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Powder Injection Moulding (PIM) is one of the most efficient technologies for manufacturing of near net shape components. The PIM processing includes four stages: mixing of very fine metallic or ceramic powders and thermoplastic binders to elaborate a feedstock, injection of powder/binder mixtures in the die mould cavity, thermal/catalytic or solvent debinding stage and finally thermal sintering by solid state diffusion.

Thermal debinding is one of the most important steps in Powder Injection Moulding process. Thermogravimetric analyses (TGA) are employed to analyze the physics and kinetics of thermal debinding behaviour under argon atmosphere.

Thermal debinding kinetics with different heating rates have been compared using 316L stainless steel feedstocks loaded typically at 60, 62, 64 and 66 vol% for fine metallic powders D 50 =3.4 µm. The Kissinger and Ozawa methods have been used to estimate the kinetic parameters from thermogravimetric experiments. To set up the numerical simulations of thermal debinding stage using finite element method, a coupled mathematical has been developed. The basic steps of the proposed model consist to solve the following sequences of coupled problems: thermal degradation of binder coupled with heat transfer and deformation phenomena by finite element method using Comsol Multiphysics ® software. The proposed numerical simulations allow the determination of remaining binder distribution, temperature distribution and strain fields in the component during the whole thermal debinding process at any time.

In the second part of this thesis, sintering behaviour of tungsten powders injection moulded components, under pure hydrogen atmosphere at temperature up to 1700°C by varying the initial grain size in the range 0.4-1µm for fine powders and 5.0-7.0 µm for coarse powders. Sintering behaviour is investigated by means of the bending and dilatometric tests in the Setaram © analyser. The experimental tests are used to determine the material parameters in the viscoplastic constitutive law, which is important for modeling of the sintering behaviour. The sintering model is implemented in ABAQUS software as user subroutine UMAT. The model is incorporated with the identified parameters in order to simulate the final shrinkages and densities of tungsten injection moulded components during the sintering process. The results reveal that initial particle size had no effect on the shrinkage evolution using coarse powders. For

Résumé

Le Moulage par Injection de Poudres (PIM) est l'une des technologies les plus efficaces pour la production de composants de géométries complexes. Le procédé PIM comporte quatre étapes: mélangeage, injection, déliantage et enfin la densification par diffusion à l'état solide pour obtenir la cohésion du composant et ainsi une densité élevée.

L'étape de déliantage est une étape importante et parfois critique pour le procédé. A cet effet, des analyses thermogravimétriques (TGA) ont été réalisées pour bien comprendre les mécanismes du déliantage thermique sous atmosphère imposée (Argon). Les variations de la quantité du liant restante à l'intérieur du composant, en utilisant différente cinétiques du chauffage, ont été comparées pour différents taux de charge en poudre 60, 60, 64 et 66%. La poudre utilisée est l'inox 316L avec D 50 =3.4 µm. Les méthodes de Kissinger et Ozawa ont été utilisées, en se basant sur les résultats des analyses thermogravimétriques, afin d'estimer les paramètres cinétiques nécessaires pour la simulation numérique. Quant à la simulation numérique, notre modèle se propose de décrire les phénomènes physiques liés à la degradation du polymère, le transfert de chaleur et la déformation du composant pendant le déliantage thermique. Les différentes équations, régissant les phénomènes concernés, ont été résolues à l'aide d'un code éléments finis, Comsol ® . Les résultats de la simulation numérique sont capables de nous donner des renseignements sur la nature des distributions spatio-temporelles de la masse du liant conservée, les champs de température et de déformation dans le composant délianté.

La deuxième partie de la thèse est dédiée à la compréhension des mécanismes et du comportement du frittage des composants en tungstène sous une atmosphère d'hydrogène jusqu'à une température de 1700°C. Deux types de poudres de tungstène, fines (0.4-3µm) et grosses (5.0-7.0 µm), ont été considérées dans cette partie des travaux de thèse. Des appareils expérimentaux, ont été mis en place afin de constituer une base de données physiques nécessaire pour la simulation et l'optimisation de l'étape de densification, à partir des résultats fournis par l'analyseur thermique modulaire à multiple fonctions (TMA, Setaram © ). Le but de ce type d'essais est de quantifier l'évolution du retrait et de la déflection pendant la densification. L'identification de l'ensemble des lois de comportement a été réalisée en prenant en Résumé VII compte les spécificités physiques des deux types de poudres (énergie d'activation pour la densification et taille initiale des grains). Les lois de comportement identifiées sont implémentées dans le code de calcul éléments finis (ABAQUS) afin de valider les simulations numériques. Un modèle de comportement de type thermo-élastoviscoplastique est formulé pour représenter la loi de densification par diffusion solide, puis appliqué pour les différentes tailles de poudres de tungstène. La dernière étape consiste à valider des simulations numériques avec ABAQUS pour une meilleure détermination des densités et des retraits finaux des composants injectés.

Mots clés : moulage par injection de poudres, déliantage thermique, paramètres cinétiques, milieux poreux, distribution du polymère, densification par diffusion solide, viscoplastique, méthode des éléments finis.
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Research Problem and Objectives

At the present time, problems related to: thermal debinding and sintering stages have not been enough studied for some increasingly used materials in powder injection moulding process such as Tungsten (W) and molybdenum (Mo). However, for the common powders used in PIM process like 316L steel stainless and copper, thermal debinding process should be more investigated to avoid shape distortions caused by the component failure during this crucial stage.

In the first section of the present Ph.D thesis, debinding process for fine 316L stainless steel and copper feedstocks is investigated. The popularity of this type of powders results from its capabilities to be sintered to high densities and its corrosion carried out an experimental investigation using W powder (0.6-0.9 µm) sintered by field assisted sintering technology (FAST) at various processing conditions. The sample sintered with in-situ hydrogen (H 2 ) reduction pretreatment and pulsed electric current during heating showed the lowest amount of oxygen. For the sample sintered at 2000°C for 30 min holding time, the maximum achieved relative density is 98.5%.

In this second part of my Ph.D researches, the aim goal is to carry out conventional sintering experiments, using dilatometer, in order to understand the densification behaviour of tungsten material and determine the different physical parameters like sintering activation energy and grain growth energy. In anther way, we try to decrease the sintering temperature of tungsten from 2300 to 1700°C by using different particle sizes and sintering atmospheres. The obtained results reveal that the W components, made of fine powders 0.4 µm, are successfully manufactured with a relative density of (90-94%) at the end of sintering process. Based on the experimental data, one have to identify the material parameters for viscoplastic sintering model and then set up the associated numerical simulation. Therefore, our final gaol is to provide a fruitful numerical simulation for powder injection moulding process to predict final shrinkages and densities of tungsten injection moulded components during sintering stage. In chapter 4, based on the experimental debinding characterization, kinetic parameters are identified using an inverse method implemented in Matlab © software.

Thesis organization and Strategy

A coupled mathematical model, based on the previous kinetic parameters, is implemented in Comsol software in order to predict the spatio-temporal distribution of reaming binder content, debinding temperature inside the debinded component and its deformation during thermal debinding. Numerical simulations of solvent debinding are also presented.

Chapter 5 treats principally the sintering behaviour of tungsten components under high temperature and pure hydrogen atmosphere. The experimental characterization has been performed by using dilatometric and bending tests. The adopted phenomenological model for sintering based on continuum mechanics is implemented in Abaqus software for the numerical simulation of sintering process.

Finally, we present conclusions as well as lines of future work which can complete the present work for both processes: thermal debinding and sintering. This new process allows us to produce functional components with high quality and complex shapes, which were and still the main limitations for conventional powder metallurgy.

Powder Injection Moulding Process (PIM) 1.2.1 Brief history of powder injection moulding

In recent years, industry was able to produce complex shaped components using injection moulding technology. Nevertheless, these components have been only made of typical materials as polymers or binders and especially those with thermoplastic behaviour. Metals and ceramics often have advantages over other materials such as polymers. They are widely used in various technical applications because of their property advantages such as: high mechanical properties, high operating temperatures and their special magnetic and thermal properties which are not possible with polymers. On the other hand, polymers have light weight and low viscosity which make the injection process comfortable and easy for them.

A new process has been recently developed by regrouping the advantages of both powders and polymers; this method is called Powder Injection Moulding (PIM).

Powder injection moulding process is an economical manufacturing process which enables the use of shaping advantage of injection moulding to produce large amounts of small and complex metal or ceramic components which can not be made by 

Principal powder injection moulding steps

Feedstock elaboration stage

The procedure of feedstock preparation consists of mixing a small amount of polymer, known as a binder, with small-sized metal or ceramic powder. The obtained product is called "feedstock", as shown in The feedstock is then injected using an injection moulding equipments, as that are used for polymer, to produce a component of defined geometry. In powder injection moulding, the feedstock preparation is one of the crucial steps. All the other steps, injection, debinding and sintering, depend largely to this step and any mistake made during the feedstock elaboration will induce later several problems such as porosity that causes distortions and deformations in the final component. From literature, one can resume the following factors that should be considered and taken into account before the feedstock elaboration step:

The first factor is the powder characteristics, in the most common technology of MIM, powders must be of small particle size, typically less than 20 µm, to accomplish sintering to nearly full density. Also, spherical powders give desirably low viscosity mixtures as well as isotropic shrinkage and high full density, while slightly irregular powders are less prone to slumping during debinding and early stages of sintering. Slightly irregular powders also provide the so-called brown strength or the compact strength subsequent to debinding, which is desirable in many ) should be also taken into account during the elaboration of the binder system components.

The ratio powder / binder system is a relevant factor and must be slightly less than the critical value. Several problems are encountered when this ratio is too low or too high. The excess binder will separate from the powder during debinding and cause slumping and inhomogeneities in the brown component, and K correspond to the viscosity, the shear rate, the powder-law exponent and the consistency coefficient described as:

Methods for the determination of the critical powder volume loading

      = RT E B K exp (1-4)
where B is the specific material reference factor (some authors call this factor the reference viscosity), E is the flow activation energy for the Arrhenius temperature dependence of the viscosity and R is the gas constant. The absolute value of (n-1)

indicates the shear rate exponent. The lower the n value is, the more sensitive the viscosity vs. shear rate is [SOT 10]. For this purpose, capillary rheometry is one the most accurate and sensitive method for the homogeneity assessment. 

Injection moulding stage

The 

Debinding step

Binders are widely used in powder injection moulding technology to produce components with complex shapes. Such binders need to be removed, without producing defects, from the PIM components before the sintering process. The polymer extraction process is called debinding and it can be carried out by different methods, as it will be explained below. In the case of incomplete binder removal, the trapped polymeric residues may affect the final mechanical properties which make defects more susceptible to be produced during the sintering process. 

Thermal

-Slowly heat green part to melting or degradation temperatures with a continuous sweep gas to remove binder.

-One step process, no need to handle product between debinding and sintering.

-Low cost installation.

-Applicable to a wide range of binders.

-Soft binder allows warpage, poor dimensional control and relatively slow process (up to 60 hours).

-If a wick is used, problems to separate part from it.

Sintering step

Sintering Sintering time can also vary depending upon the material and the size of the prepared component. Large and complex shape components require a longer sintering time to ensure that component is completely sintered. In this case, the sintering time can be around 3 hours or more. On the other hand, small and non-complex components require less sintering time that varies from 1 to 1.5 hours. For specific materials such as tungsten, the sintering time may go up to 8 hours [BOL 10].

Sintering stage depends on many factors which can be divided into two categories.

The first one concern operating conditions such as temperature, heating rate, atmosphere and the second one is related to the physical characteristics of the material to be sintered for example: particle shape, particle structure and particle composition.

Sintering Temperature: An increase in the sintering temperature greatly increases the rate and magnitude of any changes occurring during sintering. At higher temperature, translation of vacancies increases which helps in increase of density and/or volume shrinkage [DJO 09]. However, the sintering temperature depends greatly on material used, as an example: coppers are often sintered near 1050 °C, stainless steel near 1250 °C, alumina near 1600 °C and tungsten near 2300 °C.

Atmosphere: During sintering process some gases can be used as a protective atmosphere in order to prevent oxidation of sintered components. Nitrogen and argon atmospheres are commonly used. However, vacuum atmosphere can be also used for stainless steel and hydrogen atmosphere in the case of tungsten components. 

Raw material for metal Powder Injection Moulding technology

For powder injection moulding, two main categories of materials (powders and binders) are required for this process. Among them, the most popular ones are described in the following subsections:

Metal powders

The most common metals available in powder form are iron and steel, tin, nickel, copper, aluminum and titanium, as well as refractory metals such as tungsten, molybdenum and tantalum. Alloys such as bronze, brass and nickel cobalt superalloys are also available in powder form. Fine powders are required for PIM to increase sinterability, particle size is basically between 0.5 and 20 µm. 

Binder system

The binder has a major influence on the successful production of injection moulded components, although the binder should be not in the final composition of the moulded material. The role of the binder is to provide flowability during injection moulding step, to connect the metal particles after injection of the moulded parts and to provide sufficient strength at room temperature conditions [GER 97]. Binder system with different components is necessary to fulfill the following requirements [BEN 07]:

Binder system must wet the powder particles, be melted at a suitably low temperature for injection moulding, has to be easily removed by using chemical or thermal methods without leaving residues, provide sufficient green strength and must be environmentally friendly.

Powder Injection Moulding Market

Considering the sales of the firms identified in PIM, a survey from 1990 to 2010 is related in 

Summary

Powder injection moulding, by combining the advantages of both powders and polymers, becomes a competitive technology that enables to produce quantities of small and complex metal or ceramic components that can not be made using other technologies like conventional powder metallurgy. Nevertheless, this process is still unable to overcome some problems like limited thickness and weight of produced 

Introduction

For the successful manufacturing of components by powder injection moulding, the binder system must be safely removed from the injection moulded component during thermal debinding to avoid distortion or defects. Basically, the Macroscopic model will be used in numerical simulation of solid sate sintering for tungsten components in chapter 5.

Thermal debinding of PIM components

The process of binder removal from green PIM components is not just a problem of capillary flux in a porous medium. Complex chemical reactions take place between the binder system components, also between them and the ceramic/metallic particles surface, making it very difficult to describe the concurrent reactions and the whole debinding process in detail. The difficulties are even greater when dealing with the debinding of large cross-section components made with submicrometer-sized ceramic/metallic powder [TRU 97, ZOR 02].

Physics of thermal debinding

Successful debinding occurs without contamination and distortion. Thermal debinding involves the removal of the binder from the component at slightly elevated temperatures. One variant of thermal debinding occurs at a temperature where the binder softens and flows out of the component via capillary action. A wicking material (porous substrate) in contact with the compact provides for capillary flow as the binder viscosity decreases with increasing temperature. Alternatively, the binder may be thermally decomposed into low molecular weight species (such as methane, carbon dioxide or carbon monoxide) and subsequently removed by diffusion and permeation depends on the mean free path of the gas species. In turn, the mean free path varies with the pressure, molecular weight of the gas and pore dimensions.

Generally, diffusion will be dominant at low pressures, where laminar flow controls the rate of gas exit from the component [GER 87]. Theses three thermal debinding techniques and the calculation of debinding time will be presented in the following paragraphs. The calculated debinding times will be approximations because of the several assumptions involved in the analysis.

German proposed three different mechanisms for binder transport: diffusion, permeation, and wicking. These mass transport models of binder removal were simulated with simple 1D model. The following German's models are frequently used as the basis for research specially in wick debinding.

Thermal debinding

Permeation (high pressure)

Diffusion (low pressure)

Wicking (capillary flow)

Diffusion controlled debinding

Under conditions where the mean free path is much greater than the pore dimension, diffusion controlled debinding is anticipated. The diffusivity of gas will improve with higher porosities and large pore sizes since there is less molecular scattering. Additionally, a low molecular weight vapor, higher temperature and higher 

( ) ( ) [ ] U P P D MkT H t 2 0 2 1 2 2 θ - = (2-1)
where H is the component thickness, M is the molecular weight of the vapor, k is Boltzmann's constant, T is absolute temperature, D is the particle diameter, 0 P Pis the pressure difference between the pressure P at the binder-vapor interface and the external component surface pressure 0 P ,θ is the total porosity and U is molecular volume for the solid binder.

The solution for binder diffusion controlled debinding as represented by equation (2-1) says debinding time depends on the square of the maximum section thickness, and varies inversely with particle diameter, pressure drop and porosity squared. The temperature effects the debinding time in a more complex manner since there is square-root temperature term in the numerator and an exponential temperature term for the binder vaporization in the denominator:

( )

kT E P P e - = exp (2-2)
where e P is preexponential pressure term and E represents the activation energy.

The exponential form dominates; thus, higher temperatures give shorter debinding times. For short debinding times by diffusion the guiding principals are to use thin sections, large particles, high pressure gradients (with low external pressures such vacuum), high porosity components and high debinding temperatures. Unfortunately, all of theses parameters are not independently adjustable. Particle size is selected for rheology, sintering and packing density concerns. Indeed, high packing densities are desired to minimize dimensional change in sintering, with a concomitant penalty in debinding time. Also, the low strength of the component as the binder is removed limits the internal vapor pressure at the binder-vapor interface. Too high pressure will create an internal pressure which will damage the component.

Permeation controlled debinding

At higher gas pressure the collisions between molecules will limit the debinding rate. Assuming viscous flow of the vapor through the pore structure with no initial effects allows use of Darcy's law, the debinding time under under permeation control is given as follows [GER 87]:

( ) ( ) [ ] 2 0 2 2 3 2 2 1 5 . 22 P P F D PG H t - - = θ θ (2-3)
Equation (2-3) indicates the debinding time varies with the vapor viscosity, square of the section thickness, inversely with particle size squared and inversely since porosity appears in both the numerator and denominator. 

Wicking controlled debinding

The third form of thermal debinding involves unidirectional capillary wicking as shown in 

( ) ( ) [ ] w c c c w c D D WD D GH t - - = 3 2 2 1 5 . 4 θ θ (2-4)
where c θ is the component porosity, G is the fluid viscosity, H is the component thickness, D is the particle diameter with subscript w indicating the wick and subscript c indicating the component, W is the binder-vapor surface energy.

The form using equation (2-4) means that the debinding time will depend on the section thickness squared, similar to the previous two debinding models. 

Thermal debinding based on kinetic model

There are other attempts to model thermal debinding process based on differential thermal analysis, (DTA), differential scanning calorimetry (DSC), and thermo-gravimetric analysis (TGA). The models permit the determination of the weight loss of binder content inside the component at any time. The thermal decomposition of polymeric materials can be described by the following basic kinetic equation [SHI 02]:

( ) ( ) x f T k dt dx = (2-5)
where x represents the extent of reaction (degree of conversion), t is the time and k is rate constant at temperature T and ( )

x f
is a function which describes the mechanism reaction. The value of x is experimentally obtained from the weight loss using thermo-gravimetric analysis (TGA). The temperature dependence of the rate constant is given by the Arrhenius equation:

( ) RT E A k a - = exp (2-6)
where A is the pre-exponential factor, a E is the apparent activation energy and R is the universal gas constant.

Assuming a first order process ( 1 = n

) [ZHA 09] and considering k from equation

(2-5), one obtains:

( )( ) x RT E A dt dx a - - = 1 exp (2-7)
Equation (2-7) can be rewritten for non-isothermal experiments using a linear heating rate, dt dT = β as follows:

( )( ) x RT E A dT dx a - - = 1 exp β (2-8)
where β is the non-isothermal reaction rate.

