0.1)-Ni is plotted: [458]
eutectic—~ 1285-1315 °C, 3 mol.% (Nb,V)C;_,, 6 mol.%
(V,Nb)C,_,; at the eutectic temp. the max. solubility of
NbC,_, in VC,_, is ~15 mol.%, in Ni is ~3 mol.% and
that of VC_, in NbC_,is ~20 mol.%, in Ni is ~3 mol.%
and that of Ni in NbC,_, is ~9 mol.%, in VC,_, is
~4 mol.%
C-Nb-Ni-Zr  NbC_—ZrC,_—Ni is plotted: eutectic—from 1290 °C [460]

(ZrC,_—Ni) to 1330 °C (NbC,_—Ni), ~5-6 mol.%
(Nb,Zr)C,_, (NbC,_~ZrC;_, monocarbide continuous solid
solution); at the eutectic temp. the solubility of (Nb,Zr)C;_,
in Ni is 2-3 mol.% and that of Ni in (Nb,Zr)C,_, is

~6 mol.%

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Nb-O

C-Nb-O-Si

C-Nb-O-W

C-Nb-O-Zr

C-Nb-Os

C-Nb-P

C-Nb-Pd

C-Nb-Pt

C-Nb-Pu

Plotted at 13002000 °C: Nb(C,0);_, (or NbC,0O,,
extended solid solution based on NbC;_, with homog.
limits: NbCy7-Nb(Co.500.15)-Nb(Co.3500.45)—
Nb(Cy.3500.65)-NbCp00), f-Nb,.,(C,0) (or szcxoys
extended solid solution based on f-Nb,,,C with
homogeneity limits: szCo_g—sz(Co:;O()_:;)—
Nb(Co.1500.7)-Nb2(Co.3500.5)-Nb2C 0), NbO (<1945 °C),
7-NbO,, (from ~900 °C to ~1910-1920 °C), f-Nb,Os
(<1495-1510 °C), Nb, O, C

No diagram plot

At 1100 °C (4 h exposure, C and O contamination from the
vacuum system during annealing) in the reaction zone
formed between SiC and Nb the following layer sequence is
observed: SiC — NbsSi4C (or NbC,_,) — a-NbsSis,

— f-Nb,,,C — NbO — Nb.

No diagram plot

At 1300-1400 °C, in vacuum the interaction between
0-WC., and f-Nb,Os in powder mixtures results in the
formation of W-Nb alloy.

No diagram plot

At 1300-2400 °C the interaction between NbC,_, and
ZrO,_, results in the formation of mixed (complex) oxides
and carbides.

Plotted at 1500 °C: -Nbz_,Os (<1975 °C), 6-Nb3Os5,
(<2200 °C), x-NbyOs3., (<2270 °C), -Nb,,,C, NbC,_,,
Nb, Os, C

Graphite is in equilibrium with (Os,Nb) + NbC,_,. The
solubility of Nb in Os (with the presence of C) and that of
Os in NbC,_, are low.

No diagram plot

Nb,PC (M,,+1AX,,-phase)

Plotted at 1300 °C: -Pd;. Nb (<~ 1610 °C), Pd,.,Nb
(<~1610 °C), a-Pd; 1, Nb (1255-1565 °C), f-Nb,,.C,
NbC,_,, Nb, Pd, C

Depend. on compos., graphite is in equilibrium with
(Pd,Nb,_,) alloy or (PdjgsNbg ;5) alloy + NbC_,.

Plotted at 1500 °C: a-Pt; Nb (<2040 °C), -Pt3. . Nb (?),
Pty Nb (<1990 °C), o/-PtNb,_, (or o’-Pt, 16701780 °C),
Pt Nby_, (<1750 °C), 6-PtNb,., (<1800 °C), PtNb;,
(<2040 °C), p-Nb,,,C, NbC,_,, Nb, Pt, C

Depend. on compos., graphite is in equilibrium with
(Pt,Nb) alloy + a-Pt3. Nb or o-Pt; . Nb + NbC_,.
Plotted at 1600 °C: (Nb,Pu)C;_, (NbC;_,—PuC,_,
monocarbide continuous solid solution, ?), Pu,Cs_,,
o-PuC,, f-PuC,, f-Nb,,,C, Nb, Pu, C

[242, 244, 411,
431, 461]

[607]

[242, 808]

[242]

[244, 391, 431]

[680-681, 744—
745, 860]

[242, 244, 391,
431]

[242, 244, 391,
431]

[138, 242, 244,
391]

(continued)
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2 Carbon (Graphene/Graphite)

Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Nb-Re Plotted at 1800 and 2000 °C: g-Nb,Re;_, (from [244, 391, 431,
2160-2300 °C to 2400-2565 °C), y-NbRe;, 818]
(<2520-2745 °C), -Nb,,,C, NbC;_,, Nb, Re, C
NbC,_,—Re is plotted: eutectic—2225 °C, ~30 mol.%

NbC,_,; the mutual solid solubilities of the components are
low
Graphite is in equilibrium with Re + NbC,_,.

C-Nb-Rh Plotted at 1500 °C: Rh;. Nb (<1950 °C), #-Rh,4.Nb [391, 431]

(<~1900 °C), {-Rh3.,Nb, (<~1625 °C), ¢&-RhNb,_,
(from ~1335-1420 °C to ~1580-1600 °C), f-RhNb; .,
(from ~1335-1420 to ~ 1550-1580 °C), 5-RhNb,_,
(<~1420 °C), y-RhNb;_, (<~ 1350 °C), 6-RhNb,_.,
(<1660 °C), RhNbs_., (<1220 °C), f-Nb,,,C, NbC,_,, Nb,
Rh, C

The solubility of C in Rh3, Nb is low.

C-Nb-Ru Plotted at 1600 °C: NbRu3C;_, (x =& 0.6, stable in the [391, 431, 897]
limited range of temp.), Ru;, Nb (<1540 °C), -Nb,,,C,
NbC,_,, Nb, C
Graphite is in equilibrium with Ru 4+ NbC,_,.

C-Nb-S No diagram plot [680-681, 744—
Nb,SC_; (x = 0.6, M,,,;AX,,-phase), a-Nb,CS,, 745, 860]
p-Nb,CS,, ?

C-Nb-Si Plotted at 800, 1300 and 1730 °C: a-NbsSizC, (x = 0.04), [138, 242, 419,
p-NbsSizC, (0.04 < x < 0.33), -NbsSizC, 431, 462-463, 503,
(0.33 < x < 0.50, ?), Nb3(Si;_,C,) (x = 0.1), Nb,SiC, 739, 744-745, 819,
Nb;3SiC,, 0-NbySiCs, -NbySiC; (M,,1AX,,-phases, ?), 836, 898, 901]
NbsSi4C, NbSi5C (?), Nb,Si;C (?), Nby5Si,C (?), NbSi,

(<~1920-1960 °C), a-NbsSis,, (<~ 1635-1960 °C),
p-NbsSis,, (from ~ 1635 to 1960 °C to ~2490-2545 °C),
Nb;Si (~1655-2000 °C), a-Nb,C, -Nb,,,C, NbC,_,, SiC,
Si, Nb, C

NbC,_,—NbSi, is plotted: eutectic (degenerated)—
~1880-1920 °C, ~1 mol.% NbC,_,; no mutual solubility
Graphite is in equilibrium with SiC + NbC,_,. In vacuum
the reaction between graphite and NbSi, begins at

~ 1500 °C (2 h contact exposure) and leads to the
formation of SiC and NbC,_,.

C-Nb-Sn Plotted at 1300 °C: Nb,,,Sn;4,C;_, (from [678-681, 744—

Nb; 20S10.80Co.93 to Nby 9551, 08Co.91, M,1+1AX,-phase),
Nbs_,SnC, (extended solid solution based on Nbs, ,Sn with
C content—up to 5 at.%, 775-2130 °C), f-Nb,,,C, NbC_,,
Sn, Nb, C

The solubility of Sn in f/-Nb,,,C and NbC_, is extremely
low. Graphite is in equilibrium with NbC;_, + Sn

745, 860]

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Nb-Ta

C-Nb-Ta-Ti

C-Nb-Ta-W

C-Nb-Tc¢
C-Nb-Th

C-Nb-Ti

C-Nb-Ti-U

Plotted at 1500-3800 °C: (Nb,Ta)C;_, (NbC;_,~TaC,_,
monocarbide continuous solid solution), (Nb,Ta),,C
(B-Nby,C~-Ta,,,C, f-Nby, C~f-Tay+,C and y-Nby.,C-
p-Ta,.,C (?) semicarbide continuous solid solutions with
probable miscibility gaps (extended solid solutions) at
2200-2600 °C), (Nb,Ta), C

Graphite is in equilibrium with (Nb,Ta)C,_,.

No diagram plot

(Nb,Ta,Ti)C,_, NbC,_,~TaC,_~TiC,_, monocarbide
continuous solid solution)

p-Nb,,,C—a-Tay, ,C—y-W,..C is plotted at 1650 and

2000 °C: (Nb,Ta,W),.,C (based on f;-Nb,,,C-a-Ta,,,C
semicarbide continuous solid solution), (W,Nb,Ta),,C
(based on y-W,,C), (Nb,Ta,W),,C + (Nb,Ta,W)C,_,

+ (Nb,Ta,W), (Nb,Ta,W)C,_, + (Nb,Ta,W),
(W,Nb,Ta),,C 4+ (Nb,Ta,W)C_, + (Nb,Ta,W)

At 1650-2000 °C the max. solubilities of y-W,_,C in
(Nb,Ta,W),.,C (based on f-Nb,,,C—a-Ta,, C semicarbide
continuous solid solution) reach ~ 3.5-14.0 mol.%
(depend. on (Nb,Ta),,,C compos.).

At 1450 °C the max. solubility of -WC/., in
(Nb,Ta,W)C,_, (based on NbC,_~TaC;_, monocarbide
continuous solid solution) is ~9 mol.%.

Plotted schematically

Plotted at 1500 °C: f-Nb,,,C, NbC,_,, ThC,.,, (y-ThC,_,),
p-Th, Nb, C

The mutual solid solubilities of the components are low.
Plotted at 1500-3100 °C: (Nb,Ti)C;_, (NbC,_,-TiC,_,
monocarbide continuous solid solution), -(Nb,Ti),,,C
(semicarbide extended solid solution based on -Nb,,,C at
temp. <2280 °C, the max. solubility of Ti varies from ~5
to ~9 at.%), y-Nb,,C (at 2600 °C the max. solubility of
Tiis ~1 at.%, ?), (f-Ti,Nb), C

The (Nb,Ti)C,_, monocarbide continuous solid solution
miscibility gap (critical point—~ 50 °Cat ~Nbyg 4Tip¢C;_.,
at 0 °C ranges from ~ Nbyg 15TipgsCi_to ~Nbg;Tig3Ci_,,
calculated).

Graphite is in equilibrium with (Nb,Ti)C,_,.

For diffusion rate in the system at various temp. see
Addendum.

