Kesavan Ravi 
email: kesavan_ravi@rift.mech.tohoku.ac.jp
  
Tiana Deplancke 
  
Olivier Lame 
  
Kazuhiro Ogawa 
  
Jean-Yves Cavaille 
  
Florent Dalmas 
  
Jean-Yves Cavaillé 
  
Influence of Nanoceramic Interlayer on Polymer Consolidation during Cold-Spray Coating Formation

Keywords: Additive manufacturing, cold-spray, polymer, nano-composites, sintering, mechanical properties, coating; Graphical

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Cold-spray is an additive manufacturing technique where feedstock, in the form of fine powder particles (10-150 µm) are accelerated and heated to suitable velocity and temperature by a carrier gas (usually air/N2/He) and impact-deposited on a suitable target surface as stated by [START_REF] Papyrin | Cold Spray Technology[END_REF] According to [START_REF] Assadi | Bonding mechanism in cold gas spraying[END_REF], the deposition of the micron-sized particles and the subsequent layer-by-layer build-up of the coating depends upon the thermochemical condition of the bonding interface which is largely decided by the heat, pressure, plastic deformation and compressive state generated during the impact. Cold-spray processing for polymers has been recently shown to be a feasible additive manufacturing technique to fabricate variety of coatings. [START_REF] Alhulaifi | Numerical and experimental investigation of cold spray gas dynamic effects for polymer coating[END_REF] reported the possibility of cold-spray being used to coat High Density Polyethylene (HDPE), whereas Xu andHutchings, 2006 used polyolefin powders andBush et al., 2017 used BYK Ceraflour showing that cold-spray has a high potential for being a fast, scalable, solventless and economical additive manufacturing technique. UHMWPE is a polymer that has extensive appplications in orthopedic implants, armor plates, ship rudders, due to its high wear resistance, impact resistance, and cavitation erosion resistance respectively as described by [START_REF] Kurtz | Uhmwpe Biomaterials Handbook[END_REF] Processing of UHMWPE via cold-spray was made possible recently by [START_REF] Ravi | Development of Ultra-High Molecular Weight Polyethylene (UHMWPE) Coating by Cold Spray Technique[END_REF] introducing nanoceramic interlayers at the particle-particle and particle-substrate bonding interface, which was otherwise not possible. [START_REF] Ravi | Mechanistic Study and Characterization of Cold-Sprayed Ultra-High Molecular Weight Polyethylene-Nano-ceramic Composite Coating[END_REF] showed the possibility of using different types of nano-ceramic interlayer to help in the fabrication of the coatings. The interlayers improved the coating efficiency several folds by acting as reinforcing bridge bonds at the bonding interfaces. [START_REF] Ravi | Understanding deposition mechanism in cold sprayed ultra high molecular weight polyethylene coatings on metals by isolated particle deposition method[END_REF] studied the influence of these nanoceramic interlayers at the polymer-substrate interface in detail. However, the influence of such nanoceramic interlayers at the particle-particle bonding interface during the consolidation process, which is influenced by the shot-peening effect and the resulting gradient compressive state, wetting and healing as shown to be occuring in cold-sprayed coatings by [START_REF] Balani | Effect of carrier gases on microstructural and electrochemical behavior of cold-sprayed 1100 aluminum coating[END_REF] has not yet been understood in detail. The understanding of interlayer influence at the particle-particle bonding interface will greatly accelerate the efforts in optimising the cold spray buildup and establishing cold-spray as an efficient additive manufacturing technique for polymers. This paper focuses on the polymer-polymer interface formation and strength as a function of the nature of polymer consolidation and the influence of the interlayers at the bonding interface. As the mechanical testing of the cold-sprayed consolidate would not have yielded meaningful understanding of the polymer-polymer interface strength due to high-speed, non-measurable and gradient compressive loading conditions, interfaces were fabricated under standard measureable compression sintering conditions at two different compressive loads and different percentages of nanoceramic filling. Tensile tests on these sintered volumes are performed both at room temperature and above the melting point to understand the interface strength contributed by the crystalline and entanglement network and their evolution as a function of the interlayer influence at the set sintering conditions. Further, the physical presence of nanoceramic particles at the bonding interface was observed to elaborate the sintering mechanism under the conditions relevant to the nature of consolidation.

