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Introduction

Forming process of thin metallic parts of miniaturized systems used in medical or electrical devices remains an issue for obtaining desired performances in terms of structural and functional properties. The influence of free surfaces on the properties of the material becomes very sensitive when one or several characteristic length of the representative volume element becomes less than typically a few hundred of micrometers [START_REF] Arzt | Size effects in materials due to microstructural and dimensional constraints: a comparative review[END_REF]. Such intrinsic size effect is moreover strongly dependent on the grain size [START_REF] Armstrong | On size effects in polycrystal plasticity[END_REF][START_REF] Armstrong | 60 years of Hall-petch: past to present nano-scale connections[END_REF] and leads to an impact of thickness (t) to grain size (d) ratio t/d on the mechanical properties [START_REF] Fulop | Size effects from grain statistics in ultra-thin metal sheets[END_REF][START_REF] Janssen | An experimental assessment of grain size effects in the uniaxial straining of thin Al sheet with a few grains across the thickness[END_REF]. The flow stress, the work hardening mechanisms and the fracture properties are modified when t/d decreases below a critical value. This t/d threshold is linked to the stacking fault energy [START_REF] Miyazaki | Effect of specimen thickness on mechanical properties of polycrystalline aggregates with various grain sizes[END_REF], and some experimental conditions such as the temperature [START_REF] Hug | Size effects and temperature dependence on strain-hardening mechanisms in some face centered cubic materials[END_REF], the strain level [START_REF] Thompson | The dependence of polycrystal work hardening on grain size[END_REF], and the mechanical loading [START_REF] Dubos | Size effects in thin face centered cubic metals for different complex forming loadings[END_REF][START_REF] Keller | Effect of stress path on the miniaturization size effect for nickel polycrystals[END_REF]. The surface effect is quite well understood for face centered cubic (fcc) metals and alloys and is intimately related to a stress gradient of typically 30% between core and surface grains [START_REF] Hug | Intrinsic Effects due to the Reduction of Thickness on the Mechanical Behavior of Nickel Polycrystals[END_REF]. This was highlighted by transmission electron microscopy (TEM) and nanohardness experiments and confirmed by finite element simulations using strain gradient crystal plasticity models [START_REF] Keller | Finite element analysis of the free surface effects on the mechanical behavior of thin nickel polycrystals[END_REF]. Further decrease on the t/d ratio leads to the existence of a second critical ratio, around unity [START_REF] Janssen | An experimental assessment of grain size effects in the uniaxial straining of thin Al sheet with a few grains across the thickness[END_REF][START_REF] Keller | Microstructural size effects on mechanical properties of high purity nickel[END_REF], related to a constant stress regime dependent of the thickness [START_REF] Fourie | The flow stress gradient between the surface and centre of deformed copper single crystals[END_REF][START_REF] Keller | Finite element investigation of size effects on the mechanical behavior of nickel single crystals[END_REF].