NbC,_,~TiC,_,~UC,, is plotted at 2000-2050 °C:
(Nb,Ti,U)C,_, (extended solid solution based on NbC;_,—
TiC,_, and NbC,_,~UC, ., monocarbide continuous solid
solutions with great miscibility gap because of low mutual
solubilities in the pair TiC,_,—~UC,.,)

[138, 242, 391,
419, 464, 813]

[138]

[419, 435, 465—
466]

[840]
[391]

[138, 242, 391,
419, 440, 467468,
813, 837, 1007]

[391]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility
C-Nb-Ti-V NbC,_,-TiC,_,—VC,_, is plotted schematically at 1000 °C [871]
C-Nb-Ti-W  NbC,_,~TiC,_,—0-WC,., is plotted at 1450 °C: [419, 465]

(Nb,Ti,W)C,_, (extended solid solution based on NbC;_,—
TiC;_, monocarbide continuous solid solution)
The max. solubilities of 6-WC,., in NbC,_, and TiC,_,
are ~ 10 and ~35 mol.%, respectively; the solubilities of
NbC,_, and TiC,_, in §-WC,, are low.
C-Nb-U Plotted at 1200 and 1700 °C: (Nb,U)C;_, (NbC;_,~UC 4, [138, 242, 391,
monocarbide continuous solid solution), f-Nb,,,C, {-U,C3, 436, 812]
o-UC,_,, p-UC,_, U, Nb, C
At higher temp., depend. on compos. graphite is in
equilibrium with (Nb,U)C,_, or (Nb,U)C,_, + UC,_,; the
compos. of (Nb,U)C,_, in equilibrium with C 4+ UC,_, is
corresp. to (Nbo 75-0.77U0.23 - 0.25)C1— (at 2200 °C) and
shifts to lower U concentrations with temp. increase.
C-Nb-U-V NbC,_,—VC,_,~UC,, is plotted at 2000-2050 °C: [391]
(Nb,V,U)C,_, (extended solid solution based on NbC,_,—
VC,_, and NbC,_,~UC, ., monocarbide continuous solid
solutions with great miscibility gap because of low mutual
solubilities in the pair VC;_~UC,.,)
C-Nb-U-Zr NbC,_,—ZrC,_,~UC,, is plotted at 2050 °C: (Nb,Zr,U)C,_, [391, 436, 812]
(NbC,_,—ZrC,_,~UC, ., monocarbide continuous solid

solution)
At ~2000 °C (Uy5Zrg5)Cj, reacts vigorously with metal
Nb.
C-Nb-V Plotted at 1400-3310 °C: (Nb,V)C,_, (NbC_,~VC,_, [138, 242, 391,
monocarbide continuous solid solution), (Nb,V),,,C 419, 458, 469, 813,

(B-Nby,C—f-V,.C semicarbide continuous solid solution 871]
at temp. <2200 °C, extended solid solution based on
p-Nb,,,C at temp. 2200-2445 °C and extended solid
solution based on y-Nb,.,C at temp. 1780-2650 °C with
miscibility gaps (two solid solution phases regions) at temp.
1780-2445 °C), p-(V,Nb),.,C (extended solid solution
based on f-V,.,C), (Nb,V), C

NbC,_—VC,_, is plotted: miscibility gap (critical point—
~1400-1480 °C at compos. ~Nbg4-05V0.5-0.6C1_x at
1300 °C ranges from NNbO,SVO,ZCI—x to ~ Nb0.15V0‘85C1,X).
Graphite is in equilibrium with (Nb,V)C,_,.

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Nb-W

C-Nb—Zr

C-Nd-U

C-Ni-Si

Plotted at 1700-2860 °C: (Nb,W)C,_, (monocarbide
extended solid solution based on NbC_, at temp.
<~2500 °C and >~2700-2850 °C, or NbC_,—f-WC,_,
monocarbide continuous solid solution at temp.
~2500-2850 °C), f-(Nb,W),,,C (semicarbide extended
solid solution based on f-Nb,,,C at temp. <~ 2500 °C
with the max. solubility of W—up to ~ 8 at.% at 2000 °C),
7-(Nb,W),. C (semicarbide solid solution based on
7-Nb,4,C at temp. ~2500-3000 °C with the max.
solubility of W—up to ~8 at.% at 2500 °C and ~2 at.%
at 2690 °C), a-(W,Nb),,,C (semicarbide extended solid
solution based on «-W,,,C at temp. <~2000 °C with the
max. solubility of Nb—up to ~20 at.% at 1700 °C and ~ 12
at.% at 2000 °C), y-(W,Nb),.,C (semicarbide extended
solid solution based on y-W,,C at temp. ~2500-2800 °C
with the max. solubility of Nb—up to ~ 15 at.% at 2500 °C
and ~25 at.% at 2690 °C), 5-WCjy,, (Nb,W), C

In the wide range of temp. the solid solubility of Nb in
0-WCj, is low. Depend. on compos., graphite is in
equilibrium with 6-WC ., + (Nb,W)C,_, or (Nb,W)C_..
Plotted at 1500 and 1800 °C: (Nb,Zr)C,_, (NbC;_—ZrC,_,
monocarbide continuous solid solution), -Nb,,.C,
(p-Zr,Nb), C

NbC,_—ZrC,_, is plotted: miscibility gap (critical point—
~410 °C at ~Nb0_55+0_652r0,35;0_45C1,x, at 300 °C
ranges from ~Nbg3Zr7Ci_; to ~NbgoZrg C|_,).

The solid solubility of Zr in /-Nb,,C is low. Graphite is in
equilibrium with (Nb,Zr)C_,.

For diffusion rate in the system at various temp. see
Addendum.

Plotted at 1500 °C: (Nd,U)C, (dicarbide solid solution
based on ﬁ-NdCz), Nd2C37X, UClix, C-U2C3, U, Nd, C
The max. solubility of “imaginary” phase ‘NdC’ in UC;,
varies from ~4 mol.% (~ 1300 °C) to ~6 mol.%
(~1500 °C) and that of Nd,Cs_, in {-U,C3 is ~2.5 mol.%
Plotted at 850 and 1150 °C: f3;-Ni3,,Si (<1035 °C),
P2-Niz, Si (990-1115 °C), f5-Niz.,Si (1115-1170 °C),
y-NisSiy_, (or Niz;Sijp, <~ 1240 °C), §-Ni,Si (<1255 °C),
0-Ni3Si,_, (~825-1305 °C), &-Ni3Sir., (<830 °C),
&¢'-Ni3Siz+, (800-845 °C), NiSi (<~990 °C), a-NiSi,
(<~980 °C), f-NiSi, (~980-995 °C), SiC, Ni, Si, C

In vacuum, the contact melting between SiC and Ni is
observed at 1130-1140 °C.

[138, 242, 391,
419, 470, 758, 773,
827, 837]

[138, 242, 391,
419, 421, 436, 468,
813, 837, 844, 864,
874-875]

[241, 391]

[242, 244, 431,
503]
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2 Carbon (Graphene/Graphite)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

References

C-Ni-Ta

C-Ni-Th

C-Ni-Ti

C-Ni-U

C-Ni-V

C-Ni-W

Plotted at 1100 °C: y#-TayNi,C, {-Nigy,Ta (<1330 °C),
K-Nizq,Ta (<1550 °C), Niy, Ta (<1405 °C), u-NiTa,,, (or
1-Ni;Tag,, <1570 °C), NiTa,,, (<~ 1790 °C), a-Ta,,,C,
,B-TaZiXC, C-Ta4C3,x, Ta(,CSix, TaCl,x, Ta, Nl, C
TaC,_,—Ni is plotted: eutectic
~3-7 mol.% TaC,_,; at the eutectic temp. the max.
solubility of TaC;_, in Ni is ~2—4 mol.%

TaC,_, is in equilibrium with Ni and Ni-Ta intermetallides.
Plotted at 1000 °C: Th,Ni3C,, Th,Ni3Cs, Th,Ni,C, (?),
Th;Ni; (<~ 1040-1110 °C), ThNi (<~ 1185-1190 °C),
ThyNi; (<1075 °C), ThNi,_, (<~ 1050-1060 °C),
o-Th,Ni; . g (or o-ThNiy, <~ 1195 °C), -Th,Ni;_ g (or
f-ThNiy, from 1195 °C to ~1210-1245 °C), ThNis . ¢
(<~ 1510-1530 °C), ThyNij7. 19 (<~1310-1355 °C),
ThClix, OC-ThCz,X, O(-Th, Nl, C

Plotted at 870, 1100 and 1600 °C: Ti,4,Ni (<~985 °C),
TiNi;+, (<1310 °C), TiNiz (<1380 °C), TiC,_,, a-Ti, f-Ti,

Ni, C

Eutectic TiC;_~TiNi-TiNiz (1120 °C)

Eutectic TiC;_,—Ni-TiNij (1295 °C)

Eutectic TiC;_~Ni—C (1270 °C)

TiC,_,—Ni is plotted: eutectic—~ 1280-1310 °C,

~9-10 mol.% TiC,_, (~83 at.% Ni, ~4 at.% C); at the
eutectic temp. the max. solubility of TiC,_, in Ni is
~5-6 mol.% (~5 mol.% at 1260 °C) and that of Ni in
TiC,_, is ~2.5 mol.%

Plotted at 1000 °C: UNiC, (<1400 °C), UNiC;

(<1800 °C), UgNi (<790 °C), U;Nig (<785 °C), UsNiyy,
(<820 °C), UNis., (<985 °C), 0-UNis,, (<1260 °C),
&-UNig_, (<1290 °C), UNisy, (<1305 °C), UC,, (-U,C5,

7-U, Ni, C

Plotted at 1100 °C: Hz-V4Ni2C, Nigixv (<405 OC), Ni3ixV
(<1045 °C), Nip4,V (<~920 °C), 0-NiV,y, (<~655—
790 °C), ¢’-NiV,., (from ~655-790 °C to 1280 °C),
NiV3,, (<900 °C), -Vo1,C, f'-V2,C, {-ViCs s, VeCsir,
V8C7i}c’ \/C],X7 V, C

VC,_—Ni is plotted: eutectic—1310 °C, ~9-10 mol.%
VC,_,; at the eutectic temp. the max. solubilities of VC;_,
in Ni and that of Ni in VC,_, equal ~3 mol.%

Plotted at 700-1500 °C: k-(Ni,W),C (or NiW;C,
NizW16Cs), 11-(Ni,W)12C (or 766-NigWsC, NisWsC),
12-(Ni,W)6C (or #24-Ni;W,4C), W NizCq (?), f-Nigy W
(<970 °C), 0-NiW _, (<~ 1060 °C), y-NiW,

(<~1025 °C), -W,,,C, 5-WC,4,, Ni, W, C
0-WC.,—Ni is plotted: eutectic—1300 °C, ~ 12 mol.%
0-WCi4,; at 1000 °C the max. solubilities of 6-WC, in
Ni and that of Ni in 6-WC,, equal to ~7 mol.%

~1340-1370 °C,

[242, 244, 391,
431, 459, 613]

[244, 391, 431]

[242, 244, 391,
406, 414, 431, 471,
1011]

[242, 391, 431]

[242, 244, 391,
431, 458]

[242, 244, 270,
391, 415, 431, 662,
754-756]
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Ni-W-Zr

C-Ni—Zr

C-Np-Th

C-O-Pu-U

C-0-Si

C-0-Si-Sr

C-0-Si-Ti

C-O-Si-Zr

C-O-Ta

ZrC,_~9-WC,.,—Ni is plotted at 1000 °C: eutectic—

15 mol.% ZrC,_,, 15 mol.% 5-WC,; regions of solid
solutions based on the individual components are not large
(~6-8 mol.%)

Plotted at 1100 °C: Zr,Ni (<1120 °C), ZrNi (<1260 °C),
ZrgNij; (~980-1170 °C), Zr7Nijg+, (<~ 1165 °C), Zr,Nis
(or ZrgNi,;, <1180 °C), ZrNisz., (<920 °C), Zr,Ni,
(<1440 °C), ZrNis, (<1300 °C), ZrC,_,, pf-Zr, Ni, C
ZrC,_—Ni is plotted: eutectic—~ 1230-1290 °C,

~5-6 mol.% ZrC,_, (?); at the eutectic temp. the max.
solid solubility of ZrC;_, in Ni is ~3.5 mol.% (~ 1 mol.%
at 1100 °C) and that of Ni in ZrC,_, is ~5 mol.%

No diagram plot

ThC;.,—NpC,_, monocarbide continuous solid solution
Plotted partially

The interaction between C and UO,, —Pu,05., solid
solution at 1527 °C with formation of (U,Pu),Cs;_, is
analyzed in relationship with CO pressure.

Plotted at 1525-1825 °C: SiO, (<~ 1700 °C), SiC, Si, O, C
Si0,-SiC is plotted

SiO,—C is plotted

In vacuum (0.01-0.05 Pa), the interaction between C and
SiO, initiates in powdered mixtures from ~ 1250 °C. In
CO-N, atmosphere (0.1 MPa), at 1800-1900 °C the
reaction rate in SiO,—SiC powder mixtures is limited by C
diffusion from the bulk SiC to the interface SiC/SiO,.

No diagram plot

At 1000 °C the interaction between SiC and SrO leads to
the formation of SrO-SiO, and CO, (in air), or 2SrO-SiO,,
SrC, and Sr (in vacuum or Ar).

No diagram plot

Ti3Si(C,0), (M,,11AX,,-phase oxycarbide solid solution)
No diagram plot

At 1600 °C the interaction between SiC and ZrO,_, leads to
the formation of ZrC,0, oxycarbide phase.

Plotted partly at 1300-1700 °C: Ta(C,0),_, (or TaC,O,,
extended solid solution based on TaC,_, with homogeneity
limits: TaCp 7~Ta(Co.70<0.05)-Ta(Cp.9500.05)-TaCo.99),
Ta,,(C,0) (or Ta,C,0,, extended solid solution based on
o-Ta,,C with homogeneity limits: Ta,Cp g—Tax(Cp O0p.2)—
Tax(Cy.400.3)-Tax(Cy 500.4)-TazCy ¢), f-Ta,05

(<~ 1200-1360 °C), a-Ta,05 (from ~ 1200-1360 °C to
~1620-1900 °C), Ta, O, C

[415]

[242, 244, 391,
415, 431, 460]

[391]

[472]

[194, 242, 445,
473475, 857,
1012]

[242]

[744-745, 895]

[242]

[242, 411, 579,
629, 639]
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2 Carbon (Graphene/Graphite)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

References

C-O-Ta-U

C-O-Ta-W

C-O-Ta—Zr

C-O-Th

C-O-Th-Ti

C-O-Ti

C-O-Ti-W

C-O-Ti-Zr

No diagram plot

At 1400 °C (66 h exposure) small reaction zone was found
on the contact surface between metal Ta and UC 9O o6, at
1800 °C (3 h exposure)—the interaction was noticeable.

