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Thermal degradation of hard alloys of the niobium-
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Abstract. Due to the lack of data on the double film Nb-Cd system thermal stability, the effect of thermo-vacuum
treatment of cadmium solid solutions in niobium, in intermetallic compound NbCd: and in cadmium-based alloys on
the structure of materials was studied. A step-by-step isochronous annealing at a temperature of 300 and 500°C
and a pressure of 1-10° Pa was used as the research method followed by tracking changes in the composition and
structure by comparing the diffractometric data before and after heat treatment. The amount of cadmium in the
coating, the sublimation (evaporation) rate of cadmium from film coatings was determined based on the previously
established dependence of the lattice parameter of the body-centered cubic lattice of solid solutions on the
composition. As a result, the heating of film coatings (49.0 - 64.5 at % Cd) represented by solid solutions in high
vacuum up to 300°C was founded to be accompanied by the onset of intense degradation of the crystalline niobium-
cadmium system due to the diffusion of cadmium atoms to the solid phase-vapor interface and its subsequent
sublimation. Coatings from the NbCd: intermetallic compound which is a degenerate semiconductor and cadmium-
based solid solutions (72.5 and 76.8 at % Cd) including the amorphized phase of the intermetallic compound, after
exposure at this temperature are degraded due to the complete transfer of cadmium to the vapor phase by
evaporation. Upon thermal exposure to a temperature of 200°C, the structure of solid solutions of cadmium in
niobium and the NbCd: intermetallic compound was stable.
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Introduction small systems, ideas about the phase state and phase
transitions lose their meaning; for very small and

The nanotechnology development has sparked a  isolated systems, fluctuations begin to play a huge
surge of interest in materials science, including  role; in such systems, a reasonable definition of the
knowledge about the effect of ultrafine formationson ~ concept of temperature becomes impossible; the
the properties of materials. Roduner E. [1, 2], when ~ melting and boiling points of liquid nanoscale
considering the thermodynamics of small systems, droplets of a substance always fall below the
noted several key points, in particular: for sufficiently ~ corresponding values in the bulk phase of the same
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material, etc. The use of the dimensional factor
involves obtaining new materials with unusual
properties.

In this regard, to date, a very significant amount
of work has been done on the effect of particle size
on the melting temperature [3-13], the
thermodynamics of small formations [13-17],
material structure, process design, etc. Such studies
entailed the production of new materials with unusual
properties, including those applied to the considered
niobium-cadmium system [18].

However, studies on the thermal stability of such
systems are sporadic [19], and similar information on
the binary Nb-Cd system is absent.

Taking into account the foregoing, the aim of this
research was to study the thermal stability of solid
solutions and the intermetallic NbCd, compound
discovered, at low pressure.

Research object and technique

Film coatings with a cadmium content of 49.0;
64.5; 68.0; 72.5 and 76.8 at. % (53.76; 68.74; 72.0;
76.13 and 80.02 wt. %, respectively) were used as the
object of study; the rest was niobium. Samples were
obtained by layer-by-layer (with a small number of
crystal lattice periods) coprecipitation of sputtered
metals on a substrate moving relative to low-pressure
plasma flows. Composition with 68.0 at. % cadmium
corresponded to the NbCd, compound. Coatings are
applied to substrates made of polycor-polycrystalline
a-Al,O3 of 6x12 mm in size. The coating thickness
ranged from 1.5 to 1.8 um. The film thickness was
determined by the method of Rutherford
backscattering of protons at the UKP-2-1 tandem
accelerator (Institute of Nuclear Physics) and by
calculation based on the amount of deposited metals
and their density.

An isochronous (1 hour) step-by-step annealing at
a temperature of 300 and 500°C and a pressure of
1-10-3 Pa was chosen as a research method. The
sample was subjected to primary annealing at 300°C,
then secondary treated at 500°C. Annealing was
carried out on a high-temperature vacuum furnace
manufactured on the basis of the URVT-2500 plant.
The change in composition and structure was
monitored by comparing diffractometric data before
and after heat treatment.

X-ray diffraction studies of the niobium system
with cadmium were carried out on a D8 Advance
diffractometer (Bruker) with copper radiation Akq =
0.154051 nm and graphite monochromators. The
value of the lattice parameter was calculated as the
average, using all diffraction lines from this phase.

Since cadmium expectedly escaped during
thermo-vacuum exposure of samples, we attempted
to quantify the rate of evaporation of the volatile

component from solid solutions. The calculation is
based on a change in the parameter of the body-
centered cubic lattice of solid niobium-based
solutions before and after thermal exposure at low
pressure. Due to the fact that the dependence of the
lattice parameter on the composition, the amount of
cadmium in the coating was established by us [13], it
became possible to quantitatively establish the loss of
the latter from the alloy by evaporation over a certain
period of time, i.e. process intensity. Moreover, given
that the coating thickness is extremely small
compared to other measurements, in the calculation
it was considered that the sample is two-dimensional,
i.e. evaporation proceeds from the film surface. The
specific evaporation rate was obtained due to the
relation of the calculated velocity to the evaporation
surface, i.e substrate area.