The progressive transition from a polycrystalline to a quasi-single crystalline state, through an intermediate so-called multicrystalline state, strongly modifies the mechanical properties and affects not only the forming performances of small metallic parts [START_REF] Geng | Effect of crystalline anisotropy and forming conditions on thinning and rupturing in deep drawing of copper single crystal[END_REF][START_REF] Raulea | Size effects in the processing of thin metal sheets[END_REF], but also their functional properties, such as the coercive field strength and magnetic behavior [START_REF] Hug | Size effects and magnetoelastic couplings: a link between Hall-Petch behaviour and coercive field in soft ferromagnetic metals[END_REF][START_REF] Mohri | Sensitive micro magnetic sensor family using magneto-impedance (MI) and stress-impedance (SI) effects for intelligent measurements and controls[END_REF], the electrical resistivity [START_REF] Chauhan | Probing thickness-dependent dislocation storage in freestanding Cu films using residual electrical resisitivity[END_REF][START_REF] Lim | Electrical resistivity of Cu films deposited by ion beam deposition: Effects of grain size, impurities, and morphological defect[END_REF] or the thermal conductivity [START_REF] Dong | Relative importance of grain boundaries and size effects in thermal conductivity of nanocrystalline materials[END_REF]. Such mechanisms associated with the strengthening of fcc materials are well documented in the literature but their characterization for others crystallographic structures remains, however, an issue. Many researches focused on the so-called "smaller is stronger" effect depicted by micropillar experiments on hexagonal closed packed (hcp) metals [START_REF] Byer | Effects of the initial dislocation density on size effects in single-crystal magnesium[END_REF][START_REF] Yu | Strong crystal size effect on deformation twinning[END_REF]. However, very few works concerning size effects in hcp crystallographic structures are available in the range of laminated part thickness. The grain size impact on the yield stress verifies a Hall and Petch (HP) relationship, as shown for instance for magnesium [START_REF] Qiao | Effects of grain size, texture and twinning on mechanical properties and work-hardening behaviors of pure Mg[END_REF], zirconium [START_REF] Ramani | Grain size dependence of the deformation behaviour of alpha zirconium[END_REF] and titanium [START_REF] Ghaderi | Sensitivity of deformation twinning to grain size in titanium and magnesium[END_REF]. Concerning magnesium, this law was found to be valid for higher values of plastic strains by Ono et al [START_REF] Ono | Effect of deformation temperature on Hall-Petch relationship registered for polycrystalline magnesium[END_REF], but only five grain diameter values were used to plot the HP graphs. Grain size was also found to influence twinning [START_REF] Meyers | The onset of twinning in metals: a constitutive description[END_REF] and fracture mechanisms [START_REF] Fan | The grain size dependence of ductile fracture toughness of polycrystalline metals and alloys[END_REF] of hcp metals. Twinning and gliding regimes exhibit their own HP relationship with higher slopes in twinning mechanisms as dislocation gliding is restricted in this case. HP plots with two or three distinct regimes were depicted [START_REF] Barnett | Influence of grain size on the compressive deformation of wrought Mg-3Al-1Zn[END_REF] depending on the plastic strain level and the dominant work hardening mechanism. For a given grain size, Lou et al [START_REF] Lou | Hardening evolution of AZ31B Mg sheet[END_REF] have shown that a decrease in thickness of Mg alloys leads to a decrease in the ultimate stress in tension and a corresponding decrease in the fracture strain. Same evolutions were obtained for titanium plastically strained in tension but also in shear [START_REF] Nasiri-Abarbekoh | Effects of thickness and texture on mechanical properties anisotropy of commercially pure titanium thin sheets[END_REF]. To the knowledge of the authors, only one major work was dedicated to the coupled effect of the grain size and t/d ratio for hcp materials. This study was devoted to zinc [START_REF] Ecob | Effect of grain size on flow stress of textured Zn alloy[END_REF], and a critical t/d ratio of 12 was found below that one a softening of the mechanical properties was observed. This effect was attributed to the impact of a strong basal texture which develops during plastic deformation. Among all hcp structures, cobalt has been much less studied but is of particular interest due to its specific mechanical and magnetic properties, which makes it a good candidate for miniaturized systems and components. Cobalt deserves also attention due to its higher melting point and very low stacking fault energy compared with others hcp metals [START_REF] Betteridge | The properties of metallic cobalt[END_REF]. Work hardening curves of polycrystalline cobalt exhibit two distinct stages in the plasticity regime. Basal dislocation glide on the crystallographic system 0001 〈12 10〉 is the dominant mechanism in the first stage of work hardening (labelled stage A in the following). Unlike magnesium, where prismatic or pyramidal slip systems can also be observed under specific experimental conditions [START_REF] Couret | An in situ study of prismatic glide in magnesium-I. The rate controlling mechanism[END_REF][START_REF] Máthis | The evolution of non-basal dislocations as a function of deformation temperature in pure magnesium determined by X-ray diffraction[END_REF], basal slip is the only activated mode in cobalt [START_REF] Marx | Straininduced phase transformation of a thin Co film on flexible substrates[END_REF][START_REF] Seeger | Theory of work-hardening of FCC and HCP single crystals[END_REF]. After an amount of plastic strain, because of the limited number of available slip systems, twinning process occurs in the second work hardening stage (stage B) as an alternative for plastic deformation. Several twinning modes occur in cobalt but twinning in the 101 2 planes was found to be the majority mode [START_REF] Martinez | TEM analysis of the deformation microstructure of polycrystalline cobalt plastically strained in tension[END_REF] due to its low corresponding twinning shear [START_REF] Partridge | The crystallography and deformation modes of hexagonal close-packed metals[END_REF]. The size effects in such metal, for instance the impact of the t/d ratio on gliding and twinning regimes, deserve attention.

The objective of this work is to contribute to the understanding of size effects in metallic materials by giving first new experimental results concerning high purity cobalt.

HP formalism and strengthening mechanisms were studied and size effects were depicted in the gliding regime below a critical t/d ratio related to the low stacking fault energy in a similar way than for fcc alloys. This behavior fades away when twinning occurs. Surface effects were highlighted by nanoindentation experiments completed by the application of a simple composite model [START_REF] Yang | Yield stress influenced by the ratio of wire diameter to grain size -a competition between the effects of specimen microstructure and dimension in micro-sized polycrystalline copper wires[END_REF]. The softening of the mechanical properties observed in the stage A of work hardening is finally discussed using the Kocks-Mecking formalism [START_REF] Keller | Kocks-Mecking analysis of the size effects on the mechanical behavior of nickel polycrystals[END_REF][START_REF] Kocks | Physics and phenomenology of strain hardening: the FCC case[END_REF] and the observation of dislocation pile-ups against boundaries in the gliding planes.

Experimental details

Laminated sheets of high purity cobalt (higher than 99.9wt.%) of variable thicknesses t ranging from 125 to 700 µm, provided by GoodFellow company, were considered. As-received sheets were first annealed at 900 °C for 1 h and considered as the starting polycrystalline state. Samples were therefore subjected to heat treatments at 1100 °C with increasing times in order to modify the grain size d and the corresponding t/d ratio. For all heat treatments, the partial pressure of oxygen was maintained lower than 10 -7 mbar for limiting oxidation of the free surfaces during the annealing process. Cobalt exhibits an allotropic transformation at 376 °C during cooling, between the hcp phase and the fcc high temperature metastable structure. A slow cooling of samples inside the furnace during 24 h is mandatory in order to control the amount of remaining secondary fcc phase.

