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CTpyKTypa 1 CBEPXIIPOBOIUMOCTD TOJICTHIX HOJIMKPHCTAIUINYECKUX HHOOHH-yreponubix mokpeithii (NbCy 0< x <0,3),
OCAKXACHHBIX N3 HU3KOOHEPICTUYCCKUX CAMOMWOHHBIX-aTOMHBIX Nb— u C- mIOTOKOB Ha MOJIOKKHU B TEMIIEPATYPHOM HHTEPBAJIC
500...650 K, Ob11r H3y4eHbI peHTIeHOCTPYKTYpHBIM aHanu3oM (XRD), mpocBeunBatomeii anekrporHoil Mukpockonueii (TEM),
Judpakiyeil 3MeKTPOHOB, MPOCBEUNBAIOIIEH MIKPOCKONINEH OKHUCHBIX PEIIMK U METOJOM M3MEPEHHH HIeaTbHOTO CONPOTUBIIE-
HHA IPU HU3KOH Temmeparype. beuto ycraHoBineHo, uto Nb,..Cx HOKpBITHS ¢ KOHLEHTpanueil ymepoza B untepsaie 9...15 at.%
001aJal0T HeOOBITHO BBICOKOH TeMIepaTypolt cBepxmpoBomsmero nepexopa T.[J12 K. 3aBHCHMOCTh KPUTHYECKOH IIOTHOCTH
STHX HOKPBITHH OT TEMIEpaTypsl He SABISIETCS MOHOTOHHOM M 0OHapy>kuBaet KpyToit m3rud oxono T.=9,5 K. CTpykrypHbIii aHa-
JIM3 3TUX MOKPBITHH IOKa3aj, YTO OHM MMEIOT KBa3HTPOIHOW (pazoBhIil cocTaB, cocrosmuii u3 Nb (OLK), cyOkapouma Nb,C
(T'T1Y) u meracradumbaoro kapouna NbCy ¢ I'IK-cTpykrypoii. [TonydeHHble pe3yasTaTsl 00CykaaroTcs ¢ Touku 3peHust NbCy
-dasbl, popmupyrorieiics Ha mopepxHocTH pasnena Nb- u Nb,C- ¢a3. [Tokazano Takxke, yto Nb;Cy. MOKPBITUS ¢ KOHIICHTPAIIH-
eif yrepona Hioke 5 at.% oOHapyKMBAIOT NepeHACHIIIEHHBIH TBepablid pactBop U mMeroT T.= 9,5 K. Bruta Taxxe uccienoBana
KuHeTHKa 1 dy3HOTO pasnokeHns] HHOOUH-YIIIEpOTHBIX MOKPHITHIL B MPOLIECCEe H30TEPMHIECKOTO OTIKHTA.

