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Abstract: The aim of the study is to examine the possibilities of sputtering of multilayer coatings at a high rate of deposition on products 

of complex shape using inverted magnetrons. The formation of texture and residual stresses in magnetron four-layer Ta/W/Ta/W coatings 

deposited at voltages from 0 to –200 V on cylindrical and f lat copper substrates imitating elements of the surface of complex shape products 

was evaluated using the X-ray method of inverse pole figures and the sin2Ψ method. The patterns of texture formation in coatings depend 

mainly on the bias voltage on the substrate (Us), while at Us = –200 V they differ for W and Ta layers. At Us = –100 V, the epitaxial mechanism 

of texture formation is realized. In the case of a cylindrical substrate, this leads to intense texture (111) of all four layers. In the case of a f lat 

substrate, this can lead to the formation of a single-crystal texture (111) in all layers with a texture maximum width of 12°–14°. The presence of 

a single-crystal (111) tantalum texture corresponds to the maximum Young moduli and, accordingly, the interatomic bonding forces normal 

to the coating plane. This suggests that multilayer coatings with an external Ta layer have high tribological characteristics. Increasing the 

voltage on a f lat substrate from 0 to –200 V leads to an increase in residual compressive stresses from 0.5 to 2.7 GPa for the four-layer coating 

under study.
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Аннотация: Исследованы возможности нанесения с высокой скоростью осаждения многослойных покрытий на изделия слож-

ной формы с помощью инвертированных магнетронов. Рентгеновским методом обратных полюсных фигур и методом «sin2Ψ» 

оценивали формирование текстуры и остаточных напряжений в магнетронных четырехслойных Ta/W/Ta/W-покрытиях, нане-
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Introduction

Refractory coatings, primarily based on tungsten, 

are promising for various applications such as: microe-

lectronics [1], including spintronics [2; 3]; thermophoto-

voltaic converters in power engineering; and high-tem-

perature nanophotonics [4]. They can be in demand as 

thermal barrier coatings for parts of future thermonu-

clear reactors such as ITER [5; 6], subject to extreme 

thermal stress and ion bombardment. They can also be 

used for other heat loaded products such as rocket en-

gine combustion chambers. Key issues for such coatings 

are thermomechanical stability against delamination, 

tungsten oxide formation and diffusion at high operating 

temperatures, as well as the difficulty of achieving long-

term high temperature stability in terms of preventing 

grain growth [4].

Tantalum coatings are of particular interest because 

they are a promising candidate for the replacement of 

electrolytic chrome coatings, often used in a variety of 

tribological and corrosion-resistant applications. Re-

placement of these coatings is justified, since chromium 

waste contains 6-valent chromium, a known carcinogen 

dangerous to the environment. Paper [7] presents the re-

sults of a study of the formation of thin magnetron films 

of α- and β-Ta. It shows that when applied to an amor-

phous substrate (α-Si, α-SiOx, α-SiNx), β-Ta is formed. 

This belongs to the spatial group of tetragonal syngony 

P-421m (a = 10.194 Å, c = 5.313 Å) with strong axial tex-

ture [001]. Heating of Ta coating to 176 °C leads to the 

formation of α-Ta along with β-Ta, and at a tempera-

ture > 326 °C, a single-phase structure of α-Ta is formed. 

When such coatings are applied to crystalline molybde-

num, α-Ta with a texture [110] is formed. 

