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Abstract

The scope of this work is to propose a methodology allowing the determination of the
single-crystal elasticity constants of a phase included in a multiphase thin film taking into
account its microstructure (crystallographic and morphological texture, porosity and
multiphase aspect). The methodology is based on the use of a macro-mechanical test, the
impulse excitation technique, a micro-mechanical test, X-ray diffraction and the Kroner-
Eshelby scale transition model. As a supporting example, it was applied to determine the
single-crystal elasticity constants of the Wy tungsten metastable phase embedded in a two
phases (o+f) tungsten thin film deposited on a steel substrate by DC magnetron sputtering.
The effects of the grain-shape, the crystallographic texture, the porosity and the Wp volume
fraction on the macroscopic elasticity constants were studied. Among all these effects, it was
found that the effect of the Wy volume fraction was the most pronounced. The effects of the
crystallographic and morphological texture on the microscopic elastic behavior of the film
were evaluated. No dominance of the crystallographic or morphological texture effect was
observed and their contributions depend on the crystallographic plane and the measurement

direction.

Keywords: coating, elastic properties, microstructure, micromechanical modeling, X-ray

diffraction.

1. Introduction
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The prediction of the elastic behavior of coated components requires a perfect knowledge
of the elasticity constants of the coating which depends on its microstructural properties.
Generally, thin films are multiphase, textured, porous and present grains with columnar
morphology. Thus, knowing only their macroscopic elasticity constants is not sufficient to
describe their elastic response. We can cite as example the problem of the determination of
the residual stresses issued from the process which requires the knowledge of the single-
crystal elasticity constants (SCECs) of the different phases (X-ray Elasticity Constants or

Diffraction Stress Factors [1]).

The SCECs can be determined experimentally, directly on single crystal specimens [2-5]
or indirectly on macroscopic scale polycrystalline specimens. The second one can use either
measurements of the microscopic strain response by diffraction under an applied loading [6-
14] or measurements by means of resonant ultrasound spectroscopy (RUS) combined with
electromagnetic acoustic resonance (EMAR) and the crystallographic orientations [15-18].
These two approaches combine experimental measurements with theoretical models as micro-

mechanical models or finite element models.

In this work, we focus on X-ray diffraction of a composite (film+substrate) sample under
applied loading. As a selective method, diffraction allows to probe the microscopic elastic
response of a phase within a multiphase film. Using X-ray diffraction, SCECs can be
determined from the macroscopic stiffness and the X-ray elasticity constants of the analyzed
polycrystal [19]. This procedure is straightforward to use for macroscopically isotropic
materials. It was initially introduced by Hauk and Kockelmann [19] for single-phase
polycrystals. Then, it was used by different authors to extract the SCECs of single-phase
materials with different crystal structures [8, 9, 11, 12, 20]. The main drawback of this
method is that the material must follow reasonably the assumptions of sin?V method, i.e. the
material is macroscopically isotropic. Later on, this methodology was extended to two-phases
polycrystals by Fréour et al [6] and used to determine the SCECs of the metastable titanium f3

phase embedded in a two-phases (o+f) titanium polycrystal.

In the presence of texture, the use of the X-ray elasticity constants dependent only on the
{hkl} reflections is no longer possible to relate the macroscopic and the microscopic stress
states. However the general X-ray stress factors (also called Diffraction Stress Factors or
Generalized Diffraction Elasticity Constants) computed from the Orientation Distribution

Function (ODF) is needed. The crystallite group method can also be used [1, 21, 22].



Recently, Faurie et al [7, 23] have determined the SCECs of a {111} fiber textured
single-phase gold film. In their first work, Faurie et al [7] have performed strain
measurements using X-ray diffraction measurements by means of a four-circle goniometer on
the H10 beam line at the French synchrotron radiation facility LURE (Orsay) under imposed
in situ tensile loading. Finally, in order to determine the SCECs of the monophasic gold film,
they have fitted the experimental data using a least-squares process to a Neerfeld-Hill
analytical expression (micro-mechanical model) derived in a previous work [24]. To relate the
macro and the micro scales, thanks to the sharp texture of the film, the authors have used the
crystallite group method, which leads to simple mathematical expressions. More recently,
they have determined the SCECs of a {111} fiber textured single-phase gold film also by
using X-ray diffraction under imposed tensile loading. However, in order to extract the
SCECs of the thin film, the micro-mechanical self-consistent model was used to fit the
experimental data using a least-squares process [23]. As in the previous work they have used
the crystallite group method in the micro-mechanical modeling. However, to our knowledge
no previous research have treated a multiphase thin film and taken into account the porosity,

the crystallographic texture, the morphological texture and the multiphase aspect.

