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Size effect on intragranular elastic constants in thin tungsten films

The size effect on the elastic constants of nanocrystalline tungsten has been investigated in the case of W/Cu multilayers with two modulation wavelengths (3.1 and 24.0 nm). Tungsten Young's modulus and Poisson's ratio have been measured thanks to a technique coupling x-ray diffraction with in situ tensile testing. It is demonstrated that the in-grain thin film elastic constants are highly microstructure -sensitive: in the "3.1 nm" multilayer, tungsten Poisson's ratio is larger than the bulk one while it is smaller in the "24.0 nm" multilayer; a softening of tungsten Young's modulus is evidenced in the case of the specimen with the smallest period.

Theoretical studies concerning nanocrystalline materials 1,2 predict noticeable modifications of their elastic properties compared to the bulk ones due to a high volume proportion of surface and interface atoms, as well as a high point defect density. Grain boundaries, free surfaces and interfaces induce important alterations of cohesion energies. Numerous experimental studies have evidenced a very probable softening of elastic constants in nanostructured materials, in particular the C44 stiffness coefficient in multilayers with very low modulation wavelength (Λ ≤ 3 nm) 3,4,5 . In previous papers, we described an experimental technique combining in situ tensile testing and x-ray diffraction to extract the Poisson's ratio 6 and the Young's modulus 7 of supported thin metallic films and multilayers. This diffractometric method differs from all the other mechanical, vibration, and acoustic techniques since it allows to measure average in-grain strains, and thus intragranular elastic constants.

This letter deals with the study of the evolution of tungsten intragranular elastic constants in W/Cu multilayers as a function of the modulation wavelength Λ. This system was chosen for the following experimental and physical considerations: copper and tungsten are not miscible, tungsten presents a high atomic scattering factor and is elastically isotropic, a lot of structural studies have already been done on this system 8,9 .

The technique used here, based on the well known "sin 2 ψ method" [START_REF] Noyan | Residual Stress Measurement by diffraction and Interpretation[END_REF][START_REF] Hauk | Structural and residual stress analysis by non destructive methods: evaluation, application, assessment[END_REF] , consists of applying a uniaxial tensile force to the film/substrate system, in situ in an x-ray diffractometer. The formalism is very simple in the case of a polycrystalline elastically isotropic material such as tungsten: a linear relation is expected between the shift of each {hkl} peak position and sin 2 ψ, ψ being the angle between the normal to the diffracting planes and the normal to the sample surface. For each applied load value, the sin 2 ψ curves are determined for the tungsten layers. The slope P1, on the one hand, and the intercept m1, on the other hand, of the linear regressions on these experimental data is plotted as a function of the applied load F. Assuming an uniaxial applied stress state (similar Poisson's ratios for the film and the substrate), the mean Young's modulus EW of tungsten sublayers can be then calculated by means of the following relation:

        - - + = Cu Cu s s * * W W t E t E ) m P ( b 1 t 1 E (1)
where b is the sample width, ts the substrate thickness, tW (resp. tCu) the total thickness of the W (resp. Cu ) sublayers, Es (resp. ECu) the substrate (resp. copper) Young's modulus, P * (resp. m * ) the slope of the (P1, F) linear curve (resp. the (m1, F) curve).

The mean Poisson's ratio νW of tungsten sublayers is simply deduced from a combination of P * and m * :
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It is worth noting that the determination of νW does not need any numerical value concerning geometrical nor mechanical properties of the various parts of the system. For the Young's modulus measurement, the substrate Young's modulus and the copper one must be known, as well as the respective thickness of the three constituents.

W/Cu multilayers were deposited onto a 127.5 µm thick polyimide (Kapton  ) dogbone substrate by ion beam sputtering at room temperature, tungsten being the first deposited layer. The in-plane sample dimensions were 8 × 3 mm 2 . The total thin film thickness ranged from 220 to 240 nm. Before performing the in situ tensile tests, several characterization experiments have been done.

