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Abstract

Micro-PIM technology is one of the key technologies to satisfy the increasing demands for smaller parts
associated to miniaturization and functionalization in different application fields. The thesis focuses on
the elaboration and characterization of feedstock based on 316L stainless steel powders, identification of
physical material parameters associated to the sintering stage and on the numerical simulations of the
sintering process.

Feedstock formulations with new binder systems composed of different polymeric binder systems have
been proposed for various 316L stainless steel powders (5 pm and 16 pm). Characterization of the
resulting feedstocks for each group is carried out through mixing torque tests and viscosity tests. The
feedstock associated to formulation with polypropylene + paraffin wax + stearic acid is well adapted for
both powders and retained in the subsequent tests, due to the low mixing torque and shear viscosity. The
critical powder volume loading with 316L stainless steel powder (5 pm) according to the retained
formulation is determined at 68% using four different methods. Micro mono-material injection (with
316L stainless steel feedstock) and bi-material injection (with 316L stainless steel feedstock and Cu
feedstock) are properly investigated. Homogeneity tests are performed for the feedstocks before and
after injection.

A physical model well suited for sintering stage is proposed for the simulation of sintering stage. The
parameters identifications of the proposed model are carried out for the sintering stages considering
316L stainless steel (5 pm) feedstocks with various powder volume loadings (62%, 64% and 66%). By
beam-bending tests and free sintering tests through TMA in a vertical dilatometer are investigated.
Three sintering stages corresponding to heating rates equal 5 <T/min, 10 <T/min and 15 <T/min are used
during both beam-bending tests and free sintering tests.

On basis of the results obtained from dilatometry measurements, the shear viscosity module G, the bulk
viscosity module K and the sintering stress o are identified using Matlab® software. Afterwards, the
sintering model is implemented in the Abaqus® finite element codes, the element that are used
correspond to R3D4 and C3D8R for the support and the four micro-specimens, respectively. The
physical material parameters resulting from the identification experiments are used to define the 316L
stainless steel feedstock, together with the identified G, K and os. Finally, the sintering stage at 1200 <C
with three heating rates (5 <C/min, 10 </min and 15 <T/min) are also simulated corresponding to the
four types of micro-specimen (powder volume loading of 62%, 64% and 66%). The simulated
shrinkages and relative densities of the sintered micro-specimens are compared to the experimental
results and the agreement is good.

Keywords: Micro-Metal Injection Molding, Bi-material injection, Sintering, 316L Stainless Steel,

Material modeling, Numerical Simulation



Doctoral Dissertation of Universitéde Franche-Comté

F N S I 2 7 X O SRS |
ACKNOWLEDGMENTS ... .ottt ettt et e et e as e e st e es b e s st e e st e e s be e s be e s be e s be e s beesbeenbeesbeeteenes v
INTRODUCTION . ...ttt ettt ettt e a1 e e b e e b e e be et e e be e be e beesbe e be e be e s be e beesbeebeesbeesbeesbeenbeeteeteenes 1
CHAPTER 1. STATE OF THE ART ..ottt et e s e s e sbe e beenbeeteete e e 5
1.1 POWDER METALLURGY ...ttttieitititeaitttteeasitteeesastteeesaateeesssteeasassaesesasbseeesasbeeeeansbeeessabbeeesanbaeeesasbeeeesnseeeessnnees 5
1.1.1.  Brief introduction of powder Metallurgy ...........cooiiiiiiiiiiiiii s 5
1.1.2.  Powder Metallurgy NISTOTY .........coiiiiiiiiiiiiie ittt 5
1.1.3.  Industry of pOwder MEtallurgy ...........ooiiiiiiiiiiiiii s 6
1.1.4.  Advantages of POWAer METAIIUIGY .........ooiiiiiiiiiii e 6
1.2. POWDER INJECTION MOULDING ....uttitesiitiieesittteeesiteeeestteeessstbeeesasteeesssbeeesansbeeessnbbeeesssbeeeesnbeeeessteeessnsees 7
1.2.1.  Powder injection Moulding Market ..o 8
1.2.2. Raw material for metal powder injection moulding PrOCESS .........ccovviriiriirieiie e 10
1.3. METAL POWDER INJECTION MOLDING PROGCESS ....cieiittitiaitieeesiitieeestieeesssteeessssseesssssesessssseeessnseeessaseeens 13
1.3.1. Bi-material metal powder injection MOUIAING PrOCESS........ccuiriiriiiiiiierie et 18
1.3.2.  Micro metallic powder injection MOUIdING PrOCESS ........coviiviriiiieiie st 18
1.3.3. Biomedical metallic powder injection Moulding PrOCESS........cccvriuiriiriiiie ittt 19
1.3.4. Limitations of metal injection MOUIING PrOCESS........ccviiiiiiiiieiie e 20
1.35.  Advantages of powder injection Moulding PrOCESS.........couiiiiiiiiiiiie e 20
1.4 RESEARCHES IN METAL POWDER INJECTION MOULDING PROCESS ......uvtieitiiresitiieeesinieresseeeeessnneesesnnnenens 22
1.4.1. The scientific papers and associated patents in the area of MIM ... 22
1.4.2.  The principal research centers in MIM ProCeSSING.........ccuevuiriirierienie e 22
1.4.3. Research centers concentrated on modeling and simulation of Metal Injection Moulding Process ....23
1.4.4. Researches about MIM Process iN FranCe.........coouiiiiiiiiiiiie et 23
CHAPTER 2. DEVELOPMENT AND CHARACTERIZATION OF FEEDSTOCKS BASED ON FINE
POWDERS WITH HIGH VOLUME FRACTION LOADING ......ccciiitiitiieiie e 25
2.1. POWDERS, PROCESSING AND CHARACTERISTICS ...utiieiiieiiieesieeastee et e sttt snseesine e s e snn e nnneennne e 25
0 S Y/ - U1 o Lo Y0 =T £ S3 ] o]- TS 25
2.1.2.  Powders used in the previous Ph. D. theses carried out at FEMTO-ST .......cccccocvvviiiiveevie e 26
2.1.3.  Powders used in the related experiments and analySeS.........cccovvvieriiieeiieeiieesee e e eeee s 26
2.2. TN ] =1 TP P PP PP PP OPPPTON 29
2.2.1.  The role of DINAEr iN IMIM PrOCESSES ......vvieiuieeiieeiiee et steese e s e e et e e st e e snae e snte e e steeesnaeesraeesneeeaneeenres 29
2.2.2.  Choice of @ Proper DINAEE .........cooiiiiiii e e res 29
2.3. MAIN PROPERTIES OF FEEDSTOCKS. ...eeuttttutitatttastteesiteeaateeassteassbeessbeeaseeanbeeessbeesnbeeabeeesbeeessbeesnbeeabeeenens 31
2.3.1. Involved equipment to investigate the characteristics and properties of the feedstock......................... 31
24. FEEDSTOCK FORMULATION .....ceiutttatttasttteastte ettt e sttt e ssteeabeeesbbe e ss b e e asb e e e abe e e sk b e e sk b e e aabe e eabe e e ebe e e nsbeesnbeeabe e et 35
2.5. CHOICE OF THE APPROPRIATE FEEDSTOCK FORMULATION THROUGH PHYSICAL TESTING.....cccverveennennn. 36
T O Y/ 3T o I 0 [ L= 1) TS 36
T Y 1ol o T | A I (S 38
2.6. DETERMINATION OF CRITICAL POWDER LOADING .....uttiitiiaitiiasiteesiteeaieeesteeesibeesibeesneessneeessbeesnbeesseeenees 40
2.6.1. Mixing tests by continuously increasing powder 10ading ..........cccccevieeiiii i 40
2.6.2.  Mixing tests by batch powder 10adiNg ..........ccoiiiiiiii i s 41
T T = g T=To] [T [ Tor= | (=) PR 42
2.6.4.  Feedstock VISCOSILY MOTEI .........ccoiiiiiie et sae e e be e sre e e ree e e 42
2.7. HOMOGENEITY TESTS FOR THE FEEDSTOCKS ......utttieittieeesitreeesssseeeesssseeesssssesesssssesssnsesessnsseeessnnnsessanneeens 45
2.8. SELECTED FEEDSTOCK FOR THE SUBSEQUENT EXPERIMENTS ....eetieitieieeieesieeieeieesteesieesieesieeseeenseeneeenns 47
SUMMARY .ttt ettt e et e et e e ket ook b e e 42 bt e £k et £k E e £ R E e £ oAb e e oAb e e ek b e e AR b e e AR R e e oA R e oo R et e R b e e eRbe e e R b et e abe e e nrneennne s 48
CHAPTER 3. MICRO-MIM PROCESS FOR MINIATURIZATION AND FUNCTIONALIZATION........... 50
3.L EQUIPMENT USED FOR INJECTION MOLDING STAGE .1vuuuiiiiiiiiiiiiiiiieeiieettiiiniseesssesibiiseesssssssaanssesssssssssnnnns 50
3.1.1.  Arburg 220-S injection moulding EQUIPIMENT .........ccciieiieiiee e 50
3.1.2. Battenfeld Microsystem 50 injection moulding eqUIPMENT..........cccoeiieiiiiieieeiiee e 51
3.1.3.  Mould design and MiCro MACNINING .......cccveiiiiiiiiieieee ettt 52
3.2. MONO INJECTION FOR THE PHYSICAL IDENTIFICATIONS OF THE FEEDSTOCKS ...vvvvvvviiieiiesiiesieesieesseennnes 53
3.3. MICRO INJECTION OF THE SPECIMENS USED FOR VALIDATION OF THE SIMULATIONS ....cccvvvveniiieeeniieen 54
3.4. HOMOGENEITY TESTS OF THE INJECTED SPECIMENS FROM MICRO INJECTION ....cveiiiiiieaiiieeensirieeesniieeass 55
3.5. BI-MATERIAL INJECTION MOLD WITH TWO-PLATE MOLD ....veieiittitieitiieessitieeessirreeesssneeesssneeesssnneesssnneeens 57
3.6. BI-MATERIAL INJECTION WITH THREE-PLATE MOLD ....ceiiititieaittiteestrieesssieeessisseessnneeessnnneeessnsneeesanneeens 59
SUMMARY .ttt ittt ettt ettt e e ekttt e e ek et e e 4kt bt e a4k b et e e ah kR et o4 aR s bt e o4k R e £ e e 4Rk E et e 4R R E £ e 44 AR R Ee e e e R R e e e e e AR Ee e e e aRRee e e e eRbee e e abbe e e e arreeenan 60



Doctoral Dissertation of Universitéde Franche-Comté

CHAPTER 4. DEBINDING AND SINTERING STAGES OF MIM PROCESS FOR THE COMPONENTS

OBTAINED BY BI-MATERIAL AND MICRO-INJECTION ......ccoiiiiieiteie ettt 61
4.1. THERMAL DEBINDING STAGE ..uutitieittiteaatiteasaittee e s aiteeeeaatbee e e aabb e e e s aabee e e s aabe e e e sbbe e e e aabbe e e e aabaeeesaabbeaeanbeeans 61
4.1.1. Equipment used for thermal debinding StAgE ...........cooveiiiiiiiieie e 61
4.1.2. Debinding cycles and atMOSPREIE. ..........ooiuiiiiiiii et neee 62
4.2. SINTERING STAGE BY SOLID STATE DIFFUSION ....eieittiteeitietesiitieeesisteeesssieeesssseeeesasseessssssesessnssesessseeessnn 64
4.2.1.  Equipment used fOr SINTEIING STAGE. ........ei ittt sb e nbe e e 65
4.2.2.  Sintering cycles for bi-material injected SPECIMENS..........coceiiiiiiiiii e 65
4.2.3.  Sintering cycles for micro-injected SPECIMENS. .........ciiiiiiiiieiie ettt neee 68
4.2.4.  Physical properties of the resulted micro-parts at the end of the processing stage.........cccocevverienens 69
SUMMARY L.ttt ittt ettt e ettt e e ettt e e e sttt e e e akte e e e ettt e e e asa bt e e e ass bt e e ek b e e e e aa kbt e o4 eR R e e e e e oA R be e e e R E e e e e oA R b e e e e eRbae e e e eRbeeeeabbeeeennreeeeanns 71
CHAPTERS5. IDENTIFICATION OF CONSTITUTIVE MATERIAL PARAMETERS AND NUMERICAL
SIMULATION OF THE SINTERING STAGE IN MICRO-MIM......c.cccoiiiiiiiiiiiieie e 73
5.1. CONSTITUTIVE SINTERING MODEL ....vtiiiiititeesittieeasiteeesstteeesssteeeesssbeeessnsbeeessnsaeeesasteeaesasbeeessnsseeessnseeeesn 73
5.2. SINTERING PARAMETERS IDENTIFICATION ..ceiiuttitieitiiee s ittt essttteeesssteeesssteeessstaeeesasteeassssbeeessnsseeessnneeeesnn 77
5.2.1. Identification tests in vertical dilatOmMELer ...........cooiiiiiii e 78
5.2.2. Numerical identification of the sintering MOdel...........c.cooiiiiiiiiii 84
5.3. FE SIMULATION OF THE SINTERING STAGE FOR THE COMPONENTS FROM MICRO-MIM wITH 316 L
STAINLESS STEEL FEEDSTOUCK ....ttttteiuttieeesstteeesssteeeesstteesessstesesssssesesssseesesasseesesssseessssssneessnsessesassesessnssesesansseeesnsseees 91
5.3.1. Prediction of shrinkages for micro- injected specimens with 316L stainless steel feedstock (Dsp=3.4 m,
L0 LU= AT o I i TSRO 93
5.3.2.  Prediction of relative density for the micro-injected specimens with 316L stainless steel feedstock
(L U i (o] 41U ] U] I o ) OSSR 95
SUMMOARY ettt ittite ettt e e ettt e e ettt e e as et eeeeasteee e e steeeeas et eeeean e beeeeasteeeeas st ee e e aR et e e e e aREee e e e R bee e e enEbe e e e aREae e e e aREeeeeanreeeennraeeennns 98
CHAPTER 6. CONCLUSIONS AND PERSPECTIVES .......ooiiiiiiiteet et 99
6.1. 1070] N (o1 MU L] Lo N T T TP PP PP RPOPRPUPRPRRN 99
6.2. P ER SPECTIVES . ...ttt ittt sttt ettt ekttt ekt k ekt et e bt ekt oo h e e e s bt eh e e e Rt e e Rt e e b et e Rt e e Rt e e b nn e nnre s 101
6.2.1.  EXPEeriments @nd PrOCESSING .....cciueeiureeitieeitieestieeiteeesteeesteeessteessteessteeasseeessseessseesnsesssseeesseeesnsessnsenans 101
6.2.2.  Computational dEVEIOPMENTS.........viiiieiiie ettt et e e st e e ste e st e e nneeesnaeesnreeans 101
APPENDIX I: SIMULATED SHRINKAGES AND COMPARISONS BETWEEN THE NUMERICAL AND
EXPERIMENTAL RESULTS ..ottt b et e b et b e ettt 102
APPENDIX I1: SIMULATED RELATIVE DENSITY DISTRIBUTIONS.......ccocoiiiiieiie e 108
BIBLIOGRAPHY ..ottt ettt ettt b et b e bt bt e b e e s bt e b e e bt e b e e be e be e be e be e b e sbeenbeebeebeenee 110