No diagram plot

At 1300-1400 °C, in vacuum the interaction between
0-WCj ., and Ta,Os in powder mixtures results in the
formation of W-Ta alloy.

No diagram plot

At 2000-2300 °C the interaction between TaC,_, and
ZrO,_, results in the formation of new phases.

No diagram plot

In vacuum (0.01-0.05 Pa), the interaction between C and
ThO,_, is ruled by diffusion stage (parabolic law) and
initiates in powdered mixtures from ~ 1400 °C and on bulk
materials contacts—from ~ 2000 °C.

No diagram plot

At 1500-2000 °C the interaction between TiC,_, and
ThO,_, leads to the formation of metal oxycarbides.
Plotted partly at 800-1500 °C: Ti(C,0);_, (or TiC,0,,
TiC,_,—TiO, 4, oxycarbide continuous solid solution with
homog. limits: TiC0_4—TiC0_99—TiOI_2—Ti00_8), Ti302
(<920 °C), B-Tiy03 (<~ 1840 °C), Ti,0s,1

4 <n <10, <~1600 °C, Magneli phases), TiO,
(<1870 °C), «-(Ti,C,0), -(Ti,C,0), O, C

C-doped titania nanotubes of the TiO,_,C, type were

synthesized.
No diagram plot.

At 1300-1400 °C in powder mixtures 6-WC,.., interacts
with TiO, with the formation of W-Ti alloy very

intensively.
No diagram plot.

At 1400-2400 °C, in vacuum the interaction between TiC,_,
and ZrO,_, leads to the formation of CO and TiC,O,

oxycarbide phase.

[822]

[242, 808]

[242]

[138, 194, 382]

[242]

[242, 244, 411,
431, 4717, 482,
893]

[242, 808]

[242]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

C-0-U Plotted at 1000-2000 °C: U(C,0);, (or UC,_,O,, [138, 242, 244,
extended solid solution based on UC,, with max. O 431, 472, 478481,
solubility corresp. to UC 1,00 gg at <1100 °C and 751-753]

UCo.63-+0.680032-0.37 at ~1300-1800 °C), a-U(C,0),
(or a-UC,_,0O,, extended solid solution based on -UC,_,),
(-U,C3, UO,,, (<~2780-2860 °C), U4Oq_, (<~ 1140 °C),
o-U305_, (~350-770 °C), -U30g_, (~770-940 °C),
1-U305_, (~940-1700 °C), o-UO3 (?), f-UO;

(<~1900 °C), «-U, -U, y-U, O, C

UO,,, (x = 0)-UC4, (x = 0) is plotted: eutectic—
~2250 °C, ~33 mol.% UC,,

Depend. on temp. and compos., graphite is in equilibrium:
at <1100 °C—with UO,,,, or UO,,, + UC(,0q3g (?), or
UC_,0,(0.1 <x <0.8,7,o0r a-UC,_,O, + UCy9O0¢; (),
or «-UC,_,0,; at 1300 °C—with UO,,., or UO,,,

+ «-UC,_ O, (x = 0.08), or «-UC,_,O, (x < 0.08, ?); at
~ 1400-1500 °C—with U30g_,, or U30g_, + UO,,,, or
UOy,,, or UOy,, + «-UC,_,0,, or a-UC,_,0O,; at

1700 °C—with UO.,,,, or UO,,, + «-UC,_O,, or
o-UC,_,0,.

The interaction between C and UO,,, in vacuum leads to the
elimination of excess oxygen (at 1000 °C) and then to the
formation of carbides (at 1200-1530 °C).

C-0-U-V No diagram plot. [822]
At 1000 °C (66 h exposure) the carburization of metal V
was occurred on the contact surface with UC g9Oq g6, at
1400 °C (66 h exposure)—the interaction was significant.

C-0-U-Zr No diagram plot. [242, 822]
At 1900 °C the interaction between U carbides and ZrO,_,
is weak. At 1000 °C (66 h exposure) no appreciable
reaction was occurred on the contact surface between metal
Zr and UC g90g 06, at 1400 °C (66 h exposure)—small
reaction zone was found.

C-O-V Plotted partly at 1000-1700 °C: V(C,0),_, (or VC,0,, [242, 411, 431,
VC,_—0-VO,., continuous solid solution with homog. 483]
limits: VCq 67—VCp.85—VO;25-VOq g5, <~ 1185-2800 °C),
V,.(C,0) (or V,C,0,, extended solid solution based on
,B_VZi)LC)’ O(,-Vgixo (<~520 OC), ﬂ'V4ixO (from ~320
to 520 °C to 1665 °C), f'-V4+.0 (or V603.,, <400 °C),
7-V2.,0 (or V4061, <1185 °C), ¢'-VOy,, (or V506411,
<810 °C), a-V,03,, (), f-V,03,, (<~1955 °C), a-V;305
(7), f-V305 (<~ 1600 °C), V407 (<~ 1600 °C), V509
(<~ 1600 °C), VgO1; (<~ 1600 °C), V;05 (<~ 1600 °C),
V505 (<~ 1600 °C), a-VO, (?7), f-VO, (<~ 1540 °C),
2-VO13 (?), f-V60,3 (<700 °C), V507 (<~ 670 °C), V,05
(<~680 °C), f'-V2,,C, (-V4C3_y, V6Csay, VsCiiy, V, 0, C

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-0-V-W

C-O-V-Zr

C-O-W

C-O-W-Zr

C-0-Zr

C-0Os-Sc

C-Os-Si

C-Os-Ta

C-0Os-Th

C-0Os-Ti

No diagram plot. [242, 808]
0-WC\., interacts in powder mixtures with -V,03,, (at

1300-1400 °C) and V,05 (at 900-1400 °C) intensively

with the formation of W-V alloy.

No diagram plot [242]

At 1500-2000 °C the interaction between VC,_, and ZrO,_,

leads to the formation of ZrC,O, oxycarbide phase and

P-V,4,C (at 1600-1700 °C) or metal V (at 1700-2000 °C).

No diagram plot [541, 660, 981]
0-WC,_,0, (solid solution based on 6-WC,, ?), WO3_,C,

(solid solution based on WO3_,, ?)

No diagram plot [242, 808]

At 1400-2000 °C the interaction between 0-WC,_, and

ZrO,_, results in the formation ZrC,0O, oxycarbide phase,

o-W5,.C and W-Zr alloy.

Plotted partially at 1555, 1600 and 1700 °C: Zr(C,0),_, (or [138, 194, 241—
ZrC,0,, extended solid solution based on ZrC,_, with the 242, 382, 411412,
homog. limits: ZrCO_é—ZrC0_5OO_2—ZrC0_4+0_6OO_3+0_55— 431, 484, 861]
ZrCO‘goo'z—ZrCO.QQ), OC-ZTOz,X (<1205 OC), ,B-ZI'Oz,X

(~1205-2375 °C), y-ZrO,_, (x < 0.44, ~1525-2710 °C),

y-ZrO,_,C, (z ~ 0.06, metastable, ?), a-(Zr,C,0) (metal

solid solution with the solubility limits: ZrCy ;- .03 and

ZrOg 41 +054)s f-(Zr,C,0), O, C

In vacuum (0.01-0.05 Pa), the interaction between C and

ZrO,_, initiates in powdered mixtures from ~ 1300 °C and

on bulk materials contacts—from ~ 1600 to 1900 °C.

No diagram plot [988-989]
SC3OSC4

Plotted at 1350 °C: OsSi, (or OsSi; g, <1620-1660 °C), [244, 431, 503-
0s,Si;3 (<1820-1860 °C), OsSi;, (<1720-1740 °C), SiC, 504]

Si, Os, C

Plotted at 1500 °C: 6-Ta30s,., (<~2500 °C), y-Ta,0s34, [391, 431]
(<~2420 °C), a-Ta,,,C, TaC,_,, Ta, Os, C

Graphite is in equilibrium with (Os,Ta) + TaC,_,. The

solubility of Ta in Os (with the presence of C) and that of

Os in TaC,_, are low.

No diagram plot [391]
Th,Os,C; (?)

Plotted at 1500 °C: 6-TiOs;, (<2160-2180 °C), TiC,_,, [244, 391, 431]
o-Ti, f-Ti, Os, C

Graphite is in equilibrium with (Os, Ti) + TiC,_,. The

solubility of Ti in Os (with the presence of C) and that of

Os in TiC,_, are low.

(continued)
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Table 2.14 (continued)

169

System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-0s-U Plotted at 1500 °C: U,0sC,, U30s (<1030 °C), U,0s
(<920 °C), UsOsy4 (<1280 °C), UOs;4., (<2280 °C),
UClix, é-U2C3, O(-UCz,X, [)’-UCz,X, OC-U, ﬁ-U, y-U, OS, C
The mutual solubilities of all constituent phases in the
system are low.

C-Os-V Plotted at 1500 °C: V30s;,4., (<2140 °C), VOs;_, (7),
#-V2,C, f-Vo,C, f'-V2,,C, {-V4Cs_y, VeCsitr V5Crins
VC,_,, V, Os, C
Graphite is in equilibrium with (Os,V) + VC,_,. The
solubility of V in Os (with the presence of C) and that of Os
in VC,_, are low.

C-Os-W Plotted at 2000 °C: ~W30s;C, (<2000-2030 °C),
0-OsW3, (<2945 °C), a-W,,.C, 5—WC1iX, W, Os, C
The mutual solubilities of all constituent binary phases are
low. Depend. on compos., graphite is in equilibrium with
(Os,W) or (Os,W) + 6-WC,,.

C-Os-Y No diagram plot
Y,0sC;, Y1,085C;5
C-Os—Zr Plotted at 1500 °C: Zr;;0s4 (<1350 °C), ZrOs (<2040 °C),

M-ZrOsyy, (<2660 °C), ZrCy_,, a-Zr, -Zr, Os, C

The solubility of Zr in Os (with the presence of C) and that
of Os in ZrC,_, are low. Graphite is in equilibrium with
(0s,Zr) + ZrCy_,.

C-P-V Plotted partially at 1000 °C: V,PC (M,,,1AX,-phase),
V3PC, V4P,C, V1PsC (or V3,P15C3), VooP1C; (o1
VsP253Co5), VP, VP, VP, V4Ps, V5P, V5P, V3P,
#-V2.C, f-Vo,C, f'-V2,,C, {-V4Cs_y, VeCsitr V5Crins
VC,.,,V,P, C
The homog. range extension of non-stoichiometric V;PC
and V20P1]C2 is ~3-5 at.%.

C-Pb-Ti No diagram plot
Ti,PbC (M,,,1AX,,-phase)
C-Pb-Zr No diagram plot
Zr,PbC (M, 1AX,,-phase)
C-Pd-Si Plotted at 825 and 1600 °C: PdsSi (from ~725 °C to

~815-835 °C), Pd,Si (or PdySis, ~725-830 °C), Pd;Si
(<1070 °C), Pd,4,Si (<1395 °C), PdSi (~825-900 °C),
SiC, Si, Pd, C

C-Pd-Ta Plotted at 1300 °C: Pds,Ta (<1770-1945 °C, ?) Pd,,,Ta
(<1670-1800 °C, ?), PdTa (<~ 1720-2000 °C, ?),
o-Pd;4,Ta (<1410 °C, ?), f-Pd;4,Ta (1550-1720 °C, ?),
g-PdTaz., (<2550 °C or 1575-2350 °C, ?), o-Tay,.C,
TaC,_,, Ta, Pd, C
Depend. on compos., graphite is in equilibrium with
(Pd,Ta) alloy or (PdygsTag 16) alloy + TaC,_,.