The goal of this work is to propose a methodology to extract the SCECs of a phase
included in a multiphase thin film taking into account its microstructural properties (presence
of different phases, presence of porosity, crystallographic texture and morphological texture).
The basic idea of the methodology developed in this work is to use a macro-mechanical test,
the impulse excitation technique (IET), which allows to measure some components of the
anisotropic macroscopic elasticity constants and a micro-mechanical test sensitive to
crystalline anisotropy, X-ray diffraction under imposed loading, which allows to measure the
lattice strains of the probed phase. Finally, the macroscopic and microscopic experimental
data will be fitted using the micro-mechanical self-consistent model in order to extract the

SCECs. A schematic presentation of the methodology is presented in Fig. 1.

In the present paper, a two-phase tungsten film (W.+Wp) was deposited by DC
magnetron sputtering and the cubic A15 (Pm-3n) metastable W SCECs were determined for
the first time using the developed methodology. The microstructure of the deposited film was
analyzed using X-ray diffraction and scanning electron microscope. The crystallographic
texture, the morphological texture, the porosity and the multiphase aspect were taken into

account in the mechanical modeling. The effects of the crystallographic texture, the porosity,



the Wp volume fraction and the morphological texture on the macroscopic and the

microscopic elastic behavior of the film were studied.
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Fig. 1. Schematic representation of the methodology used in the determination of the single-
crystal elasticity constants.

2. Theoretical background

2.1.  Single-crystal elasticity constants determination

Depending on the crystal structure of a phase, its single-crystal elasticity tensor can be
described using a number of independent constants. For example, the single-crystal elasticity
tensor of a cubic phase can be described using three independent constants (ci1, Ci12, C44). TO
determine these constants through an inverse procedure, at least as many independent

experimental quantities are required.

In our case, two macroscopic elasticity constants (Ex and Gy;) are determined using IET
and expressed using the Kroner-Eshelby (KE) self-consistent micro-mechanical model as a
function of single-crystal stiffness tensor. Then, the microscopic elastic response of several
{hkl} planes under imposed loading is probed using X-ray diffraction (XRD) and also
expressed using the KE model. Finally, the SCECs will be calculated by minimizing an



objective function defined as the difference between the experimental and the calculated

quantities.

Micromechanical models used for elasticity can be classified on two groups, interaction
models in which the grain shape is not defined and interaction models where grain shape is
defined through a 4™ rank tensor or through assumptions on the mechanical state of a film. As
examples of the first group are Voigt, Reuss and the Hill models. This type of models is not
really adapted for thin films which generally present a grain shape texture (needle-like grains)
[25]. However, as examples of direction-dependent grain-interaction models are the Kroner-
Eshelby model, the Vook-Witt and the inverse Vook-Witt models. It was demonstrated by
Welzel et al [26, 27] that similarities between the Vook-Witt and the Kroner-Eshelby models
occur for a polycrystal with extreme flat disc-shaped grains. Such similarities between the
inverse Vook-Witt and the Kroner-Eshelby models occur also but much less in the case of
extreme needle-like grains. Hence, the Kroner-Eshelby model will be used in this work.
Furthermore, the Kroner-Eshelby model will allows the quantification of the grains shape
effect on the macroscopic elasticity constants and on the elastic behavior of the diffracting

volume.

2.2.  Micro-mechanical Kroner-Eshelby self-consistent model

The KE model [28, 29] is one of the most commonly used multiscale transition model to
describe the elasticity of materials. It relates the macroscopic mechanical state, denoted by o
and €, with the microscopic mechanical state, denoted by ¢}, and €}, using a polarization

tensor.

gh = (I+uh):e=Al:¢ 1

o, =(1+th):6 =Bl:o 2

th) and ul, are 4™ rank tensors called polarization tensors. Subscript Q corresponds to the
orientation of the crystallite and superscript i corresponds to the considered phase. In this
study, the macroscopic scale corresponds to the thin film and the microscopic scale
corresponds to the crystallites. Al, and B are 4™ rank tensors called respectively the strain
localization tensor and the stress concentration tensor. I is the 4™ rank identity tensor. The use
of this model implies that the stress/strain field is considered homogeneous in a representative

volume element (RVE) of the film, and also homogeneous in a crystallite. This latter has been



demonstrated by Eshelby in the case of linear elasticity for an ellipsoidal heterogeneity

embedded in an infinite matrix [29].

Assuming that crystallites can be represented by ellipsoids, the strain localization tensor

I, can be expressed by Eq. 3:

L =[P©):(ch,—C)+1]"

P(C) is a non-symmetric fourth order tensor, called Morris tensor [30] expressed by Eq.

4. It depends on the morphology of the inclusion and the rigidity tensor of the polycrystal.

1 T 2T 4
Pik]'l = E_[O sin O dejo Yik]'l d(I)
With:

1 5

Yikjt = Kij~ (O)8k&1
Kip(®) = Cijpi&;&i 6
sin 0 cos ¢ sin O sin ¢ cos© 7

1= EZ = 3=

ai ) ds

0 <0 <met0 < ¢ < 2m are spherical coordinates that define the direction of the vector
¢ with respect to the principal axes of the ellipsoid, of length 2a;, 2a> and 2a3 [31]. The

morphological texture can be described using the ratios introduced in Eq. 7.