For our case, the main kinetic parameters of the thermal decomposition: 

Master Decomposition Curve for Thermal Debinding

MDC for a Single Reaction Step

Θ =       - = - = - ∫ ∫ A dt RT E A x x dx a t x exp ln 0 1 (2-9)
where Θ is the work of decomposition defined as follows:

( )

dt RT E E T t t a a ∫       ≡ Θ 0 ; , (2-10)
The remaining weight fraction of a polymer ( x ) is related to the work of decomposition Θ from equation (2-9) as follows:

( ) [ ] Θ - = Θ A A x exp ;
( 

MDC for Multireaction Steps

The mathematical form describing the remaining binder system components (two polymers pyrolysis) during thermal debinding process is given by the following expression [AGG 07, PAR 09]:

( ) 2 1 1 x w wx x - + = (2-11)
where x is the mass ratio of the initial masses of two polymers, 1

x is the mass ratio to initial mass of the low molecular weight polymer, 2

x is the mass ratio to initial mass of the high molecular weight polymer and w is the ratio of the initial mass of 

dt T T R E dx A t a               - - = - 1 1 exp 1 β If: ( ) w wx x w x - + = ≥ 1 , 1 , w w x 1 - + = β , 1 A A = , 1 E E a = If: ( ) 2 1 , x w x w x - = < , w x - = 1 β , 2 A A = , 2 E E a = (2-12)
where t T is the transition temperature between the first and second sigmoids, subscripts 1 and 2 denote the first and second step, respectively.

The left and right side of equation (2-12) can be written as follows, respectively:

( )

dx A A x x ∫ - ≡ 1 1 ; β φ (2-12) ( ) dt T T R E T E T t t t a t a ∫               - - ≡ Θ 0 1 1 exp , ; , (2-13) 
The work of decomposition Θ depends only on the apparent activation energy a E , the transition temperature f T and the time temperature profileT . ( )

x φ is a characteristic that quantifies the effect of binder system components on the decomposition kinetics. 

Factors affecting thermal debinding

The main factors affecting the thermal debinding process could be the heating rate, atmosphere in which debinding is curried out and binder amounts 

Current defects in thermal debinding process

The current defects that might be met during or after thermal debinding stage are the distortion of component and cracks or fissures propagation. Sometimes, a complete fracture can be extended completely through the debinded component. 

Sintering of PIM components

The sintering process aims to produce solid components form metallic or 

Sintering mechanisms

Growth 

Driving force of sintering phenomenon

Sintering is accompanied by a reduction of the free energy of the system. The 

SS SS f dA dE Γ = <0 (2-16)
In practice, densification and coarsening are concurrent and competing processes since they both reduce the driving force for sintering [ BAN 12]. The sintering process will stop when:

f dE = 0.

Stages in solid state sintering

The sintering process provides the energy to encourage the individual powder particles to bond together in order to eliminate the porosity present between the particles. The process of sintering (solid state) is divided in three stages that phenomenologically appear and can be identified, see By combining equations (2-18) and (2-19), the shrinkage related to the neck size is given as follows:
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By combining equations (2-17) and (2-20), the shrinkage during the initial sintering stage can be given as follows: 
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where H and x are the average value of the pore curvature and of the grain boundary radius, respectively. V S is the pore surface area per unit volume and V L is the length of the grain boundary/pore intersection per unit volume.

c) Final -Stage Solid -State Sintering Models

This stage of sintering starts to take place when most of the pores, which 

      Γ + Γ Ω = - 4 3 G D G D T k Ldt dL b b V V B a δ γ (2-28)
where γ is the surface energy, B k is Boltzmann's constant, D is the diffusivity, T is absolute temperature, and a Ω is the atomic volume, G is the mean grain diameter.

V Γ and b

Γ are the dimensionless geometric parameters which are expressed as follows:

h a b k b C C C C aC λ = Γ (2-29) h a V k V C C C C aC λ = Γ
(2-30)

The above dimensionless geometric parameters change continually to characterize the microstructural evolutions as the sintering proceeds.

Summary

The present chapter has provided a summary of the research studies (experimental and modeling analysis) carried out in thermal debinding and sintering process, over the past few decades, for injection moulded components.

Three principal analytical models for estimation of thermal debinding time have been developed by German [GER 87], theses models help identify the options most appropriate for minimizing debinding times. The calculated debinding times are only for relative assessments, since the models represent ideal conditions with several simplifying assumptions. In all three models there is a time dependence on the section thickness squared. Component porosity clearly has a main effect on debinding for all the processes. In thermal debinding, a partial vacuum is most attractive since the diffusion and permeation rates will be reasonable and the gas will aid thermal transport. In addition, small particles sizes are detrimental to removing the binder.

Small particles are usually selected for ease of densification during sintering. This provides a conflict between the desire for rapid debinding and high sintered properties. Another approach to describe thermal debinding that is called Master 

Introduction

As mentioned previously, the binder system usually consists of several components which have different functionalities. The purpose of this chapter is to investigate the influence of powder volume loading on thermal debinding behaviour of the feedstocks based on 316L fine stainless steel powders (D 50 =3.4 µm) and a multi-component binder system. On the other hand, solvent debinding tests for components made of copper will be also carried out in order to study the influence of debinding temperature.

Experimental investigation in thermal debinding

Materials

Powder properties

During the last recent years, 316L stainless steel is one of the most common metals for injection moulding, either provided in gas atomized or water atomized. Its popularity results from its capabilities to be sintered to high densities and its 

Binder components properties

A multi-component binder system based on paraffin wax has been prepared and used. The paraffin wax (PW) has been chosen as the primary binder in order to decrease the feedstock viscosity and allow an easy flow during injection moulding.

The additive surfactant stearic acid (SA) has been added to facilitate powder wetting.

The secondary binder polypropylene (PP) has been chosen to keep the component shape after injection moulding and then debinding. The characteristics of the binder components are summarised in Table 3.3.

Table 3.3:

Characteristics of the polymer ingredients used in the binder system.

Feedstocks preparation

A previous study has been carried out by Kong et In mixing process, the binder and metallic powders are introduced in the heated mixing chamber where two rotating blades are turning reversely towards each other with different speeds in order to provide excellent compounding and mixing characteristics.

As shown in Figure 3.2, at the beginning of mixing operation, mixing torques increase progressively in values, this increasing is due to the presence of friction between the metallic powders and the partially melted binder system. Just after the torque peaks, the viscous effect of the melted binder appears and leads to a decreasing in the friction between the feedstocks components (powders + binder) and therefore a decreasing in the mixing torque values is obtained. At the end of the mixing process, 

Weight loss during thermal debinding

Debinding process is generally employed to remove the binders from the moulded components and depends on the composition of the binder system in the feedstock. In the present study; the debinding process has been carried out by thermal 

Thermal characterisation of feedstocks

Differential Scanning Calorimetry tests

Differential Scanning Calorimetry (DSC) is one of the adaptive apparatus which is used for direct assessment of the heat energy uptake, which occurs in a 

Thermogravimetric Analysis TGA

Thermogravimetry (TG) test aims to study the relationship between the sample's weight loss and its temperature during thermal debinding. So, the sample weight loss can be measured at any temperature and/or time. From the literature, three modes thermogravimetry test have been distinguished as follows: (1) isothermal thermogravimetry, in which the sample mass is recorded as a function of time at constant temperature, (2) quasi-isothermal thermogravimetry, in which the sample is heated to some constant temperature, (3) dynamic thermogravimetry, in which the sample is exposed to the effect of some temperature programme, usually a linear rate.

The TG curve giving the evolution of weight loss versus temperature can be called 

Estimation of kinetic parameters

In this work the activation energy has been obtained from non-isothermal TGA test. The methods used to calculate kinetic parameters, proposed by Kissinger On the other hand, the Pre-exponential factor is then deduced from the measured activation energy value using a mathematical formula proposed in the literature. The Pre-exponential factor can be also identified using inverse method.

Ozawa method

The Ozawa method [OZA 65] represents a relatively simple method for the determination of activation energy directly from weight loss versus temperature data, obtained for several heating rates.

The temperature at which the maximum rate of weight binder loss occurs ( ) 

Kissinger method

With the above assumptions, the Kissinger method [KISS 57] allows to obtain the kinetic parameters of a solid-state reaction without knowing the reaction mechanism.

This method allows to obtain the value of activation energy from a plot of ln The Table 3.9 relates the activation energy values, using Kissinger method, estimated for the elaborated feedstocks 60, 62, 64 and 64% with three different heating rates 2, 5, 10 °C/min as presented previously in Figure 3.11. In addition, the decomposition temperatures, obtained for feedstock loaded at 60%, are low but not as the ones corresponding to 66%. So, this feedstock may be not proper for thermal debinding. Therefore, the feedstock with powder volume loading of 66% seams the most sensitive to temperature; the thermal degradation of the binder system for this feedstock is quite fast which may lead to the distortion of components during thermal debinding stage. This fast degradation will look more clear in the Figure 3.12.On the other hand, the decomposition temperature of the binder system is strongly increased when the heating rate increases from 2 to 10°C/min. 

Effect of heating rate and powder volume loading

Effect of powder volume loading on the activation energy

The apparent activation energy of elaborated feedstocks as a function of with the same heating rate and the same atmosphere.

powder

Evolution of activation energy during thermal debinding

The evolution of the apparent activation energy, during thermal debinding, is determined using the Flynn-Wall-Ozawa (FWO) method [OZA 65, FLY 66]. The basic assumption of this method is that the reaction rate at a constant weight loss depends only on the temperature. According to the Flynn-Wall-Ozawa (FWO) method, which involves measuring the temperatures corresponding to fixed values of weight loss from experiments at different heating rates (Figure 3.7), the activation energy at any particular value of weight loss is determined by the following equation:
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Where β is the heating rate, A (the pre-exponential factor) and E (the activation energy) are the Arrhenius parameters, R is the gas constant and α (10-90 %) is the weight loss. The same strategy for the other feedstocks was carried out. Figure 3.17 shows the apparent activation energy E dependencies evaluated for the thermal degradation of different feedstocks loaded typically at 60 to 66% under argon. The initial activation energy required to start degradation is about 75 to 110 kJ mol -1 . As the reaction approaches 70 % conversion, the activation energy increases to a maximum value of about 180 to 235 kJ mol -1 . This increase falls in the transition region between the first and second step in the mass loss. One can notice that apparent activation energy for the pyrolysis of fine 316L stainless steel feedstocks was not similar for all conversions (weight loss) indicating the existence of a complex multistep mechanism that occurs in the solid state. This means that the thermo-physical mechanism is not the same in the whole degradation process and that activation energy is dependent on conversion and also powder volume loading. A complex dependence of the activation energy on the degree of conversion has been also reported by Budrugeac et 

Experimental investigation for solvent debinding

The binder systems are classified by their debinding techniques and the more advanced debinding techniques require a two-step process, solvent debinding and then thermal debinding process. During the first stage a lower molecular weight binder is dissolved into a fluid in order to create open pore channels within the metal powder assembly. These pore channels provide possibilities for the decomposed gas In the second processing step the remaining high molecular weight of binder system are removed using a properly adapted thermal treatment in a gas atmosphere (e.g., argon) well known as thermal debinding [QUI 11]. The advantage of the twostep binder systems is that the thermal binder fraction is greatly reduced, thus minimizing the risk of defects such as cracking and part deformation [ANG 95].

Material

Copper powders with a pycnometer density of 8.5 g/cm 3 and an average oversize factor of 1.15 have been used as the base powder in this study. The feedstock shown in Figure 3.18 has been prepared using copper powder and a multicomponent 

Evolution of remaining binder content

The influence on the solvent debinding process for the injection moulded components (5.6×5.6×0.92 mm) at three different debinding temperatures is related in 

Summary

Feedstocks made of 316L stainless steel powders have been investigated for PIM process in terms of their thermal debinding behaviour with different powder volume loadings (60, 62, 64 and 66%) and different heating rates (2, 5 and 10°C/min). It was clearly shown that the powder volume loading parameter has an effect on the thermal debinding behaviour. The thermal degradation of the binder system for feedstocks loaded at 62 and 64 % is nearly the same (low values of E); and theses feedstocks are the ones less sensitive to temperature. One can also conclude that the feedstock loaded at 62% is the well adapted one for thermal debinding step.

The values of the kinetic parameters that were obtained by the Kissinger and Ozawa methods for different feedstocks indicate a proper correlation.

On the other hand, water debinding process for green copper components has been also analysed. The debinding temperature plays a very important role in the water debinding process.

Introduction

In this chapter numerical simulations related to thermal debinding and solvent debinding for metallic components obtained by powder injection moulding of fine 316L stainless steel (for thermal debinding) and copper (for solvent debinding) will be carried out based on the experimental results presented in the previous chapter.

For thermal debinding, a mathematical model, based on the kinetic parameters (E: activation energy and A: pre-exponential factor) of polymer pyrolysis, is proposed in our study for a multi-reaction steps. Therefore, the activation energy calculated previously form experiments will be used in order to indentify the preexponential factor using an inverse identification strategy, by the mean of the quadratic error estimation. Then the kinetic parameters are used in an appropriate finite element model in order to perform the simulation of thermal debinding process for 2D and 3D components. The proposed numerical simulation allows the determination of remaining binder distribution, temperature distribution and deformation fields in the component during the whole thermal debinding process at any time.

In the second part of this chapter, numerical simulations based on the finite element method are also carried out for validation through determination of the remaining soluble binder content at different solvent debinding temperatures. The effect of solvent temperature and component thickness during water debinding process will be investigated. The proposed numerical simulation provides improved monitoring possibilities for solvent debinding techniques particularly to extract binder from the complicated molded components numerically without any experimentation.

Numerical simulation of thermal debinding 4.2.1 Kinetic model for multi reaction steps

This proposed model is developed for the purpose of describing the TGA curves which exhibit two decomposition steps. The first step corresponds to the decomposition of stearic acid and paraffin wax and the second one corresponds to the decomposition of polypropylene. All kinetic analyses assume that the isothermal rate of conversion is a linear function of a temperature-dependent rate constant (k) and a temperature-independent function of the conversion [SHI 02], the remaining weight fraction of a polymer ( b C ) can be expressed as:

( ) b b C f k dt dC . - = (4-1)
where k is the rate constant for thermal degradation (min -1 ) that follows an Arrhenius equation. The kinetic function of the thermal decomposition is defined in equation (4-2) in which (n) is the apparent reaction order and is assumed to be constant during the greater part of the reaction [AHA 09].
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The Arrhenius equation is given as:

RT E Ae k / - = (4-3)
where A is the pre-exponential factor assumed to be temperature independent (min -1 ), E is the activation energy for thermal degradation (J mol -1 ), R is the gas constant (J mol -1 K -1 ) and T is the absolute temperature.

Metal powders may have catalytic effects on the pyrolysis rate. However, the shape of the pyrolysis curve with powders is similar to that without powders If the sample temperature is changed at a controlled and constant heating rate β, the variation in the conversion can be analyzed as a function of temperature, this temperature being dependent on the time of heating. Therefore, the reaction rate may be written as follows: ( )
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where A i and E i are the kinetic parameters for each step. 

Identification of kinetic parameters for a fine 316L stainless steel feedstock

The activation energy values estimated in the previous chapter using Kissinger and Ozawa method will be used to identify the corresponding preexponential factors. So, the strategy to identify the pre-exponential factors A 1 and A 2 using Matlab ® platform consists in fitting the numerical remaining binder content curve according to equation (4-10) to the one obtained from the TGA tests. The inverse identification procedure [LAG 98, SON 07, KON 11], by the mean of the squared estimation error, has been used as related in the algorithm summarised in the following expression: The variation of remaining binder content obtained using the identified kinetic parameters (E and A) with heating rate 2°C/min is related in 
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Numerical simulation of thermal debinding

A 3D model of thermal debinding for which the component behaves as a porous media is assumed. The proposed numerical simulation will be focused on the second step of debinding process corresponding to degradation of polypropylene (PP). However, the considered deformation during the first debinding step only results from thermal expansion but not from the paraffin wax (PW) and stearic acid In reality, during thermal debinding, the distribution of remaining weight binder content is not the same inside the component (there is a difference in the quantity between the external surface and the center of the component). The kinetic model given in (equation 4-1) can not describe the spatial evolution of the remaining binder inside the component. In order take into account this property; the identified kinetic parameters will be used to define the diffusion coefficient (k) which is also considered as the rate constant for thermal degradation, equation (4-11):
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where Ω is the material domain and t is the time.

The temperature variation is governed by the heat equation, given by the equation (4)(5)(6)(7)(8)(9)(10)(11)[START_REF] Ban | [END_REF]: ( )
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T grad q → → - = λ where p λ , b
λ are the thermal conduction coefficients of the powder skeleton and polypropylene, respectively . Assuming this relation, the heat equation becomes: Using the same methodology as commonly adopted in drying technology [KOW 97], the strain caused by polymer-content change and temperature change is considered as follow:
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where ν is the Poisson's ratio of the powder skeleton, p α is the linear-expansion coefficient of powder skeleton and b α is the linear-expansion coefficient of polypropylene.

The constitutive behaviour of the powder skeleton is considered to be elastic, as it is dominant for metal powder with a temperature of less than 873 K [SHE 02]. It is further assumed that small deformation and low deformation rate are applied. For plane-strain problems, the stress and strain relationship is well defined as [ZIE 77]. 
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a) Initial and boundary conditions

The solution of the problem requires initial and boundary conditions. Initially, the temperature of the compact is room temperature (T 0 =25°C). The initial opened porosity is filled with atmospheric air and its pressure is equal to the ambient pressure 100000 Pa, [ MAN 13].
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where β is the heating rate and → n denotes the normal to the boundaries i Ω ∂ .

Material and process numerical implementation

The above governing equations that describe the mass-degradation, thermal problem and deformation phenomena during thermal debinding are strongly coupled, implemented and then solved by finite element methods using Comsol ® software.

Comsol ® is a modeling package for the simulation of any physical process described with partial differential equations (PDE). The coupled mathematical model has been implemented and can be considered as a multiphysic coupled problem between "PDE module" (for diffusion and degradation problem), "the heat transfer module" (for the thermal problem) and "the structural mechanics module" (for deformation problem), 

Temperature variation inside the PIM components

The temperature evolution at the end of debinding process is shown in 

Geometrical deformation in the PIM component during debinding
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where t is the extraction time, D is the effective diffusion coefficient and C i is the boundary condition, b is the distance from the center plane of the specimen and is along the width direction, a is the distance from the center plane of the specimen and is along the thickness direction, 

Mathematical modelling

The effective diffusion coefficient D must be analytically calculated using experimental data. Once D calculated one can solve equation (4-18) numerically using finite element code COMSOL Multiphysics ® .

The analytical solution for a 1D approximation has been provided by Crank as [CRA 75]:

( ) ( ) ( ) ( )       + ×         + - + - = ∑ ∞ = a y n t a n D n C C n n i rm 2 1 2 cos 4 1 2 exp 1 2 1 4 2 2 2 0 π π π (4-19)
where i C is the initial soluble binder content, rm C is the average concentration of the remaining binder in the component.

For a long time debinding operation, equation (4-19) can be simplified as:
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Assuming D is only temperature-dependent, but not concentration-dependent:
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where 0 D is the pre-exponential frequency factor, E is the activation energy, k is the Boltzmann's constant and T is the temperature in K.

After a period of extraction, the binder concentration for the unidirectional diffusion could be approximated by substituting equation (4-21) into equation (4-20)

that gives: From Figure 4.14, one can determine D 0 and E: 2.78× 10 -2 m 2 /s and 51.88 kJ/mol, respectively. The diffusion coefficient at 50°C, calculated from Equation (4-21), is 1.13 10 -10 m 2 /s.
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Process numerical implementation

In this study, we implemented the second It is shown that at the end of solvent debinding experiment, the amount of remaining soluble binder was slightly higher than the numerical value. This is due to a small amount of soluble binder which blended into the nonsoluble binder during mixing and could not be extracted during solvent debinding process. Other than these small differences, the experimental data are, in general, in proper agreement with the numerical simulation results. These results indicated that the model and numerical simulation are accurate and can provide improved monitoring possibilities for solvent debinding techniques particularly to extract binder from the complicated molded components numerically without any experimentation.