[244, 391, 431]

[244, 391, 431]

[244, 391, 431]

[991-992]

[244, 391, 431]

[680-681, 744—
745, 860, 982]

[680—681, 744—
745, 860]
[680-681, 744—
745, 860]

[244, 431, 503—
504]

[242, 244, 391,
431]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Pd-Th

C-Pd-Ti

C-Pd-U

C-Pd-V

C-Pd-W

C-Pd-Zr

C-Pt-Si

C-Pt-Ta

C-Pt-Th

Plotted at 1100 °C: 6-Th3Pd 34, (<1215 °C), &-ThPd,_,
(<1340 °C), ThPds,, (<~ 1560-1575 °C), Th3Pds
(<~1385 °C), Th3Pd, (<1325 °C), ThPd (<~ 1410 °C),
ThyPd (<~ 1160 °C), ThC., o-ThC,_,, f-ThC,_,,
y-ThC,_, «-Th, p-Th, Pd, C

Plotted at 1300 °C: TisPd (<~ 580 °C), Ti,Pd (<960 °C),
o-TiPdy, (<~440-510 °C), f-TiPd;., (~440-1400 °C),
Ti,Pd; (<1330 °C), TisPds (?), «-TiPd,_, (<1280 °C),
p-TiPd,_, (~1280-1400 °C), TiPd3 (<1530 °C), y-TiPd4.,
(<~1485 °C, 7), TiC,_,, «-Ti, -Ti, Pd, C

Depend. on compos., graphite is in equilibrium with (Pd,Ti)
alloy, or TiPd;, or TiPd; + TiC,_,.

Plotted at 1300 °C: UPd,,, (970-1050 °C), UsPdg,
(980-1110 °C), UPd;_, (<1640 °C), UPd .,
(<1525-1585 °C), UPds., (<1445 °C, ?), U,Pd,,

(<1015 °C), UPdg (or U,Pd;7, <800 °C, ?), UC,,,
C-U2C3, OC-UCz,x, B'UCZ—X’ U, Pd, C

Plotted at 1300 °C: V34,Pd (<840 °C), VPd,.., (<905 °C),
VPds., (<815 °C), B-V24,C, f'-V21,C, {-V4Csy, VeCsiin,
V8C7:bc, VC],X, V, Pd, C

Depend. on compos., graphite is in equilibrium with (Pd,V)
alloy or (PdpgVy») alloy + VC,_,.

No diagram plot

At 1200-1500 °C §-WC|., interacts with Pd intensively
(W-Pd solid solution is formed, ?).

Plotted at 1300 °C: Zr,Pd (<1085 °C), ZrPd (<~ 1600 °C),
ZrPd, (<1600 °C), ZrPd; (<1780 °C), ZrC,_,, o-Zr, f-Zr,
Pd, C

Depend. on compos., graphite is in equilibrium with (Pd,Zr)
alloy, or ZrPds, or ZrPd; + ZrC,_,.

Plotted at 800 and 1600 °C: a-Pt3Si (<360 °C), -Pt;3Si
(from 360 °C to ~775-880 °C), y-Pt3Si (~775-870 °C,
?), OC-Pt7Si3 (Or a—PtIZSi5, <280 OC), ﬂ-Pt7Si3 (Or
P-Pt15Sis, ~280-985 °C), a-Pt,Si (<695 °C), f-Pt,Si
(695-1100 °C), PtsSis (<975 °C), PtSi (<~ 1230 °C), SiC,
Si, Pt, C

Plotted at 1500 °C: Pt;,Ta (<2065-2085 °C), Pt Ta
(<2245 °C),Pt;4,Ta(1635-1795 °C), 0-PtTa,,, (<2470 °C),
PtTas,, (<1725 °C), a-Ta,,,C, TaC,_,, Ta, Pt, C

Depend. on compos., graphite is in equilibrium with (Pt,Ta)
alloy + Pt;,Taor Pt Ta + TaCy_,.

No diagram plot

ThPt,C,, ?

[244, 391, 431,
485]

[244, 391, 431]

[244, 391, 431,

486]

[244, 391, 431]

[242]

[244, 391, 431]

[244, 487, 503—
504]

[242, 391, 487]

[391]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-Pt-Ti Plotted at 1500 °C: Tis. Pt (<1370 °C), o-TiPt; 4, [244, 391, 487]
(<~960-1025 °C), f-TiPt;, (from ~960-1025 °C to
1830 °C), TizPts (from ~ 1000 °C to ~1880-1900 °C),
TiPts_, (<~1900 °C), y-TiPts, (<1950 °C), TiPtg
(<1080 °C), TiCy_,, «-Ti, p-Ti, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Hf)
alloy + y-TiPt3., or y-TiPtz, + TiCy_,.
C-Pt-U Plotted at 1300 °C: U,PtC, (<~ 1700 °C), UPt [244, 391, 487]
(<~960 °C), UPt, (<1370 °C), UPt3 (<1700 °C), UPts
(<1460 °C), UC 4y, (-U,C3, 2-UC,,, f-UC,_,, U, Pt, C
The mutual solubilities of all the constituent binary phases
are low.
C-Pt-V Plotted at 1500 °C: VPt (<~ 1015 °C), VPt [244, 391, 487]
(<~1100 °C), VPt 4, (<~1500 °C), V3Pt
(<~ 1800 °C), f-Vo,C, f'-V2,,C, {-V4Cs_y, V6Csirs
VsCriy, VC1, V, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,V)
alloy + VPt3ix or VPt},iX + VC],X.
C-Pt-W Plotted at 2000 °C: WsPtsC, (x =~ 1 at 2000 °C), y-Pt, W  [242, 391, 487]
(~1400 °C, ?), &-PtW (~ 1400 °C, ?), a-W»,,C, -W,,,C,
?-Wzixc, "/-WC]_X, (s-WC]j._x W, Pt, C
C-Pt-Zr Plotted at 1500 °C: Zrs, Pt; (<~ 1725 °C), ZrPt [244, 391, 487]
(<~2100-2105 °C), ZroPty; (7), Zr7Pty (7), ZrPts.,
(<~2120-2155 °C, ?), ZtC\_,, a-Zr, -Zr, Pt, C
Depend. on compos., graphite is in equilibrium with (Pt,Zr)
alloy + ZrPts, or ZrPt3, + ZrCy_,.
C-Pu-Si Plotted at 20-1000 °C: PusSi; (<~ 1375 °C), Pu;Si, [906]
(<~1440 °C),PuSi (<~ 1575 °C), Pu;Siss, (<~ 1645 °C),
PuSiZix (<~ 1640 OC), PU3C2, PUCI,X, P112C3,x, ﬁ—PuCz,
SiC, o-Pu, f-Pu, y-Pu, 6-Pu, §'-Pu, ¢-Pu, Si, C
The solubilities of Pu silicides in Pu carbides is very low
(<1 mol.%). At temp. <~ 1600-1750 °C graphite is in
equilibrium with Pu,C;_, and SiC.
C-Pu-Ta No diagram plot [242]
At temp. >1050 °C the interaction between PuC,_, and Ta
leads to the formation of o-(Ta,Pu),,C.
C-Pu-Th Plotted at 1050-1600 °C: (Th,Pu)C,y, (or ThyPu;_,C,_,, [138, 391, 906]
o«-Th-ThC;_,—PuC;_, monocarbide continuous solid
solution; at 1050 °C: for x = 0, 0.68 < y < 1.0 and for
x=0.18,0 <y < 1), (Pu,Th),Cs_, (or (Pu,Th;_,),Cs_,,
sesquicarbide extended solid solution based on Pu,Cj_,;
0.7 <y < 1at ~1200 °C), (Th,Pu)C,_, (or Th,Pu;_,C,_,,
dicarbide continuous or extended solid solutions based on
o-ThC,_,, f-ThC,_, and y-ThC,_,; at ~1100 °C—for
o-ThyPu;_,Cp, 0.45 <y < 1; at ~1200 °C—for
y-ThyPu;_,C>_,, 0 <y < 1; at ~1150-1410 °C
B-ThyPu,_,C,_, exists only as a ternary solution), a-Th,
p-(Th,Pu), Pu, C

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Pu-Ti Plotted at 1600 °C: PuC,_,, Pu,Cs_,, TiC,_,, -Ti, Pu, C  [391]
The mutual solid solubilities of all the constituent binary
phases are low. Graphite is in equilibrium with Pu,Cs_,

+ TiCy_,.

C-Pu-U Plotted at 400-2000 °C: (U,Pu)C,_, (or U_,Pu,C,_,, [238, 244, 391,
UC,.,—PuC,_, monocarbide continuous solid solution, or 488-493]
extended solid solutions based on UC, ., (at temp. >melt.
point of PuC,_,); stoichiometric compos. (x = 0) are
observed at 0 < y < 0.7, so for Pu-rich solutions the
miscibility occurs only in hypostoichiometric regions),

{-(U,Pu),Cs_ (or {-(U;_,Pu,),C5_,, sesquicarbide
continuous solid solution; at higher temp. {-U,Cj is
stabilized by Pu), «-(U,Pu)C,_, (or «-U;_,Pu,C,_,,
dicarbide continuous solid solution, or extended solid
solutions based on a-UC,_,, metastable at higher Pu
concentrations, ?), f-(U,Pu)C,_, (or f-U;_,Pu,C, ,,
dicarbide continuous solid solution (at 1800-2200 °C, ?),
or extended solid solutions based on f-UC,_,), PusC,_,,
n-(Pu;_U,) (from ~280 to 700-705 °C), {-PuU,_,
(<~590-630 °C), o-U, $-U, (¢-Pu,y-U), y-Pu, J-Pu,
d'-Pu, C

C-Pu-U-W (Ug.gPug)-W-C is plotted at 1700 °C: (UggPup)WC,,  [489]
(U0_8P00_2)4W4C7, (Uo_gPUO_z)Clix (terminal solubility of W
is low), {-(Ug.gPuo2)2Cs, B-W2, C, 9-W5 C, 9-WC_,
0-WC\+, (UggPug2), W, C

C—Pu-U-Zr No diagram plot [391]
(Uy_yPu Zr))C,_, (UC;,—PuC,_~ZrC,_, monocarbide
continuous solid solution in the regions with low values of z)

C-Pu-W Plotted at 1400 °C: PuWC,, PuyW4C;, PuC,_,, Pu,Csy_,,  [242, 391]
OC-W2+XC, 5—WC]h, Pu, W, C
The mutual solid solubilities of all the constituent binary
phases are low. Depend. on compos., graphite is in equilib-
rium with P|.12(23,)C + PuWCz, or 5—WC1ix + PUWCZ‘ At
temp. >1050 °C the interaction between PuC,_, and W
leads to the formation of o-(W,Pu),,C.

C-Pu-Zr Plotted at 1250-1600 °C: (Pu,Zr)C,_, (monocarbide [391, 494-495]
extended solid solution based on PuC,_, with max. terminal
solubility of ZrC,_,—~25 mol.%), Pu,C;_, (terminal
solubility of Zr is low), (Zr,Pu)C;_, (monocarbide extended
solid solution based on ZrC;_, with max. terminal solubility
of PuC,_,—~25 mol.%), Pu, p-Zr, C
Graphite is in equilibrium with Pu,Cs_, + (Zr,Pu)Cy_,.

(continued)
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System Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C—Re-Si Plotted at 1000 and 1600 °C: ReSi, (or ReSi; g,
<~1930-1980 °C), ReSi (from 1650 °C to
~1820-1880 °C, ?), ResSiz (<1020 °C, ?), Re,Si (or
Re7Siy, <~1810-1960 °C), SiC, Re, Si, C

C-Re-Ta Plotted at 1800 and 2100 °C: g-TasRes_, (from
2200-2460 °C to 2680-2740 °C), y-TaResz,
(<2790-2830 °C), a-Ta,,,C, TaC;_,, Ta, Re, C
TaC;_,.—Re is plotted: eutectic—2420 °C, ~30 mol.%
TaC,_,; the mutual solid solubilities of the components are

low
Graphite is in equilibrium with Re + TaC_,.

C-Re-Tc Plotted schematically

C—Re-Th No diagram plot
Th,Re,C,

C-Re-Ti TiC;_,—Re is plotted: eutectic—2540 °C, ~44-50 mol.%
TiC,_,; the mutual solid solubilities of the components are
low
Graphite is in equilibrium with Re + TiC,_,.

C-Re-U Plotted at 1500 and 2110 °C: UReC, (<~2000 °C),

~U4RC4C7,X (<~2000 OC), U5RC3C87X (‘7), O(—URez
(<180 °C), f-URe, (180-2200 °C), UCy4,, (-U,Cs,
OC-UCz,X, ﬂ-UCQ,X, U, Re, C

UC;+—Re is plotted: eutectic—1860 °C, ~40 mol.%

C—Re-U-Zr No diagram plot
At ~2100 °C (U 5Zr(5)C;, is compatible for periods of
up to 35 min. with metal Re.