CTpyKTypa Ta HaANIPOBIAHICTh TOBCTHX HOMIKpiCTaTiyHUX Hi00iK-BymieneBux nmokputTiB (Nbi.Cy, 0 < x < 0,3), ocamxke-
HUX 13 HU3BKOEGHEPIeTHYHNX CaMOiOHHMX-aToMHHX Nb- 1 C- TOTOKIB Ha MiAKIAAKK y TemreparypHoMmy iHTepBam 500...650 K
OyiM BUBYCHI 32 JIOTIOMOTOI0 PEHTTEHOCTPYKTYPHOTO aHANi3y, MPOCBIUYIOYM EJEKTPOHHOI MIKPOCKOIIi OKICHHUX PpeIUTiK Ta
METOZIOM BHMIpPIOBaHHS TUTOMOTO OTIOPY IPH HU3BKHUi Temneparypi. Byno BcranosneHo, mo Nby.«Cy MOKPHUTTS 3 KOHIIEHTpAL€0
ByIJIemio B iHTepBaii 9...15 ar.% MaroTh HaJ3BHYAHO BHCOKY TeMIleparypy HaamposimHoro nepexoxy T.= 12 K. 3anexHicts
KPUTHYHOI HIITFHOCTI IUX IMOKPHUTTIB Bil TEMIIEPaTypd HE € MOHOTOHHOKO 1 BHSBISIE KpyTWil 13ri0 BenmmumH Oinsg T. = 9,5.
CTpyKTypHHI aHai3 [UX MMOKPUTTIB IMOKa3aB, 10 BOHU MAlOTh KBa3imoTpiitauii dazoBuii cknan, mo ckiagaerses i3 Nb(OLK),
cybkap6ina Nb,C (I'TTY) ta meracrabinsroro kap6ixy NbCy 3 ILIK-cTpykTypoto. OTprMaHbl pe3ysibTaTi 00roBOPIOIOTHCS 3 TOU-
ku 30py NbC -¢asm, sika yTBOpIOeThCsS Ha moBepxHi po3noniny Nb ta Nb,C-da3. ITokazano Takox, mo Nb;«Cy -TIOKpUTTS 3
KOHIICHTPAIIIEI0 BYIICIIO HIDKYE 5 aT.% BHSABISIOTH TIEPECHYCHUH TBepaAuid po3unH i MatoTh T, = 9,5 K. byna Takox mociimkeHa
KiHeTuka (a3 audy3HOro pos3kiaay HioOil-ByIeeBUX MIOKPHUTTIB y MPOIIECi 130TepMIYHOTO Bigmay.

Structure and superconductivity of thick polycrystalline niobium-carbon coatings (Nb,«Cy, 0=x<0.3) deposited from low-en-
ergy self-ion-atomic Nb- and C- fluxes onto substrates with the temperature range 500...650 K were studied by X-ray diffraction
(XRD) analysis, transmission electron microscopy (TEM), electron diffraction, TEM of oxidic replicas and resistivity measure-
ment method at low temperature. It is founded, that Nb,..C coatings with carbon concentration range 9...15 at.% have an unusu-
al high superconducting transition temperature 7 ~12 K. Dependency of critical current density of these coatings on temperature
is not monotonous and have a sharp bend near 7c = 9.5 K Structural analysis of these coatings has revealed they have a quasi-
ternary phase composition consisting of Nb(b.c.c.), subcarbide Nb,C(c.p.h.) and metastable carbide 'NbC,' with f.c.c. structure.
The results obtained are discussed from a point of view of 'NbC,' phase forming at Nb and Nb,C phases interface. It is also
shown, that Nb,.«Cy coatings with carbon concentration less than 5 at.% revealed supersaturated solid solution and have 7¢ = 9.5
K. Kinetics of diffusive decomposition of niobium-carbon coatings during isothermal annealing was also investigated.

1. INTRODUCTION influence of ion irradiation on the kinetics of coatings

Thick coatings and thin films of carbides and ni-  formation have been carried out with the purpose of op-
trides of transitional refractory metals have found wide  timization of operational characteristics of metal-metal-
applications in different industrial branches, since they ~ loid coatings. It was established, that ion irradiation in-

possess both high protective properties and unique elec- ~ duces formation of polycrystalline coatings with
trophysical characteristics which are stable in wide tem- ~ nonequilibrium metastable structures (supersaturating
perature region [1-5]. These coatings, as a rule, are syn- solid solutions [13-16], new phases [17-21], polymor-

thesized in vacuum by simultaneous deposition of jon ~ Phous modifications [22-27] etc.), which are absent on

and atomic fluxes of metal and metalloid (carbon and/or ~ €quilibrium state diagrams. ' ‘
Supersaturating solid solutions of metalloid atoms in

metal matrix are the object of increased interest of
where T, is the melting temperature of condensable  many researchers. It was found, that these solid

nitrogen) onto substrates with temperature 7s< 0.37,,

material [6-12]. solutions can decay with the formation of precipitates
At present a great amount of investigations of the  of dispersion carbides (or nitrides) depending on
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conditions of coatings syntheses. In turn, these precipi-
tates can induce either polymorphous transformation of
metal matrix [22,23,24] or formation of a new
metastable metal-metalloid phases [10,16,19,26,28]. As
a result of such structural transformations,
micropolycrystalline heterophase coatings are formed.
These coatings, as a rule, have anomalously high
mechanical properties as well as electrophysical ones.