Doctoral Dissertation of Universitéde Franche-Comté

Acknowledgments

I would like to express my appreciation and thanks to my thesis advisors, Professor Thierry Barriere
(Universitéde Franche-Comté& France) and Professor Jean-Claude Gelin (ENSMM, France), for their
kindly advice, clear guidance and helpful assistance during the whole research course. Their rich
experiences on powder injection moulding process, advanced knowledge on material forming
technology and valuable notions on numerical simulation are indispensable for the progress of my
dissertation, which strengthen the foundation of my professional and scientific career in the future.
Special thanks go to the reviewers Pr. Yves Bienvenu (Mines ParisTech, France) and Pr. Jose Manuel
TORRALBA (University of Madrid, Spain), their valuable suggestions are incorporated in the final
thesis.

I would like to appreciate G&ard Michel (ENSMM, France) and Camille Garcin (FEMTO-ST/Applied
Mechanics, France) for their works on manufacturing of injection molds employed in my thesis, also for
Guillame Larsen (Ph. D. student in the research team) for the design of the bi-material injection mold. |
am obligated to thank Jiupeng Song (Doctor, China) for the kindly help on the simulation with Matlab®
and Abaqus®. | am thankful to Huibin Ou (ENSMM, France) for his assistance on my experimental and
numerical works. Still many thanks to my colleagues in office 43H for their company: Elie Gibeau,
Célric Quinard, Cyrille Barbier, Frél&ic Thiebaud, Gang Cheng, Edouard Falconnet and Belgacem
Mamen.

I would like to thank the French government for the scholarship that affords my three years’ study in
France. Finally | especially express my great respect to my family for the continuous supports. |
especially thank my girlfriend Caomeng Sun for her precious encouragement throughout the entire

duration of my thesis.



Introduction

Introduction

Powder injection molding of metals (MIM) process is adapted from polymer injection molding
techniques, and it has already been focused and developed for several decades. Now this process draws
more and more attention due to its ability to reduce the waste of metal, increasing economic efficiency,
expending the utilization of the hard metals and refractory metals, realizing the manufacturing of
intricate structure and advancing the miniaturization [1].

The MIM process consists of sequential stages [2]: mixing of metallic powders and thermoplastic
binders to get the feedstock, injection of powder/binder mixtures into the mould die cavities, debinding
to mostly remove the binder and finally sintering stage by solid state diffusion to densify the metallic
powder particles. The resulting components exhibit proper physical and mechanical properties.

Examples of the parts resulting from MIM process are related in the Figure 1.

Figure 1. Parts and components with complex shape produced from the metal injection molding
process, courtesy of EPMA

The development of the feedstock is necessary to complete the MIM process, since all the following
stages should be designed and operated according to the prepared feedstock. The feedstock properties
determine the injection and debinding stage in a large part. For instance, the injection parameters during
the molding process, the mold design, the choice of method for the debinding stage: thermal, solvent,
catalytic, supercritical, etc. As long as the feedstock is chosen and prepared, the injection stage and the
debinding one can be consequently studied and established. So then the focus is shifted to the sintering
stage.

The sintering stage is the key point that leads the MIM process to be successful [3]. The properties of
the final components are sensitive to various factors in the sintering process. The sintering atmosphere
environment, heating, holding and cooling kinetic, as well as the design of the sintering cycle, the
maximum sintering temperature, the support plate to hold the component are all the elements that should
taken into account to ensure the required demands from the customer, such as the shape, the final
geometry and tolerance, the final density as well as the mechanical properties of the components from

the MIM process.
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Actually, even if this process has been industrialized for several years and if there are already hundreds
of firms active in this domain, the MIM process is still a recent one, with a large variety of problems not
yet resolved. In terms of feedstock, the metal powder are evolving with a tending to decrease; the
chemical composition of the powder remains to be qualify; the binder system could be deficient and its
adaptability to proceed with different powder is not clear; the homogeneity of feedstock largely varies
with different factors. For the sintering stage, the understanding of the densification behavior is not
totally described, the determination of the size and density changes after sintering is time consuming
and the cost is too high; unexpected defects also appear often during the sintering stage.

In the material processing and micro-manufacturing process managed by Professor Jean-Claude Gelin
and Professor Thierry Barriere, the activities associated to PIM have concerned experiments, modeling,
simulation and optimization for more than 15 years. A chronology of the Ph. D. theses processed in our
laboratory in the last years is given in the Figure 2.

The related studies are carried out in our powder injection molding research team at the Applied
Mechanics department of FEMTO-ST laboratory linked to University of Franche-Comte, ENSMM and

UTBM in Besancon city. The relevant works in the same domain have been done from 1995.

Feedstock development for 316L stainless steel
(Dsp=3.4 pm) feedstock, characterization and

processing of bi-MIM: X. KONG.

Development of 316L stainless steel (16jum) feedstock: C.
Quinard.

Full optimization of the MIM processing: G. Ayad.
Solid state sintering: D. Renault, J. Song.

Injection molding: M. Duttily, T. Barriére, P. Dvorak, Z. Cheng, D. Liksonov, G. Cheng...

1996 1998 2002 2006 2008 2010 Ll

Figure 2. Chronology of the Ph. D. theses processed in the Powder Injection Moulding research group

Compared with the powders used in the past Ph. D. theses in the research team, the 316L stainless steel
powder with Dso=3.4 pum is much finer, such micro powder satisfies the increasing demands for smaller
components and miniaturization in different applications fields, such as sensors, medical devices, micro
devices and so on [4] [5]. That is why very fine powders are manufactured today.

In addition, there are the rising markets for the multifunctional components composed of two parts made
of different materials, as example it could be a combination of magnetic and non-magnetic parts,

conductive and insulating parts or hard and soft materials in the same components [6]. However, little

v
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work has been developed in this domain, especially in micro bi-material injection area, there are few
papers in the literature in that field. The MIM process is a proper way to produce such kind of parts. In
fact, our research team accumulated lot of knowledge about the bi-material injection and micro bi-
material injection, including the associated mold design. However, there are some problems have not
been overcome in practice, especially in the domain of micro bi-material injection molding. Thus, the
main part of the proposed thesis is concentrated on that field.

To answer some of the questions mentioned above in the present MIM process, the preliminary topics
of the present Ph. D. thesis are focused on the new feedstock with the fine 316L stainless steel powder
(Dso=3.4 M) to get high powder volume fraction, the mono-injection and bi-material injection using the
micro mold cavities, the modeling and numerical simulations of the sintering stage by solid state
diffusion by involving the micro-components and the identified parameters. Two topics have been
focused for PIM in the same time: miniaturization and multi-functionalization, a functional micro-

component realized from the PIM process is related in Figure 3.

Figure 3. Example of functional micro-component, courtesy of Acelent Technologies

In the first chapter, the state of the art in the areas of powder metallurgy, powder injection molding and
metal powder injection molding are introduced. In addition, the relative scientific researches are
summarized for European, Asian and America regions.

In the second chapter, the development of the new feedstock based on fine stainless steel powders and
fine cooper powders with the binder systems composed of the different polypropylene, polyethylene,
acid and wax are detailed with high powder volume content. These mixing conditions and rheological
characterizations are investigated by various methods. The homogeneity of the feedstock is also
examined by SEM and TGA analysis. Different methods to determine the critical powder volume
fraction have been proposed and compared for fine 316L stainless steel powders.

In the third chapter, both mono-material injection and bi-material injection are tested on the basis of the
elaborated feedstock from the previous steps. Several molds have been designed and manufactured in
our research team and employed in the injection tests; these include the traditional injection molds and

micro injection molds. Consequently, the tensile and beam-bending test specimens in specific size are



Introduction

injected with high powder volume loading (i.e. 66%). Besides, the bi-material injected specimens
combining the feedstock with varied powder volume loadings or with different metal powder have been
realized.

In the fourth chapter, the thermal debinding and sintering stage are analyzed. The topics are the
manufacturing of the sintered components to obtain the data base for the identification of the behavior
laws and validate the simulation of the sintering stage. The components previously manufactured are
debinded and sintered, and observations of the components after each stage are carried out, the
shrinkages and the density change are related.

Meanwhile, the sintering is used to get the final parts formed of powder materials. The specimens are
thermally treated at temperatures below the melting point of the main constituent to increase the strength
of the parts by bonding particles together. Many ceramic materials and high temperature metals can be
sintered and this process allows getting parts using a sintering temperature below their melting point
depending on the materials. A powder compact before sintering is a porous packing of powders that is
held together by weak surface bonds. During sintering the individual particles diffuse together to create
a dense, strong monolithic part [7]. In consequence, the components may be out of the designed
tolerances or, in some worse cases; they may be cracked, excessively warped or chemically incorrect
with a very small density.

To avoid these defects, numerical simulations are employed to predict the process accuracy and
repeatability by simulating the shape and relative density of the final component [8] in the last chapter,
different identifications of the parameters employed in the sintering model are realized, through the use
of these parameters in numerical simulations by the appropriate finite element software are processed in
order to predict the shrinkage and relative final density for these feedstock used in the injection stage,
without suffering from the repeated sintering experiments.

In conclusion chapter, the experimental and numerical results are all summarized, and the resulting

different perspectives are proposed at the last part of the Ph. D. memory.
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Chapter 1. State of the art

One needs a good understanding of the evolution of the relevant technologies to know well the metal
powder injection molding process, which stems from the powder metallurgy. In this chapter, the history
of the powder metallurgy and the MIM process is reminded. Moreover, the latest developments in

industry as well as research center concerned as well.

1.1. Powder metallurgy

1.1.1. Brief introduction of powder metallurgy

Instead of manufacturing the metal objects by casting from molten metal or forging at softening
temperatures, MIM is a more economical, more flexible and more environmentally friendly technology.
Powder metallurgy process can be used to manufacture parts of simple or complex shape from a wide
variety of metals and alloys in the required shape by replication of the die cavity by injection moulding
under pressure, then debinding and sintering in some certain atmospheres and high temperatures to lead

to a solid by coalescing the powder particles together, the production flow chart is given in Figure 4.

injection
molding
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Figure 4. Sketch diagram of powder injection molding process [2]

1.1.2. Powder metallurgy history

The history of powder metallurgy process can be traced back to 3000 B.C when the Egyptians made
iron tools using this technique. In Figure 5, the development of powder metallurgy is recapitulated, and

the origins of each period have been demonstrated as well. In the 21st century, based on the micro



Chapter 1. State of the art

powder injection molding process, the nanotechnology has been developed and will continuously
increase in the new decade [9].

Date Form Origin
3000 AC Iron tools Egypt, Africa, India
1200s Platinum pellets Inca, South America
1878~1900 Incandescent lamp USA
1915~1930 Carbide (die, wire drawing die, cutting tools) Germany
1920s Sintered oil-impregnated bearing USA
1940s Sintered components in steel Central Europe
1960s CIM- lost-wax casting USA
1970s HIP- steel tools- superalloys USA
1980s MIM- various components USA
Nano-powder USA
1990s MIM in Europe Europe
2000s Micro PIM Japan, Europe

Figure 5. History of the powder metallurgy

1.1.3. Industry of powder metallurgy

The products issued from powder metallurgy are today widely used in automotive and aerospace
applications for power tools and household appliances. PM is international and related to grow
industries in all of the major industrialized countries [9].

Global sales of powder metallurgy components were over (US) $21 billion in 2006, which is expected
to reach about $23 billion in 2007 and about $30 billion by 2012, at an average annual growth rate
(AAGR) of about 5% [10].

The North American PM business was worth about $5 billion in 2007, which is expected to increase to
$5.5 billion in 2012 [10]. The European PM market is estimated at around $9.5 billion in 2007, which is
expected to reach $11.6 billion in 2012 [10]. The powder metallurgy market in developing Asia will
show growth at around 9%; some Asian countries will see even higher growth [10].

In addition, to proceed with each stage of powder metallurgy process, certain special developed
equipments are appearing. The global market for powder metallurgy equipment and tooling will be
worth about $700 million till 2012 [10].