Eq. 1 can be rewritten as following:

gh = [P(C): (ch — ©) +1] e = [P(CQ): (ch — €) +1] :C 1o

The elastic behavior of the polycrystal and of a crystallite are expressed by Egs. 9 and 10:
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The average elastic behavior of a two-phase (a+f) polycrystal is expressed by Egs. 11
and 12:

6 = Ve(6&) gea + V(00 ) aep 11

12
£ = Voleddace + Vp(€R)aep
( )aei corresponds to the average of the quantity on all the orientations of phase i. Vi is

the volume fraction of phase i.

By substituting Eqgs. 8 and 12 in Eq. 9, we find:

0 = |Valed: [P: (¢ = €) + 1] )geq + Vg (ch: [P (ch - €) + 1]_1>QEB] ‘£ 13

Through identification with Eq. 9, the macroscopic rigidity tensor of the two-phase

polycrystal is expressed by Eq. 14:

€ = | Vel [P: (€& — ©) + 1™ )geq + Vg {ehi [P: (e — €) + 1]_1>QEB] 14

This equation gives the macroscopic elasticity constants of the film Ex and Gy, as a
function of the single-crystal elasticity constants. The tensor P is known from the shape of the
crystallites and the volume fractions are calculated from X-ray diffraction patterns. It can be
noted here that tensor C is anisotropic due to the shape of the inclusions and to the averaging

on the orientations Q describing the crystallographic texture of the film.

The strain of a crystallite belonging to phase i is expressed by Eq. 8. Using X-ray
diffraction, a diffracting volume (DV) is analyzed. The strain measured by X-ray diffraction is
the average of all strains of crystallites belonging to the diffracting volume (Fig. 2). Thus, the
strain measured by X-ray diffraction is also expressed using the KE model by Eq. 15:

. {hki},
{hKl}; sin 9, - 5 15
€pw = In| —r | = 0. (€n)aepy.

sin ew !

With Oghkl}i and Oglllfl}i are respectively the position of the diffraction peaks of a non-

stressed and of a stressed material.



By substituting Eq. 8 in Eq. 15, we obtain the strain measured by X-ray diffraction:

e = 5 [([P: (ch — €) +1] Dacoy:C 0] .0 to
With h, k, 1 the Miller indices, ¢ the azimuth angle, ¥ the tilt angle and 1 the scattering
vector defining the measurement direction (Eq. 17, Fig. 3). More details about the geometry
of X-ray stress analysis can be found in the literature [32]. Eq. 16 gives the additional
equations of Fig. 1: 0 tensor is a known applied stress and, as before, P and C tensors are
known. For each selected (¢, ) couple and diffraction peak {hkl} of the investigated phase,

an additional equation is obtained.

R cos ¢ sin ¥ 17
=1 sin¢dpsin¥
cos¥
&g : Kroner-Eshelby model €XRD: X-ray diffraction
{hk}g _ [ B
g6 = [P: (cg - C) +17: o ow T <89>n €DV
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Fig. 2. The strain predicted by the KE model and the strain measured by X-ray diffraction.



Fig. 3. Definition of the tilt and azimuth angles (¥ and ¢) and the scattering vector 7 in the
chi acquisition mode. Incident and diffracted beam are represented by blue arrows.

The SCECs of the studied phase are extracted by fitting Eqs. 14 and 16 to the
macroscopic experimental quantity (measured by impulse excitation technique) and to the

microscopic experimental quantity (measured by X-ray diffraction under imposed loading).
3. Experimental details

The methodology presented above will be applied in order to determine the SCECs of the
W; phase included in a two-phase tungsten thin film. This choice allows to propose a first set
of values of the Wg SCECs which are not found in the literature. Then a second sample, with
a different crystallographic texture was used to check the consistency of the approach by
predicting the macroscopic values from the single-crystal values obtained from the first

sample.

3.1.  Deposition procedure

Two tungsten thin films were deposited by DC magnetron sputtering at ambient
temperature. One (called sample A) will be used to determine the SCECs of the Wg phase and

the other one (called specimen B) will be used for the validation.

For sample A, tungsten thin films (2.1 pm) were deposited on silicon wafers, glass and

steel substrates by sputtering a tungsten target of 99.95% purity rectangular target (200*100*6



mm?) using a Plassys-MP450 reactor. For specimen B, tungsten films (2.9um) were deposited
on glass substrates by DC magnetron sputtering of 99.95% purity circular target (10 cm radius
and 6 mm thickness) using an ALCATEL SCM600 reactor. The elaboration parameters are
presented in Table 1.

The substrates were ultrasonically cleaned with acetone and ethanol for 10 min. Before
sputtering, the deposition chamber was pumped down to 4x10™* Pa and the substrates were
sputter-cleaned using Ar* plasma for 10 min. The glass and steel substrates were respectively
used for the macroscopic elastic characterization by IET and for the X-ray diffraction
experiments. The silicon wafers were used for the observation of film morphology by

Scanning Electron Microscopy.