High values of superconducting transition tempera-
ture Tc= 11.5...12.5 K were discovered during investi-
gation of superconductivity parameters of niobium-car-
bon coatings in carbon concentration range 6...20 at.%
which were prepared by ion-atomic sputtering method [
26,29]. Authors [29] suppose, that high T¢ values can be
connected with a high-stoichiometric phase of niobium
carbide which forms in these coatings.

In the present work, we report a study carried out on
microstructure, composition and superconductivity pa-
rameters of niobium-carbon (Nb;..Cy, 0 < x < 0.3) coat-
ings prepared by simultaneous deposition of self-ion-
atomic Nb and C fluxes. X-ray diffraction (XRD) anal-
ysis, transmission electron microscopy (TEM), electron
diffraction, electron microscopy of oxidic replicas and
resistivity measurement method at low temperature
were used in these investigations. The results thus
obtained are discussed.

2. EXPERIMENTAL DETAILS

Niobium-carbon coatings (100...110 pm) were pre-
pared onto copper substrates (30 mm x 30 mm X 2 mm)
by condensation of self-ion-atomic fluxes of metal and
carbon using an atom-ionic sputtering method [30,31].
A purity of used materials was better than 99.91 at.%.
The substrates were polished mechanically to give a
final mirror-like surface using 1 pm particle size
alumina powder. Cleaning of substrates has been
carried out by following a well-known procedure with a
final rinse in alcohol. The substrates were located in
multi-position heating holder, which allows to support
and measure the substrates temperature during coatings
deposition in the region from 500 to 650 K. The
vacuum system was pumped down to 1.3x10™* Pa. Ion
energy of both metal and carbon was 250 eV and a ratio
of ion-to-vapor fluxes was equal to 0.1+0.01. The
deposition rate was (5.5+0.3) nm/sec. The detailed de-
scription of coatings deposition can be found in [31,32].

Composition of deposited coatings was determined
by means of nuclear reactions using electrostatic proton
accelerator with energy beam 4.5 MeV [33]. Nuclear re-
actions “C(p,y)""N, "C(p,y)”’N and "“C(a,n)'*O were
used for determination of carbon concentration. Nitro-
gen, oxygen and hydrogen concentrations were ob-
tained with using nuclear reactions “N(p,a,y)"*C, "*O(a
,p>Y)*'Ne and 'H(a,y)'*C respectively [34]. The mea-
surement accuracy of concentrations of carbon, nitro-
gen, oxygen and hydrogen was better 1x107at. %.

Investigations of crystal structure and phase compo-
sition of niobium-carbon coatings in initial state and af-
ter thermal annealing (7= 1000 K for = 0.3, 0.5 and 1
=5 hours) were carried out using DRON-3M X-ray
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diffractometer (Cu Kp- radiation) and electron micro-
scopes EVM-100L and JEM-100CX both operated at
100 kV. Lattice constants of both niobium and carbides
phases of deposited Nb,C, coatings were evaluated
from the XRD patterns which have been obtained
during examination of coatings in a free state (Nb,C,
coatings, detached from a substrate). The intrinsic ori-
ented microstrains (€) of niobium matrix in the direc-
tion parallel to the substrate surface were determined
for samples in free state by well-known sin?¢y method [
35, 36]. Mechanical and chemical polishes of the
coatings were performed to study of coatings structure
into the depth. TEM of oxidic replicas [37] was used to
determine size, morphology and volume fraction of car-
bide phase particles.