Values of d for different thicknesses and corresponding t/d ratios are given in Table I. (nominal tip radius of curvature of 20 nm) was employed and measurements were displacement-controlled up to a penetration depth of 500 nm. Spacing between each indent was set to 1 µm to avoid interaction between plastics zones. A calibration experiment on a fused quartz specimen was performed before each test to ensure reliable measurements.

Grain size, crystallographic texture and residual fcc phase fraction were systematically evaluated by electron back scattered diffraction (EBSD) working on a scanning electron microscope (SEM). Gliding mechanisms, dislocation features and pileups were studied by TEM with a microscope operating at 200 kV. To this aim, 3 mm diameter discs were first extracted from mid-thickness of the strained specimens and then thinned down by mechanical polishing and electropolishing using a twin jet electrolytic thinning apparatus (90% glacial acetic acid and 10% perchloric acid solution, working voltage of 50 V).

Experimental results

Microstructural evolution of cobalt samples with heat treatments

Fig. 1 presents a general overview of the microstructure of polycrystalline and multicrystalline samples after heat treatment. Independently of the t/d ratio, a well-defined hcp crystallographic structure is evidenced giving an isotropic grain size both through the thickness (Fig. 1(a)) and on the surface (Fig. 1(b)). Specimens also exhibit 71.4°/ 10 2 1 boundaries resulting from the martensitic transformation from fcc to hcp during cooling. -9 -

The retained fcc phase is mainly located at triple junctions of grain boundaries of the hcp phase as revealed by EBSD cartography (Fig. 1(c)). This secondary phase modifies the mechanical properties of cobalt for amounts of the order of 40-45 % [START_REF] Bouquet | Influence of the f.c.c. phase retained at room temperature on the mechanical properties of cobalt[END_REF] well higher than the values displayed in Fig. 1(d) (between 5 % and 25 %, depending on the t/d ratio).

We will consider in the following paragraphs that modifications of the mechanical properties of cobalt result to the behavior of the hcp phase only. -10 -

The initial microstructure is also characterized by the existence of numerous stacking faults, both in hcp and fcc phases (Fig. 3). These faults are bounded by partial dislocations and their occurrence reveals the low stacking fault energy of cobalt, typically in the range 23-31 mJ/m 2 [START_REF] Korner | Weak-beam study of glide dislocations in h.c.p. cobalt[END_REF]. In order to go further into the plasticity mechanisms, it is of major importance to consider the mechanisms linked to gliding and those due to twinning. In general for hcp -12 -metals, strain mechanisms in small grain specimens are driven by slip processes whereas for larger ones deformation twinning becomes predominant [START_REF] Stanford | Deformation twinning and the Hall-Petch relation in commercial purity Ti[END_REF]. These two deformation mechanisms can be evidenced and studied by considering work-hardening plots issued from monotonous tensile curves. It can be considered, in first approach, a linear relationship between θ and ε in stages A and B, represented by corresponding slopes ∆A and ∆B. Both slopes are negative highlighting the general decrease in work hardening rate with plastic deformation.

Mechanical behavior of cobalt in tension. Impact of the t/d ratio

However, this effect is much pronounced when slip mechanisms predominate. As shown in Fig. 5, ∆A also strongly decreases (in absolute value) with t/d ratio, together with the work hardening rate θ0 at the beginning of the plasticity (i.e. for a plastic strain of 0.002). In the twinning stage, ∆B remains more or less independent of t/d ratio.

Effect of the t/d ratio on the HP relationship

Based on the monotonous tensile curves exhibited in Fig. 4, HP plots are illustrated Fig. 6, for various plastic deformations and three thicknesses. Two distinct linear regimes are evidenced for the 0.5 mm thick specimens (Fig. 6 -15 -

The evolution of the ratio km/kp with the strain presents two distinct stages (Fig.

7(a)

). It remains constant until ε = 0.025 and strongly increases for higher values of the strain. This could be related to the modification of the straining mechanisms with the generalization of twinning process, more sensitive to grain size than slip mechanisms [START_REF] Ghaderi | Sensitivity of deformation twinning to grain size in titanium and magnesium[END_REF][START_REF] Kumar | Role of microstructure on twin nucleation and growth in HCP titanium: A statistical study[END_REF]. The value of σ0 in the multicrystalline regime (called σ0m) is of the order of a few MPa at the yield stress, related to the critical resolved shear stress in the basal plane of hcp ideal structures [START_REF] Hutchinson | A minimum parameter approach to crystal plasticity modelling[END_REF]. The ratio σ0m/σ0p is always less than the unity, increases with the deformation (Fig. 7(b)), and tends to saturate at higher strain levels with the generalization of the twinning process. The difference between the mechanical behavior of multicrystals and polycrystals in slip regime is then reduced with strain in accordance to previous observations concerning nickel [START_REF] Keller | Hall-Petch behaviour of Ni polycrystals with a few grains per thickness[END_REF], aluminum [START_REF] Janssen | An experimental assessment of grain size effects in the uniaxial straining of thin Al sheet with a few grains across the thickness[END_REF], or copper [START_REF] Hug | Temperature dependence and size effects on strain hardening mechanisms in copper polycrystals[END_REF] and for surface and core regions of copper single crystals [START_REF] Fourie | The flow stress gradient between the surface and centre of deformed copper single crystals[END_REF]. -16 -HP plots for cobalt samples with a thinner thickness of 250 µm are displayed in Fig. 6(b) for several deformations. For this thickness, the t/d ratio ranges between 1 and 3.5