Materials Used

UHMWPE-Polymer

The UHMWPE used in this study is GUR 4170 obtained from Ticona (Oberhausen, Germany) in the form of powder. Figure 1 (a) depicts an SEM image of the UHMWPE powder particles used in this study. The molecular mass obtained from the viscosity measurements is 10.5 Mg/mol.

Fumed nano-alumina (FNA)-Nanoceramic Additive

FNA used in this study as an nanoceramic additive to UHMWPE was obtained from Evonik under the product name of AEROXIDE ® Alu 130. It has a primary particle size of approximately 13 nm and agglomerate size of 90 nm. The Evonik industries claim that the nanoceramic particles are hydrophilic and positively charged. 

Experimental

Powder Preparation

UHMWPE particles were mixed with FNA (0-10% by weight) and ultra-sonic mixed for 30 min in an ethanol bath to ensure that the loose agglomerates of FNA are broken down and dispersed on the UHMWPE surface. The mixture was then put to dry for 4-5 hr. to dry out ethanol completely.

Sintering Protocols

The sintering protocols were designed to emulate the sections of the cold-sprayed coatings volume, which exhibited gradient compressive loading leading to a gradient porosity. The relative density level varied from 100% near the coating-substrate interface to almost 75% were fabricated with 100% and 75% relative density respectively by compression sintering the UHMWPE and UHMWPE-FNA feedstock. The compressive loading during the sintering protocol was provided by a servo-hydraulic compression testing apparatus (INSTRON), and the processing temperature was achieved using a Servatin Oven. Table 1 presents the list of all the samples that were tested in this study. Table 1. The list of all the samples tested for mechanical characterization in this study. The sample list includes the sintering protocol and the percentage of FNA content during processing. a a The tested conditions are indicated by the grey cells

Full-sintering

The protocol was carried out similar to the one followed by [START_REF] Deplancke | Diffusion versus cocrystallization of very long polymer chains at interfaces: Experimental study of sintering of UHMWPE nascent powder[END_REF] in their research work which consisted of 3 distinct stages and was completed as follows:

• Powder densification: A compressive stress of 80 MPa and vacuum of ~10 mbar was applied to the powder after heating it up to a temperature of 80 o C.

• Diffusion of chains: This particular stage was carried out at a temperature higher than the melting point of UHMWPE at 200 o C at a compressive stress of 5 MPa for 1hr where the diffusion of chains through the grain interfaces was facilitated.

• Crystallization: This stage was performed under a compressive pressure of 20 MPa, during cooling, to prevent shrinkage due to crystallization. The jig containing the sample was cooled in air.

The detailed illustration of the full-sintering process and the resulting microstructure is shown in figure 1 (a) and (e) respectively. Fabrication resulted in a UHMWPE sample with firmly welded interfaces and minimal porosities.

Half-sintering

Half-sintering of UHMWPE was performed with a compressive load of 0.05 MPa which is much less than the one used in the case of full-sintering. The loading condition was empirically optimized to fabricate sintered volumes with a relative density, ~75%. The nomenclature of "half-sintering" is given on the basis of the extent of sintering between particles leading to a relative density approximately halfway between a pressure-less sintering ( ~50%) [where powder particles are sintered at T>Tm under no external pressure for 1 hr.] and full-sintering ( ~100%). It resulted in the partial wetting of grains at a temperature greater than Tm and a subsequent chain diffusion and co-crystallization along the partially wetted areas. Figure 1 (d) and (f) shows the fabrication protocol for preparing samples of half-sintered UHMWPE and the resulting microstructure respectively.