The experimental data related in Figure 4.16 shows that the maximum amount of soluble binder removed at the end is about 95%. This amount may increase as the amount of soluble binder in the binder system decreases and vice versa. 

Effect of component thickness

As we conclude previously, the maximum amount of soluble binder removed at the end is about 95%. To reach this level of 95 pct, the required debinding time for parts with different thicknesses at different temperatures is related in Figure 4.18.

One can notice that the debinding time increases with increased sample thickness and decreased debinding temperature. For example, when the thickness increases from 1.0 to 5.0 mm, the necessary debinding time will significantly increase, from 1.8 to 33.9 hours at 40°C and from 1.5 to 16 hours at 50°C. Based on During the increasing debinding-rate period, the total deformation is caused by temperature evolution and the entire specimen expands. During the high debindingrate period, the deformation caused by polymer-content change dominates the total deformation and the entire specimen contracts.

In the second part, numerical simulation of water solvent debinding were carried out, the final amount of remaining soluble binder was slightly higher than the numerical value. This is due to a small amount of soluble binder which was blended into the nonsoluble binder during mixing process and could not be extracted during solvent debinding process. Almost no difference was shown between 1D and 2D numerical simulations results which explain that the component thickness plays a very important role in the water debinding process. An approximate model as a function of debinding temperature and component thickness has been established for PIM industries in order to select their solvent debinding conditions. sintering has been studied using as-received W and activated W powder. They conclude that the relative density of sintered part using as-received powder was 85 % and the one using activated powder was 93 %. Due to that MIM is a process for producing small parts in complex shapes, the innovative sintering approaches such as SPS, FAST and microwave sintering have not been applied for MIM in industry until Comparison between numerical simulations results and experimental ones, in term of shrinkages and sintered densities, shows a good agreement. The finite element simulation has also proved to be fruitful for powder injection moulding process to predict final shrinkages and densities of W injection moulded components.

Introduction

Experimental investigation in sintering process

Materials

Powder properties

Fine and coarse W powders with various particle sizes (Xiamen Honglu, China) were used in this study. In order to obtain the powder with good flow ability for MIM, deagglomeration was carried out first via rod milling. For each type of W powder, 5 kg powder was put into a 5 liter polyurethane bottle, with 15kg W rods in diameter of 8 mm and a length of 10 mm. The powder was milled for 8 hours at a rotation speed approximately 28 rpm. 

Binder properties

A wax-polymer binder system was selected for MIM feedstock. The binder contains 51 w/o paraffin wax (PW), 30 w/o polypropylene (PP), 16 w/o polyethylene (PE) and 3 w/o stearic acid (SA). The critical solid loading (volumetric fraction of metal powder in the powder-binder mixture) was determined by torque rheometer.

The mixing temperature of the chamber was set as 158 °C. The rotation speed for the screws was 60 rpm. 

Samples preparation

The standard wax-polymer binder system, in Table 5.2, was used for W MIM feedstock. The feedstock was injected to form bars in the dimension of 40×6×6 mm on an injection moulding equipment (Allrounder 360S, Arburg, Germany), (see 

(a) (b) (c) (d)

The thermal debinded components were then presintered in the furnace under H 2 atmosphere to obtain the holding strength necessary for dilatometric tests. For the samples with particle size of 0.4, 1.0 and 3.0 µm, the presintering temperature was about 1100 ˚C and the holding time was 120 mins. For the other samples with coarse powder such as 5.0, 6.0 and 7.0 µm, the higher presintering temperature as 1200 ˚C was employed due to the relatively poor sinterability of the powder. The heating rate was approximate 4˚C/min. H 2 atmosphere was used during presintering.

Relative densities of the presintered components are related in 

Thermo-mechanical characterisation of W components under H 2 atmosphere

The sintering process has been carried out using an automated Thermo-Mechanical Analyzer (TMA) provided by Setaram © with maximal temperature of 2400°C with only primary vacuum or air atmosphere. For security reasons related to the use of H 2 as atmosphere, the present temperature test varies only from 25 to 1700°C. To maintain a H 2 environment during sintering process, TMA setup permitted to generate hydrogen flow of excess of 20 mL/min. The same apparatus has been used to study the thermal debinding process, using DTA and TGA modules, of fine 316L stainless steel feedstocks [MAM 13].

Dilatometric tests during sintering process

The dilatometric tests were carried out to investigate the densification behaviour of the W components made from fine and coarse powders (see The sintering shrinkages range from 0.93% for 7.0 µm to 19.87% for 0.4 µm.

The temperature elastic strain for the apparent shrinkage of the components during sintering is in 1100°C for finer grain sized powders and 1290°C in case of coarser grain sized powders. There exist only elastic strains when the temperature is below it.

It is true for the last cooling period to have only a linear thermal shrinkage from which one can estimate the linear thermal expansion coefficient. Except for the preheating and cooling period, the real process of sintering can be divided into three stages, the sintering begins in the initial stage, and then it subjects to the rapid shrinkage in the 

Beam bending tests during sintering process

The beam bending tests during sintering process are used to determine the viscosity modulus of W parts at high temperature up to 1700°C during sintering, as shown in (Figure 5.6-a). The beam bending test components are 14.0±0.12 mm in length, 6.0±0.09 mm in width and 1.5±0.04 mm in thickness. The beam bending span 

Determination of sintering activation energy

The objective of this estimation is to find out the sintering activation energy of coarse and fine W powders and to compare the calculated results by two methods. 

Dorn's method

( )t T K l l m m = ∆ = ) ( 0 λ (5-4) where n m 1 = and ( ) ( ) ( ) [ ] T RT Q G AD T K k c - Ω = exp 0 ψ γ (5-5)
where γ is the free surface energy, Ω is the atomic volume, c G is the size of the crystallite, k is the Boltzmann's constant, Q is the sintering activation energy, R is the universal gas constant , 0 D is the pre-exponential term of the diffusion coefficient, m , ψ and A are constants dependant on the geometric shape chosen for the particles.

Equation (5-4) in differential form is:

( ) m T K dt d m - = 1 λ λ (5-6)
Assuming the microstructural state remains unchanged during the temperature increment, one can get the following relation:
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(5-7)

Implying this for the shrinkage rate, we get:
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The equation for calculation of sintering activation energy, deduced from Equation (5-8) is of the form:

( ) [ ] ( ) 1 1 2 2 1 2 1 2 ln v T v T T T T RT Q - =
(5-9)

The assumption for this model is that the microstructural state remains unchanged during the temperature increment, which may not be true at high densification levels.

Constant heating rate method

This method, proposed by Wang and Raj [WAN 90] is very simple to formulate. Using Equations (5-4) and (5-5), the relative shrinkage rate could be written as: 5.9), assuming other terms to be constant.

( ) ( ) [ ] T G RT Q f k dt d k c ψ λ λ - = exp 0 ( 5 

Densification of tungsten components

The relative densities of W components, using fine and coarse powders sintered at various sintering temperatures (1500 and 1700°C) at a heating rate of 5 °C/min for 5 minutes holding time, are shown in Figure 5.10. The final density of the sintered components was measured by the pycnometer device. The sintered density generally increases with the sintering temperature for all components. However, the degree of densification is affected by the initial grain size of powders. There is a trend showing that the sintering temperature for densification of W shifts to a lower temperature as the grain size decreases. For example, components of 3.0 µm require a sintering temperature of 1700°C to achieve 69% in density, whereas components of 1.0 µm needs only 1500°C to achieve 69% in density. Thus, fine powders are an efficient way to sinter W components relative to coarse powders. In comparison with initial density, it also shown that a high sintering temperature does not improve the degree of densification of W components for coarse grain size. However, the relative density of W components significantly increases with increasing sintering temperature and decreasing grain size of powder. 
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The experimental results (shrinkage and relative density) are summarized in sintering process up to 1700°C of fine W powders requires a long holding time so that grain growth becomes the predominant phenomenon.

Variation of activation energy during sintering process

The main objective of this analysis is to find out the sintering kinetics and sintering activation energy of coarse and fine W powders and to compare the calculated results by the two methods. 

Finite element modeling and identification of sintering parameters

Constitutive model for sintering process

In order to performe the sintering process using finite element method, several macroscopic models have been developed to predict the shrinkages and distortions of the components during sintering process. In these works, the sintering body is regarded globally as a compressible continuum even though it is composed of solid and pores. During sintering process, green components are usually elastic at room temperature and there exists an elastic to viscous transition region. The viscoplastic constitutive law in continuum mechanics can be used to describe this transition. Gasik et al. [GAS 00] described the total strain during sintering process with the following equation: 

Identification of sintering parameters

Identification of material constants for W components

The 

Determination of maximum sintering stress

It is possible to plot the maximum sintering stress, using equation (5-17), as a function of initial grain size. The maximum sintering stress value decreases drastically from 1.33 to 0.31 Mpa for fine W powders (0.4-3.0 µm). For coarse tungsten powders 

Determination of uniaxial viscosity

Figure 5.17 shows the uniaxial viscosity for the two materials with fine and coarse grain sizes, respectively. The uniaxial viscosity is derived from the data presented in Figures 5.7 

Determination of activation energy for grain growth

The grain growth behaviour for metal powders during the sintering is determined (5-28)

Where G is the final grain size, 0 G is the initial grain size, g Q is the activation energy for grain growth and 0 D the pre-exponential term of the diffusion coefficient.

Boonyongmaneerat obtained that the parameter 0 D is in the range of 0.95-1.00 µm 2 s -1 by the experiments for pure W powder compacts heated up to 1725°C [BOO 09].

For example, for finest powder one knows the initial grain size µm G 4 . 0 0 = .

When the temperature is less than 1200 °C, the activation energy for grain growth is chosen to be too high 350 kJ/mol (no grain growth). The objective is to determine the activation energy during the sintering process (temperature more than 1200 °C). This is possible because we know the final grin size G from the SEM images. 

Final shrinkages and relative densities of sintered bars

The thermal cycle, employed for the present numerical simulation of sintering process, is heating up to 1700°C with heating rate of 5°C/min and then holding for 5min. The cylindrical coordinate system is used to present the simulation results.

Centre of the part is set to be the origin of coordinate system. Initial homogeneous green relative densities of 45 and 52 % have been used in numerical simulation and correspond to W powders of 0. Molybdenum Industry in China. The present research focuses on the experimental investigations and numerical simulations of debinding and sintering processes using stainless steel 316L and tungsten components, respectively. The principal conclusions as well as lines of future work, for both processes, are summarized below.

Conclusions

Experimental investigations and numerical simulations related to thermal debinding have been carried out for metallic components obtained by powder injection moulding of fine 316L stainless steel.

In the first part, the degradation of the fine 316L stainless steel micro-powders mixed with a multi-component binder system has been studied through TGA and DTA analysis under an argon atmosphere. It has been clearly shown that the powder volume loading parameter has an effect on the thermal debinding behaviour. When the feedstock is highly loaded by powder, the high internal gas pressure would buildup significantly and lead to the formation of cracks and other defects as the case for feedstock loaded at 66%. The small value of activation energy obtained for the feedstock loaded at 62 % indicates that this feedstock is the one less sensitive to temperature (the well adapted for thermal debinding process).The values of the kinetic parameters that have been obtained by the Kissinger and Ozawa methods for different powder volume loadings indicated a proper correlation. One can also conclude that apparent activation energy for the pyrolysis of fine 316L stainless steel feedstocks is not similar for all conversion which indicates the existence of a complex multistep mechanism that occurs at the solid state. This means that the reaction mechanism is not the same in the whole degradation process and that activation energy is dependent on conversion and also powder volume loading.

In the second part dedicated to debinding, a three-dimensional model of thermal debinding for which the component behaves as a porous media has been established. The kinetic parameters A 1 and A 2 used for fine 316L feedstocks in the present model have been identified in order to fit the numerical remaining binder content curve to the one obtained from the TGA tests. One can properly analyse the distribution of remaining binder content, temperature and deformation in green components during thermal debinding process.

It was shown that the remaining binder content is firstly eliminated at the component surface which means that the molten polypropylene starts to move form the center towards the external component surfaces. Also, the debinding numerical simulation results have clearly indicated that the debinding temperature evolution is progressively reached, which guarantees optimal debinding conditions. During thermal debinding, the total deformation of the PIM part is the sum of the deformations caused by polymer-content and temperature change. During the increasing debinding-rate period, the total deformation is caused by temperature evolution and the entire specimen expands. During the high debinding-rate period, the deformation caused by polymer-content change dominates the total deformation of the entire specimen, and the entire specimen contracts.

For the sintering investigation, tungsten components obtained by powder injection moulding, using fine and coarse initial grain sizes, have been sintered under pure hydrogen atmosphere up to 1700°C in order to simulate the sintering process.

The effect of initial grain size on the dimensional changes of sintered components has been simulated using constitutive model and the main concluding remarks are as follows:

• The final relative density of tungsten powder components produced by powder injection moulding process depends mostly on the initial grain size of the used powders. The fine tungsten powder component with 0.4 µm reached, at much reduced temperature 1700°C and much reduced holding time 5 min, the highest sintered density (90-94%) comparing to other powder components. This is due to the fact that fine W powder particles have large surface area than the coarse ones which gives maximum improvement in densification. Large surface area for fine W powder increases energy reduction rate between particles and leads to a maximum improvement in final relative density.

• Pure hydrogen atmosphere is the most suitable atmosphere for sintering where the W components may shrinkage up to 24% of the original size, depending mainly on the initial grain size of W powder. Vacuum and argon atmospheres are not suitable at all for W powders, maximal shrinkages of 11 and 15 % have respectively been obtained.

• The effect of sintering time on the microstructure, for fine W sintered components with initial grain size of 0.4 µm, was investigated in this work. The SEM results indicated that the microstructures of the sintered components are not significantly influenced when holding time ranges between 60 and 120 min.

• The values of the sintering activation energies, obtained by Dorn's method and constant heating rate method, for W powders with different initial grain sizes indicated a proper correlation (for the constant heating rate method, the error is relatively large ±30 kJ/mol). The activation energies for sintering of the fine and coarse W powders have been evaluated as 90 and 150 kJ/ mol, respectively. High value of sintering activation energy indicates low thermal stability for coarse W powder which causes a reduction in grain boundary mobility and leads to poor sintered densities. Therefore, fine W powders with initial grain size of 0.4 µm are the best ones to be sintered up to 1700°C under pure hydrogen atmosphere, as these powders are highly thermal stable comparing to other ones.

• Grain boundary diffusion has been identified as the dominant densification mechanism of the investigated W powders.

• The maximum sintering stress value decreases drastically from 1.33 to 0.31 Mpa for fine W powder (0.4-3.0 µm). For coarse tungsten powder (5.0-7.0 µm), the maximum sintering stress is relatively constant and ranges between 0.26 to 0.12 Mpa.

One can conclude that the sintering stress is also sensitive to the initial grain size of powders.

• Using the present numerical simulation, one can properly analyse the final relative density and shrinkage distribution in injection moulded components during sintering process. The experimental shrinkages and relative densities of the sintered W components have been compared to the simulation results. Adequate comparisons are related for both types of powders. Nevertheless, for coarse powders 3.0 and 7.0 µm, several experimental factors such as gravity, pores and friction between the support and the component could be the origin of errors which can make the numerical simulation results little different to the experimental ones.

Prospectives

Experimental prospectives

According to the experimental results, new investigations about new binder formulations for feedstocks preparation should be carried out, in order to overcome cracks during thermal debinding for components made with high powder volume loading as the case in our study (feedstock 66%). Also for the thermal debinding stage, other important processing parameters such as atmosphere and debinding cycle must be tested to take notice of their influence on the injected components during this crucial stage. One can also include the solvent debinding step to get an easy degradation during thermal debinding which might decrease the pressure gas inside the component during thermal debinding.

For sintering stage, bi-material component using different material will be sintered and examined with Scanning Electron Microscopy in order to understand the mechanical behaviour. One should also determine the physical parameters such as the friction coefficient, thermal conductivity and heat capacity of these materials. It will be also interesting to carry out thermal debinding and sintering tests for injection moulding components with complicated geometries to highlight the influence of component shape.

Prospectives for numerical simulation

For thermal debinding, the present model should be developed more to compute the remaining binder content for each polymer (PP+PW+SA). In fact, our model is not so efficient for real applications because we can not localize cracks and fractures in the debinded components made with high powder volume loading (feedstock 66%). Also, one should try to overcome the identification step in order to make the model more suitable for any used powders (copper, nickel, tungsten…etc).

In the case of sintering process, one should develop the numerical model by reducing the number of identified material parameters. It will be also intersecting to include the thermal debinding step, just before the sintering one, in order to take into account the related shrinkages. Finally, numerical simulation of the sintering step for bi-material injection moulding components has to be also investigated by combining two material routines for the feedstocks having different mechanical and thermal characteristics such as Tungsten and Stainless or Copper.
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 2 Figure 1.2: Components made by PIM process: a) Air injector components are made from stainless steel by MIM [KIN 13], b) Rado watches made by CIM [CON 13] c) W, Mo tungsten alloy products made by MIM [MAD 13], d) Micro-components [MIC 12].
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 3 Figure 1.3: Schematic diagram of whole PIM process, showing the basic steps from feedstock elaboration stage to sintered component [MAT 13].
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 4 Figure 1.4:PIM feedstock ready for use in the injection moulding equipments.
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 5 Figure 1.5: Schematic diagram showing three possible situations in a powder-binder mixture: (a) excess of binder, (b) critical and (c) excess of powder [GER 97, LI 07].
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 1 Figure 1.6: a) Evolution of mixture apparent density versus powder volume loading of a PIM feedstock and b) Evolution of relative feedstock viscosity versus powder volume loading. Line curve represents a model fitting for the estimation of critical powder volume loading. Figure 1.7:Mixing torque versus mixing time at several levels of powder volume loading, by adding progressively the powder into the mixing chamber.
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 8 Figure 1.8: Determination of critical powder volume loading through feedstock viscosity model (316L stainless steel, D 50 = 3.4 µm, powder loadings varying from 64 to 72%, measured at 160 °C) [KON 12].
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 9 Figure 1.9:Instruments used to measure the viscosity in our laboratory: a) capillary rheometer and b) rotational rheometer.Figure 1.10:Mixer W 50 EHT with two mixing screws used in our laboratory.
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 11 Figure 1.11: Hydraulic injection molding equipment, a) Arburg 220-S © micro injection molding equipment (φ15mm, maximum temperature 350°C, maximum volume 10.8 cm 3 , maximum pressure 2000 bar) used in our laboratory and b) detailed sketch of the injection molding equipment.
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 12 Figure 1.12: Schematic illustration of catalytic debinding process [ATT2 12].
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 13 Figure 1.13:Schematic illustration of solvent debinding process.
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 14 Figure 1.14:Used laboratory oven for thermal debinding process with maximum temperature of 300 °C.
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 15 Figure 1.15: Furnace used in our laboratory for conventional sintering: a) external view; b) internal view. Figure 1.16: Survey of the global sales of the firms according to geographical regions (1990 to 2010). [KON 11].
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 1 Figure 2.1: Diagram identifying the different debinding techniques based on thermal concept [GER 87].
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 2 Figure 2.2:Sketch of the pore model for debinding by permeation or diffusion, where the bindervapor interface is a distance L from the component surface, adapted from [GER 87].
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 3 Figure 2.3: Porosity dependence of the debinding time as function of the fractional density to illustrate the significant debinding penalty associated with high packing densities [GER 87].
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 4 Figure 2.4: Schematic of wick debinding mechanism proposed by German [GER 87].
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 5 Figure 2.5: Schematic of wick debinding mechanism proposed by Vetter et al. [VER2 94], based on German model [GER 87].
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 6 Figure 2.6:Comparing calculated conversion, conversion rate (---) with experimental data (-) at different heating rates 2 and 10 K/min, [ZHA 09].
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 7 Figure 2.7: Evolution of remaining weight fraction of polymer: comparison between the TGA analysis and MDC with a single step for polypropylene PP, [AGG 07].
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 8 Figure 2.8: Evolution of remaining weight fraction of multi component binder system (PP+PW+SA): comparison between the TGA analysis and the model (MDC multireaction steps), [AGG 07].
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 9 Figure 2.9: Failed ceramic components by cracks and distortion after thermal debinding process, (a, b) components heated with a 10 °C/min ramp to 600 °C with a 1 h hold [ABE 11], (c, d) components heated with 7.5 and 5 °C/min, respectively, [SAC 11].
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 10 Figure 2.10:Mechanisms of mass transport during sintering: 1) surface diffusion, 2) grain boundary diffusion, 3) volume diffusion, 4) evaporation and condensation.