(Table I). Experimental results clearly show two distinct domains which correspond to the transition between multicrystalline and quasi single crystalline regimes. There are separated by a second t/d critical value of around 2.5, which is independent on the strain level. This second critical value was found around unity for nickel [START_REF] Keller | Microstructural size effects on mechanical properties of high purity nickel[END_REF], and around 2 in Ni-20Cr alloy [START_REF] Rudloff | Etude des mécanismes de transition volume / surface du comportement mécanique d'un alliage Ni20Cr[END_REF], and seems to slightly increase with a decrease in stacking fault energy. The slope of HP plots is very weak for quasi single crystals. In these samples, grain boundaries are mainly normal to the tensile direction, forming a so-called "bamboo-like" microstructure [START_REF] Janssen | Processing induced size effects in plastic yielding upon miniaturisation[END_REF]. It was demonstrated that this grain boundary configuration does not act as strong obstacles to the dislocation slip mechanisms [START_REF] Sutou | Effect of grain size and texture on pseudoelasticity in Cu-Al-Mn-based shape memory wire[END_REF]. For 125 µm in thickness samples, t/d ratio is in the range 2.2-4.2. Despite a fewer number of experimental points concerning grain size, HP plots exhibit a single linear behavior independently of the deformation (Fig.

6(c))

, with slope values in agreement with the multicrystalline regime.

Fig. 8 displays an overview of the HP law at the yield stress for four thicknesses and a large range of grain size. The multicrystalline regime delimited by the two critical t/d ratio is clearly evidenced despite the scattering of the stress values. In this regime, cobalt experiences a strong softening of its yield stress, of around 40%-50% of the corresponding polycrystalline value. The transitions surprisingly appear for a given grain size, respectively around 30 µm for the first transition and 90 µm for the second one, independently of the thickness, leading therefore to different critical t/d ratio (see inset in Fig. 8). 

Evolution of the strengthening parameters with t/d ratio

The initial work hardening rate θ0 at the beginning of the plasticity (i.e. for a plastic strain of 0.002, see Fig. 5) exhibits three distinct stages with a decrease in t/d ratio (Fig.

9(a)

). These stages are delimited by critical t/d ratio taking values in the same order than those depicted in HP plots. However, these critical parameters are independent of the thickness of the samples, highlighting a purely t/d effect on strengthening mechanisms of cobalt. In the polycrystalline regime (t/d higher than a critical value around 10-15), the slope ∆A of the first stage decreases when the grain size increases (Fig. 9(b)), due to the impact of the grain size on the basal slip mechanism in hcp crystals [START_REF] Britton | On the mechanistic basis of deformation at the microscale in hexagonal close-packed metals[END_REF]. ∆A decreases more These mobile dislocations were identified as <a>-type basal perfect dislocations. Sessile <c>-type dislocations in dipolar configurations, lying in the prismatic planes, are also sometimes observed [START_REF] Fleurier | Etude des transitions volume / surface des propriétés mécaniques du cobalt de haute pureté. Influence des mécanismes de glissement et de maclage[END_REF]. There are less frequently encountered than <a>-type ones. shows several twins with lenticular morphology. A typical selected diffraction pattern used for the identification of twins is also depicted in the same figure. The rotation between the hole of the thin foil in order to avoid artificial free surface effects. They are also single layers, with all dislocations in the same slip plane, and single-ended, with a source supposed close to a grain boundary and a pile-up against a grain or twin boundary [START_REF] Li | The role of dislocations in the flow stress grain size relationships[END_REF]. For each pile up, the total number of dislocations n and their length L were measured. Gliding mechanisms being only activated in the basal plane of cobalt, the value of L was computed taking into account the angle between the observation direction and the [0001] direction.

Despite the scattering of measurements, ∆τ is found slightly higher in multicrystals (60 ± 20 MPa on average) than in polycrystalline specimens (45 ± 20 MPa on average). For a similar value of strain in stage A, higher mechanical work is then necessary to pile-up dislocations against boundaries in multicrystals.

Surface effects in multicrystalline samples

Nanoindentation measurements performed across the thickness of multicrystalline samples plastically strained in stage A exhibit a strong decrease in hardness close to the free surfaces (Fig. 13(a)).

