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Structure, strength and electrical conductivity of Cu-Ta vacuum condensates with a tantalum concen-
tration from 0.1 to 3 at % is studied. Depending on the content of tantalum, the condensates have different
structural states: one- and two-phase, supersaturated tantalum solution in FCC copper lattice. Alloying of
copper condensates with tantalum reduces the grain size from ~ 3 pm to ~ 50 nm. The optimum ratio of
strength properties and electrical conductivity is realized at a tantalum content of ~ 0.4 — 0.5 at. %. In this
case, the ultimate tensile strength reaches ~ 1000 MPa with an electrical conductivity of ~ 50 % of the sin-
gle-component copper. It is shown that the main contribution to the increase in strength is made by grain
boundary strengthening due to the decrease in the grain size and the increase in the Hall-Petch constant.
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1. INTRODUCTION

A feature of the Cu-Ta system is the very low (at
the level of detectability) mutual solubility between the
components and the absence of chemical compounds
under equilibrium conditions in both solid and liquid
states. The boiling point of copper, which is 2560 °C, is
less than the melting point of tantalum — 2980 °C [1].
This circumstance does not allow obtaining alloys of
copper and tantalum with melting and casting technol-
ogies. They are synthesized mainly by powder and
vacuum-plasma methods, realizing a wide range of
structural states: from anomalous oversaturated solid
solutions to heterogeneous systems with a micro- and
nanometer dimension. These objects demonstrate high
mechanical properties [2] and thermal stability of the
initial nanoscale grain structure [3, 4]. It should be
noted that most of the research is devoted to materials
that are obtained by powder methods [2 3, 5]. There is
practically no information about the strength and elec-
trophysical properties of films, foils and coatings ob-
tained by vacuum-plasma technologies and the rela-
tionship of these properties with the structure [6, 7]. In
this connection, the aim of this paper was to study the
structure, strength and electrical conductivity of Cu-Ta
condensates foils obtained by evaporation-condensation
of constituent components in a vacuum (PVD technolo-

gy).

2. EXPERIMENTAL

The objects of research were foils of one-component
copper condensates and two-component Cu-Ta 40-50
pm thick obtained by electron beam evaporation from
various sources and subsequent crystallization on non-
orienting glass ceramic substrates in vacuum at a pres-
sure of ~ 10 -3 Pa.

The structure of condensates was studied by trans-
mission electron microscopy using PEM-100, JEM-2100
instruments and by X-ray diffractometry on a DRON-
3M apparatus.
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PACS numbers: 68.37.Lp, 81.07.Bc, 81.15.Ef.

The integral content of tantalum was determined by
X-ray fluorescence analysis.

The local concentration of tantalum was determined
by energy dispersive X-ray spectroscopy (EDS).

The mechanical properties were studied in the ac-
tive stretching regime on a TIRATEST-2300 apparatus,
the microhardness was measured on a PMT-3 instru-
ment. The electrical resistivity was measured by a
compensation method [8].

3. EXPERIMENTAL RESULTS

Fig. 1 shows the concentration dependences of the
grain size (L) and the period of the crystal lattice (a) of
the copper matrix on the tantalum content for vacuum
condensates obtained under the same process condi-
tions. It can be seen that for small tantalum contents
up to ~0.3-0.4 at. %, there is a sharp decrease in the
value of L from 1.3 pm to 50 nm.

It is important to note that at such concentrations
of tantalum there is no noticeable change in the period
of the FCC copper crystal lattice (Fig. 1, curve 2). On
the electron diffraction patterns of the samples corre-
sponding to the descending branch of the L-f
(at. % Ta) dependence, diffraction reflexes belonging
only to copper was detected. On the bright-field and
dark-field images there are no signs that indicate the
presence of a second phase in the condensate volume
(Fig. 2). Further increase in the concentration of tanta-
lum in the condensates leads to an increase in the lat-
tice period of copper, which indicates the formation of a
supersaturated solid solution of tantalum in the FCC
copper crystalline lattice. Additionally, the appearance
of tantalum particles in the volume of a copper matrix
is indicated by diffraction reflections belonging to BCC
and FCC Ta on electron diffraction patterns (Fig. 3).
The grain size remains practically constant throughout
the concentration interval.