Figure 2. 11 :

 11 Figure 2.11:Basic phenomena occurring during sintering under the driving force for sintering.
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 12 Figure 2.12: Microstructure evolution during sintering stages, [RIV 11].
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 13 Figure 2.13: Two-particle geometric model for the initial stage of sintering, [CAL 05].
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 14 Figure 2.14: Neck evolution during the first stage of sintering through the use of cerium oxide (CeO 2 ) powders, [CLA 13].

Figure 2. 15 :

 15 Figure 2.15: Representative unit cell for intermediate -stage solid -state sintering: (a) Original model of Coble [COB 61] and (b) modification by Beere [BEE 75], adapted from [BAN 12].
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 16 Figure 2.16: Closed pores located at grain corners during the final stage of sintering [GER 96], adapted from [SON 07].
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 1 Figure 3.1: Scanning electron micrographs of fine 316L stainless steel powders (D50=3.4 µm) used in the proposed investigations with magnification equals to a) 2000 and b) 10000.

Figure 3. 5 :

 5 Figure 3.5:Differential Scanning Calorimetry apparatus, DSC92.
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 6 Figure 3.6:DSC curves related to 316L stainless steel feedstock loaded at 60 % at different heating rates.
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  Figure 3.7:Remaining binder content vs. temperature, corresponding to different powder volume loadings at different heating rates for 316L stainless steel in argon atmosphere.
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 11 Figure 3.11: Maximal binder decomposition temperature versus powder volume loading: (a) first step corresponding to degradation of PW+SA, (b) second step corresponding to degradation of PP.
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 12 Figure 3.12:Remaining binder content vs. temperature, corresponding to different powder volume loadings at different heating rates for 316L stainless steel in argon atmosphere.

Figure 3. 13 :

 13 Figure 3.13: Apparent activation energy of 316L stainless steel feedstocks (elaborated at the same mixing conditions 160°C, 30 rpm and 30 min) as a function of powder volume loading: (a) first step corresponding to degradation of PW+SA, (b) second step corresponding to degradation of PP.
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  Figure 3.14:SEM images of debinded tensile specimen after thermal debinding process for feedstock loaded at 66% of powder volume loading, debound at 300°C with the same heating rate and the same atmosphere.
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 18 Figure 3.18:Pellets of granulated feedstock based on copper powders ready for use in the injection moulding machine.
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 19 Figure 3.19:Square specimens (5.6×5.6×0.92mm) injection moulded at 175°C using Arburg machine.Figure 3.20:Binder remaining content inside 0.92-mm-thick square sample at different debinding temperatures 40, 50 and 60 °C.
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 41 Figure 4.1:Evolution of remaining binder content versus temperature, comparison between experimental and identified kinetic model results for a fine 316L stainless steel feedstock loaded at 60, 62, 64, and 66% of powder volume loading with heating rate eq. 2 °C/min.
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 42 Figure 4.2: Description of geometry used for FEM simulations (a) Three-dimensional component with boundaries and (b) two-dimensional cross section of the component, [MAN 13].
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 43 Figure 4.3: Interaction diagram between partial differential equations (PDE), Heat transfer and Structural mechanics module, [MAN 13].
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 44 Figure 4.4: Finite element discretization used for FEM simulations (a) Three-dimensional component (b) two-dimensional cross section of the component.

Figure 4

 4 Figure 4.5:Remaining polypropylene binder content distribution in (%) for fine 316L stainless steel feedstock loaded at 60% with a heating rate equals 2°C/min at debinding temperature of 385 and 420 °C (a) 2D, (b) 3D, respectively.
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 46 Figure 4.6: Calculated distributions of binder content inside the component at different debinding temperatures for fine 316L stainless steel feedstocks loaded at 60 and 62% of powder volume loading.
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 47 Figure 4.7: Temperature distribution in°C at the end of debinding process for fine 316L stainless steel feedstocks loaded at 60 and 62 % of powder volume loading, (a)-(c) along the length direction and (b)-(d) along the width direction.
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 48 Figure 4.8: Temperature distribution in°C at the end of debinding process for fine 316L stainless steel feedstocks loaded at 60 powder volume loading, (a) 2D and (b) 3D.
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 49 Figure 4.9:Normal strains evolution in the PIM component for fine 316L stainless steel feedstocks loaded at 60%, [MAN 13].
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 410 Figure 4.10:Contours of strains inside the component for fine 316L stainless steel feedstocks loaded at 60%.

Figure 4 . 11 :

 411 Figure 4.11:Volumetric strains in the PIM components with same heating rate of 2°C/min for different powder volume loadings.
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 412 Figure 4.12:Schematic of the diffusion model used in numerical simulation.
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 413 Figure 4.13:Finite element discretization.
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 414 Figure 4.14: Temperature dependence of binder remaining after 30 min solvent debinding by linear regression fitting of equation (4-22).
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 4 Figure 4.15:Steps in the solution procedure using finite element method for solvent debinding process.
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 416 Figure 4.16: Comparison between experimental and numerical remaining soluble binder content inside 0.92-mm-thick square sample at different debinding temperatures from 40 to 60 °C.Figure 4.17: Contours of soluble binder content inside 0.92-mm-thick square sample, (a) after 15 minutes solvent debinding and (b) after 30 minutes solvent debinding.
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 418 Figure 4.18:Debinding time needed to reach 95 % for components with different thicknesses at different temperatures.
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 419 Figure 4.19:Contours of soluble binder content inside square samples with different thickness after 30 minutes solvent debinding.
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 420 Figure 4.20: Contours of soluble binder content inside 0.92-mm-thick square sample after 10 minutes solvent debinding, (a) results for simulation 1D and (b) 2D.
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 4215 Figure 4.21:Binder remaining content inside 0.92-mm-thick square sample using 1D and 2D numerical simulations at 50°C

Figure 5

 5 Figure 5.2:Tungsten components: (a) molded; (b) solvent debinded in heptane at 37˚C for 140 min; (c) thermal debinded at 450 ˚C for 120 min with a heating rate of 1.5˚C/min, followed by heating to 900 ˚C at 2 ˚C/min and holding for 30 min under N 2 atmosphere and (d) sintered at 1700°C under H 2 atmosphere.
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 53 Figure 5.3: (a) Configurations of sintered components of fine and coarse W powders in dilatometer after sintering test at maximal temperature of 1700°C and H2 atmosphere , (b) vertical dilatometer used in the experiments using Setaram © analyser.
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 54 Figure 5.4:Evolution of shrinkage components vs. time for (a) fine W powders and (b) coarse W powders heated up to 1700°C using a heating rate of 5 °C/min and pure hydrogen atmosphere.
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 55 Figure 5.5: Evolution of shrinkage rates vs. time (a) fine W powders and (b) coarse W powders heated up to 1700°C using a heating rate of 5 °C/min.
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 5 Figure 5.6: (a) Components configurations after beam bending tests at 1700°C and 100% hydrogen atmosphere for fine and coarse W powders, (b) vertical dilatometer used in the experiments using Setaram© analyser.
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 57 Figure 5.7:Deflections of W beam bending components vs. temperature during sintering with heating of 5°C/min in pure hydrogen atmosphere (a) fine grain sizes, (b) coarse grain sizes.
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 58 Figure 5.8:Deflection rates of W beam bending components vs. temperatures during sintering with heating of 5°C/min in pure hydrogen atmosphere, (a) fine grain sizes, (b) coarse grain sizes.
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 5 Figure 5.9: Sintering activation energy plots of ( ) [ ] dT d T λ β ln vs. T 1 at different shrinkages
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 511 Figure 5.11: Microstructures variation of the sintered W samples after the thermal cycles of heating up to 1700 °C at 5 °C/min under pure hydrogen atmosphere for different holding time, (a) initial powders of 0.4µm, (b) 5, (c) 30, (d) 60, (e) 90 and (f) 120 minutes.
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 5 Figure 5.12:Change in sintering activation energy values with increasing temperature observed for Dorn's method and constant heating rate method, (a) 0.4 µm, (b) 7.0µm using pure hydrogen atmosphere.
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 5 Figure 5.14:Thermo-elasto-viscoplastic constitutive model used for the sintering process.
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 515 Figure 5.15:Evolution of uniaxial shrinkage versus sintering time, comparison between experimental and identified model results for: (a) fine W powders and (b) coarse W powders with heating rate eq. 5 °C/min in pure hydrogen atmosphere.
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 516 Figure 5.16:Maximum sintering stress plotted against initial grain size using pure hydrogen atmosphere.
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 517 Figure 5.17: Determined uniaxial viscosity vs. sintering temperature, (a) fine powders, (b) coarse powders.
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 518 Figure 5.18:Grain growth during sintering process up to 1700 °C for 5min holding time and heating rate 5°C/min, (a) fine powders and (b) coarse powders.
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 5 Figure 5.19: (a) Green component and the support plate before sintering, (b) finite element mesh of the assembly.
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 520 Figure 5.20:Numerical simulation results-final relative density values of sintered components at 1700 °C.
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 521 Figure 5.21: Numerical simulation results-shrinkage values of sintered components at 1700 °C.
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 5 Figure 5.22:Comparison between the experimental and the numerical densities of tungsten components sintered at 1700°C.
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  of FEMTO-ST Institute within the research group "Polymers and Polymers Loaded with Micro and Nano-particles", directed by Professor Jean-Claude GELIN. This group has more than 15 years of research experience focused on the experimental investigation, optimization, modeling and numerical simulations of PIM processes through many Ph.D theses : M. Dutilly [DUT 98] proposed, for injection process, a physical model to improve the experimental results by varying the main process parameters. For T. Barriere, a biphasic flow formulation has been used and developed to account the segregation effects during injection moulding [BAR 00]. G. Ayad [AYA 06] proposed an optimisation procedure for reducing the powder segregation arising from the injection of feedstocks in a cavity mould. The works of J. Song [SON 07] were devoted to identify the material parameters, used in the implemented sintering constitutive equations, and set up the numerical simulation of sintering process for stainless steel components. Within the three last Ph.D theses [QUI 08], [KON 11], [BRI 12], several rheological tests and physical characterization of new elaborated feedstocks (Nickel iron, actinide powders, TiAl based superalloy, TiNi shape-memory alloy and Tungsten Carbide Cobalt WC/Co) have been carried out.

  point for some materials (W, Mo) makes Powder Metallurgy competitive with the other processes such as casting, forging, and machining. Before the metallic powders are produced and classified, the conventional powder metallurgy process generally consists of four major processing steps: (1) production of metal powder (2) mixing of powders, (3) compaction, (4) sintering and a number of secondary manufacturing and finishing operations, Figure 1.1. Several production methods are available for making powders. Most common is atomization, which produces nearly 80% of the total volume of powders. This method produces of both ferrous and nonferrous metals; speciality powder like stainless steel, superalloy (nickel base) as well as titanium alloy powders are also made by this technique. Reduction of compounds is another widely used process used for the production of iron, copper as well as tungsten and molybdenum [NAG 06]. Powders having the desired size range, shape and other characteristics are chosen to obtain the properties required for the end use, Figure 1.1-a. Powders along additives are mixed thoroughly using mixers. Lubricants (0.5-2% by weight of the charge) may be added prior to mixing to facilitate easy ejection of the component and minimize the wear of compaction tool. Typical lubricants include waxes or metallic stearates, graphite, stearates, Figure 1.1-a. Powders are then characterized for properties like size, flow, density and compressibility before being compacted. Powder characterisation is very important since powder characteristics influence both the compaction behaviour as well as the properties of green and sintered components [NAG 06]. The desired quantities of different types of powder to be mixed are put inside a cylindrical drum closed from both the ends, Figure 1.1-b.

  produce such components as axial turbine blades and pre-combustion chambers [MAC 84]. Among net-shaping techniques, powder injection moulding (PIM) is considered to be well-suited for mass production of dimensionally precise, 3D complex part geometries from metals or ceramics [ONB 10]. Some examples of components made by Powder Injection Moulding process are shown in Figure 1.2.
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 12 Figure 1.2: Components made by PIM process: a) Air injector components are made from stainless steel by MIM [KIN 13], b) Rado watches made by CIM [CON 13] c) W, Mo tungsten alloy products made by MIM [MAD 13], d) Micro-components [MIC 12].
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  schematic diagram of the whole powder injection moulding process is shown in Figure 1.3. The process begins by mixing metallic or ceramic powders with binder system in order to produce a feedstock. The feedstock is heated and then injected under pressure into the tool cavity in order to get the desired shape. During the debinding step, the binder is partially removed from the component. At the final step, the debinded component is heated at high temperature in such a way that particles bond together and create one solid coherent component.
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 13 Figure 1.3: Schematic diagram of whole PIM process, showing the basic steps from feedstock elaboration stage to sintered component [MAT 13].
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 14 Figure 1.4: PIM feedstock ready for use in the injection moulding equipments.

Figure 1 . 5

 15 -a. On the other hand, too much powder increases the feedstock viscosity which results difficulties in moulding operation. Trapped voids are also created and cause cracks in the brown component during debinding step, Figure 1.5-c. Critical powder concentration occurs when all the powder particles are packed as closely as possible with enough binder to occupy all the voids, Figure 1.5-b. Powder loading is usually measured in terms of the volumetric ratio of powder to binder, according to the following mixture law [JOR 08]: w are the weight fraction of powder and binder. p ρ and b ρ are the densities of the powder and binder respectively. Among the three situations shown in Figure 1.5, the second one gives the ideal example for a feedstock with a proper homogeneity. The importance of feedstock homogeneity has been pointed out by several researchers and all agree that the inhomogeneity of the feedstock can lead to powder/binder separation and therefore defects in the final PIM components. In order to prevent the agglomeration of powder or binder system components, several research works have been focused on the determination of the critical powder volume loading [LIU 00, KON 12], studying the effects of binder system, powder composition [AHN 09] and other parameters related to the mixing operation such as: mixing equipments, mixing temperature, mixing time and shear rate [GER 90, GER 97, SUP 00]. The principal aim of these investigations is to elaborate homogenous feedstocks that can be injected and moulded without any problems.
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 15 Figure 1.5: Schematic diagram showing three possible situations in a powder-binder mixture: (a) excess of binder, (b) critical and (c) excess of powder [GER 97, LI 07].

Figure 1 .ρ

 1 6-a illustrates a typical curve of the feedstock apparent density versus solids fraction. The feedstock density depends on the powder volume loading. At low powder volume loading, the feedstock density follows along the theoretical density line, calculated by the following equation: is the density of the feedstock, φ is the powder volume loading, p ρ is the density of the powder and b ρ is the density of the binder. At a certain composition, the mixture density breaks away from the theoretical line which means that the powders are in their closest packing condition and just enough binder exists to fill the voids between the particles. The powder volume loading for which the density breaks away from the theoretical line corresponds to the critical powder volume loading as shown in Figure 1.6-a. Feedstock viscosity vs. powder loading consists of the analysis of the feedstock viscosity dependence on the powder loading. Viscosity of a PIM feedstock has a great dependence on the solids loading. Increasing the powder loading, the feedstock becomes difficult to flow and viscosity increases. As the powder loading approaches to the critical value, the viscosity increases faster and becomes unacceptable for powder injection moulding process, as shown in Figure 1.6-b.

Figure 1

 1 Figure 1.6: a) Evolution of mixture apparent density versus powder volume loading of a PIM feedstock and b) Evolution of mixture relative viscosity versus powder volume loading. Line curve represents a model fitting for the estimation of critical powder volume loading.

η

  is the relative viscosity, φ is the powder loading and m φ the maximal compact stacking. Another method to determine the critical powder volume loading is mixing torque by continuously increasing powder loading. The powder loading is increased gradually by adding the powders with an increment equals generally to 2% for each level [JAR 08]. The mixing torque according to mixing time is related in Figure 1.7.Two aspects indicate the overcome of the critical solid loading: a sudden increase in the mixing torque with irregular and unstable values [AGG 06]. This method can provide a way to get the critical solid loading in a simple way just using one testing cycle and its application takes the shortest time of all methods.

Figure 1 . 7 :

 17 Figure 1.7: Mixing torque versus mixing time at several levels of powder volume loading, by adding progressively the powder into the mixing chamber.

Figure 1 . 8 :

 18 Figure 1.8: Determination of critical powder volume loading through feedstock viscosity model (316L stainless steel, D 50 = 3.4 µm, powder loadings varying from 64 to 72%, measured at 160 °C) [KON 12].

Figure 1 . 9 :

 19 Figure 1.9: Instruments used to measure the viscosity in our laboratory: a) capillary rheometer and b) rotational rheometer.

Figure 1 . 10 :

 110 Figure 1.10: Mixer W 50 EHT with two mixing screws used in our laboratory.

Figure 1 . 11 :

 111 Figure 1.11: Hydraulic injection moulding equipment, a) Arburg 220-S © micro injection moulding equipment (φ15mm, maximum temperature 350°C, maximum volume 10.8 cm 3 , maximum pressure 2000 bar) used in our laboratory and b) detailed sketch of the injection moulding equipment.

  The successful removal of binder occurs without disrupting the integrity of the moulded green component. Basically, binder removal often put limits on the size and shape complexity of injection moulded components since large and/or thick components make binder removal very difficult in an acceptable period of time and induces therefore more defects after debinding steps [TRU 02]. As mention before, a number of advanced methods have been developed for binder extraction: catalytic debinding, supercritical debinding, solvent debinding and thermal decomposition or thermal debinding [GER 97, SAN 05]. Solvent and thermal debinding are the most commonly used methods of binder removal process [SAN 05].After debinding process, the moulded components must be strong enough to retain their shape during sintering process.Catalytic debinding is used for binders that decompose exclusively, at relative low temperatures, into smaller molecules (monomers) under a nitrogen atmosphere containing a small amount of gaseous nitric acid (catalyst). Low temperature prevents the component from softening. Binder based on POM (sometimes also referred as polyacetal) is highly recommended for such type of debinding. This polymer depolymerises completely under the influence of an acid, Figure 1.12. By using a catalyst, the polymer at the surface of the green component is broken down into monomers and evaporates. As the monomers evaporate, pores are created and the depolymerization process continues deeper into the moulded component [GON 12].

Figure 1 . 12 :

 112 Figure 1.12: Schematic illustration of catalytic debinding process [ATT2 12].

Figure 1 . 13 :

 113 Figure 1.13: Schematic illustration of solvent debinding process.

Figure 1 . 14 :

 114 Figure 1.14: Used laboratory oven for thermal debinding process with maximum temperature of 300 °C.

  is the last stage of the powder injection moulding process. The first form of sintering has been used in the fabrication of bricks and pottery by heating clays in fire to high temperature [GER 03]. Nowadays, sintering is used for the manufacturing of complex shape components in different materials (ceramic, Tungsten Carbide Cobalt) [KAN 05]. Sintering is a thermal treatment (within 70 to 90% of the melting temperature of the major constituent, so that the particles remain unmelted) that transforms metallic or ceramic powders into a bulk material containing, in most cases, residual porosity. However, the mechanical strength of the sintered component is much improved [LAM 03]. At such temperatures as mentioned above, the particles recrystallize into each other causing them to fuse together [BOL 10].

  Figure 1.15: Furnace used in our laboratory for conventional sintering: a) external view; b) internal view.