The sample corresponding to polycrystalline state and strained in stage A presents an average hardness of 2.8 GPa all across the thickness with no pronounced surface effects (Fig. 13(b)). When it comes to multicrystal sample, in the core region, the same average value of hardness than in polycrystal is observed. However, a significant decrease in hardness on the 100 µm closer to the free surface is highlighted in Fig. 13(b). In this case, taken into account the sample characteristics (t/d = 5 and t = 500 µm), this feature suggests -25 -that the corresponding stress gradient is only observed in the grain emerging on the free surface. Surface effects can be captured using an analytical composite model, following previous works of Yang et al [START_REF] Yang | Yield stress influenced by the ratio of wire diameter to grain size -a competition between the effects of specimen microstructure and dimension in micro-sized polycrystalline copper wires[END_REF]. These authors considered that grains in the surface region behave differently than in the core leading to a mechanical softening of the material close to the free surface. Considering fs, the volume fraction of the material affected by the surface softening and fc the volume fraction of core region, not affected by surface effects, the overall stress σ applied to the transverse section can be computed, in first approximation, using the mixture rule between surface and core areas [START_REF] Fourie | Soft surface effect in copper single crystals oriented for multiple glide and in polycrystalline copper[END_REF]:

= -. . + -/ / (4) 
σs and σc are the flow stress inside surface and core areas, respectively. For flat plate geometry samples [START_REF] Shin | Specimen size effects on the weakening of a bulk metastable austenitic alloy[END_REF], the ratio σ/σc can be written under the following form: 

0 0 1 = 1 -
In this equation, α is the number of grains affected by surface effects, β is the ratio between the flow stress of the surface regions over the core ones (β = σs/σc) and w is the width of the specimen, see inset in Fig. 14(a). Eq. ( 5) was used to fit the evolution of the stress level with deformation and t/d ratio. Results are given in Fig. 14 where each value of stress was normalized by the higher value σmax representative of the polycrystalline stage. It is shown in Fig. 14(a) that surface effects occur for t/d ratio around 15, in agreement with previous results. Moreover, this critical ratio is weakly dependent on the deformation, as observed in HP plots [START_REF] Fleurier | Size effects and Hall-Petch relation in polycrystalline cobalt[END_REF].

For each t/d ratio and a given level of deformation, best fits of experimental values are obtained for specific values of α and β. Fig. 14(b) shows that for a polycrystal, α and β are close to 0 and 1, respectively, independent of the deformation, indicating that no surface effects occur. For multicrystals, α is maximal at the yield stress with values around 1.2 for t/d = 5 for instance. More than one grain is then affected by size effects when cobalt begins to deform plastically. Surface effects become less pronounced when the deformation increases (α decreases up to 0.5), in agreement with experimental results concerning work affected by the t/d ratio, with a critical value around 12, of the same order than that one found for HP law. Twinning mechanisms are not impacted by such size effects, even if twins are more present in large grain size specimens than in small ones [START_REF] Martinez | Characterization of deformation twinning in polycrystalline cobalt: A quantitative analysis[END_REF].

The size effects in fcc metals were previously closely linked to the stacking fault energy and the ability of cross slip mechanisms during the work hardening [START_REF] Hug | Size effects and temperature dependence on strain-hardening mechanisms in some face centered cubic materials[END_REF]. Precedent results concerning nickel [START_REF] Keller | Finite element analysis of the free surface effects on the mechanical behavior of thin nickel polycrystals[END_REF][START_REF] Keller | On the origin of the stress decrease for nickel polycrystals with few grains across the thickness[END_REF] and copper [START_REF] Hug | Size effects and temperature dependence on strain-hardening mechanisms in some face centered cubic materials[END_REF][START_REF] Hug | Temperature dependence and size effects on strain hardening mechanisms in copper polycrystals[END_REF] also underlined the role of internal stress gradients which develop across the thickness of samples with a decreasing in t/d ratio. This leads to a progressive softening of the surface at the origin of the decrease of stress levels for multicrystals. The softening of the mechanical properties of fcc multicrystals can be attributed to surface effects, the surface becoming progressively softer than the core as the plastic straining proceeds [START_REF] Keller | Finite element analysis of the free surface effects on the mechanical behavior of thin nickel polycrystals[END_REF]. The physical origin of this softening can be found in the variation of the diameter of cell dislocations between surface and core, higher in the former case than in the latter. The internal stress level being inversely proportional to the cell diameter [START_REF] Kuhlmann-Wilsdorf | Theory of plastic deformation: properties of low energy dislocation structures[END_REF], a gradient of internal stresses progressively takes place through the thickness leading to the overall softening of the mechanical properties.

The low stacking fault energy of cobalt combined with its restricted glide system number imply that this metal is very sensitive to the reduction of the t/d ratio. The composite model of Shin et al [START_REF] Shin | Specimen size effects on the weakening of a bulk metastable austenitic alloy[END_REF] coupled to nanohardness measurements also highlight an impact of the free surfaces for multicrystalline cobalt. Mechanical softening is mainly detectable during the stage A of work hardening, driven by slip mechanisms in the basal plane.

