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The stress state of a thin tungsten ribbon and magnetron-sputtered tungsten coatings on a ferrite steel
substrate were investigated by X-ray tensometry (sin?yy method). In-plane biaxial compressive stresses
were revealed in the samples of the tungsten ribbon: ¢, = —0.40 GPa and — 0.45 GPa in the rolling direction
and oz =— 0.28 GPa and — 0.25 GPa in the direction perpendicular to the rolling direction from the front
and back sides, respectively. The magnetron-sputtered tungsten coatings have in-plane equiaxial stresses,
rotationally symmetric with respect to the surface normal (ox = oy = 0,). The stress magnitudes in the tung-
sten coatings are several times higher than those in the tungsten ribbon. The highest compressive stress
(— 3.7 GPa) was found in a tungsten coating with a nominal thickness of 250 nm, in a coating with a thick-
ness of 460 nm, the stress level was 1.5 times lower. The peculiarity of the analysis was that in the case of
the tungsten ribbon, the line (310) was used, which certainly belongs to the precision region of the diffrac-
tion angles, while in the case of the tungsten coatings, due to the overlap of (310) a-W and (220) a-Fe lines,
the lines (220) and (211) were used, which satisfy this condition to a lesser extent. The use of relatively soft
Co-radiation (compared to Cu-radiation) somewhat mitigated this discrepancy. The stress-free lattice pa-
rameter (ao), corresponding to the undeformed cross section of the strain ellipsoid, was lower in the tung-
sten ribbon and higher in the coatings than the reference value for «-W; as the coating thickness increases,
this difference increases. The reasons for these differences are discussed. Considering the broadening of
the tungsten diffraction peaks, it was found that both the small size of the crystallites and the microstrain
of the crystal lattice are the cause of this broadening in the samples of both groups, although the micro-
structure of the coatings is much more defective.
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1. INTRODUCTION

Tungsten (W), due to such properties as a high
melting point, low physical sputtering yield, and low
solubility of hydrogen isotopes, is one of the candidate
materials for plasma-facing elements of thermonuclear
reactors [1, 2]. Typically, tungsten is used for reactor
components, either in the form of coatings or bulk la-
mellas. Also in high-energy equipment, tungsten is
very often used in the form of a rolled tape or foil. It is
natural to expect that tungsten elements fabricated by
different methods (rolling, forging, sputtering, etc.) can
have different surface stress states.

Residual and formed during operation mechanical
stresses on the surface of structural elements of high-
energy systems significantly affect their service proper-
ties and, ultimately, the resource. It is known that the
initial residual stresses have a strong influence on
surface cracking, and unstressed surfaces are more
resistant to cracking [3, 4]. Numerous simulation ex-
periments have shown that the initial stress state of
the surface of tungsten-based materials can vary great-
ly under thermal and radiation loads [2-5].

In studies of the stress state of the surface of metal
materials and strain effect in them, the methods of X-
ray tensometry [3, 6-8] and tensoresistometry [9, 10]
are widely used. In crystalline materials, interplanar
spacings (drri) can serve as an in-situ strain gauge that
can be measured by X-ray diffraction. Elastic strain
and stress can be calculated using the change in d-
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spacing of the stressed sample from its stress-free state.
The accuracy of stress determination by these methods
for steels and hard alloys lies within 40-110 MPa [11].

The aim of this study was to compare the stress
state of a rolled thin tungsten ribbon and magnetron-
sputtered tungsten coatings on steel substrates, in
which the ribbon was used as a sputtered target. The
task was complicated by the fact that the X-ray diffrac-
tion patterns of the samples of tungsten coatings con-
tained, along with the lines of tungsten, the lines of the
steel substrate. Because of this, when determining the
residual stresses of thin tungsten ribbon and tungsten
coatings, different reflections (hkl) were used.

2. MATERIALS AND METHODS

An unannealed tungsten ribbon (0.2 mm thick) with
a W content of 99.95 wt. % (TU 48-19-106-91) was tak-
en as the starting material for research. For XRD ex-
amination, flat samples of 10x12 mm were cut out. The
surface of the samples was thoroughly cleaned with an
ethanol solution.