  Major methods for making metal powders are atomization of molten metal, reduction of oxides, electrolysis and chemical reduction. Gas and water atomization methods are often used to produce 316L stainless steel powder [APMI 12]. These different powders have many different properties that should be analyzed. The most important are the particle size, packing density and particle shape [KAR 04]. Ideal powders should also have the following characteristics: No agglomeration, dense particles free of internal voids, clean particle surface for appropriate interaction with the binder [ZLA 08].

Figure 1 .Figure 1 . 16 :

 1116 Figure 1.16: Survey of the global sales of the firms according to geographical regions (1990 to 2010), [KON 11].

  binder system is composed by various components: low molecular mass binder like paraffin wax as the first component and high molecular mass polymeric like polypropylene as the second one. These components have different melting points, viscosities and behave differently during thermal decomposition for fulfilling some goals. The debinding is the most critical step in the powder injection moulding process. This process can typically be a long process and takes often many hours or even days, depending on component thickness and powder grain size. Long time is a major obstacle for the economic success of powder injection technology [OSS 08]. The next stage after debinding one is the sintering stage where the final mechanical properties are strongly affected by many factors such as heating rate, maximal sintering temperature, holding time, sintering atmosphere and other material characteristics like particle size. This stage is commonly considered as one of the important step among the four MIM processing steps. To understand the sintering behaviour, various models have been established and developed. For modeling sintering process, three major approaches could be distinguished: (i) microscopic model, (ii) mesoscopic model and (iii) macroscopic model [ZHA 05]. In the present chapter, we will focus on the microscopic model in which sintering process is investigated through the study of two spherical particles that are placed in contact.

Figure 2 . 1 :

 21 Figure 2.1: Diagram identifying the different debinding techniques based on thermal concept [GER 87].

  vapor pressure will be beneficial to diffusion. The model assumed for the diffusion and permeation calculations is shown in Figure 2.2 [GER 87].

Figure 2 . 2 :

 22 Figure 2.2: sketch of the pore model for debinding by permeation or diffusion, where the binder-vapor interface is a distance L from the component surface, adapted from [GER 87].

  Figure 2.3 plots the porosity function ( ) θ θ 2 1versus fractional density to indicate the strong sensitivity to porosity at the high densities. The shape of this function indicates considerable difficulty in debinding components with packing densities over approximately 75%of theoretical. Thus, for rapid debinding the choice would be thin sections, large particles, high porosity, large pressure gradients (with a low surface pressure) and again high temperatures. Note both the vapor viscosity G and binder-vapor interface pressure P increase with temperature. It is expected that the latter will exhibit the dominant effect, giving shorter debinding times at higher temperatures, as long as the component is not damaged in the process.It appears that the permeation control is the typical case for thermal debinding. The estimated error on debinding times by this model 50%. Even so, the model provides a first guide to efficient debinding [GER 87].

Figure 2 . 3 :

 23 Figure 2.3: Porosity dependence of the debinding time as function of the fractional density to illustrate the significant debinding penalty associated with high packing densities [GER 87].

Figure 2 . 4 .

 24 The powder compact placed on substrate (the wick) and heated to a temperature where the binder viscosity is sufficiently low that capillary flow will occur [GER 87].

Figure 2 . 4 :

 24 Figure 2.4: Schematic of wick debinding mechanism proposed by German [GER 87].

  Furthermore, the porosity effect is the same as seen in the vapor permeability model as shown in Figure2.2. The debinding time is predicted to vary linearly with the fluid viscosity. Since liquids decrease in viscosity as temperature increases, this clearly indicates the benefit of high temperature debinding. The fluid surface energy appears in the denominator because higher surface energies contribute to higher capillary pressures in the wick, thereby increasing the flux. Also, the difference in the component and wick particle sizes appears in the denominator of equation (2-4), indicating faster debinding with larger particle size differences. Thus, for rapid debinding by wicking, the best practice would be have a small wick particle size, large component particle size, large component porosity, larger wick porosity, low fluid viscosity, low fluid surface energy, and thin component dimensions [GER 87]. Mechanism of wick debinding process is not well developed, and much of the published work in the literature builds on the model published by German (1987) with later evidence [VER1 94] indicating its limitations [SOM 08]. Its principal limitation is due to the non uniformity distribution of the binder inside the component during thermal debinding. Vetter et al. [VER2 94] proposed an alternative model in which air enters the component through channels in the wicking powder, as shown in Figure 2.5. The binder is removed counter-current to the air flow and is fed from the bulk binder by arteries through to the wicking powder. They developed an appropriate relationshipfor the debinding time in a similar fashion to Equation (2-4) except that they included the wicking powder permeability. Although their experimental results showed that there was less binder near the compact-wick interface than in the centre of the compact, the binder distribution was not described in any detail.

Figure 2 . 5 :

 25 Figure 2.5: Schematic of wick debinding mechanism proposed by Vetter et al. [VER2 94], based on German model [GER 87].

  apparent activation energy a E and pre-exponential factor A will be determined later in the next chapter using Kissinger and Ozawa methods. The relationship between temperature and conversion ( x ), for different heating rates using the kinetic model, can be plotted as shown in Figure 2.6 [ZHA 09].

Figure 2 . 6 :

 26 Figure 2.6: Comparing calculated conversion, conversion rate (---) with experimental data (-) at different heating rates 2 and 10 K/min, [ZHA 09].

  Aggarwal et al. [AGG 07] and Park et al. [PAR 09] developed a master decomposition curve (MDC) to analyze the thermal debinding process; the master decomposition curve is based on the intrinsic kinetics of polymer pyrolysis. The kinetic parameter (activation energy) for this study has been estimated using the Kissinger method [KIS 57] based on the thermogravimetric investigations. Also, the effect of heat-transfer has been investigated for different powders with identification of the critical parameters of thermal decomposition during thermal debinding. Two approaches of master decomposition curve have been developed by Aggarwal et al., the first one for single reaction step and the second one for a multireaction steps.

  2-11) Using equation (2-11), one can obtain the decomposition curve for a given polymer using the concept of work of decomposition as related in Figure 2.7 in the case of polypropylene, [AGG 07].

Figure 2 . 7 :

 27 Figure 2.7: Evolution of remaining weight fraction of polymer: comparison between the TGA analysis and MDC with a single step for polypropylene PP, [AGG 07].

  the low molecular weight polymer to the initial mass of the two polymers. Aggarwal et al. [AGG 07, PAR 09] assumed that the kinetics are only controlled by the temperature:

Figure 2 . 8

 28 Figure 2.8 relates two steps of thermal decomposition using a niobium feedstock where the lower molecular weight binder components (wax and SA) decompose first and then the higher molecular weight binder components (PP and PE) are later eliminated. The experimental results are in good agreement with ones obtained by the developed mathematical model of MDC multireaction steps [AGG 07].

Figure 2 . 8 :

 28 Figure 2.8: Evolution of remaining weight fraction of multi component binder system (PP+PW+SA): comparison between the TGA analysis and the model (MDC multireaction steps), [AGG 07].

  [YAK 00]. For an effective thermal debinding operation, the extraction must be fast with any trapped polymeric residues which could affect final mechanical properties of the sintered components.Hu et al. [HU 00] investigated the dimensions changes and their causes during thermal debinding of injection moulded components made of iron powders. The binder system consisted of 40 wt-% low density polyethylene (LDPE), 55 wt-% paraffin wax (PW) and 5 wt-% stearic acid (SA). The purpose of this research was to study the effect of the following parameters: atmosphere, backbone binder content and heating rate during thermal debinding stage. The components in nitrogen and in vacuum atmosphere did not expand throughout the debinding process while an expansion has been taken place for the same components under hydrogen atmosphere. This expansion might be possibly caused by carburisation from the decomposed hydrocarbon gas. Also, researchers reported that the amount of expansion decreased when the amount of the LDPE decreased. The decrease in expansion is due to the decrease in carburising hydrocarbon gas (main cause of expansion) which is supplied by the backbone binder. In addition, when the heating rate of 1 °C/min is employed, the amount of expansion occurring at about 300°C is only 0.15%, much less than the amount of expansion occurring at higher heating rates such as 10 and 20 °C/min. Hu et al. concluded that to avoid abrupt expansion of the components during debinding, slower heating rates, smaller amounts of backbone binders and inert gases or vacuum should be employed in thermal debinding [HU 00].As mentioned above, the type of atmosphere during debinding can directly affect the binder removal rate and quality of the extraction. Li et al. [LI 03] investigated the thermal debinding process of injection moulded water atomized 316L stainless steel powder (with a mean particle size of 24.65 µm) components under a vacuum and hydrogen atmosphere. The wax-based binder was composed of highdensity polyethylene (HDPE) and low molecular weight components such as stearic acid (SA) and paraffin wax (PW). Thermogravimetric analysis method was used to measure the weight loss of binder, moulded injection components were taken out at different stages of the debinding process and their pore structure evolution was analyzed using a mercury porosimeter. Li et al. concluded that the binder removal rate in vacuum was higher than that in the hydrogen atmosphere, with the same binder composition and the same temperature profile. In addition, the mercury porosimetry results indicated that the pore structure evolution in injection molded components during thermal debinding in vacuum was greatly different from that in hydrogen atmosphere. The difference in binder removal rate and pore structure evolution in these two atmospheres is due to the difference of the vapor pressure drop, which was the vapor pressure difference between that in the molded components and that in the ambient environment [LI 03]. Liu et al. [LIU 07] investigated the effects of debinding on the surface roughness of 316 L stainless steel (with mean size of 3 µm) microstructured components. The feedstocks have obtained after mixing the present powder with a multi-component binder system. The debinding has been carried out in a continuous flow of argon and hydrogen gas mixture at a flow rate of 150 cc/min in a tube furnace. The debound components were characterized by TGA and SEM. Liu et al.reported through this investigation that slower heating rates during debinding gave lower weight loss due to the introduction of oxides during debinding. After sintering, the debound parts with higher weight loss gave better surface finish. This improvement was more significant for increasing sintering temperature than increasing time [LIU 07].Abeln and al. [ABE 11] used a combined debinding process to remove binder from green multilayer ceramic capacitors; it consists of a supercritical extraction method followed by a thermal debinding method. The binder system is composed of poly (vinyl butyral) plasticized with phthalates. The reason for using supercritical extraction as a first step was to increase the porosity (increasing the gas permeability inside the components) and at the same time decreasing the adhesion strength between layers. This increase in the porosity, during the supercritical extraction, leaded to a decrease in cycle time and defects during the thermal debinding process. This cycle time was much shorter than typical cycles of 50-150 h used in industry for samples of similar size and physical properties[ABE 11].

  These problems are generally due to unadapted thermal debinding cycles, using a binder system with only one component, poor homogeneity of the injected component or incompatible thermal debinding method for the used binder system In fact, a unadapted cycle of thermal debinding can influence the thermal degradation of the binder system and therefore cause excessive internal stress inside the debinded component. So, one should elaborate an homogeneous feedstock in order to prevent powder/binder separation and the agglomeration of powders. On the other hand, using a multi-component binder system, the thermal debinding process can be controlled at low and high debinding temperature.

Figure 2 . 9 :

 29 Figure 2.9: Failed ceramic components by cracks and distortion after thermal debinding process, (a, b) components heated with a 10 °C/min ramp to 600 °C with a 1 h hold [ABE 11], (c, d) components heated with 7.5 and 5 °C/min, respectively, [SAC 11].

  ceramic powders. During this process, the injection moulded components are thermally treated at temperatures below the melting point of the main constituent to increase the strength of the components by bonding particles together. In addition, components undergo shrinkages in dimensions and final dense or full dense products are obtained [GER 97]. Therefore, sintering or densification is an irreversible thermodynamic phenomenon to convert unstable packed powder having excess free energy to stable sintered agglomerates. The sintering phenomenon involves the fusion of particles, volume reduction, decease in porosity and increase in grain size [MAS 06].

  Figure 2.10.
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 210 Figure 2.10: Mechanisms of mass transport during sintering: 1) surface diffusion, 2) grain boundary diffusion, 3) volume diffusion, 4) evaporation and condensation.

  processes and other phenomena that provide the impetus for reducing the free energy are usually referred to as the driving forces for sintering and include the force associated with the curved surfaces of particles, externally applied pressure, and chemical reaction(s). In our case, sintering has been performed without the external pressure or chemical reaction. So, the reduction in total interfacial energy occurs via densification and grain growth which are the basic phenomena of sintering [MAS 06].
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 211 Figure 2.11: Basic phenomena occurring during sintering under the driving force for sintering. The change of system free energy
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 12212 Figure 2.12: Microstructure evolution during sintering stages, [RIV 11].
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 213 Figure 2.13: Two-particle geometric model for the initial stage of sintering, [CAL 05]. Clavier et al. tried [CLA 13] studied the first stage of sintering through the use of cerium oxide powders with controlled morphology. It was possible to observe the building bridges (the necks), Figure 2.14, similar to those frequently developed in the numerical models, Figure 2.13.

Figure 2 . 14 :

 214 Figure 2.14: Neck evolution during the first stage of sintering through the use of cerium oxide (CeO 2 ) powders, [CLA 13].

  h

  21) b) Intermediate Stage -Solid State Sintering Models Coble [COB 61] adapted a representative model for the intermediate solid state sintering. Microstructure with porosity was modeled as cylinders around the edges of the grains, Figure 2.15. The densification rate is calculated for the case of matter transport by volume and grain boundary diffusions. For volume diffusion, the densification rate using equation (2-22) is: of grain boundary diffusion, the densification rate is given as follows: densification rate. V D and b D are the diffusion coefficients for volume and grain boundary diffusion, respectively. Ω is the atomic volume, γ is the surface energy, b δ is the width for grain boundary diffusion, k is the Boltzmann constant, and T is the absolute sintering temperature. The parameters r , l and d characterize the microstructure, and they are shown in Figure 2.14.

Figure 2 . 15 :

 215 Figure 2.15: Representative unit cell for intermediate -stage solid -state sintering: (a) Original model of Coble [COB 61] and (b) modification by Beere [BEE 75], adapted from [BAN 12].

Dγ

  during the intermediate stage form a network, are closed and isolated. One can say that final stage of sintering is geometrically the simplest one among the three stages. [COB 61] has proposed a model based on this geometry, Figure 2.16, to estimate the rate of densification during this stage. For this model, Coble suggested concentric spherical lattice diffusion of atoms from a distance of 2r to the surface of the pore with a radius of 1 r . The total material flux J total passing through the imaginary spherical surface towards a pore is expressed as: is the lattice diffusion coefficient, σ is the sintering stress, R is the gas constant and T is the absolute temperature. is the specific surface energy, S V is the molar volume and G is the grain size.
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 216 Figure 2.16: Closed pores located at grain corners during the final stage of sintering [GER 96], adapted from [SON 07].

  First binder paraffin wax (PW) has a low viscosity to allow an easy cavity filling during injection moulding. The second binder is polypropylene (PP) that keeps the component shape after injection moulding and then debinding. The third binder is an additive surfactant stearic acid (SA) that is added to facilitate powder wetting by decreasing the surface energy of the binderpowder. Thermoplastic binders are widely used both in powder metallurgy or ceramic industries, such as in sensors manufacturing and medical devices [IMB 08]. Such binders need to be removed from the powder compact before the sintering stage at final functional component. The most commonly used method for binder removal is thermal debinding, which is the oxidation of the binder in air or the pyrolysis of binder in argon. If binder removal is incomplete, the trapped polymeric residues will be a contamination source and may affect the final physical or electrical properties of the component [MAS 89]. If the binder removal is too fast, defects such as cracks and large voids may appear and will affect the micro-structural characteristics of the component during sintering [DON 89]. The successful removal of binder occurs without disrupting the packing of the particles or producing any defects in the green components. Thus, the thermal debinding is a critical processing step in the powder injection moulding for processing microcomponents [LEW 96]. Thermal stability studies of different materials by differential thermal analysis (DTA) and thermogravimetric analysis (TGA) have been carried out during years [KOH 07]. Kinetic studies are a main aspect in thermal analysis, in which the purpose is to determine the pyrolysis reaction mechanism and to identify the parameters of the Arrhenius equation [POU 07]. Kissinger [KIS 57] and Ozawa [OZA 65] methods demonstrated that DTA, based on the linear relation between peak temperature and heating rate, can be used to determine the main kinetic parameters of the thermal decomposition: activation energy (E) and pre-exponential factor (A). G. Aggarwal et al. proposed a mathematical model based on the characteristics of the polymeric binders used in PIM. The model can predict the decomposition behaviour for new binder formulations related to different powder characteristics. It provides a tool to change the binder formulations with or without metal powder and to calculate the degradation temperature, the holding time and the heating rate for the debinding process. An earlier study has been proposed for degradation of binders used in powder injection moulding for the manufacturing of complex shape in titanium and Ti alloys [AGG 07]. A comprehensive approach based on intrinsic kinetics of polymers pyrolysis has been set-up to formulate a master decomposition curve (MDC) for each individual binder component and found to be very useful for systematic analyses of thermal debinding behaviour [PAR 09].

Figure 3 . 1

 31 Figure 3.1 exhibits a scanning electron micrograph (SEM) of the used powders with magnification equals to 2000 and 10000, respectively. One can notice that most of particles are mainly spherical or elliptical, that is well appropriated for injection moulding. Powder size distribution and the chemical composition are related inTable 3.1 and Table 3.2, respectively.

Figure 3 . 1 :

 31 Figure 3.1: Scanning electron micrographs of fine 316L stainless steel powders (D 50 =3.4 µm) used in the proposed investigations with magnification equals to a) 2000 and b) 10000.

Figure 3 . 2 :

 32 Figure 3.2: Mixing torques vs. time for 316L stainless steel powder with different powder volume loadings at maximal mixing temperature of 180 °C during 30 min.

Figure 3 . 3 :

 33 Figure 3.3: Scanning electron micrographs of feedstock loaded at 60, 62, 64 and 66% after mixing stage.

  debinding using SETSYS Evolution provided by Setaram © . The temperature test varied from 25 to 500°C at three different heating rates 2, 5 and 10°C/min for the elaborated feedstocks loaded at 60, 62, 64 and 66%. The same cooling rate of 20°C/min was used for our tests. The thermal debinding cycle using the different heating rates is shown in Figure 3.4. To maintain pyrolysis conditions and prevent oxidation of the metallic powder, non-reactive atmosphere (argon) with high purity and flow rate of 20 mL/min has been used as the carrier gas to maintain a stable environment. Sample weights were about 100 mg and all the samples have been put and heated in Platinum crucible.

Figure 3 . 4 :

 34 Figure 3.4: Heating cycles of the thermal debinding process using three heating rates of 2, 5 and 10° C/min with same cooling rate of 20°C/min.

  Thermal characterisations aim to investigate the thermal stability of the binder components used previously in the elaboration of feedstocks. These thermal characterisations are generally carried out by means of Differential Scanning Calorimetry (DSC) and/or simultaneous thermogravimetry and differential thermal analysis (TG-DTA). Its principal goal is the determination of kinetic parameters of non-isothermal decomposition of binder components. Thermal stability studies of different materials by Differential Scanning Calorimetry (DSC), Differential Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA) have been carried out for several years: Commercial rubbers using TG-ATG [KIM 00], feedstocks for Powder Injection Moulding [SHI 04] using TG-ATG. BMA [Benzyl Methyl Amino] and BDA [Bis Dibenzyl Amino] using TG-ATG and DSC [HAJ 09]. To calculate the kinetic parameters of the Arrhenius equation, two methods have been used in this investigation: Ozawa and Kissinger methods and both methods will be presented in the next section. The term of kinetic was derived from the Greek language that means: action of moving. The kinetics of feedstocks decomposition is investigated in order to determine the appropriate binder system and powder volume loading for limiting crakes and distortion of the injected moulded components during thermal debinding.

  sample within a regulated increase or decrease in temperature [POO 10]. It provides qualitative and quantitative information on the phase transitions and degradations of materials. Based on the mechanism of operation, DSC can be classified into two types: heat-flux DSC and power-compensated DSC [HAI 98]. In a heat flux DSC, the sample material is enclosed in a pan and an empty reference pan are then placed on a thermoelectric disk surrounded by a furnace. However, owing to the heat capacity (C p ) of the sample, there would be a temperature difference between the sample and reference pans, which is measured by area thermocouples, and the consequent heat flow is determined by the thermal equivalent of Ohm's law [HAI 98, DAN 02]. The present (DSC) experiments were conducted in a Setaram (DSC92, Figure 3.5) instrument at different heating rates 2, 5 and 10 °C/min in the temperature range of 25 to 500 °C. The sample weight varied between 10 and 20 mg.