To better understand the modification of dislocation glide character between polycrystals and multicrystals, work hardening curves of cobalt can be modeled by a one--29 -parameter model such as that one developed by Mecking [START_REF] Mecking | Description of hardening curves of fcc single and polycrystals[END_REF], Kocks and Mecking [START_REF] Kocks | Physics and phenomenology of strain hardening: the FCC case[END_REF] or Estrin and Mecking [START_REF] Estrin | A unified phenomenological description of work hardening and creep based on one-parameter models[END_REF]. We have shown in previous works how this model can be successfully used for the study of size effects in fcc materials [START_REF] Keller | Kocks-Mecking analysis of the size effects on the mechanical behavior of nickel polycrystals[END_REF]. In this model, the work hardening is issued from a competition between the progressive storage of dislocations and their annihilation [START_REF] Sevillano | Flow stress and work hardening[END_REF]. Following the formulation given by Malygin [START_REF] Malygin | Dislocation Density Evolution Equation and Strain Hardening of f.c.c. Crystals[END_REF], the general equation of accumulation of dislocations in single crystals, represented by the dislocation density ρ, with the strain γ, takes the following form:

; < = = > + = ? @A -= B A (6) 
κm = 1/(bΛ) is the coefficient of multiplication of dislocations in the easy glide stage, when all dislocations slip along one activated gliding system. b is the Burgers vector modulus and Λ the mean free path of mobile dislocations. The second term in the right side of Eq. ( 6) is an accumulation term related to the athermal storage of mobile dislocations, and the last one is an annihilation component associated with recovery mechanisms such as cross slip.

κf and κa are corresponding constant materials.

The use of this equation can be extended to the case of hexagonal materials if slip mechanisms predominate [START_REF] Qiao | Effects of grain size, texture and twinning on mechanical properties and work-hardening behaviors of pure Mg[END_REF][START_REF] Král | Softening during Deformation of Zr Alloys[END_REF]. The strain hardening of polycrystals can then be studied by the following relationship:
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-30 -σy is the yield stress, αT is a material constant linked to the dislocation arrangement, M is the Taylor factor. The work hardening curves of cobalt can therefore be modeled by a three parameters (A, B and C) adjusted equation [START_REF] Fleurier | Etude des transitions volume / surface des propriétés mécaniques du cobalt de haute pureté. Influence des mécanismes de glissement et de maclage[END_REF]:

F = Q 0'0 N + R -SC -D E (8) 
An example of such a fitting is given in Fig. 15 

T = & G H I J KL = > (9) 
This leads to an expression for the mean free path of mobile dislocations: µm. When t/d becomes lower than the critical ratio (t/d)c = 14, a strong increase of Λ is evidenced. This result is similar than that one reported in multicrystalline nickel [START_REF] Hug | Intrinsic Effects due to the Reduction of Thickness on the Mechanical Behavior of Nickel Polycrystals[END_REF], and numerically predicted by Kocks -Mecking analysis [START_REF] Keller | Kocks-Mecking analysis of the size effects on the mechanical behavior of nickel polycrystals[END_REF]. The slip characteristics in the stage A of work hardening are then deeply modified in the multicrystalline regime. Indeed, increasing the mean free path of dislocations would imply an overall softening of the mechanical properties.

Λ = O V 4 W # # Q (10) 
To sum up, the mechanical softening in cobalt multicrystals strongly modifies the yield stress with a pronounced three stages on the HP law (Fig. 8). This softening is also evidenced by an initial strain hardening rate θ0 smaller for multicrystals than for polycrystals (Fig. 9 Cobalt multicrystals are then initially softer from a mechanical point of view. When plastic strain occurs, dislocation activity is more important, in good agreement with the increase of the mean free path below the critical t/d ratio (Fig. 15(b)). The internal stress generated around pile-ups by this dislocation activity is then slightly higher in multicrystals, as computed using TEM observations. The overall softening of the mechanical properties of cobalt multicrystals is then due to very strong surface effects, which compensate the small increase of internal stress in the volume. Such effects are the consequence of the greater dislocation mobility, as shown by the increase of the mean free path. Dislocations are able to escape through free surfaces, especially when the grain size is larger. With the generalization of twinning, twins develop also on the free surface of samples. These twins prevent the escape of dislocations. Mechanical behavior of multicrystals and polycrystals tend to become similar when the deformation level is enough for activating the second stage of the work hardening.

Conclusion

In this work, the mechanical properties of cobalt were reported for a wide range of grain size and for several sample thicknesses. The transition between polycrystalline and multicrystalline behavior has been demonstrated, occurring for critical number of grains through the thickness of the order of 13-15. The mechanical behavior of cobalt is strongly impacted for t/d ratio less than this critical value, both from the point of view of the hardening effect of the grains, related to a strong modification of the HP law, and of dislocation hardening mechanisms in the basal slip stage. It was also demonstrated that the size effects tend to disappear when twinning mechanisms become predominant.

As in fcc metals, the size effects depicted in cobalt traduce the existence of an important surface effect inside the samples with less than 13-15 grains through the thickness. The dislocation activity was found to be greater in cobalt multicrystals, leading to denser and smaller dislocation pile-ups, generating larger internal stresses. Surface effects, therefore, compensate these larger levels in multicrystals, leading to their overall softening in terms of mechanical properties.

The origin of the strong softening of cobalt at the beginning of plasticity, however, remains unclear. In particular, the role played by nonlinear elasticity during elastic loading and in the microyielding stage needs to be better understood and should be the subject of future research.
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 1 Figure 1 -General overview of the microstructure of cobalt, unstrained state. (a) Grain size across the thickness, SEM, t/d = 14. (b) EBSD IPF map of the hcp phase, t/d = 14. (c) Cartography representing in red the hcp phase and in green the fcc one (t/d = 19). (d) Amount of residual fcc phase with the holding time of annealing at T = 1100 °C, for three thicknesses of cobalt samples.

