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Abstract

Ion-plasma sputtering and codeposition of ultrafine Ta and Cd particles on a moving substrate
were used to prepare the solid solutions, in particular, the alloys with up to 66.2 at.% Cd in the
form of coatings. In vacuum heat treatment cadmium evaporates at 700°C from cadmium based
solid solutions resulting in formation of a porous tantalum with a highly developed surface. The
prepared tantalum-based materials assume the technological application of the investigation re-
sults.
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1. Introduction

The methods for preparing of porous metals, known to date, are multi-staged and complicated [1] [2]. The au-
thors find it tempting to find an alternative method of preparing a porous refractory metal in the coating using
the technique of magnetron sputtering with two magnetrons [3]-[6]. For this purpose, the most promising seems
the preparation of a mixture of refractory metal (tantalum) with metal characterized by high vapor pressure at a
relatively low temperature, cadmium.

It is known that tantalum and cadmium can’t form the intermetallic compounds and alloys [7]. Tantalum has
two modifications: a-Ta with a body-centered cubic lattice @ = 0.3305 nm and f-Ta with a tetragonal lattice (a =
1.0194 and ¢ = 0.5313 nm). It is known [8], that -Ta is produced in the form of fine-grained powder using elec-
trolysis of salt melts. The papers [9] [10] report about S-Ta thin films preparation by dc-magnetron sputtering.
Subsequent heating to 1000°C is accompanied by an irreversible f-Ta to a-Ta transition that confirms the me-
ta-stability of the f-phase. The mechanism of f-Ta formation and the features of the crystal lattice belonging to
this phase are described in [11].

Our preliminary studies related to the preparation of tantalum coatings by ion-plasma sputtering showed that
the change of tantalum modification may be due to the concentration of dissolved metal [3], as well as the size
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of ultra dispersed particles.

The potential application of film tantalum in the form of porous coating, prepared as an alloy and followed by
removal of the second metal, has determined the interest towards possible preparation of tantalum-cadmium
solid solutions and their structure. The peculiarity of this system is the absence of cadmium solubility in tanta-
lum under normal conditions and the high pressure of cadmium vapor at relatively low temperatures (boiling
temperature at atmospheric pressure is 766.3°C), which determines the possibility to transfer cadmium from so-
lutions into the vapor at relatively low temperatures [9] with the pores remaining in the tantalum matrix.

In this regard, the aim of the completed investigation was to study the morphology, the phase composition,
depending on metals concentration, and the thermal resistance of the tantalum-cadmium coatings.

2. Experimental

We studied the tantalum-cadmium films prepared by codeposition of ultrafine particles of the metals, which
were obtained by ion-plasma sputtering on cols substrates made from monocrystalline silicon.

We used tantalum with 99.96 mas.% of main element and cadmium (99.99 mas.%) in the form of targets 40
mm in diameter and 4 mm thick for application of film coatings. Argon was used as the plasma-forming gas, pu-
rified with a sputtered titanium getter.

Samples of coatings were prepared by the procedure implying ion-plasma sputtering of tantalum and cad-
mium and cooperative deposition of ultra dispersed particles on the substrates moving with respect to plasma
flows in the form of short period (with a low number of crystal lattice periods) sublayers that form films of 0.7 -
3.1 pm total thickness. The velocity of substrate movement was 5 x 10~ ms ' with respect to metal containing
plasma flow. The sputtering was performed with the simultaneous use of two magnetrons located opposite one
another; the spacing between magnetrons was separated by a unit for the substrates movement.

The composition of coatings was controlled by varying the powers supplied to magnetrons sputtered tantalum
and cadmium targets. The concentration of deposited metals was verified by the weighing method, i.e. the
amounts of each metal sputtered and deposited during the formation of coating were determined [3]-[6]. The
film thickness was determined by Rutherford proton back-scattering spectrometry using UKP-2-1 tandem acce-
lerator in the Institute of Nuclear Physics (Republic of Kazakhstan) and was calculated using the amounts of
deposited metals. Electron-microscopic studies were performed using a JEM-8230 (JEOL) electron-microprobe
analyzer. The X-ray diffraction studies were performed using a D8 Advance (Bruker) diffractometer with copper
irradiation Ay, = 0.154051 nm and graphite monochromator in the ®-2® mode. The lattice parameters were de-
termined by averaging of the magnitudes obtained using all diffraction reflections of the identified phase.

High-temperature annealing was performed in a vacuum high-temperature furnace that was designed based on
URVT-2500 unit.

3. Results and Discussion

The samples of tantalum-cadmium films containing 0.7 - 87.6 at.% Cd were prepared and the phase composition
of the coatings was determined. To study the thermal stability of the prepared tantalum-cadmium coating, the
isochronous (1 h) vacuum annealing at 300°C - 700°C (with 100°C step) were performed.