сенных при напряжениях от 0 до –200 В на цилиндрическую и плоскую подложки из меди, имитирующие элементы поверх-

ности изделий сложной формы. Показано, что закономерности формирования текстуры в покрытиях зависят в основном от 

напряжения смещения на подложке (Uп), при этом при Uп = –200 В они отличаются для слоев W и Та. При Uп = –100 В реали-

зуется эпитаксиальный механизм текстурообразования, который в случае цилиндрической подложки приводит к интенсив-

ной (111) текстуре всех четырех слоев, а в случае плоской – к формированию во всех слоях монокристальной (111) текстуры 

с шириной текстурного максимума 12°–14° . Наличие монокристальной (111) текстуры тантала соответствует максимальным 

значениям модуля Юнга и, соответственно, сил межатомной связи нормально плоскости покрытия, что предполагает у мно-

гослойных покрытий с внешним Та-слоем высокие трибологические характеристики. Увеличение напряжения на плоской 

подложке от 0 до –200 В приводит к повышению остаточных сжимающих напряжений от 0,5 до 2,7 ГПа для исследуемого 

четырехслойного покрытия. 
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An important role for multilayer coatings is played 

by the texture of individual layers formed in them, 

since the efficiency of stress relaxation processes at the 

interface depends on this. In addition, texture is a de-

fining characteristic for many service properties due to 

their pronounced orientational dependence. In this re-

gard, special attention should be paid to Ta. Unlike W, 

it has a pronounced anisotropy of elastic and, with a 

high probability, also tribological properties. In [8], 

the phase composition, texture and residual stresses 

in magnetron Ta coatings of thickness (h) up to 40 μm 

sputtered at t = 20÷400 °C were investigated. At room 

temperature β-Ta with (001) texture is formed; at t =

= 300 °C — a two-phase mixture of β- and α-Ta with 

β-Ta dominating with (001) texture (while α-Ta has no 

pronounced texture); at t = 400 °C — α-Ta with pro-

nounced (110) texture.

The dependence of the α-Ta texture on the film 

thickness was found. At h > 10 μm, the texture (110) 

is transferred to (111). The phase composition and 

texture change as the final coating thickness is 

formed.

In [9], an in-situ X-ray study of tantalum film growth 

during deposition using a planar magnetron at distances 

from the target to the glass substrate of 25 and 108 mm 

was carried out. In the first case, deposition was carried 

out at a rate of 6.4 nm/min, with an amorphous layer 

with a thickness of 45 nm closest to the substrate, fol-

lowed by a β-Ta layer with h = 15 nm, and then an α-Ta 

layer with h = 190 nm. In the second case, the deposition 

rate was 1.6 nm/min and the amorphous layer occupied 

almost 90 % of the total film thickness of 36 nm. β-Ta 
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had texture (002) and α-Ta was characterized by texture 

(110), and the degree of texturing increased with the 

time of film deposition.

The authors [10] investigated the structure of Ta 

coatings deposited using magnetron sputtering at differ-

ent bias voltages ranging from 0 to –100 V. This has a 

marked influence on the phase structure of these coat-

ings. When the bias voltage was increased from 0 to 

–70 V, their structure changed from a single-phase 

β-phase at Us from 0 to –20 V to a two-phase struc-

ture in the range of –30 to –40 V and to a full α-phase 

when the Us values were in the range of –50 to 

–100 V. The authors managed to obtain a coating with 

a thickness of 100 μm with good mechanical proper-

ties and relatively low residual stresses (–2.1 GPa) for 

this thickness.

In [11], the inf luence of argon pressure (PAr) from 

0.3 to 1.4 Pa on the phase composition, texture, re-

sidual stresses, and hardness of magnetron Ta coat-

ings 10—1000 nm thick was investigated. At all PAr, 

the coatings consisted of a metastable β-phase, and 

only at 0.7 Pa was the α-phase Ta detected. For 

most coatings, compressive stresses from –200 to 

–1500 MPa were observed, but tensile stresses from 

400 to 1100 MPa were found in a number of coa-

tings. The hardness of the coatings varied from 10.2 to 

17.7 GPa. At the same time, no correlations were 

found between hardness and texture or with the mag-

nitude of residual stresses.

