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The determination of optimal process parameters to produce parts by metal injection molding without defects and with required mechanical properties is discussed in the paper, based on experiments and numerical modeling. The experiments are carried out with a multi-cavity mould specially designed and equipped to measure and record different parameters during the injection stage. The debinding and sintering cycles are optimized to get the components free of defects, too. Based on modeling techniques using a biphasic flow formulation and a newly developed explicit algorithm, numerical simulations are realized to predict the segregation effects in injection. This novel algorithm in fractional steps and the related finite element software lead efficiently to accurate correlations between experiments and simulations.

Introduction

Metal injection molding (MIM) is expected to be very efficient for manufacturing small and complex metallic components in large batch. Large amount of components with excellent mechanical properties and high geometrical accuracy may be obtained by this newly developed technology, under a cost much lower than traditional techniques [1]. The research on MIM concerns three main stages: injection molding of a binder/powder mixture, thermal or catalytic debinding to get a shaped porous metallic part, and sintering to get the condensed part in pure metallic material [START_REF] German | Injection of Metals and Ceramics[END_REF][START_REF] Barriere | [END_REF][START_REF] Gelin | [END_REF]. The geometrical accuracy and mechanical properties of the final parts after sintering depend strongly on the choice of process parameters in the different stages. The determination and optimization of the process parameters have motivated numerous research works, as it needs deep knowledge on different processes and accurate modeling techniques for each stage.

It is difficult to get only from experiments sufficient knowledge for optimal process development in MIM. For this strong reason, both experimental researches to get the final parts and the development of reliable software with new efficient algorithms are conducted in our laboratory.

A series of necessary equipments, including an injection molding machine controlled by computer, a debinding oven and a high-temperature sintering furnace, are organized in an easily adaptable manner with the necessary data acquisition systems for different physical quantities. A five-cavity mould has been specially designed and realized to achieve the determination of process parameters along different stages and facilitate the validation of mechanical properties. To reach this goal, cavities in the mould are designed in standard tensile and bending specimen forms. From the viewpoint of developing a realistic numerical tool, a biphasic model based on the mixture theory is adopted. To overcome the persistent difficulty on computational cost for a model of coupled biphasic flow with the necessity to maintain the mixture's incompressibility, a new efficient algorithm is proposed and developed to achieve the reliable and easily performed simulations. The research work to determine the optimal process parameters in MIM had been performed with all the facilities above mentioned.

Experiments and validation of process conditions

The MIM experiments are carried out on different types of feedstocks with stainless steel powders and thermoplastics binders. Injection is carried out with an adapted injection press. Debinding is conducted in a thermal oven with controlled atmosphere. The final components are obtained by sintering in a furnace under high temperature with vacuum or controlled atmosphere.

Injection molding conditions

A five-cavity mould has been designed and manufactured in our laboratory to produce the parts in specimen tensile and bending shapes. Other than the specimen parts, a wheel part with complex shape can also be produced by a special cavity in the mould. It is qualified to verify the injection of intricate shapes in the mould. The preliminary works about mould design and injection stage were discussed in [5].A 316L thermal feedstock is injected using the maximum capacity of the injection press to get the filling of feedstock as homogeneous as possible. The injection duration depends on the feedstock's thermal conductivity, which characterizes the heat dissipation rate in the injection process. As the quality of finally parts is sensitive to segregation effects between powder and binder, a rapid filling process is necessary [START_REF] German | Injection of Metals and Ceramics[END_REF]. The green parts without any visible defects are obtained using the determined parameters as shown in Fig. 1. These parameters are almost the same as provided in literature [6].

Weight dispersion is controlled to guarantee the consistency of parts produced in sequence. This control assures Fig. 2. Weight variation for wheel, bending and tensile specimen parts (316L thermal debinding feedstock).

the quality of parts, such as the shape, weight and density, to be uniform during batch production. A study was made on 2 kg of 316L feedstock. For three types of parts in which there are 12 in a group, the weights obtained after three injections were analyzed (see Fig. 2).