Table 1. Deposition parameters.

Sample A Sample B
Rotation speed of the ; .
substrate holder (rpm)
Substrates-target distance
(em) 8 14
Target discharge current (A) 1 1
Ar flow rate (sccm) 20 15
Deposition pressure (Pa) 0.3 0.3
Time (h) 4 5
Film thickness (um) 2.1 2.9

3.2. Macroscopic elasticity measurements

The macroscopic elasticity constants (Ex and Gy;) of the deposited tungsten film was

measured using IET following the same procedure explained in our previous works [33, 34].

3.3.  Microstructure

The grain morphology of the deposited film was analyzed using a Hitachi S3500N SEM-
FEG.

The film crystalline structure and texture were investigated by X-ray diffraction using

a Bruker D8 Advance diffractometer equipped with a CuK, (A=0.15418 nm) tube radiation

10



operated at 40 kV and 40 mA. The tube was used with point focus mode and the incident

beam was shaped by a 1 mm collimator.

Pole figures were acquired as follows: the azimuth angle ¢ was varied between 0° and
360° and the tilt angle ¢ was varied between 0° and 60°. The diffractometric angle 260 was
varied between 0° and 150°. The step measurement on the sampling angles was defined using
the equal area projection method introduced by Matthies and Wenk [31, 35]. A resolution of

10° was defined on the sampling angles.

3.4. Strain measurement

In order to analyze the microscopic elastic response of the Wy phase presented by Eq. 16,
a biaxial stress state was applied to the film using a polymer template made by 3D printing.
The templates have known curvature radii R (Fig. 4). Knowing the curvature radius on the
longitudinal direction (x) and supposing a null curvature radius on the transverse direction (y)
and a planar stress state (6,,=0), the stress and strain tensors applied to the film are expressed

by:

h \ hE
— 0 0
2R —_— 0 0
e=|0 o 0 o = 2R(1 —v?) 18
—v 0 Voyxy O
0 O E (Gxx + ny) 0 0 0

Fig. 4. The bending template.

In order to take into account the initial residual stress state of the deposited tungsten film,
the variation of strains between an initial and a loaded states (Eq. 19) was considered. The

lowest loaded state (R=330 mm) was taken as the initial state. The loading was assumed

11



purely elastic and thus the initial residual stress did not change during the experiment. With

this approach, the stress-free lattice parameters are not necessary.

A BKLOW)i

__(hKLpW)i (hkl,oW)i 19
meas 8R -

- R=330mm

With Asfﬂé‘;f ) i5 a function of the SCECs to be extracted. Five bending templates with

different curvature radii (330mm, 150mm, 120mm, 100mm and 80mm) were used.
4. Experimental data

4.1.  Morphology

Fig. 5 shows a fractured cross sectional SEM image of the deposited tungsten film. It can
be clearly seen that the film exhibits a columnar growth. This can be due to the deposition
pressure and to the absence of bias. The columnar morphology leads to a low density of the
film compared to the bulk material. The film porosity fraction was determined from densities
using Eq. 20. The film density was calculated using its dimensions and mass. The density of
the bulk tungsten used in the calculation is p=19 250 kg/m?®. The obtained value for the

porosity fraction of sample A is Vp=1.7%.

As we can see from Fig. 5, the film is made up of needle-like grains (morphological
texture) which is susceptible to induce an elastic anisotropy even in the absence of
crystallographic texture [25, 36]. The morphological texture was taken into account in the
mechanical modeling. The columnar shape of the grains was introduced in the KE simulation
using the ratios (Morris tensor) presented in Eq. 7. The grains were considered as ellipsoidal
inclusions with a radius in the direction perpendicular to the film surface six times larger than

the radii in the two other directions (Fig. 6).

12



Fig. 5. Cross section SEM image of the tungsten film.
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Fig. 6. Ellipsoidal grain (needle-like grain).
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4.2.  Structure

The identification of the tungsten film phases was performed on the sum of the
diffraction patterns collected using the experimental procedure introduced in §3.3. Fig. 7
shows the sum of all the patterns for all the azimuth/tilt angles used. This diffraction pattern
reveals the presence of two phases: a stable cubic body centered (Im-3m) W, phase and a
metastable cubic (A15, Pm-3n) W phase. The presence of the metastable W phase in

tungsten films deposited by magnetron sputtering has been reported in many previous works

13



[34, 37-41]. Its presence may be due to the out-equilibrium character of magnetron sputtering
technique. The structure of these two phases can be obtained in the Crystallography Open

Database (COD: http://www.crystallography.net) as entries 9006486 (0 phase) and 9008583
(B phase).
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Fig. 7. Sum of the diffraction patterns of sample A.
4.3.  Volume fractions of the W, and Wg phases

The volume fractions of the two phases were calculated using MAUD software (Material
Analysis Using Diffraction) [42] by simulating the experimental pattern of Fig. 7 through the
Rietveld method [43]. The texture of the film was taken into account in the simulation using
the standard functions in the MAUD software. The volume fractions deduced from the

simulation are: V=74.4% and V3=25.6%.