1.1.4. Advantages of powder metallurgy

To explain the important prospect and the trend of rapid growth for powder metallurgy, the following
advantages of this technology compared with the other process should be taken into account:

e A cost-effective processing technology;
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e Facilitate the manufacturing of components with irregular shapes, or eliminate machining for the
one that are hard to be machined;

e Saves valuable raw materials through recycling and elimination of costly secondary machining
operations through net and near-net shape design;

e Unique way to proceed with high performance and advanced particulate materials and alloys
such as superalloys, tool steels, PM wrought aluminum alloys, dispersion-strengthened metals,
thermally sprayed materials and intermetallics;

e On the leading edge of new manufacturing processes for improved product quality and
productivity;

e Improves industrial productivity by eliminating manufacturing steps and proper adaptation to
automation will be adapted to get accuracy and special properties such as self-lubrication and
controlled filtration;

e Only way of processing vital metals such as tungsten carbide, dispersion-strengthened materials,
high speed tool steels, superalloys and self-lubricating bearings;

e Saves natural resources through recycling and conservation of critical raw materials;

e Strategically important to complex systems such as automotive engines and transmissions,
aircraft turbine engines, riding lawn mowers, surgical instruments, auto segments, electronic
parts, core assets, scalpels, dilators, power tools, oil/gas well drilling equipment and off-road

tractors.

1.2. Powder injection moulding

Based on powder metallurgy technologies, different processes have been developed, such as metallic or
ceramic powder-injection molding (MIM or CIM, respectively), hot isostatic pressing (HIP), hot
pressing, and hot extrusion (to name a range of processing technologies), spray forming, rapid
prototyping and rapid manufacturing. Meanwhile, one ideal for producing near-net-shape components is
powder-injection molding (PIM), which has the ability to process advanced metals into complex-shaped
parts, just like in thermoplastic molding process [11].

PIM technology was first used in the 1930s for injection molding ceramic sheaths entering in spark plug
insulators production. The process was adopted by the investment casting industry due to the better
ability for manufacturing ceramic cores. This process is well devoted to achieve mass production thanks
to the ability of producing complex geometries which are impossible to get with the other technologies,
especially for the very small components in large batches corresponding to the case where PIM process
is usually applied, as shown in Figure 6. However, PIM attracted little other interest until it was used

for the molding of metal powders in the mid 1970s. This novel application of what was considered a
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low tech process to a diverse range of particulate systems initiated considerable worldwide research in
the following years. The research strengthened the science, technologies and knowledge base in PIM,
and it is now recognized as a sophisticated, interdisciplinary technology [12].
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Figure 6. Characterization of different processes in terms of production volume vs. part weight [13]

1.2.1. Powder injection moulding market

In comparison to metals, ceramics and carbides PIM sales in the domain of powder metallurgy are
smaller and not yet closing the gap on metals. Among nearly 330 firms identified in PIM, over two-
thirds report participation in MIM market. From a sales value perspective, MIM portion of PIM is over
75%. Since MIM is the dominant actor in PIM, attention was directed to understand the changes taking
place in that field [14]. A general resume of the sales for PIM, MIM and CIM has been indicated in

Figure 7.
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Figure 7. Annual sales of powder injection molding (PIM), ceramic powder injection molding (CIM)
and metal powder injection molding versus calendar year till 2009
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It is shown that an average rise of 15~20% per year has been presented by PIM and MIM regardless of a
few years of drop. Compared with these two processes, CIM has given a relatively low growth rate.

Considering the sales of the firms identified in PIM, a survey from 1990 to 2010 gives variations in
Figure 8 according to geographical origin. The number of firms has grown from about 50 to about 350.
It can be clearly observed that China and India have rapidly developed in the last decades and this

tendency will continue in the coming years.

1990 2000 2010 USA
; M Europe
China & India
$95M $690M $1.200 M

Figure 8. Survey of the global sales of the firms according to the geographical regions (1990 to 2010)

In terms of sales from metal powder injection molding process, one report of the worldwide sale

fractions of the metal powder injection molding market has been detailed by Patil Balaji [15] and related

in Figure 9.
2004 2009
Europe Europe
Japan [ 19.90% Japan [ 19.40%
29.30% b ROW 32.40% Wl ROW
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Figure 9. Worldwide sale parts of metallic powder injection molding market

Table 1 gives the summary of sales in the past and the forecast by 2014 of MIM components. Inside,
ROW includes S. America, Australia and non-NATO Europe inc. Russia (Courtesy Sandvik Osprey/
BCC Research).

Table 1. Forecast global sales of MIM components by world region [16]

Region usD _in_2009, Share in ushD _in_2014, Share in CAGR
Million 2009,% Million 2014 2009-14
Asia 460.8 48 959 51 15.8%
Europe 279.7 28 484 25 11.6%
N America 231 23 424 22 12.9%
ROW 13.4 1 33 2 19.8%
Total 984.9 100 1900 100 14%

The development of the different markets has been summarized in reference [17]:

The global Metal powder injection molding market will expand at an Average Annual Growth Rate
(AAGR) of 8.4% from $382 million in 2004 to healthy $571 million in 2009. The market in Japan is
the fastest growing, at an AAGR of 10.6%, and it has reached $185 million in 2009; The U.S. market is
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the largest, but will grow more slowly at an AAGR of 7.2% to $240 million by 2009; The rest of Asia
(including China) and European markets will both rise at AAGRs of 7.9% to $35 million and $111
million, respectively. After exceptionally high growth rates of between 10 and 15%, due to the negative
influences of the economic crisis, the global 2009 MIM markets have significantly declined, however, a
slight recovery is still expected for 2009~2014. Some examples of the metallic or ceramic components
from the powder injection molding technology are given in Figure 10.

Figure 10. Examples from the PIM process, a) luxury mobile phone with the keypads manufactured
from zirconia powder, courtesy of Alliance; b) MIM components, courtesy of Alliance. c) sensor
manufactured from 316L stainless steel powder, courtesy of Rise; d) 3D wheel, courtesy of Ets
Griffond and e) knife tool manufactured from alumina powder, courtesy of Ets Griffond

1.2.2. Raw material for metal powder injection moulding process

1.2.2.1.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 [9]. The powder
shipments of North America for the year of 2007 and 2008 are detailed in Table 2.

Table 2. North American Metal Powder Shipments [9]

2007 2008
Iron & Steel 404,650 327,272
Stainless Steel 9,676 (E) 7,750 (E)
Copper & Copper Base 19,992 17,400
Aluminum 50,000 (E) 42,500 (E)
Molybdenum 2,800 (E) 2,000 (E)
Tungsten 4,650 (E) 4,000 (F)
Tungsten Carbide 7,394 5,103
Nickel 9,190 (E) 8,650 (E)
Tin 785 752
(E) estimate (short tons) 509,137 415.427

However, European shipments of metal powders for PM applications fared much better than North

America, increasing by over 8% in 2006 compared with the previous year, to reach around 192,000 tons.

10
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In Asia, Japanese shipments of metal powders for PM represented about 139,000 tons in 2006, with a
similar amount in China [9]. Figure 11 shows some metal powders dedicated for MIM process.
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Figure 11. Examples of the metal powders used for MIM process [9]

In 2008, stainless powder was still the most used compared with the others metal powders in MIM
industry, as shown in Figure 12, it had taken almost 50% of the whole powder utilization in this domain.
In 2010, the same tendency has been reported by Sandvik-Osprey® from January to September. In USA,
the components injected with stainless steel and steel account for 60% and 30% of the global products
respectively. These steels are used in orthodontic (35%) and biomedical (30%) applications, such as
chisels, cutting tools, clamps and clip applications. Besides, the application of firearms indicates 20%.
The world PIM market reaches about $ 112 billion and the European PIM medical market represents
$ 112 million (2010, data of World PM, A. Bose and R. M. German). Some new feedstock
developments have been recently proposed in the market such as molybdenum [18] or 18 carat gold
alloy in order to develop some new application fields [19]. Actually, there are some new developed Ti
feedstocks concerning watches, surgical tools, aerospace and biomedical implants. But the
corresponding sales remain from 1 to 2% of global sales and only 7% of firms proposed to sell Ti-PIM
components. Otherwise, certain developments have focused on super alloy compacts as inconel 718 in

order to achieve high corrosion, high oxidation resistance and high temperature strength [20].

Electronic
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Figure 12. Global relative use of metal powders in MIM process [21]
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Numerous techniques which can be used to manufacture metal powders have been applied. For instance,
gas atomization, water atomization, oxide reduction, fine grinding, reaction, etc. For 316L stainless steel
powder, one method has been used often is gas or water atomization. The principle of gas atomization is
sketched in Figure 13.

P ot O e 9P
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Figure 13. Gas atomization process for production of metal powders from liquid metal melts [22]

The molten material is fed into a gas expansion nozzle to form the droplets that solidify before impact
with the chamber wall. The molten stream is disintegrated by rapid expansion out of the fluid nozzle.
Atomization by high-pressure water is used to make rounded, prealloyed particles for PIM applications,
the process is conceptually similar to gas atomization, except for the rapid quenching and differing fluid
properties [23].Gas atomization gives some advantage in contrast to the water atomization applied to the
manufacturing of fine stainless steel powders, the sintered components from fine powders by gas
atomization are superior to those from water atomization. The same tendencies are observed after HIP

treatment [2].

1.2.2.2.Binders

A primary requirement of the binder is to allow the flow of the particles into the mold die cavity, it is
mandatory that the binder wets the powder surface, to aid mixing and molding, so various chemicals
phenomena that modify wetting behavior are widely employed. Some important attributes of an ideal
binder are reported in Table 3.

Based on the requirements for a binder, a simple binder design philosophy emerges. The binder usually
has three components a backbone polymer that provides strength, a filler phase that is easily extracted in
the first phase of debinding, and a surfactant to bridge between the binder and powder. The new
tendency is to propose proper environmental friendly binder rather than to manufacture them by
chemical process. For instance, Torralba et al. used polysaccharides binder to replace classical PP or PE

ingredient binders [24] [25]. Some developments have been realized since some recent years with a

12
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special aqueous sugar to develop large PIM components. The license is used by example by Belgium
Metal SA to produce large 316L firearms.

Table 3. The important attributes of an ideal binder [23]

Flow characteristics -Viscosity below 10 Pa.s at the molding temperature
-Low viscosity change of temperature during molding
-Rapid change in viscosity during cooling
-Strong and rigid after cooling
-Small molecule to fit between particles and avoid orientation during flow
-Minimum flow orientation

Powder interaction -Low contact angle
-Adherence to powder
-Chemically passive, even under high shear and high temperature
-Thermally stable during mixing and molding

Debinding -Multiple components with differing characteristics
-Noncorrosive, nontoxic decomposition product
-Low ash content, low metallic content
-Decomposition temperature above molding and mixing temperatures
-Decomposition before sintering temperature
-Complete removal as the powder attains structural rigidity

Manufacturing -Inexpensive and available
-Safe and environmentally acceptable
-Long shelf life, low water absorption, no volatile components
-Not degraded by cyclic heating (reusable)
-High lubricity
-High strength and stiffness
-Low thermal expansion coefficient
-Soluble in common solvents
-Short chain length, no orientation

1.3. Metal powder injection molding process

The metallic powder injection molding process is somewhat similar to plastic-injection molding as

shown in Figure 14.

Feedstock preparation stage Injection moulding stage
Powder
Aa-‘sJ St
e _,»"‘% : >
Binder / R %
‘ Mixing Granulation Feedstock Injection moulding  Green part

Debinding

Brown part

Sintering stage Debinding stage

Figure 14. Sketch of metal powder injection molding process [26]
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However, there are some additional steps in MIM: mixing the powders with an organic binder
(feedstock preparation) and, then the feedstock are shaped in injection molds, then the binders are
removed and finally the porous debinded components are sintered to get high density and required
mechanical properties.
Meanwhile, in the first stage the ratio powder to binder is a fundamental parameter for MIM process.
This ratio @ is often expressed on a volume percentage as in equation (1):

W

)
_ P
W, v,

pp pB

i) 1)

but in practice the measurement of volume is much more difficult than weight, so the ratio expressed by
weight should be given, the theoretical feedstock density pwm is given in equation (2):

pu =D, +(1-Dpg )
with p, and pg are the theoretical powder density and theoretical binder density respectively. Therefore,

the weight fraction of powder Wp is expressed in equation (3):

PP
P . (3)
pr®+ps(1-D
the weight fraction of binder Wg is accordingly obtained by equation (4):
WB = 1_WP (4)

Note that the above fractions are only used when the powder volume loading is below the critical
condition (as shown in Figure 15, the two examples indicate different binder systems) which means

there is no excess of binder in the feedstock [23].
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Figure 15. Evolution of relative viscosity vs. powder volume loading and the consequence on the
fluidity
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This is because the abrupt increase of viscosity appears near the critical powder loading (indicated in
Figure 15) which may cause problems at the injection molding stage, and the powder volume loading
that issued is usually slightly less than the critical value.

As shown in Figure 16, in the injection molding stage, the feedstock is fed into the equipment as
polymer-powder granules. A screw-type plunger transports the granules through a heated barrel towards
the nozzle; this plunger is used to decrease the living time in the barrel/ screw system. Along the barrel
there are typically three heating zones called rear, center, and front. The front zone next to the nozzle is
the hottest zone. On the way to the nozzle the feedstock granules soften and become a homogenous
mass, which is forced under high pressure into the mold cavity, where it quickly cools and hardens. The
mold is then opened to remove the molded part and to prepare the mold for the next cycle.

=< INJECTION MOLDING MACHINE >I

Feedstock granules  Hopper Heater Mold cavity Mold

Reciprocating screw Barrel Nozzle Moveable platen
INJECTION >l CLAMPING ——|

Y

Figure 16. Principle sketch of the injection molding equipment [27]

Moreover, the morphology of the feedstock in the barrel is detailed in Figure 17.

metering compression feeding

non-return ~10% ~40% ~50%

valve

Figure 17. Screw functional sections of the injection equipment during the injection stage (courtesy of
Arburg) [28]
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The screw acts as a mixer to ensure uniform heating during plasticizing. The screw has a check ring
behind the tip that acts as a non-return valve that allows feedstock flow into the front of the cylinder
during plasticizing and seals against a seat ring on the screw during mould filling and force flow trough
the cylinder nozzle [29].

Typical set of parameters is given in the Table 4 [23]. The parameters of injection stage are link to

feedstock, injection moulding equipment and mold cavities.