Thus, the above results allow us to conclude that
with a tantalum content of ~ 0.3-0.4 at. %, it has a

© 2018 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.10(3).03003
mailto:maglushchenko@gmail.com

M.A. ZHADKO, A.I. ZUBKOV, ET AL.

modifying effect on copper condensates, concentrating
on the boundaries of the copper matrix metal grains,
blocking their growth upon the deposition of a two-
component metallic vapor. At a higher concentration of
tantalum, a supersaturated solution forms in the cop-
per lattice and the formation of particles of the second
phase in the volume of the copper matrix takes place. A
similar phenomenon was observed in two-component
Cu-Mo, Cu-Co [6], Fe-W [7], Al-Fe [9] condensates.

Fig. 4, 5, and 6 show the results of studies of the
strength properties of condensates on the tantalum
concentration. All the experimental curves have two
sections: with a tantalum content of up to about
0.4 at. %, a sharp increase in all strength characteris-
tics and a decrease in deformation before fracture are
observed. The specific electrical resistance in this range
of concentrations varies insignificantly (Fig. 6). A fur-
ther increase in tantalum content leads to a decrease in
the intensity of growth of strength and reduction of
deformation to failure. On the contrary, the resistivity
increases substantially.

The processing of experimental data on the physical
yield stress in the o —f (I-12) coordinates indicates an
increase in the Hall-Petch  constant from
0.11 MPa'm -2 to 0.37 MPa'm -2 for one-component
copper and two-component Cu-Ta condensates, respec-
tively (Fig. 7). Note that the Hall-Petch dependence
was built for samples with a tantalum content corre-
sponding to the descending branch of the L-f
(at. % Ta) dependence (Fig.1). A comparison of the
strength properties of condensates studied in this pa-
per with the results of [5], in which Cu-Ta alloys ob-
tained by powder technologies were studied, is shown
in Fig. 7. It can be seen that the achieved level of
strength at comparable concentrations is approximate-
ly the same.

Fig. 8 shows the results illustrating the combina-
tion of strength properties and resistivity for various
copper-based alloys. It follows from the presented data,
that Cu-Ta condensates have strength properties at the
level of belillium bronzes, exceeding them in electrical
conductivity.

4. RESULT AND DISCUSSION

The presented results indicate different mecha-
nisms of strengthening of condensates with tantalum
contents corresponding to increasing and gently sloping
regions of concentration dependences of strength prop-
erties (Fig. 4, 5). Indeed, a comparison of the concentra-
tion dependences of the grain size and the period of the
crystal lattice of the copper matrix with strength prop-
erties indicates a certain correlation between them.
First of all, attention is drawn to the equality of tanta-
lum concentrations at which changes in the character
of all the experimental dependences of both structural
parameters and various properties occur. This tanta-
lum content of ~ 0.4 at. %, as shown in [4], is necessary
and sufficient to form segregations of tantalum atoms
in the form of monoatomic adsorption layers at the
grain boundaries of the copper matrix. In this state of
grain-boundary segregations, strong interatomic bonds
between tantalum and copper atoms are realized,
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which increase the cohesive strength of the grain
boundaries. Indeed, as follows from Fig. 4, 5, 6, the
maximum strength properties are achieved with a
tantalum content of about 0.4 at. %. At this concentra-
tion, there is no appreciable solubility of the tantalum
atoms in the crystal lattice of copper (Fig. 1), and ac-
cordingly there is no strong increase in the resistivity
(Fig. 6). In the structure of the condensates there is no
noticeable number of particles of the second phase,
which minimizes the dispersion hardening. But at this
concentration, the maximum reduction in the grain size
of the copper matrix occurs, and grain boundary
strengthening involves two factors. First, the increase
in strength properties is due to the reduction in the
grain size of the copper matrix, secondly, due to the
increase in the Hall-Petch coefficient (Fig. 7) [6].