Mechanical Characterization

Tensile tests of the sintered samples were carried out to understand the strength of the interfaces. A dual mechanical approach was used; (i) tensile testing at RT and (ii) tensile testing in the rubbery state at 150 o C. This characterization technique was adopted from Xue et al., 1998 to differentiate the contribution of chain re-entanglement and co-crystallization to the welding of UHMWPE interfaces. The tensile tests were performed using MTS 1/ME equipped with an oven MTS CE412. The machine was equipped with interchangeable load cells, one having a 100 N range and the other with a 5 kN range. The tensile tests at 150 o C and for the brittle samples were performed using a 100 N load cell, and for all the other samples, a 5 kN cell was used. The cross-head speed for all the tensile tests was; 6 mm/min hence, the initial strain-rate was calculated to be 10 -2 s -1 . To ensure the uniform temperature of the sample inside the oven, thermocouples were fixed at the two shoulders and the gauge region of the specimen and monitored. The temperature gradient over the length of the sample was not seen to be over 3 o C.

Interface characterization

The polymer-nanoceramic-polymer links at the particle-particle interface on the full-sintered and half-sintered UHMWPE samples were observed by a combination of mechanical and microscopy analysis. After the full-sintered and half-sintered samples were fabricated, the sintered interface containing the polymer-nanoceramic-polymer links were deliberately exposed for microscopy by a two-step process: (i) uniaxially stretching the sintered samples above its melting point to a certain strain at an intermediate stage between yield and fracture and, (ii) Flash cooling and crystallization to prevent the recovery upon unloading and lock the interface morphology at that strain. This procedure was adopted to visualize and understand the role of FNA within the network of entanglements formed at the particle-particle interface during the sintering. No metal coating was applied to the samples before the SEM observations. The SEM observations were done at room temperature using a Carl Zeiss SUPRA 55VP apparatus operated at 1 kV.

Results and discussions

The influence of compressive load and FNA particles on the mechanical properties of the consolidated compression sintered composite materials namely, full-sintered and halfsintered volume was investigated. The preliminary analysis showed that the relative density of full-sintered volumes was unaffected by the inclusion of FNA content. On the other hand, the relative densities decreased for half-sintered volumes with the increase in the FNA content. The contradictory effect of FNA indicated that the primary mechanism of the interface formation at the polymer-polymer interface was influenced by the interlayer for full-sintered and half-sintered volumes. Hence, to quantify the relationship between the nature of consolidation and the influence of FNA interlayer content, the interface strength of sintered volumes containing 0-10% FNA (by weight) was investigated.

Effect of the FNA interlayers on the interface strength of full-sintered interfaces

Tensile Tests below the melting temperature

Figure 2 (a) shows the stress-strain curves at room temperature for full-sintered UHMWPE at different FNA content. Firstly, for full-sintered UHMWPE (0% FNA), the initial behavior during stretching was widely visco-elastic due to the straining of the amorphous domains between the crystalline lamellae as similarly stated in [START_REF] Peterlin | Molecular model of drawing polyethylene and polypropylene[END_REF]. At yield, the high content of taut tie molecules strongly helped the immediate hardening when the material is stretched after which material deformation occurs, that is described by the chain slip mechanism in the crystalline, where the crystalline lamellae experienced intra-crystalline shear resulting in its subsequent fragmentation which is shown to happen in semi-crystalline polymers by [START_REF] Bowden | Deformation mechanisms in crystalline polymers[END_REF] It is followed by these fragmented phases forming a part of fibril network aligned along the direction of stretching, and further deformation led to stretching of this aligned fibril network until its macro-failure. The influence of the FNA interlayer on the interface strength was seen to be significant. It was seen that both modulus of elasticity and yield stress positively evolved as shown in figure 2 (b) with the increase in the FNA content. The increase in the elastic modulus during the first phase of FNA addition (0%-1%) was seen to be almost 40% per percentage whereas second phase (4%-10%) showed an increase of about 15%. Additionally, the immediate increase in the elastic modulus and the yield stress of the material indicate a percolation effect. The onset of mechanical percolation was observed with the first few percentages of FNA content. Another striking behavior observed was that the FNA containing full-sintered volume exhibited an earlier onset of yielding compared to the one without FNA. A shift in the onset of yielding towards left was observed at successively higher FNA content. Inset in Figure 2 (a) shows the evolution of the stress-strain curve at room temperature at the onset of plastic deformation for full sintered UHMWPE with 0%, 1% and 10% FNA. The nominal strains at which onset of yielding for 0%, 1% and 10% FNA containing sintered samples observed were 6%, 4% and 3% respectively. The main reasoning for this phenomenon can be attributed to the excellent adhesion of FNA particles with the UHMWPE chains. The phenomenon is mechanistically explained in detail in section 5.1.