The authors of [12] considered the influence of 

the conditions for deposition of magnetron coatings 

by the modulated pulse method on the structure and 

properties of Ta coatings. Their phase composition de-

pends on temperature. The α-Ta phase is formed at a 

substrate temperature above 365—375 °C, achieved in 

~150 min. The β-Ta phase is formed at lower tempera-

tures. For this reason, β-Ta is formed at the initial stage 

of coating formation, and only at a distance of >14 μm 

from the substrate the α-Ta phase begins to dominate. 

Measurements of residual stresses in coatings 5—20 μm 

thick showed the presence of compressive stresses from 

–2.0 to –2.2 GPa for coatings with h = 5, 8, 14; and 

20 μm and tensile stresses of 1.7 GPa only for coatings 

with h = 6 μm.

Composite multilayer W/Ta coatings with both a 

BCC structure and a close surface energy of 3.26 and 

2.9 J/m2, respectively, have been intensively studied in 

order to establish their possible application in a variety of 

applied problems [13—15]. Important among them is the 

development of a method for applying a multilayer uni-

form thickness W/Ta-coating on the surface of products 

of complex shape.

Direct current planar magnetron sputtering (DCMS) 

and high-power pulsed magnetron sputtering (HP-

PMS) have been successfully used [16] to deposit W/Ta. 

HPPMS coating is denser and has a smoother surface 

than DCMS which is a consequence of the deposition of 

a stream with a higher degree of ionization of the sput-

tered atoms [17]. However, from the point of view of in-

dustrial application, the main disadvantage of HPPMS 

technology is the significantly lower deposition rate 

compared to DCMS [16].

Simultaneously resolving both of these problems 

by using inverted strip magnetrons is also a relevant 

objective. [17] shows that hollow cathode deposition, 

in which the substrates are mounted on the axis of an 

elongated tubular source, can be an efficient method 

of coating complex-shaped objects. In a hollow catho-

de magnetron with a uniform current density and a 

cosine angular distribution of the sputtered material, 

the sputtered f lux (per unit area) at all points inside 

the cathode (where the final effects are not important) 

is equal to the cathode erosion f lux, regardless of the 

pressure of the working gas. The authors obtained a 

copper deposition rate of 400 nm/min. However, it 

should be borne in mind that when the substrate is 

large, and the space between it and the cathode be-

comes a thin ring, the geometry approaches a planar 

cathode and backscattering of the sputtered atoms re-

duces the deposition rate.

[18; 19] shows that in order to create thin-walled 

small-sized axisymmetric shell structures made of 

layered composites: for example, tubular products with 

different surface profiles; a system of successively ar-

ranged inverted field-cathode magnetrons; and one 

straight cylindrical magnetron used to clean the sub-

strates is very efficient. Such a system allows the forma-

tion of layered composite shells by sputtering various 

layers onto a mandrel (for example, made of copper) 

which is subsequently etched.

The aim of achieving uniformity of the coating on 

the surface of products of complex shape cannot be iso-

lated from the problem of structure, since the micro-

structure of coatings deposited in vacuum depends on 

the deposition rate, the directions of arrival of coating 

atoms, pressure of the working gas, as well as the ion 

bombardment flux, bias voltage (Us) on the substrate and 

its temperature.