Tungsten coatings were deposited on steel sub-
strates by the method of high-frequency magnetron
sputtering. The deposition was carried out at a high
frequency discharge power of ~ 200 W at a frequency of
13.5 MHz in an argon medium. The argon pressure was
maintained within 1 Pa. As a target, a disk 80 mm in
diameter was fabricated from the tungsten ribbon. The
rotating substrate holder was used. The target-
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substrate distance was chosen in such a way as to min-
imize the effect of substrate heating during tungsten
sputtering.

The coatings were deposited without heating the
substrate. The steel substrate was preliminarily pol-
ished to a “mirror” state. The thickness of the deposited
W coating was estimated by optical interferometry
(MII-4 Linnik microinterferometer, LOMO, St. Peters-
burg, Russia) and was 460 nm and 250 nm (hereafter
“thick” and “thin” coatings).

The structural characteristics of the samples were
studied by X-ray diffraction using a DRON-4-07 in-
strument (“Burevestnik”) connected to the computer-
aided experiment control and data processing system.
DifWin-1 software package (Etalon PTC Ltd, Russia)
was used for registration of diffractograms and their
primary processing. We used CoKa radiation (relative-
ly soft compared to traditional copper radiation,
AcoKy, =0.179 nm) in order to bring the positions of
analytical lines with small Akl closer to the precision
range of diffraction angles (8= 55+70°). The profiles of
the analyzed lines were recorded with a 0.25 mm tube
slit, without Soller slits, and without sample rotation.

To evaluate the residual stresses, we applied the so-
called sin2y method: measurement of angle-dependent
lattice strains by tilting the sample along the axis per-
pendicular to the beam-detector axis (in Fig. 1, ¥is the
tilt angle). This method is based on the ratio below,
which is a consequence of Hooke's law [3, 6, 8]:

dhkl _ dhkl 1+v dhkl _ dhkl
V.0 0 i 02 L 0
— Y =——Ssmvyv-o,+——77—, (1)
dézkl E [ dgkl

where 0y is the in-plane stress associated with the
azimuthal direction ¢ (Fig. 1), E is the Young modulus
Rkl _ phiel
L 0

hkl
dO

lattice strain in the direction perpendicular to the sam-
hkl _ ghkl
ple surface (for ¥=0), %TIO =¢,,
0

and v is the Poisson ratio, =¢,=¢, 1is the

is the lattice

strain in an arbitrary direction specified by the angles
¥ and ¢, d™ is the d-spacing of the hkl plane in the

stress-free state.

By XRD measurement of the lattice spacing for a
range of available tilt angles, one can construct the
d-sin2 ¥ plot, extrapolation of which up to ¥'= 90° gives
the in-plane strain and therefore stress in the x or y
direction (ox or oy) depending on the angle ¢ (Fig. 1).

In this work, for a-W cubic lattice, assuming &L =0
on the sample surface, the values of strain (gy) and
stress (o,) associated with an arbitrary in-plane azi-
muthal direction were calculated by the formulas:

a,—-aq,
g = @

1
O-‘P:E.S‘P.E’ (3)

where a, is the tungsten lattice spacing at sin?¥'=1
(¥=90°) obtained from the extrapolation of the a-sinZ¥
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plot; ao is the value of the W lattice spacing in an un-
stressed section defined from the a-sin?¥ graph at
sin2¥ = (2v/1 + v) =0.4615; v=0.3 and E =400 GPa
are the values of a-W bulk elastic constants, taken in
the first approximation, under the assumption of me-
chanical isotropy [4, 5].

Eion) o

Fig. 1 — Schematic representation of X-ray geometry for the
sinZy method

It should be taken into account that the number of
points on the sinZy plot is limited by the condition
Ol > ¥ so that the angle of incidence of the primary
beam a = 6w — ¥ remains positive. Then, when using
lines with relatively small Akl for analysis, “softer”
(long-wavelength) radiation should be used to increase
Ohkl.