Table 4. Typical molding parameters

Barrel temperature, <C 100 to 200
Nozzle temperature, <C 80 to 200
Mold temperature, <C 20to 100
Screw rotation speed, rpm 35t070
Injection pressure, MPa 0.1t0 130
Packing pressure, MPa 0to10
Fill time, s 0.2t03
Packing time, s 210 60
Cooling time, s 18 to 45
Cycle time, s 8 to 360

The debinding stage consists in removing a large part of the binder from the molded component in the
shortest time possible by employing solvent, catalyst, thermal or other techniques, in keeping the
debinding influence on the component as low as possible [30]. This process is a complex combination
of chemical and physical degradation of the binders under thermal conditions. At present, different
debinding techniques have been developed categorized as solvent and thermal process. In the solvent
debinding process, the injected components are placed in a solvent fluid or vapor to dissolve the binders.
The other debinding technique is thermal debinding consisting in removing the binders by heating the
compacts. Meanwhile, the thermal debinding is time-consuming. Actually, lots of researches have been
carried out concerning the supercritical debinding method to decrease debinding time and then to obtain
the homogenous structure [23]. During the supercritical debinding, the binders are dissolved into the
fluid by heat and pressure applied on the components. In the catalytic debinding, the compacts are
heated in atmosphere containing catalyst to sweep away the polymers that are contained inside [23].

The different stages during the sintering process are sketched in Figure 18 [23]. The debinded

components are sintered by solid state diffusion.

Loose powder Initial stage Intermediate stage Final stage

e

Figure 18. Illustration of the microstructure evolution during the solid state diffusion sintering stage
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Three main kinds of diffusion can occur to form the necks between the neighbor particles: volume
diffusion, grain boundary diffusion and surface diffusion. Many factors influence the sintering cycle, the
determination of the kinetic cycle vary according to different feedstocks, component size and shape,
sintering atmosphere, etc.

A typical sintering cycle by solid state diffusion for stainless steel feedstock is given in Figure 19,
which is composed by four main steps: thermal debinding, emergence of neck growth, reduction of
oxide diffusion and sintering. Meantime, the thermal debinding step can be carried out separately in

another oven.

1 Temperature, [C] 1150~1400
Sintering

900~1100
Reduction of oxide
700~850 / diffusion
Emergence of
350~600 neck growth

Thermal
debinding

Time, [hour]

»

Figure 19. Typical (solid state diffusion) kinetic sintering cycle for stainless steel feedstock with four
segments

The components after such sintering stage reveal high relative density about 98%, which ensure the
proper mechanical characteristics and corrosion properties. A shrinkage about 10~20% is obtained

corresponding to the binder and porosity elimination as shown in Figure 20.
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Figure 20. Remained binder in the component from different stages of the MIM process
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1.3.1. Bi-material metal powder injection moulding process

Beyond single micro components or micro-structure, a micro system is usually obtained by assembling
several components elaborated with different materials for special functionality or properties as shown
in Figure 21.

]sensor

Figure 21. Component composed of 316L and 17-4PH manufactured by the MIM process [31]

In practice such approach is not successful due to the difficulty of bonding properly together the
components of different material by forming a microstructure. However, there is still demand for parts
that contain two segments made of materials with different properties. The requirements for such objects
could be magnetic properties in one area of the object and non-magnetic properties in another part of the
object. Other properties to be altered could be thermal conductivity and electrical conductivity, Young’s
modulus, hardness, reflectivity and so on [32]. Bi-injection equipment differs from general injection
molding equipment mainly in the injection unit element and movable mold plate design. Firstly, bi-
injection equipment has two independent injection units, much more deployments of two injection units
for bi-injection (such as horizontal parallel, horizontal Y uni-direction, horizontal L type, vertical L and
vertical Y, even in horizontal parallel contra-direction arrangement for two plats clamping structure)
have been used than for general injection; secondly, as to movable mold plate design, a rotating
mechanism for bi-injection moulding [33] whose reciprocal rotating function to allow cycling alternate

motion.

1.3.2. Micro metallic powder injection moulding process

The global trend towards miniaturization demands manufacturing processes suitable for both micro
devices and economic cost. Generally, the parts from micro metallic powder injection moulding process
(micro-MIM) have sizes of several micrometers up to millimeters with three-dimensional
microstructures located on one or more surface areas [34]. One promising process for the replication of
metallic microstructures is micro-MIM that has reached an industrially state. Several micro components

for different applications are shown in Figure 22.
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Figure 22. Examples of component from micro metal powder injection moulding process, a) micro-
component [35]; b) plate with micro-structure [36]; ¢) Micro specimens manufactured FEMTO-ST

Compared with the standard MIM process widely used in industry, some process specialties have to be
considered for micro-MIM. These include powder particle size, which is significantly reduced in
contrast to standard MIM, and binder composition, which needs to be adjusted for safe ejection of small
structures. Due to these variations, debinding and sintering routes also have to be adjusted accordingly
[31]. For example, the surface finish of injection molded metallic micro-component (Rmax=8 pm) is
worse than its counterpart made from polymers (Rmax=100 nm) or ceramics (Rmax=2 M) [34]. It
specially concerns micro-MIM where proper surface finishing is required [37].

Furthermore, special equipments have been manufactured for micro-injection stage. However, the most
important strength of micro MIM lies in the great economic efficiency realized when producing medium
and large series. A crucial advantage of the process is that its near-net-shape capability means that very

few finishing work is required.

1.3.3. Biomedical metallic powder injection moulding process

From 2005, three new MIM processes have been introduced in laboratory. Meanwhile, micro injection
molding and bi-material injection molding have been introduced above. The third one is biomedical-

MIM. Figure 23 gives a general view of the development of the MIM process.

1 Component |
| weight >200__~ MIM
Improve the |
accuracy EMIM
Enrich the choice
,  Of feedstock - Bi-material MIM
Increase !
powder loading
Incubationi Biomedical-MIM
period

1980 2008 2015

Figure 23. General view of the evolution of MIM process
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Powder Injection Moulding is an established process for manufacturing of medical products from
biocompatible materials. Processing innovations have, however, enabled a wider range of functional
products to be considered than ever before [38].

Biomaterials must simultaneously satisfy many requirements and exhibits properties such as non-
toxicity, corrosion resistant, thermal conductivity, strength, fatigue durability, biocompatibility and
sometimes aesthetics [39]. Actually, some micro-components with Ti feedstock have been injected [40],
in parallel, some tests about the biocompatibility are also under examination for the components from
biomedical-MIM in order to verify its ability to be implanted into the body. As example, the studies
with different cell growth have been realized by Imgrund et al. for steel implant or micro functional
injected surface [41].

1.3.4. Limitations of metal injection moulding process

As it is known, the main disadvantages of MIM process are listed below [23]:

e Size — The proper part size is typically limited to less than 200 grams due to the cost of the fine
metal powders in comparison to classical commercial feedstocks used for MIM parts;

e Section Thickness — The maximum section thickness is generally kept to less than 6.25 mm to
be able to effectively remove the thermoplastic binder from the part without damage, as well as
to control distortion during sintering;

e Tolerances — Typically +/- 0.3 percent, less to +/- 0.001 mm for very small dimensions [42].
Tighter tolerances require secondary machining or grinding operations. The tolerances and
surface roughness in the case of 316L stainless steel decrease when the powder particle size,
with a very fine size powder (Ds;=4 pm), the surface roughness about Ra=0.4 pm has been
obtained compared with 1.6 pm for Dsp=12 pm;

Even though MIM process has these limitations, it has been rapidly developed and applied for more and

more parts, related to the advantages mentioned before.

1.3.5. Advantages of powder injection moulding process

Metal injection moulding has to be considered since the initial design stage for parts and assembly [23]:
e Parts design - MIM offers design flexibility similar to plastic injection molding. Geometrically
complex parts that cannot be processed by using the conventional metallic powder processes

without secondary machining operations are possible using MIM process.
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e Enhanced Details - MIM provides possibilities for intricate features such as dovetails, slots,
undercuts, threads, and complex curved surfaces. MIM can produce cylindrical parts with
greater length-to-diameter ratios. And all of these advantages are accompanied with the lower
unit cost. A comparison of the unit cost from some different processes has been illustrated in
Figure 24.

Machining

Unit
cost

Casting

MIM

gF’ress &
; Sinter
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shape | shape | shape

Shape Complexity
Figure 24. Component cost from different processes vs. the shape complexity [13]

e Improved Properties - MIM parts are typically 95% to 98% dense (vary from different materials),
approaching wrought material properties. MIM parts achieve greater strength compared with
conventional powder metallurgy processes.

e Reduced Waste/Machining - MIM's capability to provide net shape components eliminates
many secondary machining operations. An example is given in Figure 25, Alliance® has
produced a complex shaped backing case for a luxury watch [43], the 24 individual blades and
the support has been firstly injected, then all the injected blades have been assembled onto the
support, after debinding, the sinter-joining has been carried out during the sintering stage, proper

tolerances and join quality have been achieved (see Figure 25 c)).

Figure 25. Production process for the aerospace turbine engine themed watch case realized by
Alliance® (courtesy of EPMA), a) injected individual blade and support; b) 24 injected blades and
injected support and c) sintered component

e Reduced Assemblies — MIM process can be used to combine two or more simpler shapes into a

single, more complex component to minimize assembly costs, as shown in Figure 26.
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Figure 26. Capability of reducing assemblies of MIM process, a) conventional process with 4
manufacturing processes and assembly, b) MIM process with one near-net shape molding [44]

1.4. Researches in metal powder injection moulding process

1.4.1. The scientific papers and associated patents in the area of MIM

Before 1970, there were only 10 papers related to MIM process, and even more generally in the domain
of PIM, then the number increased to 100 in 1980 and more than 1000 scientific articles were published
at the end of 1999 [45]. In the later 8 years, 3120 papers have been issued of which 1810 were about
MIM process. Till 2007, the number of the related scientific papers raised twice [46]. Up to now, there
are some journals which have been widely distributed, such as Powder Metallurgy, Powder Injection
Moulding International, International Journal of Powder Metallurgy, Journal of the American Ceramic
Society, and Journal of the European Ceramic Society etc. Besides, 400 patents have been registered in
the USA from 1990s [46].

1.4.2. The principal research centers in MIM processing

In America, Pr. R.M. German research team has focused on the MIM process for long time [23] [47]
[48]. In Europe, some centers focus on the micro-manufacturing, such as University of Cranfield (Dr. J.
Alock [49]), University of Delft (Dr. L. Kowalski [50] [51] [52]). In Switzerland, the application of
NiTi shape memory materials has been studied with powder injection moulding process (Pr. Efram
Carrerp-Morelli [53]). In Germany, several technical research centers concentrate on the elaboration of
components by MIM process, they are Fraunhofer (FhG-IFAM: Dr. Fr. Petzoldt [54]; FhG-IWM: Dr. T.
Kraft [55] [56]) and KIT Karlshuhe (Dr. V. Piotter, R. Ruprecht [57]). In United Kingdom, there are the
MIM researches at Brunel university and especially in Pr. M.J. Ediridsinghe team related to the
elaboration of the large ceramic components [58]. Some research centers focus on only one single stage
of MIM process, as example the characterization of feedstock and its components at Chalmers
university (Pr. L. Nyborg [59]), the modeling of debinding and sintering at Catholic University of
Leuven (Pr L. Froyen [60], Pr. Van der Biest O. [61]) and at MTM department of the university of KUL
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(Pr. Angermann H.H). In Spain, two research groups are developing some new feedstocks, especially
for M2 HSS (High Speed Steel) in University of Castilla La Mancha, large activities in PIM are also
developed by JM Torralba team (university of Madrid, Carlos III) [62]. As example, some new
feedstocks have been developed with different 316L stainless steel powders, varying powder particle
contents and shapes. T Vieira has developed special coating method to ameliorate the fluidity of the
feedstock (at Coimbra university) [63] in Portugal. In Austria, a set of modern equipments has been set
to build a large center in MIM fields regrouping a lot of equipment providers. In Japan, several types of
very fine powders dedicated to micro-MIM or the other nanotechnologies applications have been
developed. As example, iron, stainless steel, zircon, nickel and so on, have been used to develop proper
feedstocks and processes for large varieties of applications [36] [64] [65]. In Korea, the development of
MIM process with the titanium, copper, tungsten powders and several alloys have been developed
through collaborations with the research centers in USA [66] [67] [68].

1.4.3. Research centers concentrated on modeling and simulation of Metal Injection

Moulding Process

At present, the proposed commercial software to simulate MIM process is Moldflow® and moldex 3D®
which is dedicated to the simulation of the injection molding stage in 2D or 3D [69]. But the interaction
of the binder and powder particles cannot be investigated clearly. In addition, there is not yet the
particular software for the other stages of MIM process. Professor Hetu [70] and his colleagues at IMI in
Canada and Professor J.C. Gelin and his colleagues in our laboratory have developed modeling
methodologies and software tools. The first team model and simulate the filling of mold cavity by using
a viscous law [71]. The second team has used a biphasic approach. The COMSOL® software package
has been used in the simulation of micro or nano injection moulding processes. ABAQUS® has also
been employed in our team to perform the numerical simulation of the sintering stage. These analyses
have been firstly carried out for the conventional MIM process with the medium size powders [72], and
then these similar tests have been done in the micro-injection molding process with the fine powder
(316L stainless steel powder, Dsp=3.4 |am) as related in the thesis, the involved components are about 5

mm in the length direction and 0.5 mm in thickness.