C-Re-V Plotted at 1950 °C: -(V,Re)»+,C (f-V,.,C-—Re
semicarbide continuous solid solution or extended solid
solution based on -V,,C, ?), (V,Re)C;_, (monocarbide
extended solid solution based on VC,_, with max. terminal
solubility of Re—~ 65 at.%, ?), 5-VRe,,, (from 1470 °C to
1950-2310 °C), o-VRes,, (from 1950-1990 °C to
2440-2630 °C), V, Re, C
VC,_,—Re is plotted: eutectic—2050 °C, ~60 mol.% Re;
the mutual solid solubilities of the components are low (?)
Data available on the system in literature are very
controversial.

C-Re-W Plotted at 1500 and 2000 °C: n-W3Re,C, (W,Re)C,_,
(metastable, ?), -(W,Re),,.C (-W,,,C-Re(W,C)
continuous solid solution), a-W,Re;, (<~2890—

3005 °C), y-WRes_, (<2125-2130 °C), 6-WCi1,, W,
Re, C

Graphite is in equilibrium with 6-WC,,
B-(W.Re)5,,C + 3-WC), and f-(W.Re),,.C

[244, 487, 503—
504]

[242, 391, 487,
818]

[840]
[391]

[242, 391, 581-
583, 835]

[138, 242, 244,
391, 487, 612,
812]

[812]

[244, 391, 487,
496, 581-583, 603,
837]

[138, 242, 244,
391, 487, 581-582,
591, 809, 837]
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Re-Y

C—Re-Zr

C-Rh-Si

C-Rh-Ta

C-Rh-Th

C-Rh-Ti

C-Rh-U

C-Rh-V

No diagram plot [993-994]
Y2R6C2, Y|2R€5C15

Plotted at 1900 and 2000 °C: o-Zr,Re (<~ 1640-1900 °C, [242, 244, 391,
7),Zry1Ress (?), A-ZrRe,_, (<2450-2750 °C, ?), y-ZrsReys,, 487, 820, 835,
(<2500 °C), ZrC,_,, Zr, Re, C 837]
ZrC;_—Re is plotted: eutectic— ~ 2540-2670 °C,

~20-35 mol.% ZrC,_, (?); at 1900 °C the solubility of Re in

ZrC,_.is ~3 mol.% and that of ZrC,_,inReis <0.5 mol.%;

data available in literature on this quasibinary system are

controversial

Graphite is in equilibrium with Re + ZrC,_,.

Plotted at 1170 °C: Rh,Si (<1650 °C), RhsSi; (<1470 °C), [244, 487, 503—
Rh3Si2 (<820 OC), Rh205i13 (or Rhsi()j, 1050-1225 OC), 504]
o-RhSi 4, (<1030-1080 °C), f-RhSi;,, (from 1030—

1080 °C to 1450 °C), RhySis (<1030 °C), Rh;Siy

(<1040 °C), SiC, Si, Rh, C

Plotted at 1500 °C: Rh;y,Ta (<~2125 °C), a-Rh,,,Ta (or [244, 391, 487]
O(z-RhZixTa, <~ 1890 OC), 9(1—Rh3iXTa2 (<~ 1860 OC),

o3-RhTa;_, (from 1355-1395 °C to ~ 1840 °C),

0-RhTa,y,, (<~2080-2140 °C), a-Ta,,,C, TaC_,,

Ta, Rh, C

The solubility of C in Rh3,,Ta is low.

Plotted at 1200 °C: ~ThRh;C, (x =~ 0.3, ?), Th;Rh3 [391, 487, 497]
(<1350-1375 °C), ThRh (<at least ~ 1500 °C), Th3Rhy

(<~ 1475-1500 °C), Th3Rhs (<~ 1440-1460 °C),

o-ThRh, (<~ 1250 °C), f-ThRh;, (at least from ~ 1250 °C

to 1500 °C), ThRh; (<at least ~ 1500 °C), ThRhs (<at

least ~ 1500 °C), ThC,.,, «-ThC,_,, f-ThC,_,, a-Th,

p-Th, Rh, C

Plotted at 1500 °C: TiRh;C, (x ~ 0.25, ?), Ti>+Rh [244, 391, 487]
(<790 °C), a-TiRh;4, (?), f-TiRh; 4, (<1940 °C), TizRhs

(<~1765 °C, ?), TiRh;, (<1750 °C), TiRhs (<1100 °C,

7, TiCy_,, «-Ti, §-Ti, Rh, C

The solubility of C in TiRh;, is ~5 at.%; no solubility of

Rh in TiC,_,. Depend. on compos., graphite is in

equilibrium with Rh + TiRh3C, or TiRh;C, + TiCy_,.

Plotted at 700 and 1300 °C: U,RhC, (<1715 °C), URh;C [242, 244, 391,
(7), a-U4Rh;3 (<720 °C), -U4Rh;z (720-1155 °C), UsRh, 487, 498]
(<1450 °C), U3Rhs (<1550 °C), URh;3 (<1700 °C), UC),,

(-U,Cs, o-U, p-U, y-U, Rh, C

Plotted at 1500 °C: -V,.,Rh (or V3. ,Rh, <1730 °C), [244, 391, 487]
o1-VRhy_, (~1320-1535 °C, ?), a5-VRhy,, (<1560 °C),

o3-VRh; 1, (<~ 1400-1405 °C), &-V,Rhs,, (or V3Rhs,

<1615 °C), y-VRhsz., (<1740 °C), p-V,.,C, f-V,,.C,

{-VaCs .y, V6Csar, VsCray, VCi, V, RR, C

The solubility of C in y-VRhj, is very low.

(continued)
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Rh-W

C-Rh-Zr

C-Ru-Si

C-Ru-Ta

C—Ru-Th

C-Ru-Ti

C-Ru-U

C-Ru-V

C-Ru-W

Plotted at 1500 and 2000 °C: (W,Rh)4,C_, (0 <x < 0.2,
~1700-2000 °C), Rh3W (from ~ 1200 °C to ?),
&-Rhy W (<~2250-2255 °C), a-W,,,C, -W,,.C,
0-WC+,, W, Rh, C

Plotted at 1500 °C: ZrRh;C, (x ~ 0.5, ?), Zr,Rh
(<1170~1180 °C), a-ZrRhy,, (<~200-670 °C), f-ZrRh,,
(from ~200-670 °C to 1935 °C), ZrzRhy., (<1660 °C),
Zr3Rhs, (<1790 °C), ZrRhs., (<1920 °C), ZrC,_,, p-Zr,
Rh, C

The solubility of C in ZrRhzy, is ~10 at.%; no solubility
of Rh in ZrC,_,. Depend. on compos., graphite is in
equilibrium with Rh + ZrRh;3C, or ZrRh;C, + ZrCy_,.
Plotted at 1340 °C: Ru,Si (<~ 1225-1545 °C), RusSi;
(~1330-1550 °C), Ru,Si3 (or RuSig 9, <1695 °C), RuSi
(<~ 1800 °C), Ru,Si3 (or RuSi; g, <~ 1710 °C), SiC, Si,
Ru, C

Plotted at 1600 °C: TaRu3C,_, (x ~ 0.6, stable in the
limited range of temp.), y-RusTa, , (<~ 1665 °C),
u-RuTalix (<~2080 °C), u’-RuTa,iX (<~1400 °C),
'-RuTa; 4, (<~800 °C), «-Ta,,,C, TaC,_,, Ta, C
Graphite is in equilibrium with Ru + TaC_,.

Plotted at 900 and 1200 °C: ~Th;;Ru;,C,g (or
Ths,,Ruy Cs, x = 0.3, 7), ~ThyRugCs (or ThRu;3C; s, ?),
~ThRusC_, (0 <x < 0.1, ?), ThyRuz (<~ 1410 °C),
ThzRu, (<1425 °C), ThRu (<~ 1460 °C), ThRu, (<at least
1550 °C), ThC,,, «-ThC,_,, f-ThC,_,, o-Th, -Th, Ru, C
Plotted at 1500 °C: TiRu;C;_, (?), TiRu;, (or TiRu,,
<~2130-2150 °C), TiC,_,, f-Ti, Ru, C

TiC,_,—Ru is plotted: eutectic—~ 1700-1840 °C

Graphite is in equilibrium with Ru + TiC_,.

Plotted at 1000 and 1300 °C: U,RuC, (<~ 1700 °C),
URu;C, (0 < x < 0.7 at 1300 °C, extended solid solution
based on URu3, <1850 °C), URu (<~935 °C), a-URu
(<795 °C), f-URu (~795-1160 °C), UsRuy (<~ 1165 °C),
UsRus (<~ 1180 °C), UC 44, é—U2C3, y-U, B-U, o-U, Ru, C
Plotted at 1600 °C: VRu3C;_, (x ~ 0.6, stable in the
limited range of temp.), V3Ru (at least <1500 °C, ?),
VRu, 4, (<1925-1975 °C), f-V,.+.C, f'-V1.,C, {-V4Cs_,,
V6Csir, VsCiir, VCi_y, V, Ru, C

Graphite is in equilibrium with Ru + VC,_,.

Plotted at 1500 and 2000 °C: (W,Ru);C;_, (~2000 °C),
o-Ru, Wi, (from ~ 1665-1670 °C to 2300 °C), «-W,,,C,
ﬂ-W2+xC, 5-WC1ix, W, Rll, C

[244, 391, 487]

(391, 487]

[487, 503-504]

[391, 487, 897]

[391, 487, 499—
500]

[244, 391, 487]

[244, 391, 487,
495, 501-502,
619]

[244, 391, 487,
897]

[244, 391, 487]

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Ru—Zr

C-S-Ta

C-S-Ti

C-S-Ti-V

C-S—Zr

C-Sc-Tc
C-Sc-Ti

C-Sc-Zr

C-Si-Ta

C-Si-Ti

Plotted at 1500 °C: ZrRusC_, (x =~ 0.3), 0-ZrRu; 1,
(<2130 °C), 4,-ZrRu; (1285-1825 °C), ZrC,_,, -Zr, Ru, C
ZrC,_—Ru is plotted: eutectic—~ 1800 °C

Graphite is in equilibrium with Ru + ZrC,_,.

No diagram plot

Ta,S,C (2 polytypes; C in carbosulfides is related to
graphene sheets on (111) surfaces of TaC;_,)

No diagram plot

Ti,SC (M,,+1AX,-phase)

No diagram plot

(T1,V),SC (M,,;1AX,,-phase solid solution)

No diagram plot

Zr,SC (M,,;1AX,,-phase)

Plotted schematically

Plotted at 1300-1800 °C: (Sc,Ti)Cy_, (ScCi_~TiC;_,
monocarbide continuous solid solution), -Sc4Cs,
ﬁ-SC4C3+X, SC3C4,x (Or SC15C19iX), a-Sc, o-Ti, ﬁ-(SC,Ti), C
Graphite is in equilibrium with (Sc¢,Ti)C;_, + Sc3Cy_, (or
Sc15C19:40)-

Plotted at 1500-1900 °C: (Sc,Zr)C,_, (ScC,_~ZrC,_,
monocarbide continuous solid solution), a-Sc4Cs,
B-S¢4Cs4xs Sc3Cyy (o1 ScisCrouy), 2-(Sc,Zr), B-(Sc,Zr), C
Graphite is in equilibrium with (Sc¢,Zr)C,_, + Sc;C4_, (or
S¢15C1940)-

Plotted at 800-1820 °C: TasSizC,_, (at least at
~1000-1820 °C), a-TasSiCs, -TaySiCz (M, 1AX,,-
phases, ?), Ta;Si (or Tay 5Si, <~2340-2520 °C), Ta,Si
(<2440-2460 °C), a-TasSi; (<~ 1700-2160 °C), p-TasSis
(from ~1700-2160 °C to 2500-2550 °C), TaSi,
(<~2040-2300 °C), a-Ta,,,C, TaC,_,, SiC, Ta, Si, C
Graphite is in equilibrium with SiC + TaC,_,.

Plotted at 1100-2875 °C: a-Ti3SiC,, -Ti3SiC, (<2375 °C,
small homog. range at lower temp., M,,,;AX,-phases),
Ti,SiC (M,,;1AX,,-phase, ?), TigSiCs, TisSiCqy (M,,11AX,,-
phases, metastable, ?), TisSi,Cs, Ti;Si,Cs (intergrown
structures, M,,,;AX,,-phases, ?), TisSi34,C, (0 < x < 0.99,
solid solution based on TisSiz.,, <~2130-2335 °C), TizSi
(<1170 °C), TisSi4 (<1920 °C), TiSi (<1570 °C), TiSi,
(<1490~1500 °C), TiC,_,, SiC, -Ti, Si, C

Carbon stabilizes the structure of TisSiz..,. Graphite is in
equilibrium with SiC + TiC,_,. In vacuum, the interaction
between graphite and TiSi, begins at ~1300 °C (2 h
contact exposure) and leads to the formation of SiC and
TisSiz,C,. At 900-1300 °C, in vacuum the interaction
between SiC and Ti results in the formation of TisSis4,C,
and TiC,_,.