The superconductivity parameters measurements of
samples were conducted by standard four-probe DC
technique in a helium cryostat. Temperature dependen-
cies of resistivity of Nbi..Cy samples were obtained in
the interval 4.2...300 K. Measurement accuracy of su-
perconducting transition temperature 7¢ was better than
0.01K. Critical current density (Jc) was determined
from the volt-ampere dependence at fixed temperature
in the interval 7...15 K in zero magnetic field.

3. RESULTS AND DISCUSSION

Investigation results of superconducting transition
temperature of niobium-carbon coatings are shown in
Fig. 1. As may be seen in Figure 1 dependence of super-
conducting transition temperature has a nonmonotonous
behavior as the C/Nb composition ratio increases. In the
region 0 < C/Nb < 0.1 temperature 7¢ depends weakly
on carbon concentration and equals to (9.35+0.15) K.
Transitional width AT = (0.6£0.01) K in this
concentration interval. 7¢ behavior has bell-shape with
a maximum 7¢ = 12.01 K at C/Nb = 0.14 in the region
0.1 < C/Nb <0.2. In this concentration interval transi-
tional width increases in 2 times and it is equal to (1.2+
0.11) K. When the composition ratio increases above
C/Nb > 0.16 the values of both 7¢ and ATc fall drasti-
cally to ~9.5 K and ~0.5 K respectively. The values of
superconductivity parameters do not change in the re-
gion 0.2 < C/Nb < 0.3. It may be noted that the results
obtained are very near to values published in works [26,
29].

It is known that electrophysical properties of super-
conducting films unambiguously are determined by
their structure [38-45]. Therefore, detail investigations
of Nb...Cx coatings structure have been carried out for
the interpretation of their superconducting parameters.
The results of these investigations have discovered un-
usual behavior of both phase state and microstructure of
the Nb,.«C, coatings on carbon content. These results
can be described as follows.Examinations of the niobi-
um-carbon coatings in the region 0< C/Nb< 0.05 (0< C
<5 at.%) by TEM and XRD revealed a polycrystalline
single phase b.c.c. structure having (211) and (111) pre-
ferred orientations. Figure 2 depicts the electron micro-
graphs of Nb,«Cx coatings with various carbon concen-
tration. No extra reflections in electron diffraction pat-
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tern are observed, indicating that a carbide phase does
not form under these conditions. The structure with no
well-defined carbide precipitate often is named as 'mot-
tled' structure [28]. As the carbon concentration increas-
es the weight of crystallographic planes with preferred
(111) orientation rises, an average size of blocks (<D>)
of grains decreases from (61£3) nm to (42+5) nm, mi-
crodeformation value of crystal lattice grows from
0.025% to 0.042%, and the lattice constant of Nb-ma-
trix varies in the interval a = (0.33002., — 0.33005.5)
nm.

13
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Fig. 1. Dependence of a superconducting transition
temperature of niobium-carbon coatings prepared at Ts
= (550£10) K vs. composition ratio C/Nb. Vertical bars
show a width of superconducting transition temperature
ATc. (¢) - initial state of Nb,..C, coatings, (O) - state of
Nb,..C coatings after thermal annealing at T = 1000 K

fort=2nh

Elemental analysis showed the concentration of
gases impurities are 0.1 at.% N, 0.08 at.% O and
0.51at.% H in all coatings. The dependence of lattice
constant on concentration of metalloid impurity (cx in
at.%) can be written as

a(nm) = 0.33000%(1 + kxXcx),
where kx is a constant for each impurity: ko= 0.0000.,,
ky=0.00015,, [5,46], kx=0.0008,, [5,46,47] and
kc=0.00044 [48] — 0.0012,, [5,28,46,47].