Figure 3 . 5 :

 35 Figure 3.5: Differential Scanning Calorimetry apparatus, DSC92.

Figure 3 . 6 :

 36 Figure 3.6: DSC curves related to 316L stainless steel feedstock loaded at 60 % at different heating rates.

  also: thermolysis curve, pyrolysis curve and thermogravimetric curve [ARO 05]. The TG technique is largely limited to the study of decomposition and oxidation reactions and to such physical processes as vaporization, sublimation and desorption [PRI 00]. The thermogravimetry test provides crucial informations about mechanisms of materials degradation, composition of the possible residue and also can give ideas about its thermal stability. The TGA curves presenting the remaining binder content for the feedstocks loaded at 60, 62, 64 and 64 % are displayed in Figure 3.7. The TGA curves exhibit two decomposition steps; the first step in the range from 180 to 350°C corresponds to the decomposition of stearic acid and paraffin wax according to their low molecular weight. The second one in the range from 350°C to 460°C corresponds to the decomposition of polypropylene with height molecular weight. However to analyse thermal debinding, it is important to get accurate maximal decomposition temperature for both steps. The TG analyses were repeated three to six times.
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 37 Figure 3.7: Remaining binder content vs. temperature, corresponding to different powder volume loadings at different heating rates for 316L stainless steel in argon atmosphere.

Figure 3 . 8 :

 38 Figure 3.8: Weight binder loss rate vs. temperature, corresponding to different powder volume loadings at different heating rates for 316L stainless steel in argon atmosphere.

[

  KIS 57] and Ozawa [OZA 65], are called model-free non-isothermal methods and require a set of experimental tests at different heating rates. The activation energy determined by applying these methods is the sum of activation energies associated to chemical reactions and physical processes in thermal decomposition and therefore it is called apparent activation energy [SUA 04]. As we said previously, kinetic parameters (Activation energy E and Pre-exponential factor A ) and heating temperature represent the main variables of Arrhenius equation. The activation energy describes quantitatively the energy barrier to reaction or degradation of the polymers in question.

βFigure 3 . 9 :

 39 Figure 3.9: Curves related to the Ozawa method used for the determination of activation energy related to the thermal decomposition of steel 316L stainless steel feedstock loaded at 60, 62, 64 and 66%.

5 )

 5 is known, the values of pre-exponential factor, A, are calculated with equation For both methods, the correlation between (E) and (A) observed by Seong-Jin et al. for titanium powder [PAR 09] is quite similar to the one observed in the present work.

Figure 3 . 10 :

 310 Figure 3.10: Curves related to the Kissinger method used for the determination of activation energy related to the thermal decomposition of steel 316L stainless steel feedstock loaded at 60, 62, 64 and 66%.

Figure 3 .Figure 3 . 11 :

 3311 Figure3.11 relates the effect of powder volume loading on the decomposition temperature of the binder system at three different heating rates. The data presented in figure3.11 shows two main stages in the variation of decomposition temperature whatever the heating rate, that as the powder volume loading is increased from 60 to 64 %, the decomposition temperature of the feedstocks is shifted to relatively higher temperatures for all heating rates 2, 5 and 10°C/min. The decomposition temperature is almost constant when the powder volume loading ranges between 62 and 64 %. As the powder volume loading increases from 64 to 66 %, the decomposition temperature of the feedstocks is decreased for all heating rates and especially for feedstock loaded at 66% in the first stage corresponding to the elimination of Acid stearic and Paraffin Wax.
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 312 Figure 3.12: Remaining binder content vs. temperature, corresponding to different powder volume loadings at different heating rates for 316L stainless steel in argon atmosphere.

Figure 3 .

 3 Figure 3.12 presents the remaining binder versus temperature for different powder volume loadings at different heating rates, it can be shown that the remaining binder content (%) for feedstock loaded at 66 % during the first step is the fast one comparing to other feedstocks and specially with the heating rate of 10 °C/min. This

volume loading is shown in Figure 3 . 13 .Figure 3 . 13 :

 313313 Figure 3.13: Apparent activation energy of 316L stainless steel feedstocks (elaborated at the same mixing conditions 180°C, 30 rpm and 30 min) as a function of powder volume loading: (a) first step corresponding to degradation of PW+SA, (b) second step corresponding to degradation of PP.

Figure 3 .

 3 Figure 3.14: SEM images of debinded tensile specimen after thermal debinding process for feedstock loaded at 66% of powder volume loading, debound at 300°C with the same heating rate and the same atmosphere.

Figure 3 .

 3 Figure 3.15: SEM images of debinded tensile specimen after thermal debinding process for feedstock loaded at 62% of powder volume loading, debound at 300°C
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 316 Figure 3.16: Curves related to the Flynn-Wall-Ozawa (FWO) method used for the determination of activation energy related to the thermal decomposition of steel 316L stainless steel feedstock loaded at 60%.

  al. [SEG 04]. Tomašić et al. explained this variation in apparent activation energy in the terms of the heterogeneous nature of solid sample and/or due to a complex reaction mechanism. It is known that degradation reactions are often very complex and can involve several processes with different activation energies and physical properties of the considered materials [TOM 11].
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 317 Figure 3.17: Apparent activation energy of 316L stainless steel feedstocks as a function of fraction weight loss at different powder volume loadings from 60 to 66% elaborated at the same mixing conditions 180°C, 30 rpm and 30 min.

  molecules of the remaining binders to escape to the compact surface during the second debinding step at high temperatures [FAN 09]. Solvent extraction, water debinding, and chemical degradation techniques are most common. A certain binder fraction remains rigid during the first step in order to provide mechanical strength during the chemical and physical removal of the main binder content. The amount of soluble binder removed during this step, should be great enough to form interconnected pores throughout the compact [MOH 11].

  binder system [JOC 09]. The chemical and physical characteristics of the used powder [JOC 09] are listed inTable 3.10.

Figure 3 . 18 :

 318 Figure 3.18: Pellets of granulated feedstock based on copper powders ready for use in the injection moulding machine.

For measuring the soluble

  binder extraction rate, the specimens have been debound for different periods of time (15 min-2 h) and then dried at 40 °C for 24 h. The components have been sealed on four sides using nonsoluble resin in order to calculate the unidirectional coefficient of diffusion, Figure 3.19.
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 319 Figure 3.19: Square specimens (5.6×5.6×0.92mm) injection moulded at 175 °C using Arburg machine.

Figure 3 . 20 .

 320 Figure 3.20. An increase in debinding temperature leads to an efficient improvement in debinding process, due to an improvement in solubility and diffusivity of soluble binder in water as function of temperature [RIC 05].

Figure 3 . 20 :

 320 Figure 3.20: Binder remaining content inside 0.92-mm-thick square sample at different debinding temperatures 40, 50 and 60 °C.

  [AGG 07]. Therefore, equation (4-3) of polymer pyrolysis can still be applied for feedstocks [PAR 09]: mass ratio corresponding to the mass of both polymers where 1 b C is the mass ratio to initial mass of the low molecular weight polymer and 2 b C the mass ratio to the initial mass of the high molecular weight polymer, 0 C is the initial mass of the two polymers w is the ratio of the initial mass of the low molecular weight polymer to the initial mass of the two polymers, 01 C and 02 C initial mass of low molecular and high molecular weight polymer, respectively. In our case, SA and PW have low molecular weight and PP has height molecular weightTable 4.1.

  , (4-3) and (4-2) into equation (4-1) gives the expression of reaction rate in the form:

Figure 4 . 1

 41 for different feedstocks. One can notice that the global average error is about 5%. The inverse method results are in a proper agreement with the experimental ones.

Figure 4 . 1 :

 41 Figure 4.1: Evolution of remaining binder content versus temperature, comparison between experimental and identified kinetic model results for a fine 316L stainless steel feedstock loaded at 60, 62, 64, and 66% of powder volume loading with heating rate eq. 2 °C/min.

(

  SA) loss. Because even with 24% total loss of paraffin wax and stearic acid, polypropylene (PP) still acts as a backbone to keep the component shape during the first debinding step. So the component deformation during the first debinding step is due only to temperature change. The state equations in the present model are discussed below:

  φ is the powder volume loading, 0 C is the initial volume fraction of the binder system, 02 C is the volume fraction of the second binder ingredient (PP) polypropylene, p ρ is the density of powder skeleton, b ρ is the density of polypropylene, pp C is the specific heat coefficient of powder skeleton and pb C is the specific heat coefficient of polypropylene. The Fourier's law gives the relation between the heat flow → q and the temperature T:

ε

  During the final removal of residual polymers from a PIM compact by thermal debinding, two principal mechanisms contributing to the deformation of the component have been differentiated: polymer-content change and temperature change. Thus, the strain tensor, ε describing the deformation of the component is the sum of: is the deformation caused by polymer-content change, T ε is the deformation caused by temperature change and p ε is the deformation associated to gas pressure. During the polymer-removal process, the powder skeleton is subjected to a body force of distributed load that is equal to the total gas pressure, P. The partial pressures of polymer vapor effect are taken in account based on the identified kinetic parameters [SHE 02].

Figure 4 . 2 :

 42 Figure 4.2: Description of geometry used for FEM simulations (a) Threedimensional component with boundaries and (b) two-dimensional cross section of the component, [MAN 13].

  During thermal debinding, two boundary conditions exist, Figure4.2-a. One is the impermeable surfaces, i.e., surfaces OGDA, OCFG and OABC, which are considered to be impermeable and they could be planes of symmetry, where the normal components of heat flux and displacements are zero. The others are the outer surfaces which are exposed to an external field temperature (T) as related in equation(4)(5)(6)(7)(8)(9)(10)(11)[START_REF] Ban | [END_REF][START_REF]KIN Kinetics-Metal Injection Moulding[END_REF](14)(15)(16)(17). The total gas pressure is equal to the ambient gas pressure.

Figure 4 . 3 .

 43 Figure 4.3. The domain Ω has been decretized using an automatic mesh generator, with 3560 triangular elements and 1072 quadrilateral elements, resulting in a total of 20303 degrees of freedom (DOF), Figure 4.4-a. An explicit time stepping scheme is used for the time dependant solver algorithm with an automatic time step adjustment. The diagram related in Figure 4.3 shows the interaction between the three modules. The solution is given at each time step until

Figure 4 . 3 :Figure 4 . 4 :

 4344 Figure 4.3: Interaction diagram between partial differential equations (PDE), Heat transfer and Structural mechanics module, [MAN 13].

Figure 4 . 5 -Figure 4 . 5 :

 4545 Figure 4.5-a and Figure 4.5-b show the remaining polypropylene distribution along the width, length and thickness directions from the center to the outer surfaces of the component at the debinding temperature of 385 and 420 °C. The remaining polymer distribution varies continuously with the distance from the outer surfaces to the center of the component.

Figure 4 .Figure 4 . 6 :

 446 Figure 4.6 (a, b, c) and (d, e, f) present clearly the remaining binder content profile of different cross sections along the length direction of the component at different debinding temperatures for feedstocks loaded at 60 and 62%, respectively. As can be shown in Figure 4.6-a, the remaining binder content in the component is equal to the initial binder content 16% that means there is no degradation of polypropylene at this temperature. Once the imposed temperature reaches the degradation polypropylene temperature as related in Figure 4.6-b, the remaining binder is rapidly eliminated at the component surface. The debinding process is

Figure 4 .Figure 4 . 7 :

 447 Figure 4.7: Temperature distribution in°C at the end of debinding process for fine 316L stainless steel feedstocks loaded at 60 and 62 % of powder volume loading, (a)-(c) along the length direction and (b)-(d) along the width direction.

Figure 4 . 8 :

 48 Figure 4.8: Temperature distribution in°C at the end of debinding process for fine 316L stainless steel feedstocks loaded at 60 powder volume loading, (a) 2D and (b) 3D.

  Numerical simulations of geometrical deformations in thermal debinding of PIM components, based on the established model, have been carried out. The obtained results will show that deformations of the PIM component are principally due to temperature and binder content change.

Figure 4 .

 4 Figure 4.9 presents the normal strains in the PIM component for fine 316L stainless steel feedstocks loaded at 60%. When the temperature varies in the range 25-380°C, compact expands proportionally with temperature, indicating that the thermal expansion of the compact is nearly uniform, and there is almost no shear deformation in the specimen. During the high debinding-rate period from 380 to 420°C, the shrinkage caused by polymer removal dominates on the deformation of the compact and the entire specimen contracts as the polymer inside the part is removed rapidly. The contours of strains inside the component are shown in Figures 4.10 for feedstock loaded at 60.

Figure 4 . 9 :

 49 Figure 4.9: Normal strains evolution in the PIM component for fine 316L stainless steel feedstocks loaded at 60%, [MAN 13].

Figure 4 . 10 :

 410 Figure 4.10: Contours of strains inside the component for fine 316L stainless steel feedstocks loaded at 60%.

Figure 4 . 11 :

 411 Figure 4.11: Volumetric strains in the PIM components with same heating rate of 2°C/min for different powder volume loadings.4.3 Numerical simulation of solvent debinding

Figure 4 . 12 .

 412 The domain has been decretized using an automatic mesh generator with 668 triangular elements, Figure 4.13.

Figure 4 . 12 :

 412 Figure 4.12: Schematic of the diffusion model used in numerical simulation.

Figure 4 . 13 :

 413 Figure 4.13: Finite element discretization.

Figure 4 .

 4 14.From the linear regression analysis of this curve, the effective activation energy and then the diffusion coefficient for 0.92-mm-thick specimens can be obtained. For the specimen treated with a 30 minutes extraction, the amounts of remaining soluble binder at 40°C, 45°C, and 50°C were 27.8, 17.4 and 9.2 pct, respectively. For temperatures 55 and 60°C, problems in measurements have been encountered.

Figure 4 . 14 :

 414 Figure 4.14: Temperature dependence of binder remaining after 30 min solvent debinding by linear regression fitting of equation (4-22).

  Fick equation using PDE (Partial Differential Equations) module, the PDE is an efficient solver for performing analysis on the mechanism of mass transport. The dependent variable is the amount of remaining soluble binder (C). Using this module, one can define different diffusion coefficients for different directions. In our case, the same diffusion coefficient is taken for both directions. A flow chart, Figure 4.15, explains the followed steps to solve the problem described by (4-18).

Figure 4 . 15 :

 415 Figure 4.15: Steps in the solution procedure using finite element method for solvent debinding process.

  Evolution of remaining soluble binder content Comparison between experimental and numerical remaining soluble binder content inside 0.92-mm-thick square sample at different debinding temperatures is related in Figure 4.16.

Figure 4 .

 4 Figure 4.16: Comparison between experimental and numerical remaining soluble binder content inside 0.92-mm-thick square sample at different debinding temperatures from 40 to 60 °C.

Figure 4 .

 4 Figure 4.17 presents the evolution of remaining soluble binder content, inside 0.92-mm-thick square sample, versus time with different debinding temperatures. For solvent debinding temperature of 40°C, one can notice that the increasing in debinding time is very gainful (significant effect): after 15 minutes the remaining quantity of soluble binder is 60% and after 30 minutes the remaining quantity of soluble binder decreases drastically to about 30%. However, the

Figure 4 . 17 :

 417 Figure 4.17: Contours of soluble binder content inside 0.92-mm-thick square sample, (a) after 15 minutes solvent debinding and (b) after 30 minutes solvent debinding.

Figure 4 .

 4 18, one canprovide an approximate model (eq. 4-23) in order to determine the minimum required t is the minimum required depending time in hours, min T is the minimal debinding temperature that equals to 40°C, T is the used debinding temperature andx is the component thickness in millimetres.

Figure 4 . 18 :Figure 4 . 19 :

 418419 Figure 4.18: Debinding time needed to reach 95 % for components with different thicknesses at different temperatures.

Figure 4 .

 4 Figure 4.20 illustrates the distribution of the remaining soluble binder after 10 minutes solvent debinding inside a 0.92-mm-thick square sample using 1D and 2D numerical simulations, respectively. During water solvent debinding the water molecules dissolve the soluble binder by starting from the component surface, the water penetrates gradually into the moulded sample as shown in Figure 4.20. As the water diffuses into the component, it dissolves and extracts the soluble binder [AUZ11]. From this numerical simulation, one can determine the amount of the remaining soluble binder inside the whole sample at any time.

Figure 4 . 20 :

 420 Figure 4.20: Contours of soluble binder content inside 0.92-mm-thick square sample after 10 minutes solvent debinding, (a) results for simulation 1D and (b) 2D.

Figure 4 .

 4 21 shows the evolution of remaining soluble binder amount over time inside a component having 0.92-mm-thick and 5.6 mm in width. It is clearly shown that the width of the component has a little effect on the solvent debinding process in this study. One can conclude that the thickness plays a very important role in the water debinding process then the width one.The 2D simulation is little faster than the 1D simulation. This is expected as the 1D simulation ignores lateral surfaces that soluble binder could escape from when compared with 2D simulation.

Figure 4 . 21 :4. 4 Summary

 4214 Figure 4.21: Binder remaining content inside 0.92-mm-thick square sample using 1D and 2D numerical simulations at 50°C

  now. Piotter et al. [PIO 08] carried out a comprehensive study on conventional sintering of W samples with a powder particle size of 2µm in dry H 2 atmosphere at a temperature of > 2000°C. Thermal treatment resulted in a grain size of approximately 18 µm and a final density of 95% as measured by He pycnometer. In order to reduce the grain size of the sintered W parts, one solution is using fine powder (e.g., the average particle size of 0.7 µm) and sintered at lower temperature (e.g., 1650°C) to reach a closed porosity necessary for the subsequent hot isostaic pressing (HIP) treatment. With the HIP cycle at 1600°C under 250 Mpa for 3h, the final MIM W parts can obtain a near full dense (relative density of 98.6-99%) and fine grain microstructure ( a grain size of approximately 5 µm) [ANT 11, ANT2 11]. Besides the application for near full dense parts, MIM has also been utilized to produce the porous W skeletons [SON 12]. In this case the relative coarse powders are crucial to the performance of the final parts.In the present chapter, conventional sintering experiments in dilatometer have been used to investigate the densification behaviour of different components made of fine (0.4, 1.0 and 3.0µm) and coarse (5.0, 6.0 and 7.0µm) W powders which are heated up to 1700 °C. The beam bending tests have been also carried out to measure the viscosity of the components during sintering process. The results reveal that the W components, made of fine powders 0.4 µm, are successfully manufactured with a relative density of 90-94% at the end of sintering process. The experimental tests were used to determine the different physical parameters of the viscoplastic constitutive law, these parameters are important for numerical simulation of sintering process.

Figure 5 .

 5 1-a and Figure 5.1-b exhibit a scanning electron microscope (SEM) of the fine and coarse W powders, respectively. One can notice that most of particles show cuboidal morphology. Cumulative size in the range of 0.4-50 µm for fine powder and 7-70 µm for coarse powder has been determined using Malvern Mastersizer 2000, respectively. (See Figure 5.1-c and

Figure 5 FineFigure 5 . 1 :

 551 Figure 5.1-d).

Figure 5 .Figure 5 .