In order to measure and control the pressure during the injection, packing and cooling stages, pressure sensors have been installed in the mould. The study on pressure variation allows to optimize the molding parameters to obtain the components without defects then the number of tests can be reduced. For the pressure sensor located in the cavity mould corresponding to bending specimen with one inlet, the repeatability is very good (see Fig. 3

(a)).

A temperature sensor is mounted at middle of the cavity mould corresponding to tensile specimen, injected by two inlets. The development of the welding zone can then be investigated. For three tests under same condition, the temperature contours in the front welding are in good agreement (Fig. 3(b)).

Optimal debinding cycle

In our experiments the binder is removed using a thermal debinding process. In the debinding stage, the temperature cycle should be controlled in an adapted manner to prevent the appearance of any crack [7]. Various tests for different debinding cycles are shown in Fig. 4(a). Depending on the heating rates, a cycle may lasts from 5 to 36 h. It should be noticed that under approximately 300 • C, the lower heating rate gives generally the better quality. A compromise between the quality and the sintering time should be determined to achieve the worthwhile production. However, the parts without visual defects can be obtained with all the mentioned cycles (see Fig. 4(b)).

Control of sintering cycles

The sintering cycles should be controlled in an adequate manner to get the metallic parts as dense as possible. The parts should undergo homogeneous size shrinkage in keeping the same shape. The shrinkage may reach up to 20% of the original size. It depends mainly on the percentage of metallic powder in the initial mixture [1,[START_REF] German | Injection of Metals and Ceramics[END_REF]. The mechanical properties of sintered parts depend on many factors, such as the chemical composition, microstructure, porosity and size of the debinded porous parts. In principle, the use of a very fine powder, with diameter less than 20 m, and a well-controlled high temperature (<melt temperature) may lead to a nearly perfect densification. To guarantee the control of temperature variation, the sintering is performed in a furnace where the heating cycle can be accurately controlled under vacuum conditions.

Typical sintering cycles are shown in Fig. 5(a). A first heating and holding stage under low temperature (about 600 • C) is necessary to remove completely the remaining binder. Then the temperature increases up to 1360 • C with a heating rate corresponding to 5 • C/min for the final ramp. After the final holding stage, the cooling begins with a relatively rapid rate (10 • C/min) and afterwards slows to lower rate (5 • C/min). When the temperature reaches 650 • C, the sintered parts are left in the furnace for self-cooling. If the sintering cycle is inappropriately chosen, some defects may appear and amplified in the parts (see Fig. 5(b)).

The photographs on 316L stainless steel parts after molding and sintering are shown in Fig. 6(a) and (b), respectively. All types of parts, including the wheel as well as bending and tensile specimens, are obtained without distortion. The wheel part undergoes about 13.5% of shrinkage.

The final density of obtained samples is greater than 95%. The control of sintering quality by SEM micrographs shows the homogeneous microstructures. The grain size distribution indicates that the injection was performed without significant defects (Fig. 6(c)). 

Validation of the mechanical properties

As the mould cavities are designed to produce test specimens, the mechanical properties can be easily measured. In static uniaxial tensile tests, a comparison with different authors on the properties of 316L stainless steel after sintering is given in Table 1 [START_REF] Merian | Le moulage par Injection de Poudres Metalliques[END_REF][START_REF] Wohlfromm | Proceedings of the Conference PIM 97[END_REF][START_REF]MIM Network[END_REF]. This comparison shows that the proposal process conditions result in very good mechanical properties. In order to identify the hardening behavior of 316L stainless steel after sintering, the true stress-true strain relationship is determined as shown in Fig. 

Biphasic modeling of the injection stage

In addition to the filling problems in polymer injection, the MIM injection molding may provoke undesired powder segregation. The metallic powders and polymer binder have always the trends to change their proportion in injection course. Any defect arising during injection stage, even invisible as the segregation one, will certainly be amplified in the next debinding and sintering stages [5,6]. The modeling of such a process is a real challenge to get the final components with excellent quality and properties. To model these problems concerning fluid-particle flows, different efforts had been made. Some authors tried to describe the motion of each particle by the granular media mechanics. This trend is not realistic to perform the simulation for large industrial problems. Another author use classical injection software with an equivalent viscosity for feedstock. These approaches are easier to be realized or adapt but are incapable to describe the segregation effects directly.