1.4.4. Researches about MIM process in France

In France, the researches related to MIM process have been carried out since 1985; meanwhile, the
moulding stage (Arnaud Poitou [73]), the debinding one (Agné Manguin [74]) and segregation

analyses (Bétrice Lant&i [75]) related to this process have been studied at Ecole des Mines de Paris.
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Since five years, an increasing number of laboratories are involved in PIM activities. As the ECAM
laboratory that develops a feedstock with biodegradable polymer for biomedical applications. Some
studies have been also done about the spark plasma sintering (SPS) by Pr. Fré&lé&ic BERNARD [76] for
Ni powder. Especially, in FCE (Fonctionnalisation et Chimie pour les Microsystémes) there are some
BioPIM projects supervised by CEA LITEN (Grenoble, France). In Charleville-M&ieres, a platform has
been developed for pre-industrialization PIM production. Since one year, POUDR'INNOV platform
starts activities with large investisments in Rh&e-Alpes, in order to diffuse and promote PIM
opportunities. Since two years, almost twenty partners from industries and research centers are
participating to GFPIM group in order to promote PIM potentialities for industries. In our laboratory
FEMTO-ST/Applied Mechanics, the research team on micro processing and loaded polymers
processing has developed researches on PIM since 1995 [77] [78]. The conventional MIM and PIM
have been carried out using various metallic or ceramic powders and powder particles. Moreover, the
micro-MIM and bi-material MIM have been investigated as well. Concerning the simulation of PIM, the
FeaPIM® software has been adopted a bi-phasic model to predict the segregation of powder particles
during the mould cavities filling [79]. In the same research group, studies have also been developed
concerning solid state sintering, based on extensive experiments, identifications, modeling and

simulations [72].
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Chapter 2. Development and characterization of feedstocks

based on fine powders with high volume fraction loading

The content of this chapter is related to the development of new feedstocks based on the fine 316L
stainless steel powders, in order to optimize the powder loading content through different methods. The
same methodology has been adapted to copper feedstock. The final objective is the injection of micro
components with bi-material that are investigated both from experiments and simulations.

All the subsequent processing stages are significantly affected by the feedstock characterization, in other
words, the feedstock attributes have a definitive effect to one MIM process, therefore, the preparation
and the characterization of the feedstock should be properly investigated and seriously controlled [23],

so different experiments have been set up and carried out to characterize the developed feedstocks.

2.1. Powders, processing and characteristics

So far, different elaboration techniques have been developed and applied in PIM processing to process
metallic and ceramic powders, as example, gas atomization, water atomization, oxide reduction,
precipitation, milling and so on. The resulting powders from different techniques exhibit different
characteristics due to the different procedures related to each technique, for instance, gas atomization
provide generally spherical powder shapes, while the morphology of the powders resulting from water
atomization is rounded or shows ligaments, however, the cost of water atomization compared with gas

atomization is smaller. The resulted particle sizes are also in different ranges.

2.1.1. Main powders type

As final components resulting from MIM process are formed by the powders contained in the feedstock,
thus, it is important to characterize the powder. To describe the powder, certain aspects should be taken
into account as related following: 1) particle size and its distribution, 2) particle shape, 3) specific
surface, 4) interparticle friction as measured by packing and flow characterization tests [23]. It is
necessary to select a proper powder for MIM process, since there are lots of factors to account, so a
balance between these factors should be reached. In general, the chosen powder should be able to
facilitate molding, raising the powder loading in feedstock; the powder should also limit the distortion

during debinding, and offer the possibility to carefully control the sintering stage.
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2.1.2. Powders used in the previous Ph. D. theses carried out at FEMTO-ST

A summary of the feedstocks developed in FEMTO-ST from 2002 to 2005 are related in Table 5, the
powders and equipments are detailed as well.

Table 5. The feedstocks developed during the Ph. D. and the employed equipment in our laboratory

Powder 316L stainless steel Fe FeNi (8%0)
Particle size 16 pm 5 pm 30 pm 30m
Powder volume loading (max.) 62% 62% 58% 62%
Powder volume loading of

feedstock used for injection, 60% 60% 58% 60%

debinding and sintering stage

Z blades (FEMTO-ST)
Twin-screw mixer (FEMTO-ST)
Twin-screw extruder (Germany)

Twin-screw mixer
(FEMTO-ST)

Equipment for preparation of
feedstock

For the two feedstocks based on 316L stainless steel, the maximum powder volume loading reached to
62%, but for the injection, debinding and sintering stage, only the feedstocks loaded at 60% (in volume)

was employed in the early Ph. D. theses.

2.1.3. Powders used in the related experiments and analyses

As mentioned above, the feedstocks based on the same 316L stainless steel for different powder loading

are related in the present study.

2.1.3.1.316L stainless steel powder

During the last recent years, 316L stainless steel powders are the most common one employed in
injection molded alloys, either gas atomized or water atomized. The fact that these powders are largely
used results from their capabilities to be sintered to high density and the material’s corrosion resistance
[80], so numbers of investigations concerning MIM process have been focused on 316L stainless steel
powders. Imbaby et al. have studied the manufacturing of micro-parts by soft lithography and powder
metallurgy with 316L stainless steel powder of 1.8 pm (Dso) size [81]. The involved powder volume
loading is about 62%. Liu et al. [36] have carried out different analyses consisting to mix and
characterize micro-powder injection molding with 316L stainless steel feedstock, composed of powder
particles with size equal 2.37 m (Dsp). During last decade, important research works have been carried
out at FEMTO-ST. Gelin, Barriere et al. used a commercial feedstock provided by Advanced
Metalworking Practices (Advamet®) composed of 316L stainless steel powders that has been used for

various injection and sintering tests [79]. Afterwards, Quinard et al. have investigated the development

26



Chapter 2. Development and characterization of feedstocks based on fine powders with high volume fraction loading

and identification of 316L stainless steel feedstock with mean powder particles size equals 5 pm and
16pm (Dso) [82]. In reference [75], 316L stainless steel powder (Dsy=3.4 pm) provided by Osprey® with
spherical particle shapes has been studied to prepare new feedstock with the objective to increase the
powder volume loading and by consequence to reduce shrinkage during the sintering stage. Table 6
gives the powder size distribution and the chemical composition.

Table 6. Characterization of 316 L stainless steel powders used in the related investigations

Powder size and density

Powder Size Dio Dsg Dy Density
316L Low Ni - Osprey 5 pm 1.8 pm 3.4 pm 6.0 pm 7.9 g.cm'3
316L Low Ni - Osprey 16 pm 4.1 pm 10.5 pm 21.9 pm 7.99.cm”

Powder chemical composition

Element Cr Ni Mo Mn Si C P S Fe

Content (%) 17.4 10.9 2.5 1.2 1.64 0.021 0.015 0.006 Bal.

One of the proper tools to observe the particle characterization of the powder is the scanning electron
microscopy (SEM). Figure 27 gives the photographs of the 316L stainless steel powder used for micro-

PIM and the corresponding distribution of powder particle are indicated in Figure 28.

Figure 27. 316L stainless steel powders (Dsp=3.4 |um) used in the proposed investigations

Differential distribution [vol.%]
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Figure 28. Particle size distribution for 316L stainless steel powders (Dso=3.4 jum) used in the related
investigations

A broad particle size distribution provides a higher packing density and as a consequence, a higher
amount of binder would not be necessary to produce the feedstock [83]. It is extremely necessary to
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determine the particle sizes and their distribution of the employed powder, because these strongly affect
the different stages of the PIM process. Furthermore, another 316L stainless steel powder with a mean
powder particle equals 16 |m has been used as well in our researches to test and compare different
formulations in PIM process; the related micrographs are shown in Figure 29.

Figure 29. Scanning electron micrographs of 316L stainless steel powders (Dso=10.5 jum) used in the
related investigations

2.1.3.2.Copper powders

In order to realize the bi-material-injection experiment, a copper powder (Ds,=6.34 jum) has been used
for one of the injection units. Figure 30 shows the micro details of the powder. One can remark that, the
cooper particles have nearly spherical shapes that are well appropriated to obtain feedstocks with low
viscosity. The melting and evaporation temperature of this cooper powders are respectively 1083 <C and
2567 <, and the density is 8.93 g.cm™. The particle

size distribution is given in Figure 31.
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Figure 30. Copper powder (Dsp=6.34 pum) used in the proposed investigations
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Figure 31. Particle size distribution of copper powder (Dsy=6.34 pm) used in the proposed
investigations
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2.2. Binder

2.2.1. The role of binder in MIM processes

Even though the binder has not to remain in the final components, it has an important influence in the
MIM process, because this is the binder that transports the metallic powder particles in the mold cavity
during the injection stage, and holds the required shape of the components during the ejection,
debinding stage and the beginning of the sintering stage by solid state diffusion.

2.2.2. Choice of a proper binder

At present, there are many of possibilities to choose the binder, but no binder is perfect. For this choice,
it is very important but difficult to select an appropriate one between different possibilities. Two main
requirements are required for the binder: the first one is to provide an easy flow of the particles into the
die cavity during molding, wax polymers which generally have low viscosity meet well this demand; the
second one is to avoid separation of the powder during the preparation of feedstock and molding, and
pure waxes are not sufficient with this respect. For this reason, most of binder systems contain at least
two components; the added polymeric components lead to increase the viscosity in order to hold the
component shape after cooling. Besides, some additives polymers like surfactants are generally
employed in the binder system to coat the powder [23]. Table 7 relates some examples of binder

systems that have been related in the literature.

Table 7. Examples of binders for PIM

72% polyethylene glycol, 24% polyethylene, 4% tritolyl phosphate [84]

45% polyamide, 25% ethylene-bis-laurylamide, 30% N,N-diacetylpiperazine [85]

58% polystyrene, 30% mineral oil, 12% vegetable oil [86]

44% polystyrene, 44% oil, 6% polyethylene, 6% stearic acid [87]

62% paraffin wax, 33% polypropylene, 5% stearic acid [88]

80% microcrystalline wax, 20% stearic acid [89]

79% paraffin wax, 10% ethylene vinylacetate copolymer, 10% high density polyethylene, 1% stearic
acid [90]

60% paraffin wax, 10% high density polyethylene, 10% polypropylene, 5% liquid paraffin, 5%
dioctylphthalate, 5% ethylene propylene diene monomer, 5% stearic acid [91]

53% low density polyethylene, 26% ethylene-acrylic acid block copolymer, 21% paraffin wax, 5%
stearic acid [92]

Consequently, polypropylene and polyethylene have been tested as the primary binder system to keep
the component shape after injection molding and debinding; waxes have been chosen as the secondary
binder in order to decrease the feedstock viscosity and to increase the replication ability of the feedstock;

the additive surfactant stearic acid and oleic acid have been added to facilitate powder wetting by
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lowering the surface energy of the binder-powder interface. The physical characteristics of the binders

used to elaborate the feedstocks have been developed in Table 8.

Table 8. Characteristics and contents of the proposed binder system

Melting Density

Binder temperature [T]  [g.cm"] Linear Formula Comments
Polypropylene My~304940
(PP_G) 140 0.90 [CH,CH(CH3)], M.~46832
Polypropylene N My~250000
(PP A) 160~165 0.90 [CH,CH(CH3)], M.~67000
Polyethylene i
(LDPE G) 130 0.91 H(CH,CH,).H low density
Polyethylene N .
(LDPE A) 125~140 0.95 H(CH,CH,)H low density
Paraffin Wax _ Mw=754
Carnauba

Wax 83~91 0.99 CH3(CH2)n1COO(CH2)n+1CH3

(CW_A)

Stearic acid M,~484
(SA) 70.1 0.86 CH3(CH,)1sCOOH M.~475
%%3 acid 16.7 0.91 CHs(CH,);CHCH(CH.,),COOH

Note: Mw: the weight average molecular weight; Mn: the number average molecular weight.

Here the PP_G and PP_A, LDPE-G and LDPE_A are two types of polypropylene and polyethylene with
different characteristics. Figure 32 are some examples of the binders which have been taken into

account in our investigation.

Figure 32. Examples of binder used in the feedstock, a) PP_A, granular of 3~4 mm; b) LDPE_G,
powder of 1 mm; c) SA, powder of 0.2~0.3 mm ; d) LDPE_A, granular of 2.5~3.5 mm; ¢) CW_A,
lamellar; f) OA, liquid
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2.3. Main properties of feedstocks

The quality of the feedstock injected into the mold cavity is one of the main aspects in the micro-PIM
technology. It largely influences the final properties of the resulting micro-components associated to the
process. The determination of proper feedstock formulation becomes is important to satisfy the
requirements. To describe exactly one feedstock, the following aspects should be correctly investigated:
1) value of mixing torque during the mixing process, 2) critical powder loading to ensure the possibility
to mix the powder and the binder, 3) viscosity behavior of the mixture, 4) homogeneity of the mixture.
All these four points should be properly specified, because they strongly influence the success of the
injection molding stage.

2.3.1. Involved equipment to investigate the characteristics and properties of the

feedstock

The tests concerning mixing torque tests have been realized in a Brabender® twin-screw mixer, the

rheological shear viscosity has been measured by using a capillary rheometer.

2.3.1.1. Twin-screw mixer

As shown in the Figure 33, the mixer consists principally in two mixing screws. During the mixing
process, the powder and binder are put into the mixer bowl, the two blades made of special steel turn
reversely towards each other at different speeds to provide excellent compounding and mixing
characteristics to achieve a maximal shear rate (955 <s™), leading to the proper homogeneity of the

feedstock.