[244, 391, 487]

(855]

[680-681, 744—
745, 860]
[680-681, 860]

[680-681, 744—
745, 860]

[840]

[138, 244, 391,
601]

[244, 602]

[138, 242, 244,
487, 503, 639,
898]

[242, 244, 419,
463, 487, 503,
506-509, 640642,
680-681, 744-746,
819, 860]
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Si-U

C-Si-V

C-Si-W

C-Si—Zr

Plotted at 675-1500 °C: U3Si,C, (or U3Si,Cs, <1750 °C),
U3Si2C|,X (9), [Jssi4C|,)C ()C = 025, or Uz()Siij;,

<1600 °C), U3SiCs (?), USi; (<1510 °C), USi, (<450 °C,
metastable, ?), «-USi,_, (?), f-USip_, (x = 0.12,

<1710 °C), a-U5Sis (?), f-UsSis (?), y-UsSis (<1770 °C),
USi (<1580 °C), UsSi, (<1665 °C), a-U3Si(<~~-150 °C),
p-UsSi (~-150-760 °C), y-U;3Si (~760-930 °C), UC,y,,
C-U2C3, OC-UCz,X, ﬂ-UCQ,X, SlC, V—U, ﬁ-U, O(-U, Sl, C
Eutectic UC;,~U3Si,—y-U (~950-980 °C)

Eutectic O(-UCz_X—ﬁ-Usiz_x—U3si2C2 (N 1600 oC, ‘7)
UC,,~U3Si; is plotted: eutectic—~ 1660 °C

Mutual solid solubilities between UC; ., and SiC are
negligible. At 1000 °C the interaction between UC, ., and
Si leads to the formation of USi,_,.

Plotted at 800 and 1000 °C: V,SiC, V,SiC, (predicted
M,,.1AX, -phases, ?), V5SizC;_, (extended solid solution
based on V;5Si;, <2010 °C, ?), V3,,Si (<1925 °C), VSis
(1160-1670 °C), VSi, (<~ 1675 °C), a-V,,,C, p-V,.,C,
' -V2..C, (-V4Cs_y, VeCsiy, VsCriy, VC_y, SiC, Si, V, C
SiC-VCy_, (x = 0.17) is plotted: eutectic— ~ 2220 °C,
~38 mol.% SiC; no mutual solubilities between the
components

At 800 °C the solubility of C in V3,,Si and that of Si in
-V,,,C are ~2 at.%. Graphite is in equilibrium with
SiC + VC,_,.

Plotted at 1800 °C:W,Si,C, (or Ws_,Si3_,Cy.y, ?7), WsSiz,,
(<2095-2320 °C), WSi, (<2020-2160 °C), -W,,.C,
0-WCi4,, SiC, W, Si, C

Graphite is in equilibrium with SiC + 0-WC,. In
vacuum the interaction between graphite and WSi, begins
at ~ 1500 °C (2 h contact exposure) and results in the
formation of SiC and W,Si,C.. At 1100-1900 °C the
interaction between SiC and metal W results in the
formation of 6-WCj.4,, WsSisz,, and WSi,.

Plotted at 1000-1700 °C: ZrsSizC, (0 <x < ~04

(1200 °C) and 0 < x < ~0.7 (1700 °C), solid solution
based on ZrsSis, at least at 1745-2180 °C, ?), Zr3Si
(<1650 °C), Zr,Si (<1925 °C), Zr3Si, (<2215-2220 °C),
o-Zr5Siy (<1860 °C), p-ZrsSiy (1860-2250 °C), a-ZrSi
(<1460 °C), f-ZrSi (1460-2210 °C), ZrSi, (<1620 °C),
ZrC,_,, SiC, o-Zr, p-Zr, Si, C

C stabilizes the structure of ZrsSi; at low temp.; the
solubility of C in other Zr silicides is low. Graphite is in
equilibrium with SiC + ZrC,_,.

[138, 242, 244,
533-534, 692,
849]

[244, 267, 393—
394, 503, 744-745,
748-750]

[138, 242, 419,
463, 487, 503, 819,
912]

[242, 244, 418-
419, 487, 503,
510-512, 689]
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Sm-U No diagram plot [391]
UC,4,—SmC,_, monocarbide continuous solid solution or
extended solid solution based on UC,.

C-Sn-Ti Plotted partially at 1600 °C: Ti,SnC, TizSnC, (M,,.1AX,- [680-681, 744—
phases), a-TigSns (<790 °C), f-TigSns (790-1490 °C), 745, 860, 984]
TisSnz (<1505 °C), Ti—,Sn (<1550 °C), Tiz4,Sn
(<1670 °C), TiC,_,, o-Ti, p-Ti, «-Sn, f-Sn, C

C-Sn—Zr No diagram plot [680-681, 744—
Zr,SnC (M,,;1AX,-phase), ZrsSn;C, ? 745, 860]

C-Ta-Tc Plotted schematically [840]

C-Ta-Th Plotted at 1500 °C: ThC,.y,, y-ThC,_,, «-Ta,,,C, TaC;_,, [244, 391]

o-Th, -Th, Ta, C

The mutual solid solubilities in the pairs of metals and their
carbides are very low. Graphite is in equilibrium with
?-ThCZ,X + TaCl,x.

C-Ta-Ti Plotted at 1500-3200 °C: (Ta,Ti)C,_, (TaC,_-TiC,_, [138, 242, 391,
monocarbide continuous solid solution with the critical 419, 440, 468, 513,
point of the miscibility gap calculated to be <0 °C), 662, 747, 813, 837,
o-(Ta,Ti),,,C (low temp. semicarbide extended solid 881]

solution based on «-Ta,,,C, the solubility of Ti varies:
from ~6 to ~28 at.% at 1500-1800 °C and ~2-30 at.%
at 2000 °C), f-(Ta,Ti)24.C (high temp. semicarbide
extended solid solution based on f-Ta,.,C, the solubility of
Ti varies: ~0-30 at.% at 2400-2600 °C, ~0-20 at.% at
3000 °C and ~0-10 at.% at 3200 °C), (S-Ti, Ta), C
Graphite is in equilibrium with (Ta,Ti)C_,.

C-Ta-Ti-U TaC,_,~TiC,_,—UC,., is plotted at 2000-2050 °C: [391]
(Ta,Ti,U)C,_, (TaC,_~TiC,_~UC,y, extended solid
solution based on TaC,_~TiC;_, and TaC_~UC;,
monocarbide continuous solid solutions with great
miscibility gap because of low mutual solubilities in the
TiC;_,—UC 4, system)

C-Ta-Ti-W TaC,_,~TiC,_,—0-WC,., is plotted at 1450, 2200 and [250, 419, 465,
2500 °C: (Ta,Ti,W)C,_, (TaC,_~TiC;_—0-WC,;, 589]
extended solid solution based on TaC,_,—TiC;_,
monocarbide continuous solid solution)

The solubilities of 6-WC,_, in TaC,_, and TiC,_, are ~10
and ~35 mol.%, respectively; the solubilities of TaC,_,
and TiC,_, in 6-WC,., are low.

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Ta-U

C-Ta-U-V

C-Ta-U-Zr

C-Ta-V

C-Ta-V-W

Plotted at 1200 and 1700 °C: (Ta,U)C,_, (TaC,_—UC;4, [138, 242, 391,
monocarbide continuous solid solution), a-Ta,,,C, {-U,Cs, 812, 822]
oa-UC,_,, p-UC,_,, U, Ta, C

Depend. on compos., graphite is in equilibrium with

(Ta,U)C,_, or (Ta,U)C,_, + UC,_,; the compos. of

(Ta,U)C,_, in equilibrium with C + UC,_, is corresp. to
(Tag.78U0.22)Co.99 (at 1700 °C) and (TaggsUo.15)C i, (at

2200 °C), and shifts to lower U concentrations with temp.

increase. At 1400 °C (66 h exposure) no appreciable

reaction is occurred on the contact surface between metal

Ta and UC| (6, at 1800 °C (3 h exposure)—the interaction

is noticeable.

TaC,_,—VC,_,—UC/., is plotted at 2000-2050 °C: [391]
(Ta,V,U)C,_, (TaC,_~VC,_~UC,y, extended solid

solution based on TaC,_—~VC,_, and TaC,_-UC 4,

monocarbide continuous solid solutions with great

miscibility gap because of low mutual solubilities in the

pair VC]—foCI:tx)

TaC,_,—ZrC,_,—UC, is plotted at 2050 °C: (Ta,Zr,U)C;_, [391, 812]
(TaC,_~ZrC;_~UC;., monocarbide continuous solid

solution)

At ~2100 °C (Ug 5Zry5)Cy 4+, is compatible for periods of

up to 35 min. with metal Ta.

Plotted at 1400 °C: Taz:b,VC2,x (Tal,80+2_04V1.0+0_96C1_74+1_80 [391, 723, 813,
at 1650 °C), (Ta,V)C,_, (TaC,_~VC,_, monocarbide 8371
continuous solid solution), (Ta,V),+,C (¢-Tay,,C—f-V,+,C

semicarbide continuous solid solution), (Ta,V), C

TaC,_—VC,_, is plotted: miscibility gap (critical point—

~ 1300 °C at ~Tap4VoeCi_s at 1000 °C ranges from

~TapgsVo.15C1-x 10 ~TagsV0.05C1)-

Graphite is in equilibrium with (Ta,V)C,_,.

o-Tay, C—f-V4,C—0-W,,,C is plotted at 1650 and [435]
2000 °C: (Ta,V,W),.,C (extended solid solution based on

o-Tay C—f-V,.,C and -V, C—-W,,,C semicarbide con-

tinuous solid solutions), (Ta,V,W),.,C + (Ta,V,W)C_, +

(Ta,V,W), (Ta,V,W)C,_, + (Ta,V,W)

(continued)
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Table 2.14 (continued)

System

Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or

character of interphase interaction and materials

compatibility

C-Ta-W

C-Ta-Zr

C-Tb-U

C-Tc-Ti
C-Tc-U

Plotted at 1500-3500 °C: (Ta,W)C,_, (TaCi_—y-WC,_, [138, 242, 391,
monocarbide continuous solid solution at temp. 419, 514, 591, 723,
~2500-2750 °C, or monocarbide extended solid solution 773, 801-804, 827,
based on TaC_, at temp. <~2500 °C and >~2750 °C  837]

with the max solubility of W corresp. to compos.:

~(Ta0_9W0_1)C|_X at 1500 OC, ~(Ta0_gW0>2)C|_x at

1800 °C and ~ (Tag,Wg3)C;_, at 2000 °C), (Ta,W),.,C

(p-Tagy C—y-W, C semicarbide continuous solid solution

in the limited range of temp. ~2460-2790 °C),

o-(Ta,W),,,C (semicarbide extended solid solution based

on o-Ta,,,C at temp. <~ 1950-2200 °C), -(Ta,W),4,C

(semicarbide extended solid solution based on f3-Ta,.,C at

~1950-2450 °C and ~2750-3400 °C), a-(W,Ta),,,C

(semicarbide extended solid solution based on a-W,, C at

temp. ~1250-2100 °C), -(W,Ta),,,C (semicarbide

extended solid solution based on f-W,,C at temp.

~2100-2450 °C), y-(W,Ta),,C (semicarbide extended

solid solution based on y-W,,C at temp. ~2300-

2450 °C), 6-WCi, (max. solubility of Ta is ~4 at.% at

2760 °C), {-Ta,Cs_,, TagCsy, (Ta,W), C

Eutectic -(Ta,W),.,C—(Ta,W) (2860 °C, ~25 at.%

W, ~11 at.% C)

Depend. on compos., graphite is in equilibrium with

0-WC 1, + (Ta,W)C,_; or (Ta,W)C_,.

Plotted at 1000-3900 °C: (Ta,Zr)C,_, (TaC,_~ZrC,_, [138, 242, 391,
monocarbide continuous solid solution at temp. 419, 421, 423, 468,
~940-3400 °C), a-(Ta,Zr),,,C (semicarbide extended 515, 622, 805-807,
solid solution based on «-Ta,,,C at temp. <~2100 °C 813, 837]

with the solid solubility of Zr—up to ~12 at.% at temp.