The phases identified in the film coating and the calculated parameters of the lattice in the initial state are
shown in Table 1.

The phase analysis of the samples showed that, as the cadmium content in the Ta-Cd coatings changes, the
following four concentration ranges can be distinguished: 0 - 44.0 at.% Cd range corresponding to existence of
f-Ta phase; 48.8 - 56.6 at.% Cd range corresponding to existence of f-Ta and a-Ta phases; 59.6 - 66.2 at.% Cd
range, corresponding to a-Ta only; 74.4 - 100 at.% Cd corresponding to the presence of cadmium and amorph-
ous tantalum. At cadmium content of 48.8 at.% the f-Ta phase is highly grain-orientated (001), therefore it is
not possible to determine the lattice parameters a and b. The parameters of f-Ta lattice slightly linearly decrease
with cadmium concentration increase in the coating in accordance with the dependencies: a [nm] = 1.0186 — 3 x
1076xCd; ¢ [nm] =0.5319 -3 x 10 °xcq, hereinafter xcq is the cadmium concentration, at.%.

It is known from [9] that the atomic radius of Ta and Cd is 0.1626 nm and 0.1727 nm, respectively. Consi-
dering these values, formation of a substitute solid shall be accompanied by the increase in the f-Ta lattice pa-
rameter during placing of the impurity atoms in the basal planes of the unit cell. The opposite variations in the
cell parameters indicate the presence of cadmium atoms in the internal channels of f-tantalum unit cell [10], as
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Table 1. Identified phases and parameters of their lattices in the tantalum-cadmium films.

p-Ta, tetragonal lattice, nm a-Ta, cubic lattice, nm Cd, hexagonal lattice, nm

Cd concentration in
the coating, at.%

a c a a G
6.7 1.0095 £ 0.0018 0.5333 £0.0018 - - -
9.9 1.0213 £ 0.0010 0.5307 +0.0010 - - -
13.9 1.0214 £0.0011 0.5310 +£0.0011 - - -
17.0 1.0207 £ 0.0007 0.5306 = 0.0007 - - -
17.3 1.0204 £ 0.0005 0.5307 £ 0.0005 - - -
22.9 1.0224 +£0.0011 0.5301 +0.0011 - - -
253 1.0199 +£0.0012 0.5335 +0.0012 - - -
30.4 1.0145 £ 0.0007 0.5319 £+ 0.0007 - - -
38.0 1.0215 £ 0.0009 0.5300 =+ 0.0009 - - -
44.0 1.0153 +0.0002 0.5343 £+ 0.0002 - - -
48.8 - 0.5334 0.3343 £0.0001 - -
56.6 1.0740 0.5338 0.3340 £ 0.0038 - -
61.3 - - 0.3361 £0.0002 - -
66.2 - - 0.3351 £0.0001 - -
74.4 - - - 0.29769 0.56154
75.4 - - - 0.29772 0.56136
87.6 - - - 0.29785 0.56114

for Ta-Cu system [2].

Formation of cadmium solid solution in a-Ta is accompanied by a slight increase in the size of the
body-centered cubic lattice within the concentration range of the phase existence according to the dependence: a
[nm] = 0.3305 + 8 x 10 x¢q, enabling us to suggest the formation of a substitution solid solution.

The opposite variations of the lattice parameters @ [nm] = 0.2968 + 1 x 10 x¢q and ¢ [nm] = 0.5633 — 3 x
10 >xcq allow us to assume the interstitial arrangement of tantalum atoms in the basal plane of cadmium hex-
agonal crystal lattice of coatings corresponding to the mentioned concentration range of coatings composition.

SEM studies of the morphology of the coating in the initial state and after annealing were performed for the
compositions with 30.4, 56.6 and 74.4 at.% Cd.

The electron-microscopic studies showed that, in the initial state with 30.4 at.% Cd (see Figure 1) the coating
is characterized by a flat surface with fine projected crystallites of 300 - 400 nm maximal size.

After annealing at 700°C the sizes of projected formations decreases; between some crystallites small pores
less than 100 nm in lateral size are present, which result from the evaporation of cadmium from the solid solu-
tion.

Figure 2 provides the diffraction patterns of the coating with 30.4 at.% Cd in the initial state (spectrum a) and
after annealing at 300°C (spectrum b), 600°C (spectrum c) and 700°C (spectrum d).

In the initial state and after annealing at 400°C, 500°C and 600°C the coating is represented by S-tantalum
phase (Figure 2, spectra a-c). At the increase of annealing temperature up to 700°C the coating is represented by
a mixture of a- and fS-Ta phases (Figure 2, spectrum d). The parameter of the body-centered cubic lattice a-Ta is
a=0.3311+0.0001 nm.