Estimation of the lattice constant of Nb-matrix with
account of given relation and concentrations of metal-
loid impurities allows to conclude that gases atoms can
be partially in solid solution, and the highest possible
carbon content in solid solution can not exceed 0.2
at.%. The latter does not contradict the experimental
results of works [28,46,49]. Therefore, carbon excess
can form very fine (£ 1 nm) carbide precipitates (not
detectable by TEM) in the host matrix as well as at the
boundaries of blocks (grains). The latter case really
takes place in coatings so far as the density of blocks
boundaries increases in ~2 times with carbon concentra-
tion growth.

XRD examinations of the carbon-doped niobium coat-
ings prepared in the composition ratio region 0.05<
C/NDb<0.2 (5sC<17at. %) showed a heterophase mi-

cropolycrystalline structure which consists of Nb-ma-
trix and Nb,C precipitates. Fig. 3 shows a typical 8-26
scan for a niobium-carbon coating obtained at substrate
temperature below 600 K. It is necessary to note, that a
noticeable broadening of diffraction peaks of both phas-
es as well as an increased background have been ob-
served for Nb,..C samples with carbon concentration
9...15 at.%.

Fig. 2. A bright-field electron micrograph and corre-

sponding electron diffraction pattern of Nb,..C coat-

ings deposited onto substrate with temperature (550+
10)K a-053at%C; b-3.54at.% C

The precipitates have a hexagonal W,C-type struc-
ture with the lattice constants a= 0.31262., nm and c=
0.4968., nm which are very near to published values
[1,2,49]. The lattice constant of Nb matrix does not
change in this concentration region and equals to a =
0.33005., nm. Crystallographic planes (110) and (111)
are preferred orientation planes for Nb,C and Nb phases
respectively. Microdeformation value of Nb-matrix ris-
es from 0.05% to 0.3% as the carbon concentration rises
up to ~12 at.%. Further increase of carbon concentra-
tion leads to decrease of &-value down to ~0.06%. Aver-
age size of blocks of Nb grains is <D> = (40£5) nm and
depends weakly on carbon contents in coatings.
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However, <D> for the Nb,C precipitates depends on
carbon concentration as follows: (36%3), (17£3) and (32
+3) nm for ranges S < C <9 at. %,9<C< 15 at. % and
15 < C < 17 at. % consequently. Layerwise analysis of
structure of Nb,Ci coatings using oxidic replicas
method and electron diffraction has allowed to detail
and supplement XRD analysis data. The results of these
investigations have confirmed the formation of two
polycrystalline Nb and Nb,C phases in the region 5<C<
9 at.% (see Fig. 4).
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Fig. 3. XRD pattern from a Nb,..C (7.5 at.% C) coating
deposited onto substrate with temperature (550£10) K.
The major X-ray diffraction peaks are indexed to the
Nb and Nb,C phases

Furthermore, it was established that for this concen-
tration region a volume fraction of Nb,C phase increas-
es from [D.18 up to 0.23 with rising of the carbon con-
centration. TEM of oxidic replicas of Nb;Cy (9<C<15
at. %) coatings has revealed the extended areas of a new
phase around Nb,C precipitates in Nb-matrix such as
that depicted in Fig. 5. The micrograph shows that area
width of the new phase increases as the size of Nb,C
precipitates decreases. Electron diffraction examina-
tions of this phase showed f.c.c. NaCl-type structure
with the lattice constant 0.445 nm. Moreover, in this
concentration region great deviation (~40%) of volume
fraction of the Nb,C phase from an equilibrium value
was found. The similar deviations were also revealed in
[29]. It may be noted that the formation of such struc-
ture occurs in the region of an eutectic composition C =
(12+2) at.% [1,2,5,49].

The structure of Nb,..Cy (17C<23 at.%) coatings is
qualitatively similar to niobium-carbon coatings with
the concentration C= 5...9 at.%. Volume fraction of
Nb,C phase in these coatings is close to a
thermodynamic equilibrium value at carbon contents
more than 18 at.%.