4.4. Texture

Figs. 8,9, 10 and 11 show the experimental and recalculated pole figures of the W, and
W; phases drawn with the DIFFRAC.TEXTURE software. The recalculated poles figures

were calculated using the Harmonic method.

The {110}4, {200}, and {211}, experimental and recalculated pole figures (Figs. 8 and 9)

show that the W, phase exhibits a texture with a {110} axis perpendicular to the film surface

14



and a (110) orientation parallel to the longitudinal direction of the sample with an offset of
5°. This type of texture is often called Rotated Goss texture. We can notice that the measured
intensities spread by about 10° in tilt and 40° in azimuth around the ideal Rotated Goss
component. The {200}p, {211}p and {222} experimental and recalculated pole figures (Figs.
10 and 11) show that the W phase exhibits a texture with a {100} axis perpendicular to the
film surface and a (010) orientation parallel to the longitudinal direction of the sample with
also an offset of 5°. This type of texture can be described as a cube texture rotated by 45°. The
intensity spread around the ideal component is about the same than in the case of the W,
phase, in the tilt and azimuth directions. This angular spread of the texture is usual in
magnetron sputtering and can be due to the angle between the normal to the substrate surface

and the coating vapour flux [44].

The relation between the sample system and the crystal system is described through a
transformation matrix using the Euler angles according to the Bunge convention [45]. The

orientation of each crystallite in Egs. 1 to 16 is defined as Q = (¢1, D, ¢2).

In the mechanical modeling, the angular spread of the texture around the ideal Goss/Cube
components is neglected. This allows to describe the texture of each phase using a single
orientation (Crystallite Group Method). The Euler angles according to the Bunge convention
used to describe the W, and Wy textures are respectively: @1, = 0°, &, = 90°, @,, = 40°
and @, = 90°, Pg = 95°, g = 90°.

40.0 ° 17.6 58.2° 1.72 72.7° 4.63
2Theta Norm 2Theta Norm 2Theta Norm
L [e51) ' M (200) ' M)

Min Max Min Max Min Max

0.1 5.51 0.07 8.45 0.26 2.45
Fig. 8. {110}, {200}, and {211}, experimental pole figures of the W, phase. The pole

figures are represented in stereographic projection.
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(110) (200) (211)

Min Max Min Max Min Max

-0.19 46 -0.68 10.0 -0.07 2.39
Fig. 9. {110}q, {200}, and {211}, recalculated pole figures of the W, phase. The pole figures

are represented in stereographic projections.

353° 1.16 439°¢ 289 634°  0.59

2Theta Norm 2Theta . - — Norm 2Theta ' T 0 ™~ Norm
1 (200) 1 L [e3tY) / . (222) L]

Min . Max  Min / | T\ Max  Min VA e SRR g Max

0.14 15.65 0.06 il 6.27 0.24 ~ L1 6.62
Fig. 10. {200}p, {211}p and {222} experimental pole figures of the Wy phase. The pole
figures are represented in stereographic projection.

(211)

(200) (222)

Min Max Min Max Min Max

-0.24 593 -1.66 521 -1.36 15.13

Fig. 11. {200}, {211}p and {222}p recalculated pole figures of the Wp phase. The pole
figures are represented in stereographic projections.

4.5.  The macroscopic elasticity constants of the film (E. and Gy;)

The torsional and flexural resonance frequencies of the glass substrates before and after

deposition are given in Table 2. Table 3 presents the macroscopic elasticity constants of the

16



tungsten thin films deposited on the glass substrates and their uncertainties. The elasticity
constants and their uncertainties were calculated using the methodology presented in our
previous works [33, 34]. The masses and dimensions of the substrates and the films are

presented in Table 4.

Table 2. Resonance frequencies of glass substrates before and after deposition of the tungsten

films.
Flexural resonance frequency (Hz) Torsional resonance frequency (Hz)
Sample
Before deposition | After deposition | Before deposition | After deposition
A 973.1 979.15 1801.6 1910.61
B 957.8 963.96 1772.98 1781.86

Table 3. Macroscopic elasticity constants of the deposited tungsten films. u(x) represents the

standard uncertainty calculated according to the GUM standard [46].