1775-1820 °C), p-(Ta,Zr),,C (semicarbide extended solid

solution based on -Ta,,C at 1930-3300 °C with the solid

solubility of Zr—up to ~ 14 at.% at 2500 °C), (Ta,f-Zr), C

Eutectic (Ta,Zr)C,_,—(Ta,p-Zr) (~ 1800 °C)

TaC,_,—ZrC,_, is plotted: miscibility gap (critical point—

~940 °C at ~Ta0,65 %0.7OZr0,30+0_35C1_X, at 600 °C ranges

from ~TagZrgCy_, to ~Tag95Z10,05C1-0)-

Graphite is in equilibrium with (Ta,Zr)Cy_,.

No diagram plot [391]
UC,.,~TbC,_, monocarbide continuous solid solution, or

extended solid solution based on UC, (7).

Plotted schematically [840]

Plotted at 1500 °C: UTcC, (<1800 °C), UTc;3C_, [391]

(0.55 < x <0.65, ?), UTc3Cy,, (7), UTcy, TeCy_, (or

Tc3iva {7)’ UClix’ g'U2C3a a'UC2—X9 ﬁ'UC2—Xv O(-U, ﬁ'U,

y-U, Tc, C
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System

Type of phase diagram (temperature and composition
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

References

C-Tc-V

C-Tc-W
C-Tc—Zr
C-Th-Ti

C-Th-U

C-Th-U-Zr

C-Th-W

C-Th-Y

C-Th-Zr

Plotted schematically

Plotted schematically

Plotted schematically

Plotted at 1500 °C: ThC,.,, «-ThC,_,, f-ThC,_,, y-ThC,_,,
TiC,_,, «-Ti, f-Ti, o-Th, p-Th, C

The solid solubilities of metal Th and Th carbides in TiC,_,
and those of TiC,_, in metal Th and Th carbides are low.
Plotted at 1000-1800 °C: (U,Th)Cy4, (UC;,~ThC .,
monocarbide continuous solid solution based on UC;,—
p-UC,_,, o-Th-ThC,, and ThC,,~y-ThC,_, continuous
solid solutions with specific miscibility gaps, homog. range
(llmltS) at 1800 °C: ~UCO_Q—UCI_Q—Thcl_g—ThCQ_z with
two miscibility gaps (two-phase regions) UC; ;—

(Uo.oThg 1)C1.4-UC, 7 and ThC, ;—(Up.15Thg g5)C} .o~

ThC, 3), at temp. <1700 °C—separated regions based on
UC,4,, y-ThC,_,, ThC,., and a-Th solid solutions),
o-(U,Th)C,_, (dicarbide extended solid solution based on
a-UC,_,), f-(Th,U)C,_, (dicarbide extended solid solution
based on f-ThC,_,), a-(Th,U)C,_, (dicarbide extended
solid solution based on -ThC,_,), {-U,Cs, o-Th, f-Th,
y-U, C

UCi4, (x = 0)-ThC,, (x = 0) is plotted: no mutual
solubilities at 500 °C, the critical point of the miscibility
gap—~ 1600 °C, (UysThys5)C o (the compos. corresp. to
the min. melt. point of the (U,Th)C;., phase (x = 0)-
2200 °C).

UC;4,~ThC,,,~ZrC,_, is plotted at 2000 °C:
(U,Th,Zr)C+, (UC,L,~ThC.,~ZrC,_, extended solid
solution based on UC;,~ThC;,, and UC,,,~ZrC,_,
continuous solid solutions with great miscibility gap
because of very low mutual solubilities in the pair ThC; —
ZiC,_)

Plotted at 1500 °C: ThClix’ "/'-ThC2,X, fZ-Wz_H(C, 5—WC1ix,
p-Th, W, C

The solubilities of Th carbides in W carbides and those of
W carbides in Th carbides are low.

Plotted at 1600 °C: (Th,Y)C,_, (ThC,4,—~YC,., monocar-
bide continuous solid solution), (Th,Y)C;4, (y-ThC,_—
p-YC,.., dicarbide continuous solid solution), f-Y»Cs_,,
p-Th, 5-Y, C

Graphite is in equilibrium with (Th,Y)Cs4.,.

Plotted at 1100 and 1500 °C: ThC,.,, «-ThC,_,, f-ThC,_,,
y-ThC,_,, ZrC,_,, o-Th, -Th, a-Zr, -Zr, C

The solid solubilities of metal Th and Th carbides in ZrC,_,
and those of ZrC,_, in metal Th and Th carbides are low.
Graphite is in equilibrium with y-ThC,_, 4+ ZrC,_,.

[840]
[840]
[840]
[391]

[138, 242, 391,
516-517]

[391]

[138, 391]

[391]

[391, 518-520]

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility
C-Ti-Tl No diagram plot [680-681, 744—
Ti,TIC (M,;1AX,-phase), TizTIC, ? 745, 860]
C-Ti-U Plotted at 1500 °C: UCy.,, (-U,Cs, 2-UC,_,, f-UC,_,, [242, 391]
TiC,_,, -Ti, f-Ti, o-U, p-U, y-U, C
The max. solid solubilities of U carbides in TiC,_, and
those of TiC,_, in U carbides are low. Graphite is in
equilibrium with {-U,C3 + TiC_,.
C-Ti-U-Zr UC;4,~TiC,_,~ZrC,_, is plotted at 2000-2050 °C: [391]
(U,Ti,Zr)C 4+, (UC4x—TiC_—ZrC,_, extended solid
solution based on TiC,_~ZrC;_, and UC;,~ZrC;_,
monocarbide continuous solid solutions with great
miscibility gap because of low mutual solubilities in the
pair UC]iX—TiCI,X)
C-Ti-V Plotted at 1000-2700 °C: (V,Ti)C_, (VC_~TiC;_, [138, 242, 391,
monocarbide continuous solid solution at temp. <2625 °C; 419, 425, 521, 615,
the compos. of the phase at the min. melt point— 810, 813, 815, 837,
~(VooTig.1)Cog), p-(V,Ti),4.C (semicarbide extended 1008]
solid solution based on f-V,,C at temp. <2000 °C; the
max. solubility of Ti corresp. to compos.
(Vo.82003Ti0.07-0.18)2:40)s -V, C, (-VaCi_y, VeCosiiy,
VsCray, (B-Ti, V), C
VCi_, (x = 0.12)-TiC_, (x = 0) is plotted: completely
soluble in each other
Graphite is in equilibrium with (V,Ti)C,_,.
C-Ti-W Plotted at 1500-3100 °C: Ti,W4C5_, (0 < x < 1, at least at [138, 242, 391,

1100 °C, ?), (Ti,W)C,_, (extended solid solution based on 522, 662, 773, 827,
TiC,_, at temp. <2530 °C with the max. solubility of W 835, 837, 848,
corresp. to compos. (Tig7Wo3)Cy_, at 1500 °C, 1014]
(Ti.4sWo.55)C 1 at 2000 °C and (Tip3Wo.7)Ci_, at

2400 °C, or TiC,_,—y-WC,_, monocarbide continuous solid

solution at temp. ~2530-2780 °C with max. melt. point

3130 °C corresp. to (Tig.55W0.45)Co.75), ¢-W2,.C, f-W,.C,

V_WZj:XC’ 5_Wcl:tx’ (ﬁ_Tl’w)’ C

Eutectic (Ti,W)C_—y-W,.,C-W (2680 °C, 13 at.% Ti, 23

at.% C)

TiC,_,—W is plotted: eutectic— ~2650-2700 °C,

~24-28 mol.% TiC,_, (~19-22 at.% C)

(Tip.5Wo.5)C1_,—C is plotted: eutectic—3030 °C, ~56at.% C

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-Ti-Zr Plotted at 600, 1500 and 2100 °C: (Ti,Zr)C;_, (TiCi_— [138, 242, 391,
ZrC,_, monocarbide continuous solid solution at higher 424-425, 626, 813,
temp., or monocarbide extended solid solutions based on 816, 817]
TiC,_, and ZrC,_, at lower temp.), (f-Ti,f-Zr), C
ZrC,_~TiC,_, is plotted: miscibility gap in the solid state
(critical point—~2000 °C, at ~Zrg5-0.4Tig.6-08C1_xs
gap width at 1500 °C—from Zrg ;. ¢, Tipg-09Ci_ to
Zro8Tip2Cr)
Depend. on temp., graphite is in equilibrium with
(Zr, T1))C_, or (Zr, Ti)C,_, + (Ti,Zr)C_..

C-Tl-Zr No diagram plot [680-681, 744—
Zr,TIC (M,;AX,,-phase) 745, 860]
C-Tm-U No diagram plot [391]

UC,4,~TmC,_, monocarbide continuous solid solution or
extended solid solution based on UC,,
C-U-V Plotted at 1600 °C: UVC, (<1800 °C), a-V,,.C, -V,.,C, [242, 391, 822]
BI'V2+va é"V4C3—xv V()CSixv V8C7ixs VCI—xs Uclixs
(-U2C3, OC-UCZ,X, ﬁ-UCz,X, O(-U, ﬂ-U, V-U, V, C
The solubilities of U carbides in V carbides and those of V
carbides in U carbides are low. Graphite is in equilibrium
with a-UC,_, 4+ VCy_,. At 1000 °C (66 h exposure) the
carburization of metal V is occurred on the contact surface
with UC/ 6, at 1400 °C (66 h exposure)—the interaction is
significant.
C-U-W Plotted at 1700 and 2200 °C: n-UWC,_, (x ~ 0.3, from  [138, 242, 391,
2150 °C to ~2570-2580 °C, a low C form of UWC,), 612, 620, 812]
UWG, (<2570-2580 °C, ?), UyW,4C5 (or UWC 75,
§~2300 OC), OC-W2+XC, 5—WC11X, UClh, é’-U2C3,
o-UC,_,, p-UC,,, U, W, C
The homog. ranges of ternary phases are very small. The
solubilities of U carbides in W carbides and those of W
carbides in U carbides are low. Depend. on compos.,
graphite is in equilibrium with «-UC,_, + UWC,_,, or
0-WCiy, + UWC,_,.
C-U-W-Zr No diagram plot [812]
At ~2100 °C (Ug5Zry5)C+, is compatible for periods of
up to 35 min. with metal W.
C-U-Y Plotted at 1600 °C: (U,Y)C;+, (UC{+,—YC;1, monocar- [138, 391]
bide continuous solid solution), 5-(Y,U)C,, (dicarbide
extended solid solutions based on -UC,_, and -YC,., at
temp. <~ 1800 °C, or f-UC,_,—f-YC,., continuous solid
solution at higher temp.), {-U,Cs, -Y,Cs_,, ¢-U, f-U, y-U,
oY, f-Y, C

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials
compatibility

C-U-Yb No diagram plot [391]
UC,.,~YbC,_, monocarbide continuous solid solution or
extended solid solution based on UC;,.

C-U-Zr Plotted at 1700-3420 °C: (U,Zr)C;_, (UC;,~ZrCy_, [138, 242, 391,
monocarbide continuous solid solution), {-U,Cs, a-UC,_,, 436, 520, 523-527,
p-UC,_,, o-U, p-U, y-U, a-Zr, f-Zr, C 822]

UCi4, (x = 0)-ZrCy_, (x = 0.19) is plotted: completely
soluble in each other

o-UC,_, (f-UC,_)-ZrCy_, (x = 0) is plotted: quasi-
eutectic—2410 °C, ~80 mol.% f-UC,_,, (~12 at.%

Zr, ~63 at.% C); at -(U,Zr)C,_,—(Zr,U)C,_,—(yC) quasi-
eutectic temp., max. solubility of Zr in -(U,Zr)C,_—~2-4
at.% (corresp. to ~(Ug.94Zr,06)C1.04 cOmpos.) and in
(Zr,U)C_,—~40 at.% (corresp. to ~80-90 mol.%
(Zrog-0.9U0.1-02)C1r0 + ~10-20 mol.% C)

At 1700-2200 °C graphite is in equilibrium with (Zr,U)C;_,
or (Zr,U)C,_, + UC,_,. At higher temp.the compos. of
(Zr,U)C,_,, which is in equilibrium with C + UC,_,, shifts
to lower U concentrations from ~ (Zrg ¢ 0.65U0.35-04)C1_x
(at 1700 °C) to ~(Zrp.7-0.8U0.2+0.3)Ci_x (at 2000—

2200 °C). At 1000 °C (66 h exposure) no appreciable
reaction was occurred on the contact surface of metal Zr
with UC o6, at 1400 °C (66 h exposure)—small reaction
zone was found.

C-V-W Plotted at 1500-2600 °C: (V,W)C,_, (monocarbide [138, 242, 391,
extended solid solution based on VC,_, at temp. 528, 773, 827,
<~2600 °C, VC,_,—y-WC,_, monocarbide continuous 837]
solid solution at temp. ~2600-2700 °C), f-(V,W),.,C
(B-V24,C—p-W,,C semicarbide continuous solid solution),
3-WC 4, (V,W), C
Depend. on compos., graphite is in equilibrium with
0-WC4, + (V,W)C,_,, or (V,W)C,_,.