Heating elements

Mixer
blades

AT

Mixing chamber b)

Figure 33. Brabender® twin-screw mixer W 50 EHT, a) general view of the mixer; b) assembly of
mixing towel; c) the two mixer blades and their counter-rotation towards each other
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A data recording is connected with the mixer in order to get the mixing torque. The main parameters of
this mixer are indicated below:

e mixing temperature: 20 to 500 <T;

e mixing speed: 0 to 120 rpm;

e maximal mixing torque: 150 N.m;

e volume of mixer bowl: 55 cm?,

2.3.1.2.Capillary rheometer

Actually, the feedstock filling into the mold cavity is a viscoplastic behavior, it means two properties:
viscosity and plasticity. Meanwhile, the viscosity is the more important one that should be clearly
specified. If the viscosity is too high, mold filling will be very difficult and sometimes lead to failure of
injection stage may be probably caused. On the contrary, low viscosity is acceptable for MIM process
which can facilitate filling the whole mold cavity. However, certain consequences can be involved by
too low viscosity, such as the segregation of powder particle in the feedstock, defects like distortion,
crack and fracture during and after the debinding stage, the inhomogeneous shrinkage of the sintered
components, etc. The viscosity presented in this chapter is an apparent viscosity. No corrections like
Rabinowitsch correction [93] to correct the shear rate at the wall and Bagley correction to correct the
pressure drop (particularly for stress due to funneling effect at the entrance) [94] [95] have not been
done for our viscosity results. The feedstock viscosities have to be evaluated to qualify their injection
abilities, so the viscosity should be carefully measured and analyzed. A useful technique that is used to
measure the viscosity over some range of shear rate or temperature instead of a single fixed point is the
capillary rheometer. In our laboratory, a RH2000 Capillary rheometer (Figure 34) has been used to
characterize the feedstock viscosities. For our investigation, most attention has been paid to the shear
viscosity of our studied feedstock, thus, only single bore (the left one in the Figure 34) has been use to
carry out the measurement. The right bore has not been introduced in our tests due to its main role is to
study the elongation flow behavior. This is a double-bore rheometer, its main technical specifications
are mentioned below:

e Driving load: 20 kN;

e Maximal temperature: 500 C;

e Shear rate range: 20 s to 20000 s%;

e Pressure transducer range: 30000, 20000, 10000, 5000, 1500, 500 psi (1 psi=0.00689 MPa);

e Capillary die diameter: from 0.5 to 3 mm (in 0.5mm increments) with the length/die diameter

(16mm/1mm) ratio equals always 16.
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Swivel head

Twin bore

Control parts

Pressure sensors
¢

Figure 34. RH2000 Capillary rheometer used in our laboratory for the measurement of viscosity

The determination of the viscosity can be simply described as: during a measurement in the capillary
rheometer, as shown in Figure 35, where the P1 and P2 can be measured through the pressure sensors

(see Figure 34).

%

P
Feedstock

Capillary dic

P,

Figure 35. Schematic description of the principle of the capillary rheometer in our tests

The fluid is forced by a piston with a force F through the capillary and the velocity is V, the volumetric

flow rate Q and the pressure drop AP are expressed in equation (5) and (6), respectively:

Q="2v ©)
4F
P == (6)

Based on the non-Newtonian fluid mechanics, the apparent shear rate y,, and the flow rate Q through the

capillary tube with L in length can be directly expressed in equation (7):
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_ APR Q_EAPR“
2u,L” T B, L

Yap (7)

where u, is the viscosity of the feedstock under consideration. The apparent shear rate y,, and the shear
stress 7, can be obtained according to the following equation (8) and (9):

D2
yap = FV (8)
2RF
Ty =g 9)
D+
The shear viscosity un is finally given in equation (10) by the ratio between z,, and yap:
T
Uy = — (10)
Vap

The rheometer is mainly used to characterize the viscosity of the feedstock.

2.3.1.3.Vertical dilatometer

In order to determine the behavior of the feedstocks during the sintering stage, and then to identify the
physical parameters dedicated to numerical simulation, a vertical SETSYS® dilatometer (as shown in
Figure 36) has been set up in our laboratory to carry out the thermal and dilatometric analysis in middle
of my Ph. D. thesis.

Measurement
Control

modules J modules
-

Heating
elements e

Figure 36. Vertical SETSYS® dilatometer used in the investigation

This SETSYS® dilatometer offers a measurement range from ambient temperature to 2400<C. It is
equipped with a carrier gas circulation where flow can be adjusted and controlled by a mass flow
controller (MFC). A large variety of gas is acceptable for this equipment, such as nitrogen, hydrogen,
helium, etc. A "gas mixture™ option comprises the auxiliary gas circuit. The carrier and auxiliary gas
circulation are linked by a three-way control valve that mixes the required gas in proportions ranging
from 50/50 to 1/99. Moreover, the main feature of this dilatometer is its modularity. Different

measurement modules (DTA, DSC, TGA and TMA) can be interchanged around the same structure
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comprising the furnace, electronics, gas circuits, atmosphere control, etc. The TGA (Thermogravimetry
analysis) and TMA (Thermomechanical analysis) modules have been used for the present study.

TGA allows measuring the variation of mass of a sample when it is subjected to a temperature program
in a controlled atmosphere. This variation of mass can be a loss (vapor emission) or a gain (fixing of
absorbed gases). TMA is a technique to measure the deformation of a sample under non-oscillating
stress when subjected to a temperature program in a controlled atmosphere. The stresses applied can be
compression, tensile or bending stresses. The associated specifications for the two modules are detailed
in Table 9. The choice of the temperature range and atmosphere depends on the thermocouples and the

furnaces which vary with the material under consideration.

Table 9. Specifications for TGA and TMA modules of the SETSYS® thermo analyzer

Module TGA TMA

20 ~ 1700 20 ~ 1700
Temperature range (<C) 90 ~ 2400 90 ~ 2400
Crucible volume () 50 to 3000 -
Max. size of the sample (mm) L: 20, ®:14 L: 20, ®:10
Resolution 0.03 |y 0.2 nm
Measuring range +200 mg +2 mm

Primary vacuum (10° mbar), secondary vacuum (10 mbar),

Atmosphere pure Hy, pure Ny, pure He 95% N,+5% Hs...

2.4. Feedstock formulation

Based on the physical properties of binders above mentioned, three typical feedstock formulations have
been developed, based on polymer + wax (Group #1), polymer + wax + acid (Group #2) and polymer +
acid (Group #3) respectively. A typical powder volume loading range of 58% to 62% has been proposed
for iron and steels, therefore, the powder volume loading has been initially fixed at 60% for our
investigations. The typical ratios between the binders have been adapted to the 316L stainless steel
powder [2], and the same ratios will be kept for the corresponding formulations even though higher
powder volume loadings are involved. Table 10 gives more details of the different feedstock

formulations.

Table 10. Components and related contents used for the proposed feedstock formulations

Compositions and Contents (in volume, %)

Formulation

Powder Binders

Group #1 F1 316L stainless steel (60) LDPE_G(16) + PW_G(24)

F2 316L stainless steel (60) LDPE_A(16) + PW_G(24)

F3 316L stainless steel (60) PP_G(16) + PW_G(22) + SA(2)
Group #2 F4 316L stainless steel (60) PP_G(16) + CW_A(22) + SA(2)

F5 316L stainless steel (60) PP_A(16) + PW_G(22) + SA(2)

F6 316L stainless steel (60) PP_A(16) + CW_A(22) + SA(2)
Group #3 F7 316L stainless steel (60) LDPE_G(38) + OA(2)
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To prepare the feedstocks according to the formulations related above, the following conditions have
been set for formulations F1, F2, F3, F4 and F7:

e mixing temperature: 160 <TC;

e mixing rotation speed of the mixer blades: 30 rpm;

e mixing time: 30 min.
These mixing conditions have already been determined during the previous studies in our laboratory [96]
[97]. Due to the high melting point of PP_A involved in formulation F5 and F6, the mixing temperature
has been increased to 180 <C for these two feedstock formulations, but the same mixing rotation speed
(30 rpm) and mixing time (30 min) have been retained.

2.5. Choice of the appropriate feedstock formulation through physical

testing

As discussed above, different tests have been carried out with the twin-screw mixer and the bi-bore
capillary rheometer to select the appropriate feedstock formulations. Both 316L stainless steel powders

with D5=10.5 pm and 3.4 pm have been used to do these tests.

2.5.1. Mixing Torqgue Tests

The metallic powder and the polymer in form of granules or powder is fed in the heated mixing chamber,
fused and milled by the two rotating blades at a fixed rotor speed, while the torque is recorded as a
function of time [98]. The curves of the mixing torque as a function of time have been shown in Figure
37 to Figure 39.
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Figure 37. Mixing torques vs. time for 316L stainless steel powder (Dsp=3.4 pm and 10.5 pm)
feedstock according to F1 and F2 (group #1)
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When the binder and metallic powder are introduced in the mixing chamber, they offer a certain
resistance to the free rotation of the blades and therefore the torque increases. When the heat transfer is
sufficient to completely melt the core of the particles, one obtains a macroscopic continuum easier to
mix, the torque required to rotate the blades at the fixed speed decreases and reaches a steady state
regime, and these relatively low values are the final mixing torques for each formulation [98].

From the above curves Figure 37, it can be observed that the mixing torques of formulations are in the
same levels (about 10 Nm for F1 and about 1.5 to 3.5 Nm for F2) for both powders. The mixing torque
according to formulation F1 are about 8 Nm higher than those according to formulation F2. The
replacement of PE_G by PE_A decreases the mixing torque for these feedstocks corresponding to group
#1. Some fluctuant values can be found out in the curve of formulation F1 during the end mixing stage,
which means this formulation is less homogeneous than formulation F2 giving quite few disturbance

considering the mixing torque curve.
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Figure 38. Mixing torques vs. time for 316L stainless steel powder (Dsp=3.4 pm and 10.5 pm)
feedstock according to F3, F4, F5 and F6 (group #2)

A calibration of the employed twin-screw mixer with an identified polymer given by the equipment
supplier has been introduced into between the mixing tests for powder of 5 pm and 16 pm, in order to
ensure the reliability of the very low mixing torque for this group #2. As shown in Figure 38, it can be
seen that these final mixing torques corresponding to the formulations related to group #2 are distributed
in a relatively closer range from 0.2 to 2.5 Nm, the mixing torques in the same level have been
presented in the other researches on 316L stainless steel powder [83]. One can observe that the mixing
torque curve in the case of formulation F4 is noisier in the steady state for both powders which indicates
a lower homogeneity, so this formulation is eliminated from group #2 due to this fact. Compared with
the final values of the two previous tests, the mixing torques corresponding to formulation F7 shown in
Figure 39 is much higher for both powders, and the steady mixing torque for powder of 16 pm is about

7 Nm higher than the one for powder of 5 pm.
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Figure 39. Mixing torques vs. time for 316L stainless steel powder (Dsp=3.4 pm and 10.5 pm)
feedstock according to F7 (group #3)

Through these mixing torque tests for these three groups of feedstock formulation, it is found out that
the final mixing torques corresponding to F1 and F7 are much higher than these corresponding to the
other formulations; the mixing temperature according to F5 and F6 formulation has to be raised about
20 T~30 T more than the other formulations in order to completely melt the binders. So formulations

F2 and F3 have been retained to compose the adaptive options in terms of these mixing torque tests.

2.5.2. Viscosity Tests

In the related tests, the diameter of the capillary die is 1 mm. The shear rate range is 100 s™ to 10000 s™
which is usually the shear rate range occurring during the injection molding stage, and the temperature
is set at 160 <€ (180 <T for formulation F5 and F6) corresponding to the mixing temperature. The
feedstocks (from F1 to F7, 316L stainless steel powder, Dsp=3.4 pm and 10.5 pm) prepared in the
previous mixing tests have been tested here. The results from the capillary rheometer have been related
in Figure 40, Figure 41 and Figure 42.

According to the curves related in Figure 40, the formulations F1 and F2 in group #1 give generally the

same viscosity for both powders.

1000 1000

%) )

o — d

2 100 o 100

2 \-\\ >

= =

3 3

(8] o

v 2]

> 10 ; 10

E —

o o

ﬁ AFl 5um = F2_5um ﬁ AF1_16 um = F2_ 16 um

1 : 1 :
100 1000 10000 100 1000 10000
-1 B
Shear rate [s™] Shear rate [s™]

Figure 40. Shear viscosity vs. shear rate corresponding to feedstock formulations F1 and F2 (group #1)

38



Chapter 2. Development and characterization of feedstocks based on fine powders with high volume fraction loading

For group #2 (see Figure 41), the viscosities are mostly distributed in the range of 10 to 100 Pa.s
(except for few individual points) considering the two powders and, the linear relationship of shear rate
to shear viscosity (in logarithmic coordinate) for powder of 16 pm is more clear compared to powder of
5 pm. According to formulation F3, the feedstocks with the two powders gives viscosities in a close
range; the feedstock prepared with the powder of 16 pm is more viscous than these prepared with
powder of 5 pm according to formulation F4 and F5, but it has been conversely presented for

iy
\\.

¢F3_16pm = F4_16 pm F5_16 um  xF6_16 pm

formulation F6.
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Figure 41. Shear viscosity vs. shear rate corresponding to feedstock formulations F3, F4, F5 and F6
(group #2)

The viscosities of group #3 (see Figure 42) are higher than the two other groups. One can observe that a
lower shear viscosity has been obtained for the powder of 5 pm in contrast to powder of 16 pm

according to formulation F7.
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Figure 42. Shear viscosity vs. shear rate corresponding to feedstock formulations F7 (group #3)

In terms of these rehological results, one can clearly remind that the feedstock corresponding to
formulation group #2 exhibits the lowest viscosities compared with the two other series considering to
the same shear rates and formulation F3 is less viscous than the other formations within group #2.

Finally, combining the conclusions from the mixing torque and viscosity tests, formulation F3 has been

retained for the subsequent tests by employing 316L stainless steel powder with Dsp=3.4 pm.
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2.6. Determination of critical powder loading

In powder injection molding, higher powder loading is benefic for the resulting properties of the
component. But the powder loading cannot be increased in an unlimited range [99]. Too high powder
content means there is not sufficient binder to completely fill the desired geometry with the powder
particles. So it means that undesirable voids will result from injection molding, which leads to
difficulties during molding stage. Therefore, a critical powder loading can be determined, that could be
associated to the possibility of filling the mold cavity. Generally, the feedstocks are loaded slightly
lower than the critical value. A feedstock with optimal powder loading will exhibit proper rheological
properties for injection molding, small distortion during debinding and sintering and thus appropriate
mechanical properties after debinding and sintering [99]. Four different methods are compared in this
analysis. The first two ones consist in mixing tests that are carried out by continuously rising powder
loading or by rising separately powder loading in the two-screw mixer using the same conditions as in
the tests to select the feedstock formulation. The parameters are the same ones like in the previous
mixing torque tests: 160 <T for the mixing temperature and 30 rpm as the mixing rotation speed, but the
weight of the powders are different. In order to determine the power law for characterizing the

rheological behavior, the same capillary rheometer has been used.