Electron microscopic studies of the film coatings
of the niobium-cadmium system were performed on
a JSM-8230 electron probe microanalyzer (JEOL).

Experiment results and discussion

X-ray diffraction patterns of the initial and
thermo-vacuum-treated samples with a content of
49.0 and 64.5 at.% are shown in Figures 1 and 2.

Analysis of the diffraction patterns showed that in
the initial state the lattice parameter of the cadmium
solid solution in niobium with 49.0 at.% Cd is 0.3348
+ 0.0003 nm; after annealing at 300°C, it is 0.3336 +
0.0006 nm; and after annealing at 500°C it is 0.3311
£ 0.0002 nm. Similarly, the change in parameters for
the sample with 62.4 at.% Cd is 0.3383 + 0.0002;
0.3326 + 0.0006 and 0.3313 + 0.0004 nm,
respectively. A similar dynamics of the change in the
lattice parameter upon annealing in vacuum indicates
a diffusion loss of cadmium in the solid solution.
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Figure 1 Diffraction patterns of the coating with the
initial cadmium concentration of 49.0 at %
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The cadmium atoms diffuse to the interface of the
condensed phase, vapor, followed by sublimation
(evaporation at 500°C). This is accompanied by a
decrease in the cadmium concentration in the coating
and a decrease in the lattice parameter of the solid
solution.
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substrate - o-Al,O3
Figure 2 Diffraction patterns of the coating with the
initial cadmium concentration of 64.5 at %

Vacuum annealing at 200°C and 300°C ws
conducted to determine the thermal stability of solid
niobium-based solutions (having crystal lattice of
niobium) and the phase of the intermetallic NbCd,
compound (68.0 at.% Cd). The heat treatment at
200°C did not lead to any changes in the samples, and
at 300°C, the NbCd, compound loses cadmium due
to its sublimation with the appearance of the niobium
phase (Figure 3).
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1 —in initial state; 2 — after annealing at 300 °C;
e — NbCd,; v - solid solution of cadmium and
niobium; * - substrate - a-A1203

Figure 3 Diffraction patterns of the coating with the
initial cadmium concentration of 68.0 at %

In this case, the coating was represented by
ultrafine particles that are not bonded to each other
(Figure 4). The sizes of individual formations range
from 2 microns to 100 nm.

Figure 4 Electron microscopic image of the coating
particles upon sublimation of cadmium from a sample
with a cadmium concentration of 68.0 at %

On the diffraction pattern after annealing at
300°C, trace manifestations of reflections of a solid
niobium-based solutions were observed.

The results of the study of the thermal stability of
the coatings of the film system of niobium-cadmium
with a concentration of the latter of 72.5 and 76.8 at.
% showed complete degradation of the coatings at
300°C followed by the formation of dispersed
niobium and the transfer of cadmium to the vapor
phase.

Based on the dependences of the lattice parameter
of the solid solution on the concentration of cadmium
in the film coating in the range 0 - 50.0 at. % and 50.0
- 64.5 at. % Cd described by the equations a [nm] =
8-10°xcq +0,3306 and @ [nm] = 3-10™xcq +0,3218
[13] (where xCd is the cadmium content in the alloy,
at. %), and changes in the lattice parameters of the
samples after annealing, the average rate of
sublimation  (evaporation) of cadmium was
calculated (Table 1) by us. For comparison, the
evaporation rate of liquid elemental cadmium under
the same conditions determined by us earlier [20], is
also given there. When calculating the material flow,
the coating density of the Nb-Cd system was found
additively in accordance with the composition, and
the density of niobium and cadmium were taken from
the reference publication [21].

The data on the intensity of cadmium removal
from its solutions in niobium show that the cadmium
sublimation rate at 300°C is comparable to the
evaporation rate at 500°C with a slightly lower
cadmium content in the sample at the beginning of
the heat treatment process. An increase in the amount
of cadmium in solid solutions from 40.0 to 64.5 at.%
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upon annealing at 300°C and from 30.0 to 32.5 at.%
at 500°C is expected to increase the rate of transfer of
the volatile component to the vapor phase, since the

diffusion process of cadmium to the sublimation
surface  (evaporation) is derived from the
concentration gradient.