With increase of vacuum heat treatment temperature from 300°C to 700°C, accompanied with cadmium eva-
poration from its solid solution with tantalum, the parameters of the f-Ta lattice increases relatively to those de-
termined in the initial sample. If the parameter ¢ of the tetragonal lattice approaches the tabular value, the para-
meter a significantly exceeds it. In our opinion, this can be explained by thermally initiated process of cadmium
atoms replacement from the internal channels of the unit cell of f-tantalum into the nodes, located in the basal
plane ab. It follows that in the internal channels the impurity atoms have a lower energy than those in the nodes,

®



Yu. Zh. Tuleushev et al.

. ] : ; A
—— 10pm JEOL 1/23/2014 — 10pm JEOL 1/23/2014
25.0kV SEI NOR WD 11.1lmm 13:55:32 25.0kV SEI NOR WD 11.1mm 15:49:11

(a)
Figure 1. SEM micrographs of the coating with 30.4 at.% Cd before (a) and after annealing at 700°C (b).
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Figure 2. X-ray diffraction patterns of the coating with 30.4 at.% Cd: 1—in the initial state, 2—after annealing at 300°C
3—the same at 600°C; 4—the same at 700°C; Hll—B-Ta, B__¢-Ta; BE—Si (substrate).
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located in the basal plane ab.

The annealing of the sample with 56.6 at.% Cd, which in the initial state, consists of the fine-grained mixture
of a- and f-Ta phases, showed their stability up to the temperature 600°C, while at 700°C the major portion of
p-Ta modification transforms into a-tantalum. The electron-microscopic study of this sample (Figure 3) enabled
us to find the existence of a great amount of through pores after annealing at 700°C compared with the sample
with 30.4 at.% Cd.

The phase composition of coating with 74.4, 75.4 and 87.6 at.% Cd is represented by cadmium with a hex-
agonal lattice and amorphous tantalum (Figure 4), the amount of which (according to halo) decreases with in-
creasing of cadmium content in the coating. In this case, the lattice parameters of cadmium slightly vary
irregularly from a = 0.29769 nm and ¢ = 0.56154 nm at 74.4 at.% Cd to @ = 0.29785 nm and ¢ = 0.56114 nm at
87.6 at.% Cd, respectively.

This fact allows us to state that the coating contains the solid solution of tantalum in cadmium with the hex-
agonal lattice. Since a portion of tantalum precipitates in the form of individual amorphous phase, it was im-
possible to calculate the amount of tantalum dissolved in cadmium.

SEM studies of the morphology of the coating with 74.4 at.% Cd showed that the coating in the initial state is
represented by the conglomerate of closely adjoining crystallites of the round shape (Figure 5(a)). After vacuum
annealing at 700°C the surface of the coating is characterized by the presence of elements with similar shape to
that of crystallites in the initial sample (Figure 5(b)), free of cadmium according to the X-ray diffraction analy-
sis. The microprobe analysis of the same sample after annealing showed cadmium concentration in the coating
at the detection limit. That is, the thermal stability of the coatings with high cadmium content is very low at low
pressures the temperature increase is accompanied by almost complete evaporation of the latter.

This behavior of the tantalum-cadmium film coating makes it possible to prepare a porous tantalum with the
developed surface by forming the film with Ta concentration less than 30 at.% (Cd is remaining) and subsequent
distillation of volatile metal.

The assessment of the specific surface area of the film tantalum and porous tantalum coating, performed by
BET method, revealed the increase in the specific surface area by at least 277.5 m*/g Ta only because of pore 10
nm in diameter.

4. Conclusions

The performed studies have shown that magnetron preparation of coatings from a mixture of tantalum and cad-
mium, and subsequent removal of cadmium from the coating by vacuum annealing can be used to prepare the
coatings from a porous tantalum with a very developed surface area. It is shown that porous tantalum has a
body-centered cubic lattice, i.e., it is a-tantalum and formed by recrystallization of the amorphous tantalum.

The obtained results of the study may be applied for other binary systems consisting of metals and materials
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(a) (b)
Figure 3. SEM micrographs of the coating with 59.6 at.% Cd before (a) and after annealing at 700°C (b).
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Figure 4. X-ray diffraction patterns of the Ta-Cd coatings with at.% Cd: 1—74.4; 2—75.4; 3—87.6; B_cg; =
—amorphous Ta; Bl—Sij (substrate) with orientation (111).
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Figure 5. SEM micrographs of the coating with 74.4 at.% Cd in the initial state (a) and after annealing at 700°C for 1 hour
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with similar properties.
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