Fig. 2

 2 Fig.2represents the c-axis pole figures for cobalt specimens with various t/d ratio.
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 2 Figure 2 -Pole figures for annealed cobalt samples with various t/d ratio.

Figure 3 -

 3 Figure 3 -Stacking faults observed in (a) hcp and (b) fcc phases of unstrained cobalt.

Figure 4 -Figure 4

 44 Figure 4 -Typical true stress -true strain curves obtained in cobalt with various t/d ratio and a thickness of (a) 700 µm, (b) 500 µm, (c) 250 µm and (d) 125 µm.

Figure 5 -

 5 Figure 5 -Examples of hardening curves for polycrystalline (t/d = 22), multicrystalline (t/d = 7) and quasi single crystalline (t/d = 3) cobalt with corresponding work hardening stages.

  Figure 5 displays typical work hardening curves θ(ε) = dσ/dε for polycrystalline, multicrystalline and quasi single crystalline specimens with θ the work hardening rate. All curves exhibit a nonlinear elasticity regime (not studied in this work) followed by two distinct hardening stages A and B, separated by a threshold stress σAB. These stages are traditionally encountered in hcp structures and are linked to gliding mechanisms and twinning processes, respectively.

  (a)), from the very beginning of the plasticity. The two regimes correspond to the polycrystalline and the multicrystalline -13 -behaviors. A linear regression on the two regimes allows us to compute the HP coefficients k and σ0 of the HP relationship, which links the flow stress σ to the strain level ε and the grain size d [49]: = + √ (1) σ0(ε) and k(ε) are material parameters and function of the strain. For the yield stress (εp = 0.002), when t/d ratio is higher than a critical value (t/d)c = 14, HP constants for cobalt in the polycrystalline regime take values kp = 245 MPa.µm 1/2 and σ0p = 211 MPa, in accordance with the few experimental results available in open literature [50]. When t/d < 14, k takes higher values (km = 1590 MPa.µm 1/2 ) than for polycrystalline specimens, indicating a much more pronounced grain size dependence of the stress in this so-called multicrystalline regime.

Figure 6 -

 6 Figure 6 -(a) HP plots for several deformations showing the transition between polycrystalline and multicrystalline behaviors (t = 500 µm) (following [51]). In inset, definition of the two distinct stages in HP plot at the yield stress. (b) HP plots for 250 µm in thickness cobalt for different deformation levels showing the transition between multicrystalline and quasi-single crystalline behaviors. (c) HP plots for 125 µm in thickness cobalt exhibiting a multicrystalline single regime in the overall studied ranges of grain size and plastic deformation.

Figure 7 -

 7 Figure 7 -Evolution of the HP coefficients with deformation for 0.5mm in thickness samples. (a) Ratio km/kp and (b) ratio σ0m/σ0p vs deformation ε.

Figure 8 -

 8 Figure 8 -Initial HP plots for four distinct thicknesses showing the existence of the three crystalline configurations. In inset, evolution of the critical t/d ratio between multicrystalline and polycrystalline stages in function of the thickness.

- 18 -

 18 significantly when t/d decreases below the first critical t/d ratio, revealing the size effect on slip process in the multicrystalline regime. By contrast, the slope ∆B of the second work hardening stage, driven by twinning mechanisms, remains roughly constant with t/d ratio (Fig.9(b)). Its value is very weak, around 5000 MPa, and the experimental dispersion does not allow highlighting several distinct stages.

Figure 9 - 3 . 5 .

 935 Figure 9 -Evolution of the hardening parameters with t/d ratio computed from Fig. 5. (a) Initial work hardening rate θ0, (b) absolute values of slopes ∆ in stages A and B, (c) stress transition σAB between stages A and B.

Figure 10 -

 10 Figure 10 -Microstructural features of gliding mechanisms in cobalt. (a) Slip lines against twins in the beginning of plastic strain, confocal microscopy observation of a multicrystal. (b) Two examples of dislocation pile-ups representative of slip mechanisms in stage A of cobalt polycrystals.

Figure 11 -

 11 Figure 11 -Microstructural features of twinning mechanisms in polycrystalline cobalt. (a) Twinning generalization in fractured samples observed in optical microscopy. (b) Image Quality map of twins in stage B, the extension twins highlighted in red represent the 101 2 mode. (c) TEM image of 101 2 twins, and identification by electron diffraction. The diffraction pattern of the matrix (represented in green) and the twin (represented in yellow) are superposed and show a rotation about the 〈12 10〉 axis of ∼ 86°.

Figure 13 -

 13 Figure 13 -(a) Normalized hardness values through the thickness of a multicrystal sample not deformed and strained in stage A. (b) Hardness profiles through the thickness of polycrystalline and multicrystalline samples plastically strained in stage A (t = 500 µm). Errors bars in Fig. 13(a) are of the same order of magnitude than in Fig. 13(b).