 55 Figure 5.2-a). Injection of the component was carried out with a set of optimized process parameters to minimise the phenomena of powder segregations and jetting [BAR 01].The moulded bars underwent solvent debinding and thermal debinding sequentially. Solvent debinding was carried out in heptane at 37˚C for 140 min, (seeFigure 5.2-b).After this process, 50.7 wt. % binders were removed from the moulded components. The temperature profile employed in the thermal debinding was first at 450˚C for 120 min at the heating rate of 1.5˚C/min, followed by heating to 900˚C at 2˚C/min and holding for 30 min. The atmosphere for thermal debinding was nitrogen (N 2 ), (see Figure5.2-c). The slow heating rate aimed to avoid the appearance of eventual distortions and defects in debinding process. The temperature profile employed during the sintering step was first at 900˚C at a heating rate of 10˚C/min, followed by heating to 1700˚C at 5˚C/min and holding for 5 mins. Hydrogen (H 2 ) atmosphere was used during sintering process, (see Figure5.2-d).

Figure 5 . 2 :

 52 Figure 5.2: Tungsten components: (a) molded; (b) solvent debinded in heptane at 37˚C for 140 min; (c) thermal debinded at 450 ˚C for 120 min with a heating rate of 1.5˚C/min, followed by heating to 900 ˚C at 2 ˚C/min and holding for 30 min under N 2 atmosphere and (d) sintered at 1700°C under H 2 atmosphere.

Figure 5

 5 .3a).The initial length of the used components is mm l 12 0 = (see Figure 5.3-b).

Figure 5 . 3 :

 53 Figure 5.3: (a) Configurations of sintered components of fine and coarse W powders in dilatometer after sintering test at maximal temperature of 1700°C and H 2 atmosphere , (b) vertical dilatometer used in the experiments using Setaram © analyser.

Figure 5 . 4 -

 54 a and Figure 5.4-b show the measured shrinkage in the axial direction of W components as a function of temperature. Different grain sizes 0.4, 1.0, 3.0, 5.0, 6.0 and 7.0µm have been used in the present experimental investigation and all the components were heated up to 1700°C at 5 °C/min. Relatively low heating rate of 5°C/min allowed enough time for atomic diffusion. Nevertheless, very low heating rates could cause fast and sudden grain growth in the W material. The shrinkage during sintering is determined as following: where λ is the shrinkage during sintering, l ∆ is the change in length, 0 l is the original length of presintered components and l is the length at any time during sintering process.

Chapter 5 .Figure 5 . 4 :

 554 Figure 5.4: Evolution of shrinkage components vs. time for (a) fine W powders and (b) coarse W powders heated up to 1700°C using a heating rate of 5 °C/min and pure hydrogen atmosphere.

Figure 5 . 5 -a and Figure 5 . 5 -Figure 5 . 5 :

 555555 Figure 5.5-a and Figure 5.5-b show the evolution of shrinkage rates as a function of sintering temperature. Maximum shrinkage rates for the thermal cycles of fine and coarse W powders occur at the middle of the heating periods. The shrinkage rates values are ranged from 0.024 to 0.048 % min -1 and from 0.098 to 0.288 % min -1for fine and coarse W powders, respectively. The increase in initial gain size gave rise to a decrease in the maximum shrinkage rate. One can conclude that shrinkage rates depend greatly on the initial grain size and fine powders are the most favorable for densification.
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 565758 Figure 5.6: (a) Components configurations after beam bending tests at 1700°C and 100% hydrogen atmosphere for fine and coarse W powders, (b) vertical dilatometer used in the experiments using Setaram © analyser.

l

  is the original length of the presintered component, ( )T Kis the Arrhenius constant, t is the time and n is a constant whose value depends on the sintering mechanism. If only the volume diffusion is operative 49 ]. Equation (5-3) can also be written in the form:

Figure 5 . 9 :

 59 Figure 5.9: Sintering activation energy plots of ( ) [ ] dT d T λ β ln vs. T 1 at different shrinkages and R Q is the slope of the plot, (a) 0.4 µm, (b) 7.0 µm.

Figure 5 . 10 :

 510 Figure 5.10: Final relative density of W vs. initial grain size before and after sintering process for components heated up to 1500 and 1700°C with 5°C/min for 5 minutes holding time under pure hydrogen atmosphere.

5.2. 5 Figure 5 .

 55 Figure 5.11-a shows the microstructure of the W powders prepared with initial grain size of 0.4µm. All the samples have been sintered under pure hydrogen atmosphere up to 1700°C with 5°C/min using different holding times 5, 30, 60, 90 and 120 minutes, Figure 5.11-b to Figure 5.11-f. By increasing the holding time from 5to 120 min, the final grain size of the samples increased from 4 to about 27 µm, which is related to the rearrangement of particles positions in order to form new contacts with each other. Afterwards, the sintering necks are formed at the contact area with elimination of the grain boundary area via grain growth diffusion process.

Figure 5 . 11 :

 511 Figure 5.11: Microstructures variation of the sintered W samples after the thermal cycles of heating up to 1700 °C at 5 °C/min under pure hydrogen atmosphere for different holding time, (a) initial powders of 0.4µm, (b) 5, (c) 30, (d) 60, (e) 90 and (f) 120 minutes. After 90 minutes Figure 5.11-e, closed pores undergo rapidly the densification by reducing its cross section and to be almost eliminated after 120 min when grain growth becomes a predominant phenomenon, Figure 5.11-f. One can conclude that

Figure 5 . 12 :

 512 Figure 5.12: Change in sintering activation energy values with increasing temperature observed for Dorn's method and constant heating rate method, (a) 0.4 µm, (b) 7.0 µm using pure hydrogen atmosphere.

Figure 5 .Figure 5 .

 55 Figure 5.12-a and Figure 5.12-b show the apparent sintering activation energy dependencies evaluated for the sintering process at different temperatures, from 1100 to 1600°C under pure hydrogen atmosphere, for fine (0.4µm) and coarse (7.0 µm) W powders, respectively. In the related analysis, sintering activation energy

Figure 5 . 13 :

 513 Figure 5.13: Sintering activation energy vs. initial grain size calculated based on constant heating rate and Dorm's method at 1500 °C using pure hydrogen atmosphere.

εηρ

  is the viscoplastic strain rate. The elastic strain and thermal strain are due to the change in sintering temperature. The elastic strain rate is assumed to be linear and isotropic. It can be expressed with the following Hooke's law: is elastic stiffness matrix for the isotropic materials.The thermal strain. th ε is mainly due to thermal expansion that can be expressed as: α is the thermal expansion coefficient, .T is the incremental temperature rate and I is second order identity tensor. Based on the used dilatometric tests the constant α is calculated around 4.6x10 -6 m/m.K.At high sintering temperature, viscoplastic strain is more dominant and overcome the elastic strain. The viscoplastic strain rate is given by the following equation [WAK 13] and [SON 06]: state sintering of injection moulded parts in W powder, the grain boundary diffusion and bulk diffusion are the main mechanisms that contribute to the densification. The intermediate and final stages of nano-sized powders have similar densification behaviour to those of micrometer-sized powders, during which grainboundary diffusion is the main mechanism of densification [WAN 12]. Based on the Coble's creep model proposed for grain boundary diffusion and the mechanics for porous materials, the expression for the uniaxial viscosity can be expressed as [23) is suitable for describing the viscosity of the components during the isothermal sintering [WAN 12]. where T is the absolute temperature, G is grain size, k is Boltzmann's constant, a V is the atomic volume, 0 b D is the grain boundary diffusion frequency, R is gas constant, b δ is the thickness of grain boundary and b Q is the activation energy for grain boundary diffusion. The material parameters such as a V , 0 b D , b δ and k are assumed to be constants during the entire sintering process. The viscosity during the non-isothermal sintering can also be determined by the beam bending tests presented above. Based on the linear viscous-elastic analogy, the uniaxial viscosity is given by the following expression [SON 10]. is the uniaxial viscosity determined by the beam bending tests, . δ is the deflection rate at the centre of the specimen, ρ is the initial relative density after presintering step, g is gravity acceleration, P is the external load, b and h are width and thickness of the component. The relative density of the sintered component is calculated by the following expression: is the initial relative density.The interaction between the above equations is summarized in Figure5.14. To identify the parameters B and C, the optimisation strategy is used. It regulates the parameters B and C in order to make the shrinkage curves of numerical simulation approach to the measured ones obtained by dilatometer tests. Then ABAQUS standard 6.10 is used as finite element solver. In order to achieve the constitutive law described above, subroutine UMAT is used and fully coupled with heat transfer.

Figure 5 .

 5 Figure 5.14: Thermo-elasto-viscoplastic constitutive model used for the sintering process.

L

  following equation has been proposed to calculate the sintering stress during the sintering stage [SON 06]: is the dimensional change of the component, α is the coefficient of thermal expansion and • T is the incremental temperature rate. The strategy to identify the material constants using Matlab ® platform consists in fitting the numerical uniaxial shrinkage curve according to equation (5-27) to the one obtained from the dilatometric tests. The inverse identification procedure [LAG 98], by the mean of the squared estimation error, has been used as related in the algorithm summarised in the following expression: x) is the mean residual squares of the tolerance objective function where i=1,…,n indicates different values of the sintering temperature; x stands for the set of material constants to be identified, exp λ is the experimental uniaxial shrinkage obtained from the TMA test and num λ is numerical uniaxial shrinkage obtained by using the optimization procedure. Nelder-Mead Simplex method has been employed to minimize the value of G(x) in our case. Material constants should be determined properly and their determination for sintering model is important to obtain accurate results in numerical simulations by finite element methods. The evolution of uniaxial shrinkage obtained using the identified material constants with heating rate 5°C/min, for fine and coarse W powders, is related in Figure 5.15. One can notice that the global average error is about 4 %. The inverse method results are in a proper agreement with the experimental ones.

Figure 5 . 15 :

 515 Figure 5.15: Evolution of uniaxial shrinkage versus sintering time, comparison between experimental and identified model results for: (a) fine W powders and (b)coarse W powders with heating rate eq. 5 °C/min in pure hydrogen atmosphere.

( 5 .

 5 0-7.0 µm), the maximum sintering stress is relatively constant and ranges between 0.26 to 0.12 Mpa, Figure5.16. One can conclude that the sintering stress is also sensitive to the initial grain size of powders. For most materials, the maximum sintering stress values are often estimated to be 1 Mpa or below [PET 04] which is the case in the present study, Figure 5.16. The maximum sintering stresses obtained in the present investigation are higher than reported by Gillia et al. for Tungsten Carbide Cobalt WC-Co [GIL 01], where 0.08-0.2 MPa was determined. Also, sintering stress values between 0.8 and 0.4 MPa [VEN 86] for MgO doped alumina and between 0.1 and 0.4 MPa [DUC 89] for SiO 2 were obtained. Values higher than 1 MPa are however not impossible and have for example been reported for alumina by Zuo et al. [ZUO 03] and by Cai et al. [CAI 97] for alumina and zirconia. The starting powder in these cases had smaller grain size which confirms the obtained results in the case of 0.4 µm.
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 516 Figure 5.16: Maximum sintering stress plotted against initial grain size using pure hydrogen atmosphere.

and 5 . 8 .Figure 5 . 17 :

 58517 Figure 5.17: Determined uniaxial viscosity vs. sintering temperature, (a) fine powders, (b) coarse powders.

Figures 5 .Table 5 . 6 :Figure 5 . 18 :

 556518 Figures 5.18 plot the grain growth-sintering time curves of fine and coarse W powders. The sintering temperature varies from ambient temperature up to 1700°C for 5 minutes holding time and 5°C/min heating rate. The effect of initial grain size of W powders on sintering behaviour at final stage is also shown in these figures. It can be seen that powder with initial small grain size increases much more then the powder with initial coarse grain size. For example, for the coarse powder, the grain size increases from 7.0 µm to 7.25 µm as the temperature is increased from 1200°C to 1700°C, while the grain size increases from 0.4 µm to 11.2 µm indicating high grain growth for the fine powder in the same range of temperature which can explain also the high obtained density (90-94%) at the end of sintering process for this type of powder as presented previously in Figure 5.10. For experimental results using scanning electron microscope as shown in Figure 5.18-a and Figure 5.18-b, the final grain size of fine W powder ranges between 8 to 11 µm and 7 to 8 µm for the coarse one. The identification of the grain growth is based on equation (5-28) using Matlab platform and SEM images. The identified values of grain growth activation energy are related in Table 5.6.
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 5205215 Figure 5.20: Numerical simulation results-final relative density values of sintered components at 1700 °C.
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 5225236 Figure 5.22: Comparison between the experimental and the numerical densities of tungsten components sintered at 1700°C.
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 11 Brief History related to the development of Powder Metallurgy [ANG 09]. Some proposed mathematical models describing the dependence of the feedstock's relative viscosity on powder loading.
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	Table 1.3:	Comparison between four major debinding techniques [

  So, the FEMTO-ST contribution, in terms of research, to NewPIM project is to carry out different experimental investigations, by determining the required parameters and properties of raw materials (e.g. grain size of powders, powder volume loading, quantity and type of binders) and also the proper condition tests (e.g.
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e D : elastic stiffness matrix for the isotropic materials mass production of metallic and/or ceramic components. It combines the design flexibility of plastic injection moulding and the advantage of powder metallurgy [HAU 11]. The PIM process includes mixing of either metal or ceramic powders with a binder to produce a feedstock, injection moulding to form a green part with the desired shape by making the feedstock flow into and fill a mold under pressure, debinding to form a brown part by removing the binder components and sintering to near full density [GER 97]. Despite its technical and economic benefits, powder injection moulding technology is still little used in Europe. In fact, the European industry is facing an increasing demand for production of complex shaped functional metallic or ceramic components such as: watch cases, cutting tools, dental implants, surgical instruments, advanced aircraft equipments, and so on. My research work has been carried out through the FUI NewPIM project (Fonds Unique Interministériel) leaded by Alliance Company (Saint-Vit, Besançon). This project brings together 13 industrial companies and research laboratries: INSA (Lyon), PEP (Ain), CEA (Grenoble) and FEMTO-ST (Besançon). NewPIM project aims to create a full independent French Industry by developing the PIM process thought its processing stages including feedstock elaboration, mixing, moulding, debinding and sintering. Also, to develop a real integrated numerical simulation of PIM process based on physical material parameters resulting from the identification experiments in order to produce complex shaped components in high quantity and quality that will be later used in different fields like automotive by A. Rymond Company and aeronautics by Radiall Company. experimental investigations and numerical simulations of mixing and injection processes are proposed by a Ph.D student in our research team H. Djoudi. The present research work is performed at the Applied Mechanics Department

  The second part of the Ph.D thesis is focused principally on the investigation of the solid state sintering of tungsten (W) powders injection moulded components under pure hydrogen atmosphere. High density of sintered tungsten components is hard to be achieved. Owing to the very high fusion point, the consolidation of a

	conventional microcrystalline W powder is difficult and generally requires a
	temperature in excess of 1700°C through solid-state sintering in density electrical
	resistance sintering furnace under hydrogen atmosphere [AVI 10]. The low as-
	sintered density is an obstacle to the production of pure W components by PIM for
	applications concerned by high temperature such as electrodes of high intensity
	discharge lamps, plasma facing components for fusion reactors, furnace parts, etc.
	Ph.D thesis [KON11] that feedstocks loaded at 60, 62, 64 and 66% could be well
	injected without external defects on the injected components. Therefore, evolution of
	remaining binder with different heating rates is analysed using different feedstocks
	loaded typically at 60, 62, 64 and 66 vol% in order to estimate the kinetic parameters:
	thermal activation energy (E) and pre-exponential factor (A) using Kissinger and
	Ozawa method. Based on the identified kinetic parameters, one should set up a
	physical model of thermal debinding stage using finite element method. To do this, a

resistance [QUI 09]. Nevertheless, large quantities of PIM components made of 316L stainless steel and/or copper powders still have problems like shape distortions and cracks during debinding stage. These problems are principally due to an incomplete binder removal, where the trapped polymeric residues will be a contamination source and may affect the final physical or electrical properties of the component [MAS 89]. If the binder removal is too fast, defects such as cracks and large voids may appear and will affect the micro-structural characteristics of the component during sintering [DON 89]. So, the main goal of this section is to investigate the influence of powder volume loading on thermal debinding behaviour of the feedstocks based on 316L fine stainless steel powders (D 50 =3.4 µm) and a multi-component binder system. Thermogravimetric analyses (TGA) are employed to analyze the kinetics and physical of thermal debinding behaviour under argon atmosphere. X. Kong reported in his coupled mathematical model for mass diffusion and heat transfer in deformable porous media is developed. Many efforts have been reported to improve the sinterability of W and reduce the sintering temperature. Recently, among theses researches, Chanthapan et al. [CHA 12]

  This thesis is organized into five chapters describing the existing literature and the results of this work. Firstly, a general introduction into the research topic provides a statement of the research motivation, problem and objectives of the present Ph.D

	thesis. In the chapter 1, the state of the art of powder metallurgy and powder injection
	moulding is briefly introduced. The chapter 2 consists in literature review including
	thermal debinding and sintering mechanisms with previous works on modeling and
	numerical simulations for both mechanisms.
	For chapter 3, thermogravimetric analyses (TGA) are performed to analyze
	thermal debinding behaviour under argon atmosphere for 316L feedstocks, loaded at

different powder volume loadings, by measuring the reaming binder during the thermal debinding stage using different heating rates. Also, experimental investigations are carried out for water solvent debinding by measuring the remaining quantity of soluble binder at different temperatures in order to estimate the diffusion coefficient.

  Metallic materials play an important role in our daily life. Such type of materials always generated curiosity and interest all over the world due to their large applications. They provide us with innumerable and invaluable services that make our existence easier or more enjoyable: from transport, defense, security, information and communication technology to advanced manufacturing. Metallic materials as exactly powders are generally used in manufacturing of metallic components which can be produced with simple or complex shapes depending on the used technique. The art and science of producing metal powders is called Powder Metallurgy (PM). The time when powder metallurgy was first used dates back to ancient time, 3000 BC.

	Chapter 1: State of the Art of Powder Injection 1.1 Introduction
	Moulding Technology
	Contents
	1.1 Introduction………………………………………………………………...
	1.2 Powder Injection Moulding (PIM)…………………………………..........
	1.2.1 Brief history of Powder injection moulding………………………………….
	1.4 Summary……………………………………………………………………
	In particular, the growth of Powder Metallurgy was phenomenal during the
	last quarter of the 20 th century with the development of navel material processing
	techniques such as Atomization, Mechanical Alloying (MA), Rapid Solidification
	Process (RSP) for powder production, Cold Isostatic Pressing (CIP) and Hot Isostatic
	Pressing (HIP) for component fabrication. A brief history related to the development

1.2.2 Principal powder injection moulding steps…………………………….......... 1.2.2.1 Feedstock elaboration stage…………………………………………... 1.2.2.2 Injection moulding stage……………………………………………… 1.2.2.3 Debinding step………………………………………………………... 1.2.2.4 Sintering step………………………………………………………….

1.3 Raw material and Market of PIM……………........................................... 1.3.1 Raw material for metal Powder Injection Moulding technology …………… 1.3.1.1 Metal powders………………………………………………………... 1.3.1.2 Binder system………………………………………………………... 1.3.2 Powder Injection Moulding Market………………………………………….. Examples are gold powder by the Incas, iron powder by the Egyptians and the Delhi column in India [GER 94]. These civilizations forged ornamental pieces, daggers, and other weapons from metal without the process of melting.

The importance of Powder Metallurgy as an important manufacturing process became evident as early as 19 th century when tungsten powders were produced and strengthened with thoria for use in electric lamp filaments [ANG 09]. Since the end of the 20 th century, people during the 1920s were overwhelmed by the rise of a modern consumer and began civilian automobile manufacturing. The emergence of the civilian automobile market caused a large increase in demand for metal components, especially for chain self-lubricating and oilless bearings that were popular automotive parts. In the 1970s, manufacturers began using metal parts in TVs, radios, electric fans, refrigerators and heating appliances and many more applications that still see use today. About the 1980s, companies had begun using powdered metals for airplane parts as well as an increasing number of automobile components. of Powder Metallurgy is given in Table 1.1 [ANG 09].