Sample Ex (GPa) Gy, (GPa) u(Ex) (GPa) u(Gy,) (GPa)
A 329.6 123.7 4.9 1.6
B 328.6 121.8 5.1 1.5
Table 4. Masses and dimensions of the substrates and the films.
Length (mm) Width (mm) Thickness (mm) Mass (g)
Substrate of
75.31 25.384 1.01 4.756
sample A
Substrate of
75.316 25.392 0.9937 4.681
sample B
Film of sample
A 75.31 25.384 0.0021 0.076
Film of sample 75.316 25.392 0.0029 0.0775
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4.6. X-ray data

X-ray strain measurements were performed on two different plane families, {440}s and
{520}p. The experiments achieved on the {532} family of planes were not used because of
their diffraction peaks not well defined. Fig. 12 shows the {440} and {520} recalculated
pole figures. The strain measurements were done on the intensity poles of the ideal rotated
Cube component indicated by white triangles in Fig. 12. The intensity poles with a tilt angle
superior to 75° were not used to avoid optical aberrations. The measurements are shown in

Figs. 13 and 14. Figs. 13 and 14 show a linear relationship between the strain variation and
the inverse of the curvature radius (%) which indicates that the loading remains linearly

elastic and that the dispersion is reasonable. It confirms that no plastic deformation occurs

during solicitation and consequently no modification in the film residual stress state.

{440}B {520}

Min Min

-0.94 -1.11

Fig. 12. {440} and {520} recalculated pole figures of the Wp phase. The white triangles
represent the intensity poles on which the strain measurements were performed. The curvature

radius is applied along the longitudinal direction (x).

5. Determination of the single-crystal elasticity constants of the Wg phase

In order to calculate the SCECs of the Wy phase, the expressions of the macroscopic

elasticity constants (Ex and Gy;) and strain variations (Asglg;'g) lp)B) derived using the self-

consistent model was fitted to the experimental data by minimizing a function defined as the

difference between the experimental and simulated quantities (Eq. 21). The uncertainties of
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the measured quantities were used to weight the experimental data with the inverse of their

uncertainties.
2 192 D[4 (hKLGW)B hklL¢¥)B]?
H(c = [EEE‘—EEalcl t lG§E‘—G§%° Defmeas = Beue ™ 21
1 u(ETEI) u(GTEI) i=1 u(ASEI}llé(;'S(bLP)B)

The SCECs of the W, phase used in the calculation are the average of data found in the
literature (Table 5). The Cowin and Mehrabadi convention was used for the index contraction
[47]. The porosity (1.7%, §4.1) was taken into account in the calculation as a third phase and

supposing its rigidity tensor equal to zero. Thus, Eq. 14 is rewritten as follow:

-1
C = | Vade: [P: (& — ©) + 1] aeq + Vg (ch: [P: (¢ — €) +1] Dacp
22

+V, (i [P: (k- C) + 1]‘1>er]

With zero rigidity of porosity, the third term will disappear and the volume fractions of
the two phases (Vq and V), presented in §4.2, are weighted by the solid volume fraction (1-

V,). Therefore, no particular form was attributed to the porosity.

Table 5. SCECs of the W, phase.

Lattice
Material parameter cy (GPa) | cf, (GPa) | cg4 (GPa) A% Reference
(A)

W 501 198 302 0.997 [48]
W 3.183 521.1 186.3 301 0.899 [49]
W 3.190 520.9 200.2 282.2 0.88 [50]
W 3.190 518 197 282 0.878 [51]
W 553 207 356 1.029 [52]
Wa 529.94 211.19 278.88 0.875 [53]
W 565 316 248 0.996 [54]

Average 529.84 216.53 292.87 0.936

Standard 21.98 44.57 33.1 0.068

deviation

The SCECs of the Wp phase obtained from the minimization procedure and its Zener
anisotropy ratio [55] are presented in Table 6. The uncertainty presented in Table 6 was
calculated using the Monte Carlo method: knowing the distribution (standard uncertainty) of

input data, the distribution of SCECs can be computed by generating random sets of synthetic
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data centered on the experimental values. From Table 6, we can see that the Wp phase has an

anisotropic elastic behavior and is more compliant than the W, phase.

Table 6. The SCECs constants of the Wy phase and its Zener anisotropy ratio A.

c? (GPa) cP (GPa) cb, (GPa) AP
Value 350.3 108.8 180.1 0.75
uncertainty 45.6 23.6 71.8 0.2

Table 7 presents the macroscopic elasticity constants of the two-phase tungsten film

calculated with the KE model using the results presented above in Table 6. A good agreement

between the recalculated elasticity constants and those measured by IET is observed. The

difference is lower than the uncertainty (Table 7). Figs. 13 and 14 show the variation of the

strains between an initial state and a loaded state. The first loaded state (R= 330 mm) was

taken as initial state. A good agreement between the theoretical and the experimental points

corresponding to the well-defined diffraction peaks (enough of intensity and sharpness) was

observed.

Table 7. Comparison between the macroscopic elasticity constants of the tungsten film
calculated with the KE model using the results of Table 6 and these measured by IET.