Tensile Tests above the melting temperature

The experiments above the melting point facilitated to look into the strength of the entanglement networks with and without FNA at the UHMWPE particle interfaces. Figure 2 (c) shows the stress-strain curves of the tensile tests performed at 150 o C for full-sintered UHMWPE with 0%-10% content of FNA. For tensile curves of UHMWPE (0% FNA), initial behavior is represented by a non-linear elastic response typical of an elastomer. After it reached a typical yield point, it is succeeded by a strain hardening phase where the chains get aligned in the direction of stress applied, gradually reaching extension limit, after which the stress value increases.

The increase in the FNA interlayer content showed a progressive increase in the corresponding elastic modulus and the yield stress as shown in figure 2 (d) respectively.

Although increase in the reinforcement of strain hardening of the samples containing 0-4% FNA content is quite negligible, 10% shows a significant increase in the strain hardening behavior and elongation at break. The reinforcing effect of FNA is also seen here similar to the effect that was seen in the tensile testing at RT.

Effect of the FNA interlayers on the interface strength of half-sintered interfaces

Tensile Testing below the melting point

Figure 2 (e) shows the tensile test curves at room temperature of half-sintered UHMWPE with 0-10% FNA content. A first look at the elastic modulus and the yield stress of the halfsintered UHMWPE show that the elastic modulus is significantly lower than its full-sintered counterpart. It can be attributed to the decrease in the relative density and increase in the porosity of the half-sintered material, which can be verified using Kerner equation described in [START_REF] Kerner | The Elastic and Thermo-elastic Properties of Composite Media[END_REF] assuming porosities to be very soft inclusions (negligible modulus) in a rigid matrix. Unlike the full sintered counterparts, the modulus, yield stress and elongation at break of half sintered volume decreased with increasing FNA content. Figure 2 (f) shows the pattern set by elastic modulus and yield stress with the increase in the FNA content when tensile tested at RT and 150 o C. A 35% decrease in the elastic modulus and yield stress respectively is observed when FNA content was increased from 0% to 10%. Such reduction showed that FNA acted as a defect between the UHMWPE particles lowering their effective contact area for inter-diffusion and healing. A detailed discussion on the mechanism of FNA during half-sintering is provided in section 5.2.

Tensile Testing above the melting point

Figure 2 (g) represents the stress-strain curve obtained for half-sintered UHMWPE samples with 0-10% FNA content tested above its melting point. The corresponding variation in the elastic modulus and yield stress is depicted in figure 2 (h). The mechanical coupling of the reentangled network at the partially wetted interface with the densely reentangled core grains can be largely considered as a series coupling because the reentanglement at the interfaces is much weaker than the densely reentangled core grains of UHMWPE. Hence, the initial non-linear elastic response can be attributed to the straining of the amorphous reentangled network at the interface. As can be seen from the tensile curves, the slope of the curve decreased with the increase in the strain. After the stress reaches a yield point, which is significantly lower than its full sintered counterpart, the material exhibited an apparent strain hardening due to an extension of the reentangled chains aligned in the direction of stress applied at the interface. This phase was succeeded by the sample failure.

A decrease in the elastic modulus and the yield stress is seen with the progressive addition of FNA for half-sintered volumes. A 60% and 50% decrease in the elastic modulus and yield stress respectively, is observed when FNA content was increased from 0% to 10%. Such reduction signifies the decrease in the effective contact area between UHMWPE particles during the processing due to the FNA acting as a defect.

Mechanism of UHMWPE-FNA interaction

The mechanical tests suggest that FNA at UHMWPE interface reinforce the interface when processed under high compressive loading conditions and weaken the interface when processed under low loading conditions. The FNA particles were seen to significantly contribute to the strengthening/weakening of the interfaces. The section below investigates the microstructure of the interface formed after sintering and the role of FNA during the sintering process in both cases, i.e., full sintering and half sintering.