Let's discuss obtained results. It is know, that super-
conducting transition temperature of Nb,C phase is [D.1
K [4,44,45], and Tc¢ of niobium changes from ~5 to ~9.7
K and depends on purity of niobium matrix [4,38-41].
As shown in [4,42,43], increasing of dispersity of niobi-
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um matrix leads to increase Tc on 0.3...0.5 K, and for-
mation of high-dispersion metal-metalloid precipitates
in Nb-matrix

induces the increasing of A7¢ and Jc. Then, on the
basis of these data and obtained experimental results it
is possible to conclude that 7¢c ~ 9.5 K for Nb,«C coat-
ings in concentration regions C/Nb<0.05 and C/Nb >
0.16 corresponds to the superconducting transition tem-
perature of niobium matrix. High value AT¢ ~ 0.5 K can
be stipulated by strain of a matrix lattice as a result of
nucleating of Nb,C phase for C/Nb< 0.05 region and as
a result of the increasing of volume fraction of the sub-
carbide precipitates for C/Nb > 0.16 region.

x

Fig. 4. A bright-field electron micrograph of oxidic
replica from a Nb,..C. (7.2 at.% C) coating deposited
onto substrate with temperature (550£10) K. Bright
formations are attributed to Nb>C precipitates and gray
field is a niobium matrix

In the region 0.11<C/Nb<0.175 (9<C<15 at.%), as it
is shown above, considerable growth of 7¢ and AT¢ val-
ues are observed. High-dispersion precipitates with
f.c.c. structure (¢ = 0.445 nm) were detected in the
same region. It is known [1,2,49], there is only carbide
NbCy (0.72< x < 1) with f.c.c. structure in Nb-C system.
For this phase superconducting temperature and lattice
constant increases (7¢ = 0.32...14 K and a = (0.4430...

0.44707) nm) as carbon concentration grows from ~42
to 50 at.% [1-4,44, 45, 49,50]. Then, obtained experi-
mental results allow to conclude, that founded high-dis-
persion f.c.c. phase is a nonequilibrium ‘NbC,’ phase.
The formation of this phase can explain decreasing of
volume fraction of Nb,C precipitates, on the one hand,
and increasing of microdeformation of Nb-matrix, on
the other hand. It is necessary to note, the formation of
metastable ‘NbC,’ phase was founded by authors [51]
in ‘low-carbon’ alloy obtained by high-velocity quench-
ing and this phase was indexed as tetragonal distortion
of the cubic NbC; structure. Moreover, the formation of
nonequilibrium phase with f.c.c. structure at the inter-
face of Nb-matrix and Nb,C precipitates is like the
polymorphous transformation of host matrix Nb(b.c.c.)
— Nb(f.c.c.) which can be induced by high-dispersion
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metal-metalloid precipitates [22,24].

However, this process takes place when metal-met-
alloid precipitates have a f.c.c. structure [22]. In our
case, the Nb,C precipitates, as shown above, have a
hexagonal structure. Moreover, as shown in [22], the
system consisting of three phases Nb(b.c.c.) +
Nb(f.c.c.) + Nb,C(c.p.h.) cannot be realized because its
free volume energy is higher than the energy of
Nb(f.c.c.) + NbC(f.c.c.) system.
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Fig. 5 A bright-field electron micrograph of an oxidic
replica from a Nb,.<C, (11.2 at.% C) deposited onto sub-
strate with temperature (550£10) K. Bright formations

are attributed to precipitates of a Nb,C phase, gray
field is a Nb-matrix and dark fields around precipitates
correspond to a nonequilibrium phase(a).
Electron diffraction pattern of a nonequilibrium phase
with the f.c.c. NaCl-type structure (b)

The measurements data of critical current density as
well as the investigations results of both microstructures
and superconducting temperature of Nb,C, samples af-
ter high-temperature annealing are additional arguments
confirming 'NbC,' phase presence in coatings with con-
centration (9...15) at.% C. Temperature dependencies
of critical current density of Nb..Cy coatings are pre-
sented in Fig. 6. As may be seen in Fig. 6, for niobium-
carbon coating with 'NbC,' phase there is a 'stair' on
JAT) dependence which is allocated near superconduct-
ing temperature of niobium matrix. Such effect takes
place in heterophase systems which have superconduct-

ing phases with different values 7¢ and J¢ [3,4].