To predict and compute the important segregation effects, the mixture theory is considered to be suitable. This method is well adapted to the high concentration fluid-particle flows [START_REF]Theory of mixtures[END_REF]. Such a method was introduced in the simulation of MIM process [START_REF] Dutilly | Finite element analysis of the debinding and densification in the process of metal injection molding[END_REF]. This theory considers two coupled phases and their interaction. The polymer binder is considered as the fluid phase while the metallic powder is named the solid phase. The interaction between both phases is taken into account by a momentum exchange term. Mass conservation of each phase in the mixture flow allows to detect each phase's density in the mixture and as a consequence to determine the segregation effect. The governing equations are the following.

Mass conservation

The volume proportions of solid and fluid phases are, respectively, defined by two field variables (φ s and φ f ). So the associated solid and fluid densities are given by ρ s = φ s ρ s 0 and ρ f = φ f ρ f 0 in which ρ s 0 and ρ f 0 are the self-densities for each phase. In the filled domain during injection molding, these two volume fractions (φ s , φ f ) should verify the saturation condition:

φ s + φ f = 1 and ∂ ∂t (φ s + φ f ) = 0 (1)
Naturally, the mass conservation should be verified for each phase, resulting in ∂ρ s ∂t +∇(ρ s V s ) = 0 and

∂ρ f ∂t +∇(ρ f V f ) = 0 (2)
where V s , V f are, respectively, the solid and fluid velocities. The self-densities of each phase are constant, so it results immediately that ∂φ s ∂t +∇(φ s V s ) = 0 and

∂φ f ∂t +∇(φ f V f ) = 0 (3)
Taking the above conditions into account, the incompressibility for mixture's flow expresses as

V eff = φ s V s + φ f V f and ∇V eff = 0 (4)

Momentum conservation

In the case of MIM, the Reynolds number is small enough to neglect the advection terms in the Navier-Stokes equations [13]. Then the formulation of the mixture theory consists of two distinct Stokes equations coupled by a momentum exchange term m s = m f that stands as the interaction between the flows of both distinct phases. These equations are expressed as ρ s

∂V s ∂t =-∇(φ s P) +∇σ s + ρ s g + m s and

ρ f ∂V f ∂t =-∇(φ f P) +∇σ f + ρ f g + m f (5)
The interaction terms are proportional to the difference of velocity between solid and fluid phase as

m s = k(V f -V s ) and m f = k(V s -V f ) ( 6 
)
where k is an interaction coefficient. This coefficient may be determined by an inverse method referring to some experimental tests [START_REF] Racineux | Proceedings of the 14th Congres Francais de Mecanique, AUM 99[END_REF].

Viscous behaviors for each phase

The behaviors for each phase in the mixture theory should generally be considered as non-Newtonian ones. The following formulas are usually used to represent the constitutive behavior of the solid and fluid phases:

σ ′ s = 2µ s (φ s , ε′ s )ε ′ s and σ ′ f = 2µ f (ε ′ f )ε ′ f ( 7 
)
where σ ′ s and σ ′ f are the deviatoric parts of Cauchy stress tensors for solid and fluid phase, ε′ s and ε′ f are, respectively, the deviators of their strain rates. The viscous behavior determination for each phase in the biphasic approach has conducted to significant research works [13,[START_REF] Racineux | Proceedings of the 14th Congres Francais de Mecanique, AUM 99[END_REF].