Table 1 Sublimation (evaporation) rate of cadmium from the coatings of the niobium-cadmium system

The cadmium Annealing The residual Evaporation Annealing The residual Evaporation
content, at.% temperature, cadmium rate, temperature, content of rate,
(Wt.%) °C content, at.% kg-m?2.s1 °C cadmium, kg-m?2.s1
(Wt.%) at.%
49.0 (53.76) 300 30.0 (34.15) 7.06-108 500 7.5 (9.65) 8.78-10°8
64.5 (68.74) 300 32.5(36.81) 1.25-107 500 8.75 (10.40) 1.03-107
68.0 (72.0) 300 0(0) 3.11-107 - - -
100* - - - 500 - 3.65-102
* - elemental cadmium
Comparison of the evaporation rate of elemental  phase of the intermetallic compound, were

cadmium from a liquid bath and a solid solution with
30.0 - 32.5 at. % (34.15 - 36.81 wt.%)

Cd showed a significant (by 5 orders of
magnitude) decrease in the intensity of the process of
degradation of solid solutions.

Conclusions

As a result, of the study, it was found that the
heating of film coatings (49.0 - 64.5 at. % Cd)
represented by solid solutions in high vacuum up to
300°C was founded to be accompanied by the onset
of intense degradation of the crystalline niobium-
cadmium system due to the diffusion of cadmium
atoms to the solid phase-vapor interface and its
subsequent sublimation. Coatings of the intermetallic
compound NbCd, (68.0 at % Cd) and cadmium-
based solid solutions, including the amorphized

completely degraded upon exposure at this
temperature. The structure of solid solutions of
cadmium in niobium and the NbCd; intermetallic
compound is stable ip to a temperature of 200 °C.

The intensity of the process of evaporation of
cadmium from solid solutions at 500 °C is
comparable to that at 300 °C, indicating the limiting
stage of the process of diffusion of cadmium to the
evaporation surface.

Such studies may be useful in developing new
technologies for the production of metals and
materials [22-25].
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TemeH KbiCbiMaa HNOOUM-KaAMUN XKyneciHaeri KaTTbl KopbiTnanapAbiH
TEPMUANDbIK KynAablpaybl

BonoawH B. H., Tyneyuwes 10. XK., KenxanueB b. K., Tpe6yxos C. A.

Tyiiingeme. Nb - Cd koc KabaTThl *KyHeHIH XKbUTy TYPAKTBUIBIFBI TYpalbl aKOapaTThIH OOJIMayblHAa OailIaHBICTHI,
HUOOMIAICT] KaIMUI KaTThl CPITIHIIEPIH TEPMO-BaKyyMABIK OHACYIIH dcepin 3eprrey yiumiH NbCd; marepuangappiy
KYPBUIBIMBIHA XOHE Ka MU HET131HIET1 KOPBITHAIAP BIH HHTEPMETANIBIK KOCBLUIBICTAPBIHA 3EPTTEY KYPri3iiai. 3epTTey
onici peTiHme M30XPOHIBI Ke3eH-ke3eHMeH Tazapty 300 xone 500 © C temnepatypana xone 1 - 10-3 I1a KeIcEIMBIHIA
KOJJIAaHBUIIBI, TCPMUSUIBIK OHACYACH OYPHIH JKOHE KEHIHTT AU(QPaKTOMETPUSUIBIK ACPEKTEPAl CANBICTHIPY apKBLIBI
KypaMbl MEH KYPBUIBIMBIHAAFBI ©3repicTtep 0akbuIanpl. KaTTel epiTiHAIepAiH KOPIYCTHIK HEHTPIIK KyOTBIK TOPBIHBIH
TOp TMapaMeTpiHIH TOYeNIUTri Heri3gene - KypaMAarbl KaaMUil MenmiepiHe OalIaHBICTHI KaaMHUIIIH KaOBIKIIamgaH
cyonmmarnus (Oynany ) >KBUTIaMIBIFBI aHBIKTAIEL. HoTikeciHme, KaTThl KabaTThl Kb3ABIpY (49.0 - 64.5 at. % Cd), KaTTh
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epiTiHIepMEH YCBHIHBUIFaH, sxorapsl Bakyyma 300 © C-ka zieifiH, o1 HHOOWIT-KagMUil KpUCTAIIBI )KYHECIHIH KapKbIHbI
JIeTpalaliisChIHBIH OacTaybIMEH KaTap Kype/li, O KaJMHI aTOMIapbIHBIH KaTThI-0y (azanap naTepdelicine TapanybsiHa
OaliJTaHBICTHI KOHE OJlaH KeHiH cyOonuMmanmsiianybsiMeH xypeni. NbCd, mHTepMeTanaplK KOCBUIBICTHIH KaOBIHBI Taia
OoJFaHBIHAH KAPTHUIAH OTKI3TIII OONYBI JKOHE KaIMUM HerisiHmeri KarTel epiTiHmiiep (72.5 sxome 76.8 art. % Cd),
amMopdTanFaH MHTEPMETANABIK (a3aHbl KOCBUIATHIHABIKTAH, OCHI TeMIlepaTypaga OONFaHHAH KeHiH oyap KaaMUHIiH
OynaHy apKbUibl Oy (bazachIHa TOJBIK aybIcybIHa OaiianbicThl Hamapnaiiasl. 200 ° C TemepaTypara TepMHSIIBIK dcep
eTKeH e, Hnoouit MeH NbCdy MHTEpMETaIABIK KOCBUIBICTAFbI KAAMHUUIIH KATThI SPITIHALICPIHIH KYPBUIBIMBI TYPAKTHL.
Tyiiinai ce3nep: HHOOMI, KaAMUH, KATThI €PITIH/, THTEPMETAIBIK KOCBUIBIC, TU(PPAKTOMETPHS, CYOIMMAIIHS.