Sample A
Values in GPa Ex u(Ex) Gy, u(Gyz)
Measured by IET 329.6 4.9 123.7 1.6
Recalculated from CS and KE model 341.4 12.5 124.7 7.5
Difference between recalculated and measured 11.8 1.0

values
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Fig. 13. Experimental and calculated values of the strain obtained by in-situ diffraction of the

{520} family of planes as a function of the inverse of the curvature radius. The theoretical
points are calculated using the SCECs of the Wg phase of Table 6 and the KE model.
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Fig. 14. Experimental and calculated values of the strain obtained by in-situ diffraction of the
{440} family of planes as a function of the inverse of the curvature radius. The theoretical
points are calculated using the SCECs of the Wg phase of Table 6 and the KE model.

6. Discussion
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6.1.  Influence of the different factors on the macroscopic behavior

The influences of the Wp volume fraction, the porosity and the crystallographic and
morphological textures on the Young’s and shear moduli were taken into account in the
inverse method. However, it can be interesting to study the relative strength of these factors
on the elasticity characteristics (E and G) of the film. Furthermore, the quantity determined by
the inverse method must have enough influence on the measured data in order to give reliable
results. It is indeed easy to imagine that a very small volume fraction of the unknown phase
would lead to a very poor sensitivity. To quantify this effect, the factors were varied one by
one with the help of the model. A reference configuration was chosen (no texture, no porosity,
no [3 phase, spherical crystallites) and the various factors were introduced one by one with
respect to this reference. The results are presented in Table 8 and shown in Fig. 15. It can be
observed that, except for the morphological texture, all the factors have a significant effect
(superior to the uncertainty) on the Young’s and shear moduli with a dominant effect of the
W;p volume fraction. This significant effect of the Wp volume fraction allows the
determination of the SCECs of the W by the inverse method as presented in §5. The effect of
texture presented in Fig. 15 corresponds to two extreme cases (isotropic film and an ideally
sharp texture). This means that, in our case, the error induced by using the crystallite group
method on the texture is much smaller than the effect of texture presented in Table 8.
However in order to quantify the influence of the texture of the Wy phase a comparison was
done between a thin film with 75% untextured o phase and 25% untextured § phase and a thin
film with 75% untextured o phase and 25% textured 3 phase, the texture of the B phase (§4.4)
was used. The results are presented in table 9. Despite, the § phase represent only 25% of the
film volume its texture has an effective influence on the macroscopic elasticity constants.
From table 9 it can be noted that no elastic anisotropy is induced due to the texture of the 3
phase. This is specific to the cube texture of the B phase actually found on our specimens. For
a different textures, such as a Goss texture for the B phase, a difference of 16 GPa in the
Young’s modulus in directions x and z would appear.

Table 8. Effect of the morphological and crystallographic textures, the Wp volume fraction
and the porosity on the Young’s and shear moduli.

E (GPa) G (GPa)
Reference configuration:
- no texture (macro-isotropy) 390.4 150.4
- NO porosity
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- no 3 phase

- spherical crystallites

Ex EZ ny GXZ

3.1 -13.9 -5.9 3.9
presence of 1.7% porosity 13 4.8

Texture of O phase

presence of 25% of 3 phase 38.4 14.4

elongated grains in z

direction

Uncertainty of
measurements performed by 5 1.6

IET

Effect on the Young's modulus Effect on the shear modulus
40 14

12
30

10 ,
0 S o) |

Fig. 15. Effect of the texture, the porosity and the W volume fraction on the Young’s and
shear moduli. (CT): Crystallographic texture, (MT): Morphological texture.

10

Difference (GPa)
N
o
Difference (GPa)
-]

Porosity

Table 9: Effect of the texture of the B phase (values in GPa).

E X Ey EZ GXy GXZ G)’Z

- O/ ~
75% o phase and 25% B phase 359 352 352 136 136 136
(No texture)

0/ ~ 9/
75% non texturpdaphase and 25 % 365 365 365 133 133 133
phase with cube texture

Difference 12 13 15 4 3 3

6.2.  Independent check on sample B

In order to check the developed methodology and the SCECs of the Wg tungsten phase,
which to our knowledge are not known, we have used the values obtained from sample A
(Table 6) to predict the macroscopic elasticity constants of sample B. The predicted elasticity

constants will then be compared to those measured by IET.
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Figs. 16 and 17 show respectively the recalculated pole figures of the W, and W3 phases.
It can be seen that the texture of the W, phase can be described reasonably well by an ideal
{110} fiber and the texture of the Wg phase by an ideal {100} fiber. The phases proportions
were determined using MAUD as in §4.3. The tungsten film contains 81% of W, phase and
19% of Wp phase. The porosity (1.5%) was taken into account in the calculations. The

simulation was achieved with 5000 crystallites using the KE model.

(110) (200) (211)

Min

-0.1

Max Min Max Min Max

432 -0.11 24 0.19 1.87

Fig. 16. {110}4, {200}4 and {211}, recalculated pole figures of the W, phase of sample B.
The pole figures are represented in stereographic projections.

(200) (211) (222)

Min Max Min Max Min Max

0.03 6.84 -0.4 2.27 -0.26 3.41

Fig. 17. {200}p, {211} and {222} recalculated pole figures of the Wy phase of sample B.
The pole figures are represented in stereographic projections.