Filling state

To avoid remeshing in the simulation course an Eulerian description is adopted. The filling state at each instant should be determined by the solution of an advection equation as

∂F ∂t +∇(V eff F) = 0 (8) 
Table 2 Algorithm proposed for the biphasic case a

Step Solid phase Fluid phase

Viscous diffusion

M s V * s -V n s t = K s V n s + F s M f V * f -V n f t = K f V n f + F f Phase interaction M s V * * s -V * s t = K(V n f -V n s ) M f V * * f -V * f t = K(V n s -V n f ) Pressure field AC T (φ f M -1 f 0 + φ s M -1 s 0 )CP = 1 t AC T V * * eff Incompressibility M s V n+1 s -V * * s t =-φ s CP M f V n+1 f -V * * f t =-φ f CP Filling state M F n+1 -F n t + (K a + K d )F n = 0 Volume fractions M φ n+1 s -φ n s t = [K div (V s ) + K adv (V s )]φ n s M φ n+1 f -φ n f t = [K div (V f ) + K adv (V f )]φ n s
a K s , K f : stiffness matrices for the diffusion effects in each phase; M s , M f : lumped mass matrices in diagonal form for each phase; F s , F f : external load vectors undergone receptively by each phase; K: matrix for interaction effects; V * s , V * f : first prediction of the velocity fields for each phase; V * * s , V * * f : second prediction of the velocity fields for each phase; V n+1 s , V n+1 f : velocity fields obtained in this time step; A: assembling operation in finite element method; C, C T : gradient and divergent operators; K a , K d : the matrices representing, respectively, advection and diffusion effects; F n+1 , F n : the filling states at time step t n+1 and t n , respectively; φ n s , φ n f : volume fractions at instant t n for each phases; φ n+1 s , φ n+1 f : volume fractions at instant t n for each phases; M: lumped pseudo mass matrix.

where F is a field variable which represents the filling state. It takes a value equal to 1 in the filled position and the value 0 in the void portion.

A new efficient procedure for numerical solution

As the biphasic system is strongly coupled, implicit algorithms are traditionally used to solve the resulting discretized problems by the finite element method [START_REF]Theory of mixtures[END_REF]. These algorithms lead to very expensive simulations even for 2D problems. The use of a mixed pressure-velocity formulation almost doubles the degree of freedom number and the biphasic model doubles it again. Referring the works in explicit approaches for 2D casting problems in a mono-phasic flow case [START_REF] Lewis | [END_REF]16], an efficient explicit algorithm is proposed for the simulation of 3D industrial powder injection molding problems.

As an Eulerian description is used for this type of mixture flow problem, a filling state variable dominated by the advection equation is defined to determine the filling fronts. The void portion in the mould is supposed to be filled by a fictitious fluid to simplify the procedures. The 2D or 3D MINI-elements in mixed formulation are chosen to account for the incompressible flow [START_REF] Fortin | Mixed and Hybrid Finite Element Method[END_REF].

The most delicate problem to solve in such a biphasic problem with an explicit algorithm is the treatment of the mixture's incompressibility without iteration as the pressure is shared by two distinct phases. A non-iterative procedure is proposed to calculate the unique pressure field. It is then shared by the movements of two distinct phases in an adequate manner to maintain the incompressibility of the mixture. In such a fractional step algorithm, see Table 2, different effects are treated in sequence. The coupled Stokes equations are solved in three steps, as summarized in Table 2.

Numerical simulation of the injection stage

The proposed modeling for the flow of powder-binder mixture during MIM stage and the related algorithms and software have been validated through different standard test examples that show the efficiency of the proposed method [START_REF] Barriere | [END_REF][START_REF] Gelin | [END_REF]7]. One purpose is to give a comparison from experiments and simulations for the mould cavities corresponding to the mould used in the related experiments.

Simulation of mould filling and comparison with experiments

The simulation of mould filling for the four cavity mould related in Fig. 1 has been performed using the proposed algorithms and related finite element software. In experiments, the injection is interrupted at different stages corresponding to different percentages for mould filling (40, 60 and 100%). The injection simulations are realized using the same processing conditions and the material parameters corresponding to these of 316L thermal debinding feedstock. The comparisons between experiments and simulations concerning filling front positions are reported in Fig. 9. One first has to notice that in the cases corresponding to 40 and 60% of mould filling, there is a very good agreement between simulations and experiments concerning front positions. In the last case, there is some difference associated to the fact that the experiments correspond to a complete mould fill- ing whereas the simulations correspond to 90% of mould filling.