In our work, for each sample, X-ray tensometry
analysis was performed in several azimuth directions,
i.e., sequentially after turning the sample around the
axis perpendicular to the surface by 90° for the ribbon
and by 45° for coatings.

On the steel surface, which served as a substrate for
W coatings, residual stresses were not detected or were
at the level of the method error.

3. RESULTS AND DISCUSSION

Fig. 2 shows that the diffraction pattern of a thin
tungsten ribbon corresponds to the a-W (body-centered
cubic lattice) JCPDS 04-806 card. The pattern demon-
strates the presence of a pronounced cubic texture, the
crystallites principally lie in a cube plane {001} parallel
to the sheet plane.

12500 200 W JCPDS 04-808

hkl d |
10000 | 110 22380 100
200 15820 15
211 12920 23
220 11188 8
75004 310 10008 11

Intensity, a.u.

5000

110 310

RIENE

T T T T
50 75 100 125

diffraction angle (26°)

Fig. 2 — X-ray diffraction pattern of a thin tungsten ribbon
demonstrating a strong texture
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As revealed, the texture intensity is almost the
same on the front and back sides of the tungsten rib-
bon. For the tungsten ribbon, the (310) line was used in
further analysis to get the tungsten lattice spacing in
the range of tilt angle ¥, and then to evaluate the
magnitude and direction of stresses. Note that the
(310) line is located in the high-precision diffraction
region for cobalt radiation (610 = 63°).

X-ray diffraction patterns of two samples of steel
with W coatings of different thicknesses and uncoated
steel are shown in Fig. 3. As can be seen, the phase
composition of the steel corresponds to a-Fe (ferrite,
body-centered cubic lattice, JCPDS 06-698), and the W
coating corresponds to the JCPDS 04-806 card. In the
diffraction patterns of W coatings, the distribution of
intensity over reflections indicates the presence of a
texture in which crystallographic planes of the {hhO}
type are predominantly located parallel to the surface.
It is assumed that the observed texture is an axial-type
texture (fiber texture), which is typical of polycrystalline
thin films and coatings created by physical vapor depo-
sition [6, 10]. The (310) tungsten line overlaps with the
(220) iron line, which makes it impossible to analyze
macrostresses in coatings using this line. The (220)
(G20 =52.6°) and (211) (k11 =43.5°) tungsten lines
remain suitable for analysis, although they can be
attributed to a lesser extent than the (310) line to the
precision region of diffraction angles. In addition, in the
case of a “thin” coating, the analysis of macrostresses
using the (220) line is fraught with serious inaccuracy
due to its low intensity. In view of these circumstances,
only the (211) line, approached to high-precision region,
was used to analyze the macrostresses in both coatings,
and the (220) line was additionally used for a “thick”
coating. This provided an opportunity to compare the
stress magnitude calculated for the same coating using
different lines.

TFe —
110 u-Fe JOPDS 06-696 |
| W JCPDS 04-806 ‘

uJ\covered steel

——»_aFe + W (250 nm)

w w /
310
a-Fe + W (460 nm)

Fig. 3 — X-ray diffraction patterns of an uncoated steel sub-
strate and the same steel with tungsten coatings 250 nm and
460 nm thick

Residual stresses in the tungsten ribbon were de-
termined in two directions: in the sheet rolling direc-
tion and in the perpendicular direction. In the first
case, when examining, the sample was located with the
rolling direction parallel to the beam-detector axis, in
the second case, with the rolling direction perpendicu-
lar to the beam-detector axis. In-plane compressive
strains, which in turn imply in-plane compressive
stresses, were found in both directions, but they are
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appreciably higher for the sheet rolling direction
(Fig. 4, Table 1). As can be seen, despite the fact that
compressive stresses act during rolling on the entire
surface of the tungsten sheet, however, in the sheet
rolling direction, the material acquires slightly higher
residual stresses than in the direction perpendicular to
the rolling direction.