TepMVI‘-IeCKaFl Aerpapauunsa TBepAabixX cninaBoB CUCTEMbI HUOOUN-KagMumn npun
HU3KOM AaBJieHUun

BonoawH B. H., Tyneyuwes 10. XK., KenxanueB b. K., Tpe6yxos C. A.

AHHOTanMst. B ¢BA3M ¢ OTCYTCTBHEM CBEICHUI O TEPMHUUECKOM CTAOMIBHOCTH IBOWHON mieHo4HOM crctembl Nb — Cd,
BBITIOJIHEHO HCCIIEJOBAaHHE 10 M3YUEHHIO BIMSHUS TEPMO-BaKyyMHOW 00paOOTKH TBEP/IbIX PACTBOPOB KaJMHs B HUOOHH,
unTepMeTaunueckoro coenquneHns NDCd, 1 cruiaBoB Ha OCHOBE KaJIMUsI Ha CTPYKTYpPy MaTepHajioB. B kauecTBe meTona
MCCIIEI0BAHMS UCTI0NIb30BaH M30XPOHHBI MOIIAroBkIil omkur npu temmeparype 300 u 500 °C u nasnennu 1-10° Ia, ¢
MTOCIICAYIOIIUM OTCIIC)KMBAHUEM M3MEHCHHS COCTaBa M CTPYKTYPHI CpaBHCHUEM NU(PAKTOMETPHYCCKUX TAHHBIX IO U
mocne TepMooOpaboTkn. Ha ocHOBaHMM paHee YCTaHOBICHHOH 3aBUCHMOCTH IIapaMeTpa pemeTKH OOBEMHO-
[IEHTPUPOBAHHON KyOW9IECKO# PEIIECTKH TBEPIBIX PACTBOPOB OT COCTABA - KOJMYECTBA KaJMHUS B IIOKPBITHH, OTIpE/IeTICHA
CKOpOCTh CyOnmuManuu (WCrapeHus) KagMus W3 IDICHOYHBIX NOKPHITHA. B pesynbraTe yCTaHOBIIEHO, YTO HAarpeB
IUICHOYHBIX TOKPbITHI (49.0 - 64.5 at. % Cd), mpencraBieHHbIX TBEPABIMH PaCTBOPAMH, B BEICOKOM Bakyyme 10 300 °C
COIIPOBOKIAETCSI HAYaIOM WHTCHCHBHOW [eTpajalliil KPUCTAJUIMYECKON CHCTEeMBl HHOOMH — KaJMHH BCIIEACTBUE
muddy3un aToMOB KaJMHUs K TIOBEPXHOCTH pasjielia TBepaas asza — nap ¢ ero nocieayrouei cyomumarmeit. [Tokpbitus
u3 uHTepMeTamyeckoro coequuenus NDCdp,  sBisromerocs BBIPOXKICHHBIM MOJTYPOBOJHUKOM, M TBEPIBIX
pacTBOpOB Ha ocHOBe Kaamust (72.5 u 76.8 ar. % Cd), Bkarouaronux aMmop(hu30BaHHYO a3y HHTEpMETAIN/IA, TOCTIe
9KCIIO3UIIMK TIPH 3TOW TEMIIepaType ACCTPYKTYPHPOBaHBI H3-3a IIOJIHOTO TIEpeBOJAa KaJMHs B MapoBYIO (azy
ucnapenueM. [Ipu TepmudeckoMm BozaeiictBuu o Temmeparypbl 200 °C cTpyKTypa TBEpABIX PacTBOPOB KaJMHS B
Huobuu u uarepmerauuaa NbCd, cradbusbHa.

KuaroueBsle cjioBa: HIOOHH, KaIMUi, TBEPIBIH paCTBOP, HHTEPMETAILIHI, TU(PPAKTOMETPHS, CYyOIUMAIIHS.
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