2.6.1. Mixing tests by continuously increasing powder loading

For the first test, the powder volume loading has been increased gradually from 50% to 78% by adding
the powders with an increment equals 2% for each level. This methodology has been also used in the
past by T. JARDIEL et al. to determine the critical solid loading [100]. The mixing torque vs. mixing
time is related in Figure 43. Three different zones appear looking to this curve. In zone 1, there is
mainly binder in the mixture and the torque remains almost at the same low level. In zone 2 (64% to
70%) the torque begins to slightly increase starting from powder loading equal to 64%, in zone 3, the
torque increase rapidly from 70% to the maximal powder loaded feedstock corresponding to 78%. So in
relation with this incremental test, the critical powder volume loading has been selected from 64% to
70%. This test can provide a way to get the critical solid loading in a simple way just using one testing
cycle. The complete heating cycle is around 225 min (14 steps to increases of powder loading) with
intensive shearing that leads to the decomposition of the stearic acid. In order to ensure that the final
quantity of feedstock will not excess the maximal content of the mixer, 70 g (about one fourth of the
maximal content of the mixer) of powder has been added into the mixer cavity at the beginning of the
test. It results that the mixing torques are smaller than the ones of the next test according to the same

powder volume loading as shown in the small chart (in the left upper corner in Figure 43), especially
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for the powder volume loading lower than 66%, this is due to the fact that always 160 g powders are

involved in the subsequent mixing tests.
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Figure 43. Mixing torque vs. powder volume loading obtained through the continuously rising powder
loading technique (316L stainless steel powder, Dso=3.4 pm, feedstock formulation F3, mixing
temperature=160 T, mixing time=30 min)

2.6.2. Mixing tests by batch powder loading

Instead of increasing continuously powder loading, other tests have been carried out with a different

method for the second test. The mixtures have been prepared one by one with different powder loadings

from 60% up to 78%. Figure 44 shows the three different domains in the curve.
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Figure 44. Mixing torque vs. powder volume loading related to the mixing tests by separately rising
powder loading (316L stainless steel powder, Dsp=3.4 pm,
temperature=160 T, mixing time=30 min)
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From 60% to 64%, the torque remains almost stable; above 64% it begins to increase slowly; from
70%, the torque goes up fast since there are no more enough binders to properly mix the powders.
One can remark that the critical powder loading is located in the range of 64% to 70%. This test

proves well the conclusion of the first test.

2.6.3. Rheological tests

Feedstock loaded from 62% to 78% (except for 74%, 76% and 78% due to the excess content of the
powder) have been sequentially tested using a capillary rheometer, considering different shear rates with
the same capillary dies diameters (1 mm) and the same temperature. According to the results related in
Figure 45, nearly the same phenomena are observed. The related viscosities corresponding from 62% to
66% (zone 1) increase slowly. In zone 2 (from 66% to 70%), these viscosities start to progressively
increase, but above 70%, an abrupt rise appears. So one can observe from these shear viscosity
measurements, the critical powder loading vs. powder loading is located in the range of 66% to 70%. In
addition, the viscosities of the feedstock corresponding to formulation 2 are always less than 180 Pa.s, it
results that these feedstock are well adapted to be injected.
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Figure 45. Shear viscosities vs. powder volume loading obtained from the rheological tests for the
feedstock loaded from 62% to 78% (shear rates from 192 s to 10000 s™, measured at 160 <C, 316L
stainless steel powder, Dsp=3.4 um, feedstock formulation F3, mixing temperature=160 <C, mixing
time=30 min)

2.6.4. Feedstock viscosity model

From the previous tests, the critical powder loading could be fixed from 66% to 70%. In order to get

more accurate rheological behavior, a complementary test has been carried out to define more accurately
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define the critical powder loading based on the previous rheological results, the related powder volume
loading range is from 64% to 72%. This model has been proposed by Aggarwal et al. [101], and it
expresses the viscosity as a power law temperature dependent model as [102] [103], see equation (11):

n(y.T)= Bexp[%}y‘“ (11)

where n, 7, n, B, E, T and R correspond to the viscosity, the shear rate, the power-law exponent, a

material specific reference factor (some authors call this factor the reference viscosity), the flow
activation energy for the Arrhenius temperature dependence of the viscosity, the absolute temperature
and the gas constant, respectively. The value of n indicates the degree of sensitivity of viscosity against
shear rate. The lower the value of n the more sensitive is the viscosity versus shear rate [83].

The values of the parameters according to equation (11) for different powder volume loading have been
calculated (by using the method proposed by Aggarwal et al. [101]) and indicated in Table 11 and the
viscosities are revealed in Figure 46. These results are in good agreement with the studies realized by

Aggarwal et al. with 316L stainless steel powder having the same spherical particle.

Table 11. Values of the different factors according to different powder volume loading

Powder volume loading, [%] B [Pa.s] E [kJ/mol] n-1|
64 0.154360 34.43 0.4650
66 0.012141 34.59 0.2286
68 0.002542 38.30 0.1985
70 0.000197 47.24 0.2462
72 0.061651 28.20 0.3509
1000 0.4650
A64% Yy =2193.7x
®66% y =180.19x 2%
A68% Y =10556x 019
®70% y = 98.383x -0.2462
— 729% y = 155.24x %%
@ 100
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Figure 46. Shear viscosities (expressed by power law model) vs. shear rate for the feedstocks (powder
loadings varying from 64% to 72%)
Afterwards, the power-law exponent is then plotted in Figure 47 (the viscosity has not been obtained

for 72% corresponding to high shear rate range), which provides the way to determine a critical powder
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loading zone corresponding to the minimal value of the exponent, and 68% has been retained for the

critical powder volume solid loading.
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Figure 47. Determination of critical powder volume loading through feedstock viscosity model

Therefore, according to the tests carried out with the appropriate formulation, the critical powder solid

loading for 316L stainless steel powders (Dsp=3.4 |m) has been fixed to 68%. In addition, from the

results of the rheological tests, the viscosities of the feedstock correspond to a relatively small level.

Table 12 summarizes the proposed methods for the determination of the critical powder volume loading

of the 316L stainless steel feedstock (Dso=3.4 pum, feedstock formulation F3), and the main features of

four different methods has been given as well.

Table 12. Summary of the employed methods in our investigation to determine the critical powder

volume loading for 316L stainless steel feedstock

Method Continuous Separate Rheological Power law
mixing tests mixing tests tests model tests

Tested powder g, 700, 60~78% 60~72% 66~70%

loading range

Obtained

critical powder  64~70% 64~70% 66~70% 68%

loading range

Equipment Twin-screw mixer Capillary rheometer

Advantage Already examined  Simultaneous Rheological Already examined by
by other authors, determination of  characterization other authors,
one single injectable of the tested rheological
continuous testto  feedstocks with feedstocks characterization of
do, time-saving different powder the elaborated

volume loading feedstocks

Disadvantage Possible Time-consuming  Obligatory Obligatory
decomposition of preparation of the measurement of the
the binder during feedstock, viscosity and

the continuous
heating

time-consuming  preparation of the
feedstock, time-
consuming
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2.7. Homogeneity tests for the feedstocks

A proper homogeneity is one of the important goals for the feedstock preparation. In practice, three
different situations can be met, as sketched in Figure 48. In the case of an excessive powder loading the
fine spaces or interstices between small particles make the mixing stage more difficult [104]. During
mixing, insufficient binder will induce incomplete wetting of the powder particle surface that leads to
injection molding difficulties. In contrast, excessive binder decreases the viscosity of the feedstock, and
this may cause powder-binder separation under high shear stress during injection molding [23]. On the
other hand, molded microstructures with low strength may cause demolding problems as they can break
or be distorted during demolding [105]. Lower powder content can also cause troubles during the

sintering as well as the overall dimensions can undergo higher and non-isotropic shrinkage.

@
Binder\A ”.
Powder )
I‘ q particle Void

a) escessive binder b) critical binder ¢) missina binder

Figure 48. Three possible situations in a powder-binder mixture [23]: a) excess of binder, b) critical
binder concentration, and c) voids due to insufficient binder

Different methods have been studied to characterize the quality of a powder mixture, for example, the
binder burnt-out test, the methodology based on principle component analysis (PCA) [106], etc. In the
present investigation, the homogeneity of the feedstock was examined by binder burnt-out test and
under scanning electron microscope (SEM).

For the binder burnt-out test, the homogeneity of the feedstock was assessed by comparing the weight
loss [36] in the SETSYS® dilatometer with TGA. The available melting pots to this application are
related in Figure 49.

Melting pot used
in TGA test

\
=5

e

Figure 49. Some specific melting pots adapted to TGA (Thermogravimetric analysis) application
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During the TGA measurement, the sample of the feedstock prepared according to formulation F3
(Powder+ PP_G+ PW_G+ SA) is contained in the selected melting pot (alumina, up to 1700<C). The
content of the binder in feedstock formulation F3 is indicated in the Table 13.

Table 13. Components and related contents in weight and volume in the feedstock formulation F3

Type 316L PP (Polypropylene) PW (Paraffin wax) SA (Stearic acid)
VVolume,% 60 16 22 2
Weight,% 92,90 2,80 3,90 0,40

Then the samples are put into the dilatometer furnace where an argon flow rate of 20 ml/min has been
set. The temperature is set to 500 T from 20 <T with a heating rate of 2 <T/min, the heating cycle and

the corresponding results are shown in Figure 50.
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Figure 50. TGA results of the 316L stainless steel feedstock (Dso=3.4 pm, formulation F3, powder
volume loading=60%).

The two peaks related to the dTG curve correspond to the elimination of PW_G plus SA and PP_G
respectively. The complete elimination of the binder at 427 <C corresponds to the minimum thermal
debinding temperature. The total weight loss at the end of the heating cycle is about 7.2%, the value is
extremely close to the theoretical binder weight in the feedstock formulation 3 (7.1% as indicated in
Figure 50), the difference of 0.1% can be explained through the air, especially the vapor, absorbed
through the feedstock. Three TGA tests with different total weight of feedstock have been investigated
associated to the same conditions. The same results have been obtained. Hence, it confirms the
homogeneity of the feedstock. From these essential TG analyses to determine the maximum temperature
for the removal of binder in the thermal debinding cycle. It can be seen that the weight loss assisted by

the degradation of polypropylene which serves as the backbone of the injected components and starts at

46



Chapter 2. Development and characterization of feedstocks based on fine powders with high volume fraction loading

about 350 <C. This indicates the maximum temperature during injection moulding. In addition, the
scanning electron micrographs of the feedstock are related in Figure 51. One can observe that the
particles uniformly disperse into the matrix and are enveloped by the binder. So as a concluding remark,
based on the thermogravimetry analysis results and the scanning electron micrographs, the proper

homogeneity is well proved for the selected feedstock formulation F3.

o4 —

Figure 51. Scanning electron micrographs of feedstock after mixing stage, corresponding to formulation
2, powder loading equal 60% (mixing temperature: 160<C, mixing rotation speed: 30 rpm and mixing
time: 30 min)

2.8. Selected feedstock for the subsequent experiments

As the feedstock formulation F3 has been previously chosen, and the critical powder volume loading
has been generally fixed at 68%. Hence, by mixing the binders according to the formulation F3 and the
316L stainless steel powder (Dsp=3.4 |m) with four different powder volume loadings (60%, 62% 64%
and 66%), four different feedstocks have been prepared for the following injection tests in chapter 3.
The mixing temperature is 160 <C; the mixing rotation speed equals 30 rpm.

In Figure 52, the measured shear viscosities and shear stresses for these four feedstocks have been
given in log10 scale for the temperatures of 160 <C, 180 < and 200 <C. A linear relationship between
the shear viscosity vs. shear rate and shear stress vs. shear rate has been indicated by these curves,
respectively. It is shown that the shear viscosities decrease and the shear stresses increase with the
increasing shear rates for a fixed temperature. Moreover, it is also presented that the shear viscosities
and the shear stresses decrease with the increasing temperatures; in contrary, when the powder volume
loadings increase, the values of the shear viscosity and shear stress rise.

However, it is interesting to note that the shear viscosity and shear stress for feedstocks loaded at 66% is
less stable than the others. Since the shear stress can be considered as the minimum force required to
make a relative movement between particle assemblies [107], these worse results of feedstocks loaded
at 66% could be considered as the difficulty of feedstock flow resulted from the lower powder volume
loading of the binder in the studied feedstock.
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Figure 52. Shear viscosity and shear stress vs. shear rate for the 316L stainless steel feedstocks (Dso=3.4
pm) at different temperatures with powder volume loadings of a) 60%, b) 62%, c) 64% and d) 66%
according to formulation F3.

Summary

This chapter has proposed the development of the new feedstocks, especially for fine stainless steel
powders. The methodology to obtain the critical powder content has been presented and then validated
through the measurement of the mixing torque and viscosity, and then the approximate powder volume
loading window has been selected as well. For the feedstock based on 316L stainless steel powder
(Dso=3.4 1am), three feedstock formulation groups have been tested, and the powder volume loading has
been optimized using different methods until 72%. SEM and TGA analyses have confirmed the
homogeneity of these feedstocks. The rheological analysis in injection shear rate range has been carried
out also until the same limit (72%). The feedstock with high powder volume loading is more appropriate
for injection moulding because fluctuations of temperature will not produce an important viscosity
change [2]. The critical powder volume content has been chosen up to 68%. Normally, the optimal solid
content means 2 to 5% less powder than the critical content. As a consequence, an optimum powder
loading of 66% has been determined to go on with the injection stage. The feedstocks based on 316L

stainless steel powders (Dsp=3.4 jum) have been prepared to inject with the powder volume loading
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varying from 60% to 66%, and the feedstock based on copper powder with the powder content of 60%

will be injected for the micro bi-material components in next chapters.
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Chapter 3. Micro-MIM process for miniaturization and

functionalization

With the elaborated and characterized feedstock resulting from previous investigation, the injection
stage can be processed. In this stage, the desired form of the components should be attained without
defects; this is the main objective of injection molding. Both mono-material injection with 316L
stainless steel powder and bi-material injection combining 316L stainless steel and copper feedstocks

have been tried to develop a micro-component integrating miniaturization and multi-functionalization.