  (a). The fitting procedure is robust and stable, weakly dependent on the initial values of A, B and C. B and C are related to κf and κa, representing multislip gliding and twinning processes, respectively. In the first work hardening stage of cobalt, driven by basal slip mechanisms, the parameter A is especially of interest. It is related to the coefficient of multiplication of dislocation in single slip regime κm by the equation:

Figure 15 -

 15 Figure 15 -(a) Modeling of the work hardening curve of cobalt by using Eq. (8) (t/d = 13). (b) Evolution of the mean free path of dislocations in stage A with the t/d ratio for cobalt specimens of thickness 500 µm.

Fig. 15 (

 15 Fig. 15(b) displays the evolution of Λ with t/d for cobalt samples of 500 µm in thickness. Λ was computed using αT = 0.3, which holds for pile-ups configurations, M = 2.3, considering basal glide of a hcp material moderately textured [76], µ = 83.5 GPa and b = 0.25 nm. Λ remains constant for polycrystalline specimens, around a mean value of 1.5

  (a)) and remains present in the first work hardening stage (Fig. 9(b)).

  

Table I .

 I Extreme values dmin and dmax of mean grain sizes obtained by annealing of cobalt with various thicknesses t (standard deviation is about one-half of the grain size) associated with their corresponding t/d

	three and six mechanical tests were carried out for each metallurgical state and average
	stress values were reported on HP plots and work hardening curves. As mentioned in
	previous works of our group [18, 45], a	statistical test was systematically performed on
	the least square regression considering one or two different stages for HP plots. An error
	bar of 5% was associated with each stress measurement in agreement with the experimental
	scattering analysis. Supplementary interrupted tensile tests were performed at different
	stages of strengthening, to analyze the deformation mechanisms using optical and electron
	microscopy. Nanoindentation measurements through the thickness of some samples, using
	a staggered matrix, were performed with a MTS XP nanoindentation device to capture the
	ratio ranges.			
	softening effect of free surfaces in multicrystalline specimens. Berkovich diamond tip
	t (µm)	dmin (µm)	dmax (µm)	t/d range
	125	30	57	2.2 -4.2
	250	72	248	1 -3.5
	500	10	119	4.5 -44
	700	10	112	6 -70
	Uniaxial monotonous tensile experiments were carried out up to fracture, using an
	Instron 5569 (Norwood, MA, USA) universal testing machine, on dog bone shaped samples
	with a gauge length of 20 mm. Strain measurements were achieved by a clip-on
	extensometer for all thicknesses except for the 125 µm thickness, for which a laser
	extensometer was used to avoid buckling and surface fracture initiator. The strain rate was
	maintained in the range (10 -4 -10 -3 ) s -1 using a constant crossing head speed of 1 mm/min.
	All tests were performed with the tensile axis aligned with the rolling direction. Between
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matrix and the twin about the 〈12 10〉 axis is 86°, so that this correspond to a 101 2 twin type.

Decreasing the t/d ratio clearly affect the gliding mechanisms in stage A as evidenced by the evolution of the work hardening parameters (Fig. 9). Such size effects are much less sensitive in stage B because twining mechanisms lead to a refinement of the microstructure and grain size is no longer the pertinent length scale. Pile-ups are the more frequent dislocation arrangement in stage A of polycrystals, due to the low stacking fault energy of cobalt. When the t/d ratio is reduced below the multicrystal critical value, pileups remain present as revealed by TEM observations, but are shorter in length and contain more dislocations in average. This feature suggests a significant different work hardening process operating in cobalt when t/d falls below the critical ratio.

In front of pile-ups, an internal stress develops, which can be roughly estimated based on the geometrical properties of the dislocation arrangement (Fig. 12). -23 -Knowing the length L of a pile-up and their number n of dislocations, the internal stress in front of pile-ups can be represented by the local activation shear stress ∆τ, computed with the relation [START_REF] Cai | Imperfections in crystalline solids[END_REF][START_REF] Friedel | Dislocations[END_REF]:

∆τ = τ -τi with τ the applied shear stress in the slip plane and along the slip direction, and τi the minimum internal stress needed to move dislocations along the slip direction. The constant K depends on the screw or edge character of the dislocations. For each pile-up, an image can be obtained using different diffraction vectors and the [0001] zone axis of the corresponding grain. The orientation of the Burgers vector of the dislocations inside pileups can be therefore identified. These dislocations are always of mixed character with an angle ϕ ≅ 30° between Burgers vector and unit line vector. For such mixed dislocation in an isotropic medium, K takes the following form [START_REF] Hirth | Theory of dislocations[END_REF]: 

Discussion

The stronger reduction in stress depicted in HP plots with decreasing grain size when t/d is in the range 2.5-14 (multicrystalline range) is due to a size effect, which appears at the end of the elasticity. It was shown in a previous paper [START_REF] Fleurier | Size effects and Hall-Petch relation in polycrystalline cobalt[END_REF] that the transition between polycrystals and multicrystals takes place during the microyielding stage of loading. This transition was also recently highlighted by measurements of the magnetic coercive field [START_REF] Hug | Size effects and magnetoelastic couplings: a link between Hall-Petch behaviour and coercive field in soft ferromagnetic metals[END_REF]. Concerning strengthening, all parameters representative of gliding process are