Marc Verdier 
email: mverdier@ltpcm.inpg.fr
  
H Huang 
  
Frans Spaepen 
  
J David Embury 
  
Harriet Kung 
  
J D Embury 
  
David 
  
  
  
  
  
  
Microstructure, indentation and work hardening of Cu/Ag multilayers

Keywords: multilayers, nanomaterials, plasticity of metals plasticity in metals, nanomaterials, multilayers http://mc.manuscriptcentral.com/pm-pml

published or not. The documents may come   L'archive ouverte pluridisciplinaire

The interest in the mechanical properties of metallic multilayers reflects both the importance of their technological applications and the need to understand the influence of the length scale on a variety of fundamental deformation processes [START_REF] Kung | Mechanical behavior of nanostructures materials[END_REF]. One important question is the sequence of plastic yielding, work hardening and fracture in fine scale lamellar structures. This topic has relatively few detailed experimental studies. The problem of characterizing fine scale structures is complex because the microstructure depends on the processing route, the nature of substrate, the level of contamination, the level of residual stress, etc., all of which can influence the mechanical response. The current work concerns the mechanical behavior of thin films of Cu, Ag, and multilayers of Cu/Ag prepared by physical vapor deposition (PVD) at room temperature. The residual stresses and tensile behavior of these materials have been reported in earlier papers [2], [3]. In this paper we report additional mechanical tests (depth sensing indentation), a more detailed analysis of the relation between the mechanical behavior and the microstructural characteristics, and an analysis of the work hardening.

Materials and Experiments

The plastic deformation of the two fcc metals chosen for this study, Cu and Ag, has been thoroughly studied in their pure bulk form. Their limited mutual solubility at room temperature results in sharp compositional interfaces in the multilayer structure. The lattice misfit between the two phases is large (10.5%), as is the ratio of the elastic moduli (for example for the shear moduli, G Cu /G Ag ≈1.5 [START_REF]Single crystal elastic constants and calculated aggregate properties: a handbook[END_REF]). Both properties, through the presence of misfit dislocations and image forces, influence the yield behaviour.

The Cu, Ag and Cu/Ag films were deposited by electron beam evaporation on glass substrates at room temperature (base pressure: 10 -7 torr; deposition rate 0.2-1 nm/s) The glass substrate allows easy removal of the film. The films (pure metals and multilayers) have a thickness around 2 µm and the range of layer thicknesses (h) in the multilayers varies between 1000 nm (bilayers) to 0.85 nm ( several thousands of layers). The microstructure of the films was characterized by cross-sectional transmission electron microscopy (TEM) using a Philips CM30 (300kV), the surfaces were observed by atomic force microscopy (AFM) in tapping mode (Digital Instruments 3100) and X-ray diffraction is done using a standard θ-2θ diffractometer. Free-standing films were tested in tension using optical diffraction for the strain measurement [2], [START_REF] Ruud | [END_REF]. The strain rate used in the tests was 10 -4 s -1 . Multilayers with small layer thickness (0.85-190 nm) were tested on their substrate by nanoindentation, using a Nanoindenter II with a Berkovich tip, and with the Continuous Stiffness Measurement module which allows determination of the area of contact at any indentation depth. The standard Oliver-Pharr procedure was used to determine both the hardness and the Young modulus of the films [6].

Results

A) microstructure

Cross-sectional TEM images of the multilayers are shown in Figure 1. Columnar grains along the growth direction are clearly visible, with an average column diameter on the order of 100-150 nm. The foils have undergone less than 0.3% total tensile strain. Figure 1(b) shows the microstructure of the individual layers, and the waviness of the interfaces. This is related to the island growth during deposition at room temperature which gives rise to the columnar grain structure [7]. The selected area diffraction pattern shows a strong texture (<111>) along the growth direction of the film.