C-V-Zr Plotted at 1000 °C: ZrV,_, (<1280-1300 °C), ZrC,_,, [244, 391, 425,
4-VoriC, B-Vou,C, -V, C, (-V4Csy, VeCsin, VsCrpyn 487, 813]
VC,_,, o-Zr, p-Zr, V, C
VCi_, (x = 0.12)-ZrC_, (x = 0) is plotted: eutectic—
~2460-2530 °C, ~23-34 mol.% ZrC,_,; at the eutectic
temp. the solubility of ZrC,_, in VC,_, is ~2.5-5.0 mol.%
and that of VC;_, in ZrC;_, is ~8.0-8.5 mol.%.

(continued)
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Table 2.14 (continued)

System Type of phase diagram (temperature and composition References
sections, constituent phases or phase fields) and/or
character of interphase interaction and materials

compatibility

C-W-Zr Plotted at 1100-2600 °C: (Zr,W)C,_, (ZrCy_,—y-WC/_, [242, 391, 429-
monocarbide continuous solid solution at temp. >2500 °C, 430, 529, 591,
or extended solid solution based on ZrC;_,), ZrW, 647-648, 773, 827,
(<~2160-2210 °C), 0-W»,,C, f-W,,.C, »-W,,.C, 837]

0-WC4,, 0-Zr, f-Zr, W, C

Eutectic (Zr,W)C;_—y-W,,C-W (2620 °C, 65 at.% W,
26.4 at.% C)

Eutectic (Zr,W)C_—ZrW—f-Zr (<1740 °C, 7 at.% W, 3.5
at.% C)

ZrC_—W is plotted: eutectic—2800 °C, ~ 30 mol.%
ZrC,_,; the solubility of W in ZrC;_, is ~7 mol.%

The solubility of Zr in y-W,,,C is 3.5 mol.%. At higher
temp. graphite is in equilibrium with single solid phase
(Zr,W)Cy_,.

% See notes to Table 2.13

The results obtained by Wang et al. [646] indicate that at room temperature
surface energy of graphene, graphene oxide and natural graphite flakes are 47, 62
and 55 mJ m~?, respectively. Before, a 150 mJ m~? value for the surface energy of
the basal plane of graphite was measured at room temperature by wetting exper-
iments [910]. The formation of a surface-orientated perpendicular to the basal
plane needs the rupture of C—C chemical bonds. The surface energy for this
orientation has not been determined experimentally, but is expected to be an order
of magnitude higher than that of the basal plane. In the case of vitreous carbon, the
value was measured and found to be 32 mJ m~> [910]. This is five times lower
than that of the graphite basal plane and may be explained by the low density of
vitreous carbon. The average static contact angles of graphene/graphite with some
liquids, which were measured by the droplet on the film surface at room tem-
perature, are listed in Table 2.15 [646, 909]. The quantitative characteristics of the

Table 2.15 Average static contact angles (in degrees) of graphite, graphene oxide and graphene
with some liquids measured by the droplet on the film surface at room temperature [646]"

Materials Water Formamide Diiodometane Ethylene glycol Glycerol
Graphite 98 45 22 56 67
Graphene oxide 67 19 39 22 50
Graphene 127 80 43 76 111

# For water, formamide and glycerol the contact angles on de-ashed natural graphite (in degrees) were
71.5-86.6, 46.5-60.7 and 61.3-77.8, respectively, with measured surface tensions at 20.0 £ 0.5 °C:
water—72.6, formamide—58.7, ethylene glycol—47.6 and glycerol—63.7, 107 N m™' [909]
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Table 2.16 Wettability of graphite materials by some non-ferrous metal alloys (melts) in vac-
uum [530, 661, 910]

Alloy composition Wetting contact angle, degree ~ Temperature, °C
Ag—0.1 at.% Ti 85 1000
Ag-1.0 at.% Ti 7 1000
Al-1.7-2.0 at.% Ti 142-145 1000
140 1100
75 1200
Al-12 at.% Si 145-150 1000
140-142 1150
97 1200
30 1300
Cu-0.01 at.% Cr 140 1150
Cu-0.1 at.% Cr 90 1150
Cu-0.6 at.% Cr 84 1150
Cu-1.0 at.% Cr 45° 1130
20-30° 1500
Cu-6.1 at.% Cr 40 1150
Cu-12.0 at.% Cr 23 1150
Cu-1.25 at.% V 118 1150
110 1200
75 1250
Cu-3.75 at.% V 90 1150
75 1200
Cu-6.2 at.% V 130 1150
60 1200
40 1250
Cu-2.9 at.% Sn-2.7 at.% Ti 28 1150
Cu-2.9 at.% Sn—4 at.% Ti 21 1150
Cu-5.6 at.% Sn 135 1150
Cu-5.6 at.% Sn—1.4 at.% Ti 48 1150
Cu-5.6 at.% Sn-3.95 at.% Ti 21 1150
Cu-5.6 at.% Sn—4.1 at.% Ti 10 1150
Cu-11.5 at.% Sn 135 1150
Cu-11.5 at.% Sn-0.75 at.% Ti 70 1150
Cu-11.5 at.% Sn—1.45 at.% Ti 22 1150
Cu-11.5 at.% Sn-2.9 at.% Ti 14 1150
Cu-20 at.% Sn 160 1150
Cu-50 at.% Sn 147 1150
Cu-5.0 at.% Ni 140 1300
Cu-9.3 at.% Ni 140 1300
Cu-9.3 at.% Ni-0.7 at.% Nb 150 1200
140 1250
120 1300
Cu-9.3 at.% Ni—1.4 at.% Nb 150 1200
95 1250
50 1300

(continued)
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Table 2.16 (continued)

Alloy composition Wetting contact angle, degree ~ Temperature, °C
Cu-9.3 at.% Ni-2.05 at.% Nb 5 1300
Cu-9.3 at.% Ni-3.45 at.% Nb 35 1250
Cu-9.3 at.% Ni-7.05 at.% Nb 40 1200
Cu-9.3 at.% Ni-1.25 at.% V 110 1150
67 1200
55 1250
Cu-9.3 at.% Ni-3.75 at.% V 115 1150
Cu-9.3 at.% Ni-6.2 at.% V 70 1150
30 1200
Cu-21.0 at.% Ni 134 1500
Cu-25.0 at.% Ni 128 1500
Cu-25.0 at.% Ni-8.0 at.% Sn-6.0 at.% W 115 1300
Cu-28.0 at.% Ni—4.0 at.% Sn-6.0 at.% W 90 1300
Cu-30.0 at.% Ni 120 1500
Cu-35.0 at.% Ni 115 1500
Cu-35.0 at.% Ni-3.0 at.% Sn-9.0 at.% W 85 1300
Cu-36.0 at.% Ni-7.0 at.% Sn-9.0 at.% W 61 1420
Cu-5.0 at.% Co 138 1300
Cu-10.2 at.% Ti 0 1150
Cu-24.0 at.% Mn 70 1200
Ni-45.4 at.% Pd 137 1240
Sn—0.9 at.% Ti 76 1150
Sn-7.1 at.% Ti 5 1150
Sn-25.0 at.% Ni 143 1500

# For the same alloy on vitreous carbon in high vacuum, contact angle values (in degrees) are
37-45 at 1100 °C and ~40 at 1150 °C [910]

®In Ar atmosphere

¢ In Ar-5 % H, gas medium

Table 2.17 Wetting contact angles (in degrees) of pure molten halides MeX (Me = Li, Na, K,
Rb; X = F, Cl, Br) on graphite in dry inert gas atmosphere at 1000 °C [910]

Halides LiX NaX KX RbX
Fluoride 143 139 81 -
Chloride 134 127 73 46
Bromide — 120 73 -

wettability of graphite materials by some non-ferrous metal alloys (melts) at
elevated and high temperatures are shown in Table 2.16 [530, 661, 910], and
wetting characteristics in alkali metal halide—graphite systems are given in Table
2.17 [910].

The character of chemical interaction and general reactions of carbon (graphite)
with common chemicals (solids, aqueous solutions) and complex gases are sum-
marized in Table 2.18.
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Table 2.18 The interaction of carbon (graphite) with some chemicals and complex gases [5, 82,

238, 531-532]

Reagent, formula

Character of chemical interaction, general reactions

Air,
N2 + 02

Water,
H,O

Phosphine,
PH;

Potassium hydroxide,
KOH

Potassium carbonate,
K,CO3

Calcium cyanamide
with soda,

CaCN2 + N32C03
Nitric acid,

HNO;

Sulphuric acid,
H,SO,

Hydrochloric acid,
HCl

Hydrofluoric acid,
HF

Chromic acid,
H,CrO4 + H,SOy,,

or KzCr207 + H2504

Potassium chlorate with

nitric acid,

KClO3; 4+ HNO;
Sulphuric acid with
nitric acid,

H,SO, + HNO;
Sulphuric acid with
chromium trioxide,
HzSO4 + CFO';

Sulphuric acid with
potassium
permanganate,

In air the oxidation of C initiates from 450 to 500 °C and leads to the
formation of gaseous oxides:

2C + 0, « 2CO

C + 02 — C02

At ambient temp. C adsorbs water vapour from atmosphere
intensively. The interaction between C and water vapour initiates from
650 to 800 °C:

C + H,0 <~ CO + H,

The interaction with PHj is initiated by electrical discharge between C
electrodes:

C + PH3 —» HCP + H,

No interaction

During heating in ammonia containing media, the interaction results
in the formation of potassium cyanide:

The interaction between C and calcium cyanamide—soda melt results
in the formation of sodium cyanide:

C+ CaCN2 + N32C03 - CaCO3 + 2NaCN

The interaction with hot concentrated nitric acid results in the
oxidation of C and formation of mellitic (also called graphitic or
benzenehexacarboxylic) acid:

33C 4 18HNO;3 — 2C4(COOH)s + 9CO, + 9N,0 + 3H,0

No interaction

No interaction
No interaction

The interaction results in the oxidation of C:

3C + 4H,CrO4 + 6H,SO4 — 2Cry(SOy4); + 3CO, + 10H,0,

3C + 2K,Cr,07 + 8H,S04 — 2Cry(SO4)5 + 2K,S0,4 + 3CO, +
8H,0

The interaction results in the oxidation of C and formation of mellitic
(also called graphitic or benzenehexacarboxylic) acid:

15C + 6KClO3 + 6HNO3; — C4(COOH)g + 3CO, + 3Cl, + 6KNO;
During heating, the interaction results in the formation of graphite
bisulphate:

192C + 24H,S0,4 + 2HNO; — 8C,4HSO,4-2H,SO, + N,O + 5H,0*
During heating, the interaction results in the formation of graphite
bisulphate:

144C + 21H2504 + ZCI‘Og g 6C24HSO4'2H2504 + CFQ(SO4)3 +
6H,0"

During heating, the interaction results in the formation of graphite
bisulphate:

(continued)
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Table 2.18 (continued)
Reagent, formula Character of chemical interaction, general reactions
H,SO4 + KMnO,4 240C + 33H,SO4 + 2KMnO4 — 10[C,4HSO4-2H,SO04] + 2MnSO,4
+ K,SO, + 8H,0"
Aluminium chloride, During heating, the interaction results in the formation of intercalation
AlCl; compound:
9C + AICl; — Co-AlCl5
Iron (III) chloride, During heating, the interaction results in the formation of intercalation
FeCl; compounds:
nC + FeCl; — C,-FeCl3
Sodium amide, During heating to 500-600 °C, the interaction results in the formation
NaNH, of sodium cyanide and molecular hydrogen:
C + NaNH, < NaCN + H,
Lithium amide, The interaction results in the formation of lithium cyanamide and
LiNH, molecular hydrogen:

C + 2LiNH, < Li,NCN + 2H,

Nitrogen—hydrogen gas At higher temp. the interaction results in the formation of hydrogen

mixture, cyanide:

N, + H, 2C + N, + H, —» 2HCN

Fluorine—fluorine The interaction results in the formation of carbon fluorides C4F and
hydride mixture, CF:

F, + HF 2C + F, — 2CF,

8C + F, » 2C4F

# Similar reactions are realized by electrolysis on a graphite anode:
Cm + 3H2$O4 - C,,,HzSO4'2H2$O4 + I‘I+ + e

Th

e self-diffusion characteristics of carbon atoms, diffusion characteristics in

the carbon—element and carbon—chemical compound systems in the wide range
of temperatures, and summarized data on the physico-chemical interaction of
carbon with the elements of periodic table are given in Addendum.
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