The elasticity constants of sample B measured by impulse excitation technique and the
predicted elasticity constants are presented in Table 10. A good agreement between the
calculated and the measured elasticity constants can be observed and the differences can be
attributed to the measurements and calculations uncertainties.

Table 10. Comparison between the macroscopic elasticity constants of the tungsten film
calculated with the KE model using the results of Table 6 and these measured by IET.

Sample B
Values in GPa Ex u(Ex) Gy: u(Gyz)
Measured by IET 349.5 3.7 127.3 1.1
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Recalculated from ciB- and KE
) 356.1 12.5 136.5 75

model

Difference between recalculated
6.6 9.2
and measured values

6.3.  Influence of the porosity, the grain shape and crystallographic texture on the behavior

of the diffracting volume

As can be seen from Table 8, the effect of the morphological texture on the macroscopic
elasticity constants is not very pronounced (same order of magnitude than the uncertainty).
However, Koch et al. [36] and Hendrix et al. [56] have noted that the grain-shape texture has
a more pronounced effect on the microscopic elastic response than on the macroscopic elastic
response. In order to evaluate the effects of the morphological texture and the crystallographic
texture on the behavior of the diffracting volume (observed by X-ray diffraction), a
comparison of the elastic response of a textured film, a grain shape textured film and an
isotropic film (no morphological texture nor crystallographic texture) was done and the results
are presented in Fig. 18. As mentioned by Koch et al. and Hendrix et al., the effect of the
morphological texture is more pronounced on the elastic behavior of the diffracting volume.
We can see that the effects of the crystallographic texture and the grain shape texture depend
on the crystallographic plane (hkl) and the measurement direction. No dominance of the
crystallographic texture effect or the morphological texture effect on the microscopic behavior
of the film was observed. The two effects are more or less pronounced depending on the
crystallographic plane and measurement direction. The porosity effect on the elastic behavior
of the diffracting volume is less important than the effects of the grain shape and the

crystallographic texture.
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—u— Isotropic | —m=— Isotropic
900 - —e— Crystallographic texture 900 - —e— Crystallographic texture
—A— Morphological texture | —4A— Morphological texture
© Porosity (1.7%) porosity (1.7%)
o 600 | o 600 4
w 300 - A x 300 |- //4/
< %W 2 /Q
0r 0F a~
-300 300 -
0.003 0.006 0.009 0.012 0.003 0.006 0.009 0.012
1/R(m™) 1/R (m™)
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Fig. 18. Effects of the porosity and the crystallographic and the morphological textures on the
elastic behavior of the diffracting volume. The strain variation was calculated using the KE
model for the two-phase tungsten film. Full black squares: isotropic film. Full blue circles:
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crystallographic texture (Goss/rotated cube). Full red triangles: morphological texture (as in
§4.1). Green Stars: Porosity.

7. Conclusions

A methodology allowing the determination of the SCECs of a phase embedded in two-
phase thin film was developed and applied to a tungsten thin film deposited by DC magnetron
sputtering. The SCECs of the Wp phase, which, to our knowledge are not known, were
determined. The methodology is based on the using of two experimental techniques at
different scales (impulse excitation technique and X-ray diffraction) and a multiscale
mechanical model (Kroner-Eshelby model). The porosity was taken into account in the
mechanical modeling supposing its rigidity tensor equal to zero. The crystallographic texture
was described using the crystallite group method. The morphological texture was taken into
account through the Morris tensor. The analysis of uncertainty sources on the SCECs of the
W3 phase showed that the total uncertainty comes mainly from the uncertainties of the
experimental quantities, the measured strains, i.e. the quality of diffraction peaks and the
macroscopic elasticity constants measured by IET. The uncertainties on these measurands

should be improved in further studies.

To check the method, a tungsten film with a crystallographic texture different from the
first one was deposited and its elasticity constants were measured by IET. Its elasticity
constants were predicted using the Wg SCECs identified on the sample A. A good agreement

with measurements obtained by IET was observed.

The effect of the grain-shape texture, the crystallographic texture, the porosity and the Wg
volume fraction on the Young’s and shear moduli of the film was studied. A significant effect
of all these factors except the morphological texture was noticed and a higher contribution of
the Wp volume fraction was observed. This higher contribution has a primordial role on the
determination of the Wg SCECs by inverse method. As discussed on §6.1, the effect of texture
presented in Fig. 15 corresponds to two extreme cases (isotropic film and a sharp texture). So
the approximation made on the texture will induce a lower error. The effects of the
crystallographic and morphological textures on the microscopic behavior of the film were
studied. A significant effect of the two factors was observed. No domination of a one factor
over the other was noticed; their contributions depend on the crystallographic plane and the
measurement direction. The porosity effect on the elastic behavior of the diffracting volume is

less important than the effects of the grain shape and the crystallographic texture.
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Graphical Abstract

Schematic representation of the methodology used in the determination of the single-
crystal elasticity constants
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