Crystallographic orientations with (111) planes parallel to the plane of the film are expected for fcc metals deposited at room temperature on lower surface energy substrates such as the glass used in this work [8]. The layers consist of grains or subgrains with diameter around 100 nm. Strong strain contrast did not permit the imaging of single dislocations within the grains. No voids were observed in the foils using defocus conditions and the macroscopic density, measured by a combination of weighing and thickness measurements with a profilometer, is within 1% of the theoretical value.

B) Mechanical properties

The stress-strain curves for the pure Cu and Ag films, and for the different multilayers are shown in figure 2. The data are the outer envelopes of the loading-unloading data reported in [2]. In the multilayers, the 0.2% yield stress increases with decreasing layer thickness, h, according to a Hall-Petch type relationship:

σ 0.2 =σ 0 +kh -0.5 ( 1 
)
where h is the layer thickness and σ 0 and k are constants (σ 0 =223 ±16 MPa, k=0.104 ±0.01) [2].

[Insert Fig. 2 here ]

In the finest structures (h< 160 nm) the 0.2% yield stress could not be measured because fracture intervened. The increase in both yield stress and work hardening, combined with increased fragility of the films with the finest layers, limited the amount of plastic strain that could be achieved. Therefore to extend the range of measurements to finer structures, nanoindentation measurements were performed on some films still attached to their glass substrates, for layer thicknesses between 190 and 0.85 nm. The hardness values at a relative depth of 10% are plotted in Figure 4 together with the data obtained from tensile experiments using the Tabor relation between hardness and yield stress (H= 3σ).

[Insert Fig. 4 here ]

The same dependence on the layer thickness is observed in both sets of data, but the values derived from hardness tests are higher. This difference may be due to several factors. First, due to the indentation size effect [9] there is a decrease of the measured hardness, by about a factor of two. To compare the data from films of different thicknesses, we used the initial plateau value of the curves H(relative depth) which is reached for a relative depth of 10%. Finally, work hardening plays a very important role. The average plastic strain in an indentation experiment is equivalent to 7% in elastopure plastic materials [START_REF] Johnson | Contact Mechanics[END_REF]. Since the initial work hardening in the films is very high, especially for the smallest layer thicknesses, the flow stress measured by indentation is substantially greater than the 0.2% yield stress. It is clear, however, that the increase in flow stress of these laminates with decreasing layer thickness indicates that no softening at small layer thickness occurs for Cu/Ag, unlike in other fcc/fcc multilayers such as Cu/Ni [START_REF] Verdier | [END_REF] .

The work hardening behaviour can be analyzed using a plot (Figure 5) of the plastic work hardening rate, θ=dσ/dε plastic , versus the stress σ, calculated from the tensile stress-strain curves of figure 2.

[Insert Fig. 5 here ]

We do not consider the stress-strain curves of multilayers with layer thickness less than 46 nm, since fracture occurs at the onset of plasticity. In a bulk material, an average value of the theoretical maximum work hardening reached during tensile straining by a single crystal, i.e. during stage II of plastic deformation ((dτ/γ) II where τ,γ are respectively the resolved shear stress and strain can be estimated. For a polycrystalline material this can be approximated by [START_REF] Kocks | [END_REF]:

<θ II >=dσ/dε = M 2 (dτ/γ) II =M 2 <G Cu,Ag >/200 =1665 GPa, (2) 
where M=3 (Taylor factor), and <G Cu,Ag > is the arithmetic average of the Voigt averages G Cu =48 GPa, G Ag =27 GPa [START_REF]Single crystal elastic constants and calculated aggregate properties: a handbook[END_REF] The initial work hardening rates observed in these thin films are initially higher than θ II . Possible reasons for this are discussed below.