Table 1 . 1 :

 11 Brief History related to the development of Powder Metallurgy [ANG 09].

	Date	Description

1.1-c.

  

	Powder Metallurgy has the following limitations [ANG 09]:
	1. Poor mechanical proprieties including low fracture resistance which is due
	principally to the residual porosity. The use of such components can be limited
	when high stresses are required,
	2. The cost of required equipments is so expensive, the used dies in powder
	metallurgy must be manufactured with expensive materials and be relatively soft
	to applied pressures during pressing step,
	3. Pressing step is generally accompanied by nonuniform density which leads to
	Figure 1.1: Major processing steps of Powder Metallurgy Technology. large variations in the property of produced components,
	4. Components with complex shapes can not be produced using this type of
	Many sintered components are machined prior to final assembly, as certain technology because they can not be ejected from the dies,
	features such as finish dimensions and precision, high densities and smoother surface 5. Secondary manufacturing operations are needed in order to obtain good finished
	finish must be introduced by secondary manufacturing operations [MAD 95, SAN surfaces,
	The cylinder is then 97]. It is estimated that over 50% of all Powder Metallurgy components require 6. Health and safety hazards: the smaller the particle size, the greater the potential
	rotated to mix the powder. To ensure uniform mixing, time and speed of rotation are machining [BER 01]. health hazard,
	controlled. It should be noted that if the mixing is not properly carried out, the Nevertheless, Powder Metallurgy is a relatively new technology that had the 7. It is economical for only mass production.
	ingredients will not be distributed uniformly and the desired properties in the product potential to enhance the production of metal components and has also provided a At the present time, main challenges in Powder Metallurgy research field are will not be obtained. On the other hand, excessive mixing can work-harden the good source of revenue for many companies over the world. To highlight the design complexity and flexibility of the elaboration process, with quality production metallic powders making the compaction difficult [NAG 06]. contribution of powder metallurgy for industry, the following advantages and and lower manufacturing cost. There have been a lot of developments in which
	A component is produced from powdered metal by filling a rigid die, which limitations of this technology, compared with the other conventional processes such researchers have always tried to propose their best solution to fulfill the innovative
	gives the final shape to the product, with metal powder, and applying pressure from as (casting, extrusion and forging), are given as follow [ANG 09]: industries and their growing requirements. One of the new invented methods is to
	tope and bottom by movable punches. The fine particles of the powder are forced Powder Metallurgy offers the following specific advantages: combine the recent and innovative powder metallurgy technology with the plastic
	together so intimately that they interlock and form mechanical bonds [NAG 06]. The 1. Powder Metallurgy consumes only around 45% of the energy and number of injection moulding process. Such new technology is called Powder Injection
	pressure required to compact depends upon the desired porosity, the type of metallic process is greatly reduced compared with forging process, Moulding (PIM).
	powders used, and the size of the product. This step is known as compaction and is 2. Reducing unnecessary cost encountered during the machining process, 3. Powder metallurgy steps are simple and automated that make the PM as a mass Principally, Powder Injection Moulding process is more complicated compared to the plastic injection moulding process. The process is based on the use illustrated in Figure Sintering of the green component is carried out in a furnace under a controlled production process with around 60000 components per hour for small and simple of fine and/or coarse powder particles mixed with the small quantity of wax binders
	atmosphere to bond the particles metallurgically, Figure 1.1-d. Sintering is carried shapes, and/or thermoplastic polymer to form the feedstock that can be moulded [GER 97].
	out at temperatures about 70% of the absolute melting point of the material. Bonding 4. Wide variety of materials is possible,
	occurs by diffusion of atoms, giving integrity to the component. Shrinkage occurs 5. Refractory materials as tungsten and molybdenum can be used to produce
	during sintering resulting in densification of the component. This densification components that are difficult to manufacture.
	enables significant improvements in the physical and mechanical properties of the
	component [ANG 09].

Table 1.2 shows some

  

	proposed mathematical models describing the dependence of the feedstock's relative
	viscosity on powder loading.

Table 1 .2: Some

 1 proposed mathematical models describing the dependence of the feedstock's relative viscosity on powder loading.

	Author	Formulation	Remarks
	Eilers (1941)		

Table 1 . 3 :

 13 Comparison between four major debinding techniques [GON 12] 

	Control system
	Component
	Support

Table 1.3.

  components. Literature has related that four countries in the world (China, USA, Japan and Europe) are still conducting extensive research by publishing several papers about PIM technology. As previously reported for the four main stages of PIM processes, many factors could influence the production quality including processing

	Chapter 2: Literature Review on Thermal
	Debinding and Sintering Behaviours
	Contents
	2.1 Introduction………………………………………………………………...
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	2.2.1.4 Thermal debinding based on kinetic model…………………………..

variables such as speed and time of mixing, thermal and sintering temperatures, atmospheres and material variables such as powder characteristics, powder volume loading and binder composition. Regarding to the debinding stage, the more advanced debinding techniques require sequential debinding process. A typical sequence is solvent debinding followed by thermal decomposition [RAJ 12]. When a fraction of the binder is removed by solvent extraction, pores are created inside the components and therefore, migration of decomposed products during thermal debinding between 200 and 600 °C will be easier for such components [TAN 08].

Conventional sintering is still a more attractive sintering method to produce metallic and/or ceramic components, mainly due to its simplicity and cost compared to other sintering methods. The next chapter continues the literature review, but has a very different goal. Mechanisms, physical and mathematical models related to thermal debinding and sintering stages will be described.

2.2.1.5 Master Decomposition

Curve for Thermal Debinding………………. 2.2.2 Factors affecting thermal debinding …………………………….................... 2.2.3 Current defects in thermal debinding process ……………………………….. 2.3 Sintering of PIM components …………………...………………….......... 2.3.1 Sintering mechanisms ……………………………………………………….. 2.3.2 Driving force of sintering phenomenon………………………………...……. 2.3.3 Stages in solid state sintering………………………………………………… 2.3.4 Modeling of solid state sintering…………………………………………….. 2.4 Summary………………...…………………………………………….........

Experimental investigation in solvent debinding …………………..........

  PAR 09]. This approach can describe the evolution of remaining binder for single reaction step (one component of polymer) or multireaction steps (two components of polymer). It is principally based on the work of decomposition Θ that depends only on the apparent activation energy a E . Solid state sintering has been largely studied from the theoretical point of view by many researchers by developing microscopic models: J. Frenkel [FRE 45], D L. Johnson [JOH 63] and R L. Coble [COB 61]. Such models have described the evolution of sintering phenomenon for two particles in contact and provided a successful approach to predict the rate of neck growth as a function of time for different transport mechanisms. Since 1990s, many works have been focused on building of macroscopic models describing the evolution of shrinkage and distortions

	Chapter 3: Thermal and Solvent Debinding
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Decomposition Curve (MDC) has been recently developed by Aggarwal et al. [AGG 07, of PIM components during sintering process [GER 02]. In these works, macroscopic models were based on continuum mechanics by implementing proper constitutive law in finite element codes. The famous constitutive law that it was largely used in macroscopic models for sintering is the viscoplastic constitutive one: [BOR 88], [OLE 98], [KRA 04], [SON 07] and [WAK 13]. 3.2.3 Thermal characterisation of binders and feedstocks......................................... 3.2.3.1 Differential scanning calorimetry (DSC)…………………………….. 3.2.3.2 Thermogravimetric analysis (TGA)…………………………………..

3.4 Summary………………...…………………………………………….........

Table 3 .1 and Table 3.2, respectively.

 3 

Table 3 . 1 :

 31 Particle size distribution of the gas atomized 316L stainless steel powders.

Table 3 . 2 :

 32 Chemical composition of the gas atomized 316L stainless steel powders.

Table 3 . 4 :

 34 Components and contents used for the proposed feedstock formulations with different powder volume loadings.

			Contents in volume (%)	
	Formulations Powder volume	Polypropylene	Praffin Wax	Acid Stearic
		loading	(pp)	(PW)	(SA)
	Feedstock 1	60	16	22	2
	Feedstock 2	62	15	21	2
	Feedstock 3	64	14	20	2
	Feedstock 4	66	13	19	2

Table 3 .5, one

 3 

can clearly notice that the maximal weight loss was obtained in most cases for heating rate of 2 °C/min. On the other hand, the maximal quantity of binder weight loss was obtained for the feedstock loaded at 64, 62 and 60 %, respectively.

Table 3 . 5 :

 35 Weight loss after thermal debinding process for elaborated feedstocks at different heating rates and maximal temperature of 500°C.

	Heating rate	Initial weight	Weight loss	Weight loss
	°C/min	(mg)	(mg)	(%)
		60%		
	2	104.7	7.102	6.78
	5	99.7	6.922	7.01
	10	114.9	6.993	6.08
		62%		
	2	117.8	8.566	7.27
	5	101.7	6.384	6.28
	10	110.6	6.504	5.88
		64%		
	2	102.1	7.047	6.90
	5	125.3	5.969	4.76
	10	145.2	8.687	5.98
		66%		
	2	117.6	6.42	5.46
	5	132.8	7.17	5.39
	10	96.6	5.27	5.45

Table 3 .6 and Table 3.7,

 3 

respectively.

Table 3 .6: Maximal

 3 

	Powder volume loading	60%	62%	64%	66%
	Maximal	2 °C/min	274 ±6 271 ±3 276 ±3 229 ±3
	temperature of	5 °C/min	293 ±6 297 ±3 302 ±3 252 ±3
	degradation (°C) 10 °C/min	319 ±6 323 ±4 328 ±4 262 ±4

temperatures for which degradation rate is maximal at the first step for different feedstocks using different heating rates 2, 5 and 10 °C/min.

Table 3

 3 

	.7: Maximal temperatures for which degradation rate is maximal at the
	second step for different feedstocks using different heating rates 2, 5 and 10 °C/min.
	Powder volume loading	60%	62%	64%	66%
	Maximal	2 °C/min	410 ±4 422 ±2 426 ±2 413 ±2
	temperature of	5 °C/min	426 ±4 445 ±2 444 ±2 429 ±2
	degradation (°C) 10 °C/min	437 ±4 458 ±4 458 ±4 439 ±4

Table 3 .8: Activation

 3 energy values using Ozawa method for the first and second step of different feedstocks.

	Powder volume loading	60%	62%	64%	66%
	Activation	First step	91 ±5	80 ±5	81 ±5	102 ±3
	energy					
	(kJ/mol)	Second Step	212 ±6	179 ±3	205 ±3	235 ±6

Table 3 . 9 :

 39 Activation energy values using Kissinger method for the first and second step of different feedstocks.

	Powder volume loading	60%	62%	64%	66%
	Activation	First step	86 ±3	74 ±3	76 ±3	98 ±2
	energy					
	(kJ/mol)	Second Step	212 ±4	176 ±3	204 ±2	235 ±4

Table 3 .10:

 3 Chemical and physical characteristics of the copper powders.

		Cu	Balance
	Composition	Fe	0.1
		O	0.05
	Density	8.58 g/cm3	
	Yield strength Rp02	>50 Mpa	
	Tensile strength Rm	>210 Mpa	
	Hardness	>40 HB	
	After mixing, the feedstock has been injected using an injection moulding
	machine, in which square specimens (5.6×5.6×0.92 mm) have been moulded at
	175°C. The square specimens are then debound at 40-60 °C with water as solvent.

Table 4 . 1 :

 41 Content of ingredients used in the binder system for feedstock loaded at 60%.

Table 4 . 2 :

 42 Identified pre-exponential factors for fine 316L stainless steel feedstocks loaded from 60 to 66%.

	Methods

Table 4 . 3 :

 43 Conditions for the numerical simulation of thermal debinding process used for a feedstock loaded at 60%, [MAN 13].

	Model parameters

  Sintering, as a final step of Metal Injection Moulding, which determines the final density and grain size, has an important influence on the mechanical and

	Pure W powder, with an average particles size of about 1 µm was sintered to high
	density, about 94% of theoretical density, with almost no grain growth at a
	temperature below 1400°C and an applied pressure up to 266 Mpa. Chanthapan et al.
	physical properties of the PIM components [GER 92]. In general, one get a relative [CHA 12] carried out an experimental investigation using W powder (0.6-0.9µm)
	density of the sintered MIM components in the materials such as iron alloy, stainless sintered by field assisted sintering technology (FAST) in various processing
	steel, copper, ceramics, etc. is higher than 95% [GER 03]. However, this is hard to be conditions. The sample sintered with in-situ hydrogen (H 2 ) reduction pretreatment and
	achieved for pure tungsten (W), which has the highest melting temperature (3420°C) pulsed electric current during heating showed the lowest amount of oxygen. The
	among the metals, at the sintering temperature below 1650°C [GER 92]. Owing to the maximum relative density achieved was 98.5% which is form the sample sintered at
	very high fusion point, the consolidation of a conventional microcrystalline W powder 2000°C, 85 Mpa for 30 min holding time. Recently, Wang et al. [WAN 10] reported
	grains is difficult and generally requires a temperature in excess of 1700°C through that nanocrystalline W powder can be sintered to near-full density at a temperature as
	solid state sintering in electrical resistance sintering furnace under hydrogen low as 1100 °C under H 2 atmosphere without external pressure. Prabhu et al. [PRA
	atmosphere [AVI 10]. Low sintered density is an obstacle to the production of pure W 09] led an experimental investigation with anther sintering heating mode, microwave
	components by MIM for applications concerned by high temperature such as
	electrodes of high intensity discharge lamps, plasma facing components for fusion
	reactors, furnace parts, etc.
	Many efforts have been reported to improve the sinterability of W and reduce
	the sintering temperature. Hayden et al. [HAY 63] proposed to reduce the activation
	energy of sintering by addition of small amounts (<1 wt. %) of Group VIII transition
	metals. German et al. [GER 76] reported that the sintering temperature of W can be
	brought down from 2800 °C to 1400°C by using less than 1 wt. % addition of
	transition metals, such as palladium or nickel. Yu et al. [YU 11] investigated the
	influence of 0.4 wt. % Ni additives on the densification of MIM W-1.5 % Al 2 O 3 alloy.
	Ni has an important effect on promoting densification process, which largely reduces
	the sintering temperature, but the residual Ni element in sintered parts around 0.008
	wt. % could be not allowed for some applications. Another important approach to
	activate sintering of W is through selection of nano-sized precursor W powder.
	However, such powder is expensive and prone to be contaminated [LIN 10]. Malewar
	et al. [MAL 07] reported that sintering temperature of nano-sized W produced by high
	energy mechanical milling can be decreased from the conventional temperature
	2500°C to 1700°C. El-Atwani et al. [ATW 11] carried out sintering tests using fine
	grained, hard and ductile pure W powders for future fusion reactor applications. The
	bottom-up approach via powder consolidation by spark plasma sintering (SPS) was
	used at different temperature (1300-1800°C) and pressure (90-266 MPa) conditions.

Table 5 . 2 :

 52 Binder system components used in feedstock preparation.

	Binder System Components	Content (%)
	Paraffin Wax (PW)	51
	Polypropylene (PP)	30
	Polyethylene (PE)	16
	Stearic Acid (SA).	3

Table 5

 5 

	.3. Low

Table 5 . 3 :

 53 Relative density after presintering using coarse and fine tungsten powders under H 2 with 4°C/min of heating rate and 120 min holding time.

	Particle size (um)	0.4	1.0	3.0	5.0	6.0	7.0
	Initial solid loading (vol. %)	45.0 48.0 52.0	52.0 52.0 52.0
	Temperature of presintering (°C)	1100 1100 1100 1200 1200 1200
	Density after presintering (%)	45.6 49.5 53.4	53.0 52.9 52.7

Table 5 . 4 .

 54 The relative density of components has been determined using the : is the relative density, ap ρ is the apparent density, th ρ is the theoretical density, m : is the mass the sample, ap V is the apparent volume (surface × depth) and py V is the measured volume using the pycnometer. One can notice clearly in Table5.3 that the final shrinkage and density increase in values with decreasing the initial grain size of tungsten powders.

	following expressions:												
	ρ =	ρ	ap ρ	th	where	ρ	ap	=	m	V	ap	and	ρ	th	=	m	V	py	(5-13)

ρ

Table 5 . 5 :

 55 Identified material constants for fine and coarse W powders with heating rate eq. 5 °C/min in hydrogen atmosphere.

	Density	<0. 85		>0. 85	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 0.4 µm	235.596	0.514	0.0331	-73.597
	Density	<0. 81		>0. 81	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 1.0 µm	157.156	0.387	0.8307	-29.819
	Density	<0. 53		>0. 53	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 3.0 µm	0.150	-11.730	0.154	-11.657
	Density	<0. 53		>0. 53	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 5.0 µm	0.164	-5.419	0.010	-15.550
	Density	<0. 52		>0. 52	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 6.0 µm	0.110	-5.366	0.146	-10.336
	Density	<0. 52		>0. 52	
	Material constants	B 1 ×10 -3	C 1	B 2 ×10 -3	C 2
	Initial particle size 7.0 µm	0.080	-5.366	0.150	-11.181

Table 5 . 7 :

 57 Conditions for the numerical simulation of sintering process used for fine powder 0.4 µm.

	Model parameters
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The fine W powder component with initial grain size of 0.4 µm as related in 

where B and C are the material constants of sintering stress that should be identified. By the analogy with linear elastic theory, the shear and bulk viscosity modulus can be calculated using the following expressions [BOR 88]:

Numerical simulation results

Material and process numerical implementation

The sintering process is investigated using numerical analysis for specimen obtained from injection with the fine and coarse W powders. The Abaqus finite element code is chosen for numerical simulation of the sintering process, as it provides the analysis of thermomechanics coupling. The thermal cycle employed for sintering was heating to 1700°C with 5°C/min and then holding for 5 minutes.

The ABAQUS © code for the sintering simulation is defined in an input file in association with a user-defined subroutine file, which is programmed in FORTRAN.

The generation of the geometric model and the finite element mesh is done in the input file, followed by the definition of the material model. The viscoplastic model is referred to the user-defined subroutine, in which the strain rate during sintering process is defined. Several solution dependent state variables are also employed in the subroutine to update variables, such as sintering stress, viscosity, temperature and density. The initial conditions and boundary conditions are also defined in the input file. The same time increment (50 s) is used as it is in Solver. The material parameters and physical constants used in the present numerical simulations are related in Table 5.7. 

Initial conditions

The solution of the problem requires initial and boundary conditions. Initially, the temperature of the component is ( C T °= 1200 0 ), below this temperature sintering step can not take place. The initial density has been set with initial values corresponding to each feedstock.

Boundary conditions

The boundary surface of the sintering component is divided into two parts, expressed as following:

where Γ is the total surfaces of the sintering component, c Γ is the surfaces contacted with the support, f Γ is the free surfaces exposed in the sintering atmosphere. Then the boundary conditions of force and displacement can be expressed as: 

Summary

In this chapter, experimental investigations of sintering process for tungsten components have been carried out. Injection moulded components, using two types of tungsten powders (fine and coarse initial grain sizes), were sintered in hydrogen atmosphere up to 1700°C. The densification behaviour is sensitive to the initial grain size and the final density of tungsten components is almost reached in the case of fine powders 90-94%. However, the densification of coarse tungsten powders is never possible under the same conditions, height temperature is required for this type of powders >2000°C. The apparent sintering activation energy for densification increases drastically with increasing in initial grain size. It is duly noted that the sintering activation energy for densification is dependent on the used initial grain size.

The numerical simulation results showed that the shrinkage and density values are lower than the experimental ones. This difference in values, especially in the case of coarse powders, is due to several experimental factors such as gravity, pores and friction between the support and the component.