Thus, our study reveals that the optimal structural
state of the objects is that at which the tantalum atoms
are in the grain boundaries in the form of equilibrium
grain boundary segregation, which are monatomic
adsorption layers. In this case, high strength and elec-
trically conductive properties of condensates are real-
ized in the initial state. With a further increase in the
concentration of tantalum, there is an insignificant
increase in the strength properties and a significant
increase in the resistivity (Fig. 4, 6) due to the for-
mation of anomalous supersaturated tantalum solu-
tions in the FCC crystal lattice of copper (Fig. 1).
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Fig. 1 — Concentration dependences of the grain size (1) and
the lattice period (2) of Cu-Ta vacuum condensates
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Fig. 2 — Electron-microscopic images of the structure of Cu-
0.15 at. % Ta condensates: a) bright-field image, b) electron
diffraction pattern
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Fig. 3 — Electron microscopic images of the structure of Cu-1.3 at. % Ta condensates: a) bright-field image, b) dark-field image,

c) electron diffraction pattern
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Fig. 4 — Concentration dependences of the strength properties
of Cu-Ta vacuum condensates: 1 — ultimate strength, 2 —
conventional yield strength, 3 — physical yield strength, 4 —
deformation before failure
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Fig. 5 — Dependence of microhardness of Cu-Ta vacuum con-
densates on tantalum concentration
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Fig. 6 — Effect of tantalum on the electrical resistivity of Cu-
Ta vacuum condensates
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Fig. 7 — Hall-Petch dependences: A — copper vacuum conden-

sates, ® — Cu-Ta vacuum condensates, ¢ — Cu-Ta alloys stud-
ied in [5]
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Fig. 8 — Strength and electrical conductivity of copper-based
alloys: 00 —[10], ® — Cu-Ta alloys studied in this paper

5. CONCLUSIONS

1. The structure, strength and electrical conductivi-
ty of Cu-Ta vacuum condensates in the range of tanta-
lum concentrations of 0.1-3 at. % are studied.

2. It is established that tantalum has a modifying
effect on copper condensates, increasing their strength
properties and dispersing the grain structure up to the
nanoscale dimension.

3. It is shown that the optimal combination of
strength properties and electrical conductivity have
condensates containing 0.4 at. % Ta. In this case, the
tensile strength reaches ~ 1000 MPa with an electrical
conductivity of ~ 50 % of the single-component copper.

4. The main contribution to the achieved level of
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strength is made by grain-boundary strenthening, the formation of segregation at the grain boundaries of
which is caused both by a reduction in the grain size of the copper matrix by tantalum atoms in the form of
the copper matrix and by an increase in the Hall-Petch monoatomic adsorption layers.

constant. The observed regularities are explained by

CrpyKkTypa, MiIfHiCHi Ta eJIeKTPONPORBiTHI BiiacTuBoCTi BakyymMmHux kKoHaeuncarie Cu-Ta

M.O. FKangskro, A1 3yoxros, O.B. Cobons, O.B. Cy66otin, E.B. 30synsa, I'.I. 3enencera

Hauionanvruli mexniunuli ynisepcumem «XapKi8CoKuli NOAIMEXHIYHUL THCMumymn,
eysn. Kupnuuosa, 2, 61002 Xapkis, Yrpaina