X-ray reflectivity measurements were performed in our laboratory to deduce the modulation wavelength Λ (thickness of one W/Cu bilayer) from the small angle Bragg's peak positions. Atomic proportions of tungsten and copper were determined thanks to Electron Dispersive X-ray Spectroscopy (EDXS) measurements. The mean thickness of tungsten (eW) and copper (eCu)

individual sublayers was deduced from Λ and the atomic proportions, assuming the density of each material is equal to the bulk one 12 . All these values are reported in Table I for the two specimens studied here (Λ = 3.1 nm and Λ = 24.0 nm). It should be noticed that nanostructured copper and tungsten sublayers may be less dense than the bulk materials as the modulation wavelength Λ decreases. This effect implies small variations on the eCu and eW values when considering the density ratio of both elements in the thickness calculation and thus slightly influences the precision on the modulus measurement (Eq. ( 1)).

The initial microstructural and mechanical state was also characterized. Residual stresses (σXRD) and stress-free lattice parameters (a0) of the tungsten sublayers were analyzed by x-ray diffraction; results are given in Table I. It can be seen that tungsten is in a strongly compressive stress state; the σR value increases with Λ. In the small period multilayer, the stress-free lattice parameter is smaller than the bulk one (abulk = 0.3165 nm 12 ) whereas it is larger in the other specimen. This observation reveals important differences in the microstructure of these two specimens: a vacancy-type structure and a columnar grain morphology with nanometer-sized intergranular voids when the sublayers are the thinner, a densified structure with interstitial incorporation when the sublayer thickness increases . This can be related to the growth mode:

transition from an initial discrete-island stage towards a continuous film via an island coalescence process [START_REF] Floro | [END_REF] . Comparing the x-ray residual stresses with the residual stress values obtained by the substrate curvature method (σcurvature in Table I), it can be seen that the mean stresses in the whole thin films are considerably lower than the in-grain stresses in tungsten sublayers. This can be accounted for by the mechanical contribution of interfaces and copper layers in the total thin film stress: previous studies have demonstrated that copper layers are almost stress-free 14 .

The in situ tensile tests were performed at the French synchrotron radiation facility L.U.R.E.

(Orsay, France) on the H10 and DW22 beam lines where we took advantage of the high x-ray beam intensity and quality, as well as the large wavelength range accessible. For each specimen, several increasing strains were applied and x-ray diffraction measurements were realized in each case.

Table II presents examples of applied force values and corresponding in-grain elastic strains (ε11 A ) in the tungsten layers deduced from x-ray measurements 15 . The calculation of ε11 A allows to control that the applied strain remains in the elastic domain. In Fig. 1, the evolution of the slope P1 and the intercept m1 of the sin 2 ψ curves are plotted versus the mean applied stress σm = F/Stot, where Stot is the section area of the sample (Stot = (ts + tW + tCu) × b). The slopes of these curves are clearly different for the two multilayers. Linear regressions on the experimental data give the values of P * and m * for each specimen; we can then calculate tungsten Young's modulus and Poisson's ratio via Eq. ( 1) and Eq. ( 2), using the bulk value (130 GPa [START_REF] Simmons | Single Crystal Elastic Constants and Calculated Aggregate Properties: A Handbook[END_REF] ) for copper modulus. This is an important assumption in our calculation that could be avoided if x-ray diffraction measurements using sin 2 ψ method would be possible in copper sublayers. However, the mechanical contribution of copper is very small compared to the substrate one: in Eq. ( 1), the ECueCu term represents only 2% of the Eses term. Consequently, possible effects of nonisotropic textured copper, if they exist, may only have little influence on the results concerning tungsten. The obtained values for tungsten constants are reported in Table III. These results clearly demonstrate that the elastic constants are sensitive to the microstructure: in the "3.1 nm" multilayer, the Poisson's ratio (0.359) is larger than the bulk one (0.284) while it is smaller in the "24.0 nm" multilayer (0.221); concerning the Young's modulus, a noticeable softening is evidenced in the case of the small period multilayer (E = 338 GPa) while in the other one, tungsten modulus (E = 392 GPa) is equal to the bulk value (400 GPa) within the uncertainties. It should be kept in mind that the values obtained via x-ray diffraction measurements describe the intragranular elastic behavior of tungsten layers.