Table 1 — Experimental data processing results for the rolled
thin tungsten ribbon

Charac- Front |Frontside,] Back |Back side,
teriza- side, perpen- side, perpen-
tion of sheet dicular to sheet |dicular to

the spec-| rolling |[the rolling| rolling [the rolling
imen direction | direction |direction | direction
XRD line 310 310 310 310

al,nm | 0.31651 0.31649 | 0.31653 | 0.31652
ao,nm | 0.31632 0.31636 | 0.31632 | 0.31640
a, nm | 0.31610 | 0.31620 | 0.31607 | 0.31626
£,°108 —-0.70 —0.50 -0.79 —0.45

0y MPa | —401.0 —283.6 —449.8 | —254.6

03166 VWribbon, backside
perpendicular to the rolling direction:
031851 4,=0.31640 nm
a,=0.31626 nm
0,3164 1
E v
S 031834 sheet rolling direction:
4,=0.31632 nm
_ A
03162 a,=0.31607 nm
0,3161 ‘ ‘ ‘ T
0.0 0.2 0.4 06
siny

Fig. 4 — a-sin?y plots and associated linear regressions for the
sample of the tungsten ribbon; up-vertex triangles correspond
to the sheet rolling direction, down-vertex triangles correspond
to the direction perpendicular to the rolling direction

The front and back sides of the tungsten ribbon
were analyzed in the same way, and the results re-
vealed that the macrostress state on both sides of the
sheet is identical (Table 1).

The stress-free lattice parameter ao for both sides
and both directions of the rolled thin tungsten ribbon is
determined to be smaller than the bulk reference pa-
rameter (0.31632+0.31640 nm vs 0.31652 nm), indicat-
ing lattice contraction. The most probable reason is the
presence of a solid solution of vacancies that enter the
volume during severe plastic deformation at the rolling.
It is characteristic that the smallest values of ao corre-
spond to the highest values of macrostrains and
macrostresses for the sheet rolling direction, while for
the direction perpendicular to the rolling direction, on
the contrary, the obtained values of ao are somewhat
larger at lower macrostrains.

In the magnetron-sputtered tungsten coatings, sig-
nificant compressive macrostresses were revealed (see
Fig. 5, Table 2), which are several times higher than
those on the surface of the thin tungsten ribbon. As
expected, the magnetron-sputtered tungsten coatings
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have in-plane equiaxial stresses, rotationally symmetric
with respect to the surface normal (ox = 0y = o).

In contrast to the rolled tungsten ribbon, for the
sputtered tungsten coatings, all calculated stress-free
lattice parameters are larger than the bulk reference
parameter (0.31668+0.31746 nm vs 0.31652 nm), indi-
cating lattice expansion.

B W 460 nm on steel; 220 line: 4,=0.31746 nm

l\ A W 460 nm on steel; 211 line: 4,=0.31728 nm
0,3185 ¥ W 250 nm on steel; 211 line: 4,=0.31668 nm
0,3180 -
A
€
[=
g
0,3175- y
A
0,3170
v
0,3165
T T T
00 02 04
sin’y

Fig. 5 — a-sin?2 ¥ plots and associated linear regressions for
the samples of magnetron sputtered tungsten coatings; note
that in the case of copper radiation, it will not be possible to
obtain the point sin2¥'= 0.4 on the a211-sin? ¥ graph, because in
this case 611 < Panda <0

Table 2 — Experimental data processing results for the
magnetron sputtered tungsten coatings

Thickness of 460 nm 250 nm
the coatings
XRD line 220 211 211
al, nm 0.31864 0.31836 0.31844
ao, nm 0.31746 0.31728 0.31668
Qp DM 0.31608 0.31602 0.31462
£,7103 —4.35 —-3.97 —-6.51
g, MPa — 2485.7 —2271.0 - 3717.0

Moreover, for a “thick” coating, this difference is
greater than for a “thin” one, while macrostresses are
much greater for a “thin” coating than for a “thick” one.
This can be explained by the fact that high-energy
tungsten atoms and working gas ions are introduced
into interstitial positions during coating deposition,
and these insertions into the lattice increase with in-
creasing coating thickness (time of magnetron sputter-
ing). This increase in the number of interstitial com-
plexes is consistent with a slight increase in the lattice
parameter.