Simulation of powder void volume distribution after injection

In order to test and validate the possibilities given by the proposed algorithms and resulting software, the simulation of powder segregation effects have been carried out using the mould cavities corresponding to the tensile test specimens as shown in Fig. 1. Two sets of simulations were performed to investigate different filling process, considering, respectively, one or two mould cavity inlets as in experiments (see Fig. 1). In the case where the powder-binder mixture is injected through only one mould inlet, a vent should be assigned at the opposite extremity of the die cavity to let escape the air entrapped. In the case where the tensile specimen is injected using two opposite mould inlets, a vent is assigned at the middle position.

Both injection patterns expressed as pressure variations (Fig. 10 The powder volume fractions corresponding to both injection case (one mould inlet, two opposite mould inlet) are reported in Fig. 11(a) and (b). As previously, the powder volume fraction contours show very good symmetry in the case with two opposite mould inlets, as the powder volume fraction contours corresponding two one single inlet reveals powder accumulation at the opposite side (Fig. 11(a)). In both cases, very close values for powder volume fractions are obtained in the central parts of the tensile specimens corresponding to one or two mould inlets. The powder volume fraction gets a value equal 0.535 in the case corresponding to single mould inlet (Fig. 11(a)), while it takes a value equal to 0.538 in the case corresponding two opposite mould inlets (Fig. 11(b)). This results is well verified by tensile tests experiments after sintering, as for both specimens almost the same mechanical properties are obtained.

Concluding remarks

The combined use of experiments, modeling and numerical simulations for MIM has been developed in order to get components free of defects and with the required mechanical properties. The five cavities mould allows experiments with different feedstock and the determination of optimal process parameters for realizing parts free of defects and with correct geometrical accuracy. The optimized debinding and sintering cycles lead to get components with high mechanical properties and correct geometrical accuracy. The modeling of the injection stage based on a biphasic flow formulation for powder-binder mixture allows to access to powder segregation during injection as well as the understanding the injection defects. The new algorithm and the resulting 3D finite element software based on an efficient semi-vectorial solver permit to get the filling state, velocity, pressure and powder volume fraction fields during the injection. So the prediction of segregation effects is easily achieved and such software is a powerful tool to help the design of MIM parts.
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 1 Fig. 1. Molded parts and injection parameters for a 316L thermal debinding feedstock.
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 3 Fig. 3. (a) Pressure evolutions in three tests under same conditions. (b) Temperature evolution in three tests under same conditions (316L thermal debinding feedstock, injection pressure 16 MPa, injection temperature 175 • C, mould temperature 48 • C).
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 4 Fig. 4. (a) Different thermal debinding cycles, and (b) debinded parts (316L thermal debinding feedstock, air atmosphere).
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 5 Fig. 5. (a) The sintering cycle for 316L metallic powders, and (b) sintered parts with defects (316L thermal debinding feedstock, vacuum atmosphere).
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 6 Fig. 6. (a, b) Different parts after molding, sintering, and (c) microstructure after sintering (316L thermal debinding feedstock).
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 7 Fig. 7. Identification of the hardening curve on tensile tests sintering (316L thermal debinding feedstock).
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 8 Fig. 8. (a) The ultimate strain and (b) stress values corresponding to different final sintering temperatures (316L thermal debinding feedstock).
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 9 Fig. 9. Comparison between simulation and experiments at different stages (316L thermal debinding feedstock).

  (a) and (b)) show that pressure fields are varying from the maximum values imposed on inlets (16 MPa) to a value corresponding to the atmospheric pressure on the assigned vents. The injection patterns associated with the mould cavity with two opposite inlets (Fig. 10(b)) show a very good symmetry.
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 10 Fig. 10. Pressure fields for different injecting patterns (316L thermal debinding feedstock, injection pressure 16 MPa).

Fig. 11 .

 11 Fig. 11. The filling states in different filling patterns (316L thermal debinding feedstock, injection pressure 16 MPa).

Table 1

 1 Comparison of mechanical properties for 316L stainless steel after sintering

		Our results	[8]	[9]	[10]
	Elastic stress (MPa)	203	270-310	180	140
	Ultimate stress (MPa)	511	450-480	510	450
	Maximal elongation (%)	48.5	40	50	40