Discussion

The scale of the multilayers clearly influences both the initial yield strength and the rate of work hardening. There are two possible length scales that can influence the mechanical response, the Using the formalism developed by Kocks [START_REF] Estrin | Unified Constitutive laws of plastic deformation[END_REF], [START_REF] Kocks | [END_REF] for the evolution of dislocation density, ρ, the model can be modified so that not only dislocation/dislocation interactions are taken into account through their average separation distance (L=ρ -1/2 ), but another set of obstacles with spacing h is also included. We assume that both storage mechanisms act in parallel, so that the effective inverse obstacle spacing becomes 1/L+1/h. The evolution of the dislocation density can be written following previous work in [ [14][START_REF] Estrin | Unified Constitutive laws of plastic deformation[END_REF][START_REF] Kocks | [END_REF]:

dρ dε = M(k 1 ρ + k -k 3 ρ) (3) 
with the k i constant during the test; k 3 = k 2 +K/h, with K a constant, is the efficiency to recover dynamically at the obstacles of spacing h [14]. Since

σ= MαGbρ 1/2 , ( 4 
)
with α constant (α≈0.3 for Cu [17]), θ(σ)=dσ/dε can be written as

θ (σ ) = θ II + P 1 σ -P 2 σ (5) 
with

P 1 =M 3 (αG) 2 h b 2 , ( 6 
)
and

h KM P sat II 2 2 + = σ θ (7)
where σ sat is the saturation stress of the single crystal [START_REF] Verdier | [END_REF]. The accumulation P 2 term contains both storage from dislocation interactions (θ II -forest model) as in the bulk single crystal and storage at the interface (1/h term). In the following we will focus on P1 term which can be expressed in terms of Figure 6 shows a comparison of the obtained values of P1 with the prediction given by equation (6). It can first be observed in figure 6 that the slope between log(P1) and (1/h) is close to unity which shows the importance of the layer spacing on the storage term of the work hardening.

Secondly considering the simplifying assumptions made (isotropic elasticity, average values of shear modulii, theoretical value of stage II), the values are in good agreement with the simplified model.

Moreover we observe at large length scale a nearly constant value: this can be due to the internal microstructure of columnar grains, i.e. the layer period turns to be larger than the columnar grain size.

Thus for large layer thickness (greater than 600nm) the geometrical work hardening storage term seems to be controlled not by the layer spacing but by the structural grain size within the layers.

[Insert Fig. 6 here ]

Conclusion

The depth sensing indentation experiments on the Cu/Ag multilayers have shown that the Hall-Petch relation between yield stress and layer thickness extends to the smallest layer thicknesses. No evidence of any softening was found. The initial work hardening rate in the tensile experiments is higher than the maxima observed for bulk single crystal. This implies the presence of an additional set of obstacles to the dislocation motion. Based on a simplified model of the evolution of dislocation density, we observe a linear relationship between the initial work hardening parameter and the inverse of the layer spacing. 
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 3 Figure3shows the effective Young's modulus and the hardness as a function of indentation depth. The

  columnar structure and the layer spacing. The columnar structure remains essentially constant as the layer spacing decreases. It appears that the length scale controlling both yielding and work hardening is the layer spacing h.

  based parameter. The values of P1 are obtained by fitting equation (5) to the experimental curves of figure 5b.
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Figure 1 :

 1 Figure 1: (a)-(b) Cross-sectional TEM images of a multilayer after tensile deformation; the layer thickness is 200Å. In (b) the corresponding diffraction pattern is inserted and (111) reflections are indicated.

Figure 2 -

 2 Figure 2 -Stress-strain curves in tensile testing of (a) free standing pure thin films of Cu and Ag, and (b) Cu/Ag multilayers with different layer thicknesses (total thickness around 2.5µm). Adapted from ref. [1].

Figure 3 -

 3 Figure 3 -Dependance of the effective Young modulus (E) and hardness (H) on the relative indentation depth for multilayers with various layer thicknesses.

Figure 4

 4 Figure 4 Comparison of 0.2% yield stress from tensile tests and hardness from nanoindentation.

Figure 5 :

 5 Figure 5: (a) True plastic stress-strain curves and (b) Work hardening versus stress deduced from Figure 2 (b) . A constant Young modulus of 91GPa is used. In figure 2b, the line indicates the Considère instability limit (onset of striction).

Figure 6 :

 6 Figure 6: Experimental and model value of storage term P1 versus the inverse layer thickness
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