It should be noted a slight difference in the values
of macrostresses (< 10 %), determined using the lines
(211) and (220) in the “thick” coating, which can be
explained by the influence of experimental factors:
analysis using the (211) line is associated with larger
errors. At the same time, the macrostresses determined
using the (211) line for two coating samples of different
thicknesses differ to a much greater extent (> 50 %),
which indicates the qualitative significance of this
difference.

J. NANO- ELECTRON. PHYS. 14, 01026 (2022)

From the analysis of the physical broadening of the
diffraction peaks of tungsten, it follows that both the
small size of crystallites and the microstrain of the
crystal lattice are the cause of this broadening in the
samples of both groups. This is confirmed by the fact
that for all samples the physical broadening of the lines
(110) and (220), /1 and f, respectively, satisfies the
condition: cos@/cosé < Sl fi1 < tgitgl [9]. It is charac-
teristic that the peaks of W coatings are broader than
those of the tungsten ribbon, and with increasing 6 the
physical broadening grows faster. This indicates that
the coatings have large microstresses and smaller crys-
tallite sizes, i.e., their microstructure is more defective
than that of the tungsten ribbon.

Based on the presented results, we suggest that the
magnetron-sputtered tungsten coatings are a good
model for investigating the effect of residual stresses on
hydrogen permeation into tungsten. By creating tung-
sten coatings of different thicknesses and having dif-
ferent stress states, one can establish some critical
aspects of hydrogen permeability of mechanically load-
ed tungsten-based elements and constructions, which is
of great importance for fusion power engineering. In
this case, X-ray tensometry methods should be com-
bined with gas permeation experimental techniques
[11]. The attractiveness of this approach is that magne-
tron-sputtered coatings can be deposited on a great
variety of substrates (metals, ceramics or even biopol-
ymers [12-14]). This provides an opportunity to create
stress states in the coatings without applying real me-
chanical loading.

4. CONCLUSIONS

In this work, using X-ray tensometry, a significant
difference in the magnitude of residual stresses on the
surface of a rolled tungsten ribbon and magnetron-
sputtered thin tungsten coatings on ferritic steel was
shown. The compressive stresses of the tungsten ribbon
in the rolling direction and in the perpendicular direc-
tion have significant differences, i.e., during rolling, the
material acquires slightly greater residual stresses
precisely in the rolling direction than in the perpendic-
ular one. In the tungsten coatings on a steel substrate,
equiaxial compressive stresses, axisymmetric with
respect to the surface normal, were found, the absolute
values of which are several times higher than those in
the rolled tungsten ribbon. With an increase in the
coating thickness from 250 to 460 nm, the level of
macrostresses decreased by about 1.5 times. It has
been suggested that tungsten coatings can serve as a
model for studying the dependence of hydrogen perme-
ability on the surface stress state, which is important
for assessing the reliability of mechanically loaded
elements and structures based on tungsten for fusion
power engineering.
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IopieusaabpHMIl peHTreH-qTudpPaKIifHuil aHaIi3 HANPYKEHOro CTAaHy BOJIB()PaMOBOI TOHKOT
CTPIiYKHM Ta MAarHETPOHHO HANUJIEHUX BOJIL(PPAMOBUX MOKPUTTIB

C.M. Jauumnsuenro, O.B. Kouenro, O.M. Kamukesud, O.10. Kapnenro, B.A. Barypin
Incmumym npuxnaonoi gisuku HAHY, eyn. Ilemponasniscvka, 58, 40000 Cymu, Yrpaina