Assuming tungsten layers are elastically isotropic (like bulk tungsten), the stiffness coefficients Cij can simply be extracted from the measured E and ν 7 . The calculated values are given in Table III. For the "24.0 nm" multilayer, we can note a softening of C11 and C12, C44 being equivalent to the bulk value. For the "3.1 nm" multilayer, an unambiguous softening of C44 is evidenced, which is consistent with the results generally reported in the literature 3,4,5 . On the contrary, the increase of C11 and C12 appears like a particular phenomenon that needs to be confirmed by further investigations. The bulk modulus B= 1/3 (C11 + 2C12) can also be calculated and values are reported in Table III. For the small-modulation-wavelength sample, the increase of C11 and C12 results in a B value 33% higher than the pure bulk tungsten one, which is rather surprising (Young's modulus is 15% smaller than the bulk tungsten one). Although the unit-cell defects (evidenced by the stressfree-lattice parameter variations) are very different when the modulation wavelength changes, this result is more probably due to interface effects in the growth direction that prevail over the extrapolated mechanical properties.

In addition to elastic strain measurements, a cracking phenomena was observed in the case of the "3.1 nm" multilayer when the measured intragranular elastic strain in tungsten was about 0.45 %. The corresponding values found in the literature for bulk tungsten elastic limit range from 0.4 to 0.9 % 14 , depending on the microstructure. Ex situ atomic force microscopy observations confirmed the presence of a network of straight cracks perpendicular to the tensile direction and regularly spaced (20 to 30 µm). This cracking phenomena reveals a weak cohesion between grains in this structure, due to the growth mode. Like the softening of tungsten intragranular shear coefficient (C44), this effect contributes to the reduction of the mechanical performances of this multilayer.

In conclusion, intragranular elastic properties of nanocrystalline tungsten thin films have been studied using an x-ray diffraction method combined with tensile testing. Microstructure and size effects on tungsten in-grain elastic constants have been evidenced in the case of W/Cu multilayers deposited by ion beam sputtering on Kapton  substrates with two values of the modulation wavelength. The variations of elastic constants can be correlated with the microstructure, in particular the stress-free lattice parameter. All these results concerning the various elastic constants and their combinations undoubtedly indicate basic differences in the microstructures of the smalland large-period multilayers. Further investigations will aim to find out interpretations of these experimental results in terms of interatomic potentials and cohesion energies. 
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 1 Fig.1: Evolution of (a) the slope P1, and (b) the intercept m1, of the sin 2 ψ curves relative to tungsten
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TABLE I :

 I Main geometric and microstructural parameters of the two studied multilayers. An estimate of the x-ray stress σXRD and stress-free lattice parameter a0 in W sublayers is done using W bulk elastic constants (see TableIII). The lattice parameter of bulk W is equal to 0.3165 nm 12 .

	Modulation wavelength Λ (nm)	3.1 ± 0.1	24.0 ± 0.1
	Number of bilayers	70	10
	Atomic composition (%) (EDXS) 44% Cu/56% W	52% Cu/48% W
	W layer thickness eW (nm)	2.0 ± 0.1	13.3 ± 0.1
	Cu layer thickness eCu (nm)	1.1 ± 0.1	10.7 ± 0.1
	σcurvature (GPa)	-0.3 ± 0.1	-1.7 ± 0.1
	σXRD (GPa) in W	-1.7 ± 0.3	-5.1 ± 0.1
	a0 (nm) in W	0.314	0.318

TABLE III :

 III Values of the elastic constants (E, ν) measured in the two W/Cu multilayers, and the Cij constants and bulk modulus B deduced from these experimental values. Bulk tungsten reference values are given for comparison.

	Modulation wavelength (nm)	3.1 ± 0.1	24.0 ± 0.1	Bulk
	Modulus E (GPa)	338 ± 65	392 ± 60	400 a
	Poisson's ratio ν	0.359 ± 0.014 0.221 ± 0.003	0.284 a
	C11 (GPa)	565	448	501 a
	C12 (GPa)	316	127	198 a
	C44 (GPa)	124	160	153 a
	Bulk modulus B (GPa)	400	234	300 a
	a See Ref. 16