This work studies the formation of texture and resid-

ual stresses in individual layers of four-layer Ta/W/Ta/W 

coatings deposited by a system of inverted strip cathode 

magnetrons on copper substrates of various shapes (flat 

and cylindrical) at bias voltages on the substrate from 0 

to –200 V.
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Experimental 

The sputtering deposition was carried out using 

a system of inverted magnetrons installed in series 

at a distance of 30 mm from each other on a special-

ized MRM-1 setup as presented in [18]. Argon with 

a purity of at least 99.9 % was selected as the working 

gas The cathode material was W and Ta with a purity 

of 99.9 %; the inner diameter and length of the cath-

odes were 37 and 24 mm, respectively. A tube made of 

copper M-1 with a diameter of 10 mm and a length of 

20 mm was used as a substrate. Before sputtering, the 

tube was polished and washed in an ultrasonic clean-

er in acetone and alcohol. Then the substrate was in-

stalled on the rod for vertical movement of samples in 

the chamber and evacuated to a residual pressure of 

10–3 Pa. Before sputtering, the glow discharge plasma 

treatment was applied for 30 min at argon pressure of 

5 Pa and a voltage on the substrate of 1100 V. Next, 

deposition of tantalum and tungsten was carried out 

at different bias voltages on the substrate according 

to the regimes presented in Table 1. During sputter-

ing, the substrate performed reciprocating movements 

along the cathode axis and periodically completely left 

the cathode area, both ends alternately. Each layer was 

deposited for 2 h, sputtering all samples for 8 h and ob-

taining a total coating thickness of 198, 189, 167, 128, 

and 64 μm at Us = 0, –50, –100, –150, and –200 V, 

respectively. The layers alternated in the Ta/W/Ta/W 

sequence.

The texture was estimated using quantitative inverse 

pole figures (IPF) by taking diffraction patterns in the 

angle range 2θ = 30°÷140° in filtered CuKα radiation. 

The pole density for 6 normals to (hkl) on a stereogra-

phic triangle (001, 011, 013, 111, 112, 123) was deter-

mined by the equation: 

  (1)

where I(hkl) and R(hkl) are the integral intensities of re-

flections (hkl) for texturized and textureless (reference) 

samples, respectively; n = 6 is the number of independ-

ent (hkl) reflections.

In diffraction strain measurement, the “sin2Ψ” me-

thod is widely applied, in which the interplanar dis-

tances for reflection (hkl) are measured at several val-

ues of the tilt angle Ψ. The residual stress value is deter-

mined by the slope (tgα) of the experimental depend-

ence dΨ (interplanar distance at the slope angle Ψ) on 

sin2Ψ:

  (2)

where E(hkl) and v(hkl) are the Young’s modulus and the 

Poisson’s ratio for the direction of the normal to (hkl); 

d0 is the interplanar distance at Ψ = 0. 

Results and discussion 

Investigation of texture in four-layer coating 

Figures 1 and 2 show combined diffraction pat-

terns of magnetron coatings Ta, Ta/W, Ta/W/Ta, and 

Ta/W/Ta/W deposited on a cylindrical Cu substrate 

at voltages Us = –100 and –200 V. Analysis of these 

Tablе 1. Sputtering regimes

Таблица 1. Режимы напыления

Regime Layer Um, V Im, A –Us, V Is, A PAr, Pa t, °С

1

Ta 280–285 1 – – 0.2 420

W 290–305 1 – – 0.2 430

Ta 275–285 1 – – 0.2 415

W 290–305 1 – – 0.2 430

2

Ta 270–280 1 50 (100, 150, 200) 0.14–0.05 0.2 430

W 290–300 1 50 (100, 150, 200) 0.14–0.05 0.2 440

Ta 270–285 1 50 (100, 150, 200) 0.14–0.05 0.2 430

W 290–305 1 50 (100, 150, 200) 0.14–0.05 0.2 440
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diffraction patterns, summarized in Fig. 3 as depend-

ences of the pole densities of ref lections (211), (321) 

and (222) for successive layers in four-layer coatings, 

indicates that the regularities of texture formation de-

pend mainly on the stress on the substrate. Howev-

er, they differ for W and Ta layers. This is especially 

noticeable for coatings deposited at Us = –200 V (see 

Fig. 3, b).

The use of the calculation of pole densities gives a 

more adequate and, in addition, a quantitative picture 

of the features of texture formation in comparison with 

a qualitative consideration of the reflection intensities in 

diffractograms. The intensity of the reflection (222) in 

the textureless reference is 7 and 6 times less than the 

intensity of the reflections (321) and (211), respectively. 