Meromom peHTTeHIBCHKOI TeH30MeTpil (Siny MeTo) JOC/IKEHO HATIPYYKEHWH CTaH IIPOKATAHOI BOJIb]-
PaMOBOI CTPIYKM Ta IOKPUTTIB BOJIb(ppaMy, MATHETPOHHO HANMJIEHUX Ha IAKIaAL] 3 peputHoi crami. Y Bo-
Jb(paMoBiil cTpIUIll BUSBJIEH] ILIOMIWHHI JBOBICHI cTrckaioul HampyxeHus oy = — 0,40 ['Tla 1 — 0,45 I'Tla y
HaIPAMKY mpokatku Ta ox = — 0,28 ['Tla 1 — 0,25 I'lla y HampsaMry, mepreHIuKyJITPHOMY HAIPSIMEY IIPOKAT-
KM 3 JIUITHOBOI Ta 3BOPOTHOI CTOPOHU, BITIOBITHO. ¥ TIOKPUTTAX BOJIbpaMy HA CTAJIEBIH IIKJIAIITl BUABICH]
IJTONTUHHI PIBHOBICHI CTHCKAIOYl HANIPY:KeHHS, 0CECHMETPHUYHI BITHOCHO HOPMAJIL 10 IOBepXHI (0x = 0y = 0y).
Besmunan Hanpys:keHp y BoJbQPaMOBUX IOKPUTTSX y KIJIbKA pasiB BUII, HIK y BOJb(PaMOBIH CTPIdILl.
Haii6isbie manpyskenus crucHenss (— 3,7 ['Tla) BusBiieHO y BosIbGpPaMOBOMY TIOKPUTTI HOMIHAJIBHOKI TOB-
mpHoo 250 HM, y MOKpUTTI TOBIMHOW 460 HM piBeHb Hanpy:keHb y 1,5 pasu Husxuwmit. OcobuBicTIO IpOBe-
JIEHOT0 aHaJIi3y OyJIO Te, IO y BUIAKY BOJIHMPAMOBOI CTPIYKKM BUKOpHUCTOBYBasacs jauisa (310), sxa 6e3ymo-
BHO HAJIEKUTH JI0 TIPEITU3IMHOI 00/1aCTl KYTIB JuQPAKILiI, TOIl K Y BUIIAIKY BOJIH(MPAMOBUX OKPHUTTIB Yepe3
nepexpurts (310) miuii W Ta mixii (220) o-Fe migkmaanku, Bukopucraso JiHil (220) ta (211), sikl 3a0BOJIBHS-
IOTH Il YMOBI MEHIIIOI0 Mipoo. 3acTocyBaHHs BimHOCHO M'stkoro Co-BumpominioBauHs (y mopiBusHHL 3 Cu-
BUIIPOMIHIOBAHHSIM) JIEI0 OM'SKIITIJIO 110 HEeBLIIOBimHICTE. [lapamerp rpaTku, 1o BiamoBigae memedopmo-
BaHOMY II€PETHHY eJiircoina gedopmariii (Qo), y BOIBGPAMOBIH CTPIUIll OYB HUKINUM, & ¥ MTOKPUATTIX — BAIIAM
HIK JIOBIJKOBE 3HAYEHHS 1A -W; 31 30LIIBIIIEHHAM TOBITUHU ITOKPUTTS 11T BIAMIHHICTE 30LIbITyeThess. [Tpu-
YMHU IAX PO30LKHOCTEH 00roBOpeHo. 3 po3rJIsaly PO3IIUPEHHS JUQPPAKIIHHAX MKIB BOJIbMPaMy BCTAHOBJIE-
HO, 10 SIK MaJIl PO3MIPH KPHUCTAJIITIB, TAK 1 MiKpoaedopMaliii KpUCTAIIYHOI IPATKY € IIPUINHO0 ITHOTO PO3-
IIUPEHHs B 3pa3kax 000X IPYII, X04a MIKPOCTPYKTYpPa IIOKPUTTIB 3HAYHO JedeKTHIIIA.

Kmouori ciosa: Penrrenisebka mudpaxitis, Bosnbsdpam, Crams, [lokpurrs;, PenrreniBecbka TeH30MeTpis,
Maxponarnpy:xenus, [Tapamerp perritiu, Posmupenss miHii.
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