Bupueno crpykTypy, MIIIHICHI Ta eJI€KTPOIPOBiNHI BiacTuBocTi BakyymHux koHgeHcarie Cu-Ta 3 xon-
meHTparieo tauraay Big 0.1 mo 3 ar. %. 3amekHO Bi BMICTY TaHTAJy 00'€KTH JOCTIIPKeHHS MAlOTh PISHUMN
CTPYKTYPHUM CTaH: OOHO- 1 gBodhasHwmii, mepecuuenuii posuna tantanxy B ['1IK pemnritimi migi. Jlerysanus
KOHJIEHCATIB MiJll TAHTAJIOM 3HIIKYE BEJIMUUHY 3epHAa B ~ 3 MKM 110 ~ 50 uM. OmrruMasibHe CITiBBIIHOIIIEH-
Hs MIIHICHUX BJIACTHBOCTEH 1 €JIEKTPOIIPOBIIHOCTI peasidyeTbesa mpu Bmicti TanTany ~ 0.4-0.5 at. %. Ilpu
bOMy Meska MirHocTi csarae ~ 1000 MIla mpu emexrpomposigaocTi ~ 50 % Bif ogHOKOMIIOHEHTHOI Mifmi. TTo-
Ka3aHo, 1110 OCHOBHUI BHECOK B 30LJIBIIIEHHS MIITHOCTI BHOCUTH 3€pHOTPAHUYHE 3MIITHEHHS Yepe3 3MeHIIeH-
Hs BEJIMUWHHU 3epHA 1 maBuineHHs koedirmienta Xoswia-Ilerya.

Knrouosi ciiosa: Poamip sepua, 3epHorpaunusi cerperarrii, MinuicTs, TBepmaicTs, EeKTpompoBiaHicTh.

Crpykrypa, HPOYHOCTHBIE U JJIEKTPOIPOBOLSINNE CBOUCTBA
BakyyMHBIX KoHOeHcaTtoB Cu-Ta

M.A. Hagpro, A.W. 3yoros, O.B. Co6omns, A.B. Cy6oorun, 9.B. 3oaymns, .. enencras

Hauyuonanovuwili mexnuueckutl yrnusepcumem «Xapvko8CKUL NOJUMEXHUYECKUT WHCIMUMYMm,
ya. Kupnuuesa, 2, 61002 Xapovros, Ykpauna

W3yueHs!l cTpyKTypa, IPOYHOCTHEIE M 3JIEKTPOIIPOBOJISIIME CBOMCTBA BakyyMHBIX KoHmeHcaToB Cu-Ta c
KoHIIeHTparue# Tanrana ot 0.1 1o 3 at. %. B 3aBucuMocTH 0T comepskaHusa TaHTaIa BAKYyMHEIe KOHIEHCA-
THI UMEIOT PA3JIMYHOE CTPYKTYPHOE COCTOSIHWE: OJHO- U ABYX(asHOe, IIepPEeCHIeHHBIA PACTBOP TAHTAIA B
I'IK pemrerke menu. Ilpu serupoBanuy KOHIEHCATOB MeIH TAHTAJIOM YIAeTCs CHU3UTH BEJIMUUHY 3€pHA OT
~ 1.3 MM 110 ~ 50 EM. OnTEMasnbHOE coYeTaHue IPOYHOCTHRIX CBOMCTB U 9JIEKTPOIIPOBOIHOCTY PeaJIn3yeTcs
upu comepskanuu taurasna ~ 0.4-0.5 at. %. Ilpu arom npenes nmpounoctu mocturaer ~ 1000 MIla mpu asex-
TPOIIPOBOTHOCTH cOcTaBJistionier ~ 50 % oT 0JHOKOMIIOHeHTHOM Menu. [lokasamo, YTO OCHOBHOM BKJIAJ B
YBeJIMYEHUN IIPOUYHOCTH BHOCUT 3€PHOTPAHWYHOE YIIPOYHEHWE M3-3a YMEHBIIEeHHUsS BeJIWIWHEI 3epHA U II0-
BhIIIeHUS KoadpdurmenTa Xosna-Ilerya.

Kinrouessie cioBa: Pasmep 3epra, 3epHorpanuunsie cerperaruu, [Ipounocts, TBepmocts, Dmexrporpo-

BOJHOCTB.
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