In addition, the angular width of the reflection (222) is 

almost 2 times greater than the reflection (211). There-

fore, at the same height of both reflections (211) and the 

pole density (222) is more than an order of magnitude 

higher, observed in Fig. 3, a.

The influence of the bias voltage on the substrate on 

texture formation in a four-layer coating can be seen 

in the fact that at Us = –100 V (Fig. 3, a) an epitaxial 

relationship between the layer orientations is achieved. 

The pronounced (111) texture formed in the first Ta layer 

is reproduced by all subsequent three layers, and even 

some enhancement of its intensity is observed.

At –200 V (see Fig. 3, b), another mechanism of tex-

ture formation is observed. This includes the absence 

of dominance of the (111) orientation, as well as the vi-

olation of epitaxy. In the first and third Ta layers, the 

pole density of the (222) reflection is maximum, but still 

lower than at a voltage of –100 V. In this case, in the 

second and fourth W layers, the pole density of the (211) 

and (321) reflections is higher than reflection (222). The 

texture in the third tantalum and fourth tungsten lay-

ers completely reproduces the texture not of the previ-

ous layer, but the texture characteristic of the metal in 

the first and second layers. This indicates not a partial, 

but a complete absence of epitaxy. Partial violation of 

epitaxy would be accompanied by a gradual weakening 

of the intensity of all texture components with distance 

from the substrate. However, at Us = –200 V, a texture 

is formed in each layer characteristic of this particular 

metal (see Fig. 3, b). This fundamentally distinguishes 

the texture formation mechanism at this voltage on the 

substrate from the mechanism typical for Us = –100 V 

(see Fig. 3, a).

Figure 4 shows diffraction patterns of four-layer 

Ta/W/Ta/W coatings deposited on a f lat substrate at 

voltages Us = 0, –50, –100, and –200 V. In the absence 

of voltage on the substrate (Fig. 4, a) and at its va-

lue — 50 V (Fig. 4, b) the (111) texture dominates, and 

at Us = –100 V (Fig. 4, c) it is enhanced to such an 

extent that we can speak of its single-crystal character. 

At a voltage of –200 V, as on a cylindrical substrate, 

the (111) texture component is weakened. Of particu-

lar interest in this regard is the single-crystal texture 

shown in Fig. 4, c, which corresponds to the texture of 

the fourth W-layer.

Fig. 1. Combined X-ray diffraction patterns of Ta, Ta/W (a) and Ta/W/Ta, Ta/W/Ta/W (b) magnetron coatings deposited 

on a cylindrical Cu substrate at Us = –100 V

Рис. 1. Совмещенные дифрактограммы магнетронных покрытий Та, Ta/W (а) и Та/W/Ta, Ta/W/Ta/W (b) 

нанесенных на цилиндрическую Cu-подложку при напряжении Uп = –100 В
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Figure 5, a shows reflection (222) for the outer W lay-

er at tilt angles Ψ = 0°, 5°, and 10°. When the deviation 

from the normal to the sample exceeds 10°, there are no 

grains with such a misorientation. The half-width of the 

texture maximum for the (222) reflection is ~12°, cor-

responding to the misorientation angles of single-crys-

tal nickel superalloys [20]. The diffraction pattern from 

the first Ta layer deposited at Us = –100 V practically 

does not differ from that for the fourth W layer, which 

indicates that, as in the case of coatings on a cylindrical 

substrate (see Fig. 3, a), at the mentioned voltage, an ep-

itaxial correspondence of the orientations of successive 

layers is realized on it.