Full sintering

The analysis of the evolution of the tensile curves at room temperature and above the melting point provides an idea of the interaction of polymeric chains with FNA. It was understood that there was a pronounced effect of UHMWPE interface reinforcement by the FNA in increasing both the yield stress as well as the global modulus.

It is likely that the nanoparticles themselves do not strongly modify the mechanical modulus of the polymer due to the sintering process as they are located in interfacial region between 13 the powders particles. One may suspect the role of FNA in increasing the yield stress as well as modulus by increasing the interface crystallinity during the sintering. However, Differential Scanning Calorimetry studies performed (supplementary material) on densified UHMWPE containing FNA dispersed on UHMWPE particle surface strongly indicated the absence of any induced crystallization due to the addition of FNA particles. No apparent changes in temperature of melting and crystallization and percentage of crystallinity were observed due to the addition of FNA. Considering the absence of a nucleation effect, one may suspect a physical interaction between FNA and UHMWPE chains occurring during the sintering process. The recrystallized interfaces of virgin and interlayer dispersed sintered interface were observed after it was stretched to strain between yield point and fracture at T>Tm. The virgin interface primarily contains polymer-polymer connections which formed due to the inter-diffusion of polymer chains during sintering. However, the interlayer dispersed sintered interfaces showed several knot-like formations within the polymer-polymer connections that were absent in the sintered interface of virgin polymer. Such interfaces contained a co-continuous network of both polymer-polymer links as well as connections with FNA particles inside them. The figure 3 illustrates the interface formation during the full-sintering and the SEM image of the polymer-nanoceramic-polymer knots formed during the sintering process.

The striking observation here is that FNA particles have been thoroughly embedded by the huge entanglement network. Here, the adhesion between polymer chains and FNA particle due to chemical interactions is highly unlikely due to the absence of polar or reactive groups in UHMWPE. However, the interaction that can be proposed is via formation of mechanical "knots" around the FNA nano-particle during the chain inter-diffusion involved in the sintering process. This mechanism is assumed because during the melting of nascent UHMWPE, especially for molecular weights as high as 10 Mg/mol, there is a large and a fast change in the volume of the gyration sphere of a single chain from a state of single-crystal to its equilibrium state in melt as stated by [START_REF] Deplancke | Mechanisms of Chain Reentanglement during the Sintering of UHMWPE Nascent Powder: Effect of Molecular Weight[END_REF] This phenomenon is called "melting explosion" and is largely believed due to the disentangled state of the nascent powder which is shown by [START_REF] Loos | Melting behavior of nascent polyolefins synthesized at various polymerization conditions[END_REF] for nascent polyethylene and polypropylene. [START_REF] Rotzinger | High strength/high modulus polyethylene: synthesis and processing of ultra-high molecular weight virgin powders[END_REF][START_REF] Smith | Drawing of virgin ultrahigh molecular[END_REF] have demonstrated the effects of such disentangled state with UHMWPE. During the so-called "melting explosion," the long single chains at the interface can be visualized as having a segmental inter-diffusion and overlap with chains of adjacent particles forming wraps around the nano-particles and forming the socalled "knots." Thus, effectively entrapping the FNA inside the chains. The knots with entrapped FNA can be seen in figure 3 The increase in the yield stress can be explained due to the local plasticization and local strain hardening of the FNA containing polymer-polymer connections during the onset of yield at the particle-particle interfacial zones. The stress-strain behavior for the FNA containing volumes show the behavior in two stages progressing in the following way; (i) FNA acting as stress concentrators leading to a localized deformation and hardening at the interface, leading to an earlier onset of yielding (figure 2(a): Inset) and a higher yield stress value (ii) strain being propagated to the core leading to an overall plastic deformation of the volume. On the other hand, pure sintered volumes of UHMWPE exhibit a progressive plastic deformation of the whole volume.