Isothermal annealing of Nb;..Cx coatings leads to
change of their structural state and superconducting pa-
rameters. For example, aging of coatings with 1...5
at.% C at 7= 1000 K for = 0.3 h induces the decay of
solid solution and the formation of very fine (~2 nm)
precipitates visible through structure factor contrast.
The precipitates grow up to ~4 and ~15 nm for the an-
nealing time 0.5 and 2 h respectively. At the same time
thermal annealing of samples with C = 9...15 at.%
causes dissolution of 'NbC,' phase, growth of Nb,C pre-
cipitates (<D> =45 nm for t = 1 h, <D>= 63 nm for ¢t =
5 h) and increasing of their volume fraction. 'NbC,'
phase is disappearing completely after annealing for ¢ =
1 h (see Fig. 7).

L 1 L 1 L 1 L
80 85 9,0 9,5 10,0 10,5 11,0 11,5 12,0
T,K

Fig. 6. Dependencies of a critical current density of the
Nb,..C; coatings on temperature. ([}) - Nb,..C, coating
with 11.2 at.% C at the initial state; (4) - Nb,..C; coat-

ing with 11.2 at.% C after thermal annealing at T =

1000 K fort =1 h and (0) - Nb coating with the residu-

al carbon content 0.2 at.%

Fig. 7. A bright-field electron micrograph of an oxidic
replica from a Nb,..C; (11.2 at.% C) coating which has
been annealed at T =1000 K for t = 1 h. Bright forma-
tions are attributed to precipitates of a Nb,C phase and
gray field is a Nb-matrix
As a result the superconducting temperature of
coatings is falling down to ~9.5 K (see Fig. 1) and the
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'stair’ on Jo(T) dependence is disappearing (see Fig. 6).
The detailed description of kinetics of diffusive decom-
position of Nb;Cy (9...15 at.% C) coatings will be pre-
sented in the next report.

4. CONCLUSION

Results of this investigation can be summarized as
follows:

1. High-rate condensation of self-ion-atomic fluxes
of niobium and carbon onto substrates with 75 = (500...
650) K forms polycrystalline single phase coatings with
b.c.c. structure when carbon concentration does not ex-
ceed 5 at.%. Isothermal annealing of samples at 7 =
1000 K for # < 1 h does not lead to formation of a well-
defined carbide phase.

2. The heterophase polycrystalline structure consist-
ing of Nb (b.c.c.) matrix and Nb,C (c.p.h.) precipitates
is formed in the intervals 5...8 at.% C and 16...23 at.%
C. Volume fraction of Nb,C phase in these concentra-
tion regions is close to a thermodynamic equilibrium
value.

3. The structure of Nb,Cx (9 < C < 15 at.%) coat-
ings represents a quasi-ternary micropolycrystalline
composition consisting of Nb(b.c.c.), Nb.C(c.p.h.) and
'NbC,'(f.c.c.) phases. Metastable 'NbC,' phase is formed
at Nb and Nb,C phases interface.

4. Formation of 'NbC,' phase leads to increasing of
superconducting transition temperature of niobium-car-
bon coatings up to ~12 K and explains considerable de-
creased (~40%) of Nb,C volume fraction in comparison
with a thermodynamic equilibrium value. Thermal
annealing of these coatings at 7= 1250 K for =2 1 h
causes dissolution of 'NbC,' phase and growth of both
the volume fraction and the precipitates size of Nb,C
phase.
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