Figure 5, b shows reflections (222) for a single-layer 

Ta coating at angles Ψ = 0°, 10°, and 15°, which demon-

strate that there are no grains with such angle of misori-

entation when deviated from the normal to the sample 

by an angle of 15°. The half-width of the texture maxi-

mum for the (222) reflection for Ta layer is ~14°, which, 

as in the case of a cylindrical substrate (see Fig. 3, a), 

Fig. 2. Combined X-ray diffraction patterns of Ta, Ta/W (a) and Ta/W/Ta, Ta/W/Ta/W (b) magnetron coatings deposited 

on a cylindrical Cu substrate at Us = –200 V

Рис. 2. Совмещенные дифрактограммы магнетронных покрытий Та, Ta/W (а) и Та/W/Ta, Ta/W/Ta/W (b), 

нанесенных на цилиндрическую Cu-подложку при напряжении Uп = –200 В

Fig. 3. Pole reflection densities (hkl) for layers of four-layer coatings deposited on a cylindrical Cu substrate 

at voltages Us = –100 V (a) and –200 V (b)

Рис. 3. Полюсные плотности рефлексов (hkl) для слоев четырехслойных покрытий, 

нанесенных на цилиндрическую Cu-подложку при напряжениях Uп = –100 В (а) и –200 В (b)
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indicates an increase in the degree of texturization of the 

fourth layer compared to the first.

The importance of the result obtained is due to 

the fact that Ta has a “positive” elastic anisotropy, for 

which the maximum Young modulus (Emax) is lo-

cated along the <111> direction of the Ta BCC lattice 

(Table 2). Therefore, the orientation of the coating plane 

parallel to the (111) crystallographic plane corresponds 

to the location of the direction with Emax and, accord-

ingly, with the maximum value of the interatomic bond 

forces normal to the coating plane.

Thus, with a high degree of probability, high wear re-

sistance should be expected in multilayer coatings with 

an external Ta layer. Tungsten is the only metal that does 

not have elastic anisotropy (Table 3), but it is possible 

that the “single-crystal” orientation of W-layers will be 

useful for realizing other physicochemical properties, in 

relation to which this metal will have the necessary an-

isotropy.

Measuring residual stresses 
in four-layer coating 

Our attempts to estimate the residual stresses for 

coatings deposited on cylindrical substrates failed. In 

essence this was the reason for applying coatings on a 

flat substrate. Problems also arose in estimating the re-

sidual stresses on the coatings, in which, at Us = –100 V, 

a “single-crystal” texture was formed (see Fig. 5) for the 

outer layer of a four-layer Ta/W/Ta/W and a single-layer 

Ta coating.

Fig. 4. X-ray diffraction patterns of outer W-layers of four-layer magnetron Ta/W/Ta/W coatings deposited at different 

substrate voltages

Us = 0 (a), –50 V (b), –100 V (c) and –200 V (d)

Рис. 4. Дифрактограммы внешних W-слоев четырехслойных магнетронных покрытий Ta/W/Ta/W, 

нанесенных при различных напряжениях на подложке

Uп = 0 (а), –50 В (b), –100 В (c) и –200 В (d)
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The “sin2Ψ” method provides for recording at tilt 

angles in the range from 0° to 40°—60°. For single-crys-

tal coatings, as can be seen from Fig. 5, the value of Ψ 
cannot exceed 10°, severely limiting the sensitivity of the 

method. Only the presence of ultrahigh stress values in 

both coatings made it possible to estimate the residual 

stresses for them. They amounted to –2.0 GPa for the 

outer W layer in a four-layer coating and –3.1 GPa for a 

single-layer Ta coating.

Such a difference between the residual stresses can 

be attributed to two reasons. First, it is possible that the 

high stress value of a single-layer Ta-coating decreases 

in subsequent layers due to the mutual compensation 

of the thermal component of stresses when alternat-

Fig. 5. Reflection (222) for pseudo-single-crystal magnetron coatings deposited at Us = –100 V at various tilt angles Ψ 
a – the outer W layer of the four-layer Ta/W/Ta/W coating; b – single-layer Ta-coating

Рис. 5. Рефлекс (222) для псевдомонокристальных магнетронных покрытий, нанесенных при Uп = –100 В, 

при различных углах наклона Ψ
a – внешний W-слой четырехслойного Ta/W/Ta/W-покрытия; b – однослойное Ta-покрытие