Half sintering

The mechanical tests showed that the FNA particles weakened the UHMWPE interfaces in the half-sintered material. FNA particles can be visualized as a defect that acts as a barrier for effective chain diffusion between the UHMWPE surfaces. The SEM image of the recrystallized interfaces of virgin and interlayer dispersed sintered interface after it was stretched to strain between yield point and fracture at T>Tm is shown in figure 5 (a) and (b) respectively.

Firstly, the images for the virgin half-sintered interfaces show the polymer-polymer connections at the partially wetted interfaces. The highly fibrillated connections and nondeformed globular grains of UHMWPE even after the yield point seen in the image confirm the series coupling between the re-entanglement at the interface and the core. Secondly, the interlayer containing sintered interface show that the FNA acted as a defect between the UHMWPE particles and significantly decreased the polymer-polymer connections between them. Considering the evidence, a low compressive loading only partially embeds nanoparticles into the polymer matrix, which in turn, reduces the effective contact surface and a subsequent re-entanglement between polymer grains. The reinforcement of polymer chains is believed to be arising out of excellent adhesion between the polymer chains and FNA. On the other hand, a low compressive consolidation fails to create the surface compositing and polymer-nanoceramic-polymer at the polymerpolymer interface yielding a weaker interface strength compared to that of a polymerpolymer interface. The nanoceramic particles in the interlayer, in this case, acted as a defect preventing efficient wetting and subsequent inter-diffusion between adjacent polymer particles.

In the perspective of coating build-up during the cold-spray, the effect of the compressive loading and FNA understood from the sintering experiments can be used to optimize the processing conditions and surface FNA concentration for obtaining better impacting conditions, and stronger particle-particle interactions. Schematic of the evolution of the interfacial zones created by the wetting of FNA particles by the UHMWPE chains at the grain interfaces. The interfacial zones are illustrated to be starting to percolate at 4% FNA and saturate at 10% FNA. 
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The list of all the samples tested for mechanical characterization in this study. The sample list includes the sintering protocol and the percentage of FNA content during processing.

  Figure 1 (b) shows the TEM image of FNA used in the study.
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 1 Figure 1 (a) SEM image of UHMWPE (b) TEM image of FNA. Illustration describing the (c)
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 2 Figure 2 True Stress-strain curve for (a) full-sintered UHMWPE at RT (Inset: The stress-

Figure 3

 3 Figure 3 Illustration depicting the interface formation during full-sintering of (a) UHMWPE

  (b). Processing under high compressive load can thus be visualized as a sufficiently high compressive load, firstly, embedding FNA into the polymer matrix to promote wetting and a subsequent reentanglement by letting chains go around the FNA forming "knots." It was thus shown to reinforce the interfaces due to an effective load sharing. Figure5(a) shows a schematic illustration of proposed interface healing during the full sintering process.The increase in the elastic modulus and the mechanical percolation seen in figure2(b) can be conveniently explained by the formation and percolation of interfacial zones containing cocontinuous network of the polymer-polymer connections richly reinforced by FNA (as seen in figure3(b) inset) having a high modulus compared to the particle core. When increasing the FNA content, the initial growth in the global modulus indicated mechanical percolation of the interfacial zone (shell) so that the mechanical coupling between the core and the shell come close to a parallel coupling, inducing a measurable effect on the macroscopic modulus.A further increase in the FNA content saturates the effect of percolation leading to a saturation of the modulus evolution. The schematic shown in figure4illustrates the formation of the interfacial zones with high FNA content induced by the wetting of nanoparticles by UHMWPE at the interface. Also shown is the increase in such interfacial zones to form a percolating network as the FNA content is increased in the matrix.
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 4 Figure 4 Schematic of the evolution of the interfacial zones created by the wetting of FNA
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 5 Figure 5 Illustration depicting the interface formation during half-sintering of (a) UHMWPE
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  Illustration depicting the interface formation during half-sintering of (a) UHMWPE (b) UHMWPE+FNA interlayer. The picture below (a) and (b) shows the illustration and SEM image of the recrystallized interface after it was stretched to strain between yield point and fracture at T>Tm for virgin and interlayer dispersed interfaces respectively.
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