Fig. 6. Reflection (321) of the outer W-layer for four-layer Ta/W/Ta/W magnetron coatings deposited at Us = –50 V (a) 

and –200 V (b) at tilt angles Ψ = 0° and –40°

Рис. 6. Рефлекс (321) внешнего W-слоя для четырехслойных Ta/W/Ta/W магнетронных покрытий, 

нанесенных при Uп = –50 В (а) и –200 В (b) при углах наклона Ψ = 0° и –40°
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ing layers of refractory metals [21] differ in coefficient 

of thermal expansion (CTE) (αW = 4.3·10–6 K– and 

αТа = 6.5·10–6 K–1). This leads to a decrease in stress-

es in the W-coating, which is the fourth layer. The 

second reason for such a difference in voltages may be 

related to the fact that the first Ta layer is deposited 

on a copper substrate, the CTE value of which (αCu =

= 16.6 ·10–6 K–1) differs from Ta by almost 5 times 

the difference of the W-layer from the preceding 

Ta layer.

For other coatings, the use of the “sin2Ψ” meth-

od is not a problem. Figure 6 shows reflections (321) 

of the outer W-layer of four-layer coatings deposited at 

voltages of –50 and –200 V. It can be seen that with a 

tilt of –40°, the intensity can be even higher than with 

symmetrical shooting (Ψ = 0°). In general, the value 

of residual compressive stresses for four-layer coat-

ings increases with increasing stress on the substrate 

(Fig. 7, a), due to which the value of the grating period 

also increases (Fig. 7, b).

Conclusions 

1. The regularities of texture formation in a four-lay-

er Ta/W/Ta/W coating obtained using a sputtering 

system of inverted magnetrons depend mainly on the 

voltage on the substrate, but differ for W and Ta layers. 

The latter is especially evident for coatings deposited at 

Us = –200 V.

2. At a substrate voltage of –100 V, a special 

mechanism of texture formation operates, manifest-

ing itself in the realization of an epitaxial relation 

between the layer orientations. In this case, for a 

cylindrical substrate, the strong texture (111) of the 

first Ta layer is reproduced by all subsequent three 

layers, while for a f lat substrate, a single-crystal tex-

ture (111) is formed with a texture maximum width 

of 12°—14°. 

3. The presence of a single-crystal texture (111) of the 

Ta layer corresponds to the maximum Young modulus 

and, accordingly, the interatomic bond forces normal 

to the coating plane, suggesting that multilayer coatings 

with an external Ta layer have high tribological charac-

teristics. 

Fig. 7. Residual stresses (a) and lattice periods (b) of four-layer magnetron Ta/W/Ta/W coatings as a function of voltage 

on the substrate

Рис. 7. Зависимости остаточных напряжений (а) и периодов решетки (b) четырехслойных магнетронных покрытий 

Ta/W/Ta/W от напряжения на подложке

res

Tablе 2. Young's moduli for Ta and W <uvw> directions

Таблица 2. Значения модуля Юнга для <uvw> 

направлений Ta и W

<uvw>
Е, GPa

Ta W

<110> 193.4 409.8

<100> 145.8 409.8

<211> 193.4 409.8

<310> 160.0 409.8

<111> 217.1 409.8

<321> 193.4 409.8
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4. An increase in the voltage on a flat substrate 

from 0 to –200 V leads to an increase in residual com-

pressive stresses from 0.5 to 2.7 GPa for a four-layer 

Ta/W/Ta/W coating. 

5. In the first Ta-layer of the single-crystal coating, the 

residual stresses were –3.1 GPa, while in the fourth W-lay-

er they were –2.0 GPa. This can be attributed to stress re-

laxation in the intermediate layers, as well as the fact that 

the difference in TCLE values between the first Ta layer 

and the Cu substrate is 5 times greater than the difference 

between the fourth W layer and the previous Ta layer. 
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