3.1. Equipment used for injection molding stage

As conventional injection, micro injection molding and micro bi-material injection are also developed in
our laboratory, different injection equipments have been involved for this stage: Arburg 220-S° and
Battenfeld Microsystem 50°.

3.1.1. Arburg 220-S injection moulding equipment

By injecting the feedstock prepared according to formulation F3 (316L stainless steel powder, Dsy=3.4
pm, different powder volume loading: 60%, 62%, 64% and 66%), the specimens dedicated to the

identification tests are injected in hydraulic Arburg 220-S® (Figure 53) injection equipment.

Figure 53. Hydraulic Arburg 220-S injection equipment for the conventional injection molding

The main technical data are shown in Table 14.

Table 14. Technical specifications of Arburg 220-S injection equipment

Clamping force (max.) 20 kN
Injection volume 3to12cm?
Injection speed (max.) 366 mm/s
Injection temperature (max.) 400 T
Injection pressure (max.) 250 MPa
Injection flow (max.) 22 cm®/s
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3.1.2. Battenfeld Microsystem 50 injection moulding equipment

Different equipments have been developed especially for micro-injection molding and bi-material
microinjection with polymers or high loaded feedstocks, such as electric injection molding equipments,
appropriate units to measure accurate volume and to check the quality of the components, see Battenfeld
Microsystem® or Ferromatik Milakron® [108] [109] [110]. More and more demands and requirements
appear about micro-components realized by micro powder injection molding. Nevertheless, equipments
available for bi-feedstock injection molding are not so common for PIM processes. Investigations and
process knowledge has been developed to design adapted molds for bi-material injection molding to
micro scale components during this Ph. D. thesis.

A specific micro-injection Battenfeld Microsystem® 50 (Figure 54) has been used to perform micro-
Powder Injection Molding, a special micro bi-material injection molding equipment for biomedical and

micro-system.

Figure 54. FEMTO-ST employed Battenfeld Microsystem 50 injection equipment (dedicated to micro-
injection and bi-material injection molding) and examples of the components illustrated in the literature
to prove the capacity of the new equipments, courtesy of Battenfeld

The micro-injection equipment consists of clamping module, injection module, swivel module, removal
and handling module, quality monitoring module completed through an external vacuum pump. The
injection unit is especially composed of three stages to achieve the high-precision processing of the very
small injection molding volume, a 14 mm diameter extruder screw, an injection piston with a diameter
of 5 mm and a 5 mm piston for pre-dosing with a accuracy of 0.001 cm?®. The injection molding
capacities are the following: maximal injection speed equal to 760 mm.s™; maximal injection pressure
equal to 250 MPa and theoretical injection volume from 0.025 cm?® to 1.1 cm?®; the maximal clamping
force equal 50 kN and the ejection force equal to 1.2 kN.

In order to achieve a proper description of the injection process of Battenfeld Microsystem® 50, Figure

55 is provided. At first the extruder screw pushes the material into the metering sleeve, and then the
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materials are pressed into the nozzle where the injection piston injects them into the mold cavity. After

demolding, one injection moulding cycle ends.

of mold
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Sprue

Molded
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Pressure sensor piston
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Shut-off valve

Injection piston

Heating zone

Figure 55. Sketch of the injection unit of Battenfeld Microsystem 50

3.1.3. Mould design and micro machining

Since the molds are specially designed, manufactured and used for micro powder injection molding,

well adapted equipments (see Figure 56) have been set-up to manufacture the mold die cavities. The

main technical specifications of these equipments are detailed in Table 15.

a)

Figure 56. Equipment used in the investigation related to the machining of die cavities, a) DML 40 SI
laser micro-manufacturing; b) HSPC 2216 high speed micro-milling and c) Charmilles Robofil 2050TW
micro-Wire Electrical Discharge equipment

Table 15. Main technical specifications of the employed equipments for the mould manufacturing

DML 40 Sl

Nd: YAG laser, 3 axes mechanical, 3 axes optical, laser beam
diameter: 40~100 pm

HSPC 2216

3 axes machining, 20~30000 rpm and 60000~160000 rpm,
precision: 1 pm, automatic tool changer with 32 positions

Charmilles Robofil 2050TW

wire diameters: 0.33~20 pm, maximal taper in TW mode: 430 <
max. work piece dimensions (L>D>H): 1000>490>260 mm,
minimal surface roughness (steel, H=60 mm): Ra=0.10
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3.2. Mono injection for the physical identifications of the feedstocks

After granulating the feedstock to small pellets for easy injection molding, the 316L stainless steel
(Dso=3.4 M) feedstock is mixed homogenously according to formulation F3 with different powder
volume loading (60%, 62%, 64% and 66%) is injected by using Arburg 220-S® injection equipment as
mentioned above. he mold involved for these experiments is related in Figure 57, it was manufactured
and optimized during previous Ph. D. thesis [44] in our research team, four types of specimen have been
combined in the same mold, and the dimensions are indicated as well. Figure 58 relates the injected
components from this mold using the following the injection parameters:

e Injection temperature: 180 <C;

e Injection volume: 4 cm?;

e Injection speed : 10 m/min;

e Injection pressure: 100 MPa;

e Injection flow: 20 cm?/s.
One can notice that the injection temperature is 180 <C, which is a little higher than the mixing
temperature (160 <C) related to the preparation of the feedstock; this is to ensure that the feedstock can
fill perfectly into the entire die cavity of the mold, especially for the small size specimen corresponding

to type 3 and 4 with a section gate of 0.5 mm2 without paraffin wax degradation.

Figure 57. Mold combining four types of specimen used for mono injection tests, a) dimensions of the
mold cavities; b) the ejectors for the four types of specimen

According to the injected specimens related Figure 58, this injection is well realized for the four loaded
feedstocks (from 60% to 66% in 2% increments), there is no external defect on the specimens with a
constant geometry size. The beam-bending test specimens will be used to determine the viscosity

modulus during the sintering stage.

Figure 58. Injected specimens from the involved two-plate mold without external defect
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3.3. Micro injection of the specimens used for validation of the

simulations

Instead of using Arburg 220-S© injection equipment, Battenfeld Microsystem® 50 is also used for the
micro injection of the different specimens which will be used to validate the subsequent FE simulations
of the sintering stage with Abaqus®. Four types of specimen have been assembled in the same mold, the
micro die cavity of this two-plate mold is shown in Figure 59, and the thickness of these specimens is
0.5 mm. These different specimens will be used for the simulation of sintering stage in order to compare
the shrinkage and final relative density applied to the micro-components manufactured from the MIM

process with the very fine powder.

=
[ o Mm |

Figure 59. Geometry of the four different micro-mold cavities used specifically in micro-injection tests,
a) Type 1, step test specimen; b) Type 2, beam-bending test specimen; ¢) Type 3, cross test specimen; d)
Type 4, tensile test specimen

Four feedstock with different powder volume loadings corresponding to 60%, 62%, 64% and 66%
(316L stainless steel powder, Dsp=3.4 pm, according to formulation F3) have been tested by using this
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mold. The mould has been designed by another Ph. D. student in our research team: Mr. Guillaume
LARSEN). Some injected specimens are shown in Figure 60.

2
2L L1-

Figure 60. Injected micro specimens dedicated to the simulations of sintering stage with Abaqus®,
realized in Battenfeld Microsystem 50 corresponding to powder volume loading to 60%

To guarantee that the feedstock filling can be correctly carried out in the micro mold cavities with a
smallest semi-circle injection section gate of 0.25 mm2, the injection temperature is increased up to
210 € (10 <T even higher than in the former mono injection of the specimens used for the
identifications). The other injection parameters are:

e Injection volume: 45 mm?;

e Injection velocity : 10 m.min;

e Injection pressure: 35 bar.

3.4. Homogeneity tests of the injected specimens from micro injection

The TGA analysis of the feedstock (mentioned in section 2.7) has proved that the feedstocks prepared
according to formulation F3 have a good homogeneity. Due to the fact that the factors of the injection
stage can influence the feedstock quality, another TG analysis has been performed on the injected
specimens from micro injection in Battenfeld Microsystem® 50. Two methods have been compared for
these analyses. In the first case, the tested objects are one entire specimen of the four types. Accordingly,
each specimen has been split into two parts in the second case, and then two or three parts from the
different types of specimen have been tested together in one analysis. The results of the micro
specimens injected with the feedstock loaded at 62% have been plotted in Figure 61 and Figure 62 for

the two cases, respectively.

55



Chapter 3. Micro-MIM process for miniaturization and functionalization

5000 __— o
3 \ c_____._._———':'f,’/-’
450 : L --0.5
NN S A { ! L1
4007 ‘k?;‘hﬂmi'm‘;. Smastoimawn | N/ 7 s
Top of Peak 1:_317.08 (°C) / 30.09 (min) : =i
Py Integration {39709~} | N[ H
O3 = =T |~ N\ ) >
-~ b Left Limit : 398.79 (°C) / 38.19 (min)
o X ‘Right Limit : 478.63 (°C) 1 46.13 (min) ‘ L5 5
2 300, PW_G+SA R el i) [ [25
3 S ’ g
£ 2501 = (450
QL % PP_IG ~E
2 2001 wi
E ] -4.5
“ 1501 '
o -5
100{ 7 . .
// '
A
50+ yd | -6
v
) 6.5
0- T T T T T T
0 10 20 30 40 50
Time (min)

Figure 61. TGA results for the entire specimens from micro injection with 316L stainless steel
feedstock (Dsp=3.4 pm, formulation F3, powder volume loading=62%)
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Figure 62. TGA results of the split specimens from micro injection with 316L stainless steel feedstock
(Ds5o=3.4 pm, formulation F3, powder volume loading=62%)

In terms of the results from these two different methods, homogeneity of the injected specimens or the
extruded feedstock has been indicated by the good agreement of the two weight losses in each plot.
However, notice that the weight losses of the polypropylene are higher than the theoretical value (2.7%,

calculated according to equation (3)), which is caused by the residual polypropylene in the injection
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machine. Moreover, the similar TG analyses have been carried out for the injected micro specimens
with the feedstock loaded at 64%, and the same conclusion has been also reached.

Hence, in view of these TG analyses, the homogeneity of the micro specimens injected with the
feedstocks according to formulation F3 has also been examined regardless the excrescent polypropylene.
In addition, the segregation of the small components has been also used to verify by micro X-Ray
tomography, the homogeneity of the specimen has been obtained. For example, the tomography photo
of specimen type d) shown in Figure 63 indicates the homogeneous distribution of feedstock, hardly

any segregation has been presented regardless the flash in the edge area.

- Flash

Figure 63. X-Ray tomography photo of micro specimens of type d) injected with 316L stainless steel
feedstock (Dsp=3.4 jum, formulation F3, powder volume loading=60%)

3.5. Bi-material injection mold with two-plate mold

Bi-material components could be produced by using bi-powder injection molding technique. This
process requires using a bi-unit powder injection molding process. It is widely recognized that the two
different materials need to follow nearly similar thermal expansion and sintering kinetics, and also
proper bonding characteristics [111].

Important research activities have been developed through CarCIM project since three years, especially
by IKTS (Fraunhofer Institute for Ceramic Technologies and Systems) and the partners. The research
investigations have concluded the possibility to inject two feedstock CIM component (see Figure 64)
and proposed some approach to study the feedstock development in order to have the same shrinkage
during the sintering stage for both materials. The topic of the project is to focus on the components in

size of about 22 mm.

Feedstock 1 <—I—> Feedstock 1

22 mm >

Feedstock 1 Feedstock 1

Figure 64. Bi-material CIM component realized during CarCIM project (STREP FP7)
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During the first bi-material injection moulding test, the 316L stainless steel feedstock (Dso=3.4 pm,
according to formulation F3) with different powder loadings of 60% and 64% have been injected into a
two-plate tensile test specimen mould cavity through two separate sets of sprue and rectangular runner
(Figure 65) in Battenfeld Microsystem® 50, the dimensions of the mold cavity are given also.

Figure 65. Two-plate tensile mould for bi-material tensile test specimen injected on Battenfeld
Microsystem 50, a) the micro cavity, sprues and runners of the mold; b) the dimensions (in mm) of this
micro die cavity of this micro mold

The injected components (Figure 66) have been successfully obtained without external defects, the size
and weight of the specimens are uniform. The injection temperature is 220 <C; the injection volume for

both injection units are 30 mm3 and the injection pressure is 40 bar.

Interface region between Injection unit B: 4
two different feedstocks 316L stainless steel
powder, Dsy=3.4
\ jm, feedstock

Injection unit A:
316L stainless steel

&%W?Z(Za g)tzo;k3.4 formulation F3, 11m

, _ powder volume

owter volume oreing=o8%%

loading=60%, a) N b)

Figure 66. Tensile test specimen injected with feedstock loaded at 60% and 64% according to
formulation F3, a) enlargement of the interface region between the two different region; b) the resulting
injected tensile test specimen

Even the injection section during this bi-material injection is bigger than in the previous tests, the
injection temperature is set at 220 < due to the high powder volume loading of 64% to ensure that the
correct feedstock filling can be achieved. In the photo taken under macroscope, the feedstocks represent
two different colors, because the feedstock loaded at 60% has less 316L stainless steel powder than the
one loaded at 64%, and this metal powder is not brilliant before sintering, so the part with more powder
particles is darker than the other. However, it is clearly shown that the interface between the two
feedstocks is not straight, and its position varies with the injection parameters; this is related to the fact

that the die cavities for both feedstocks are not separated, and they are injected simultaneously, so the
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front flows of both different feedstock meet together to form the interface, but this irregular meeting of
the feedstocks is not able to be repeated uniformly. Consequently, another mold specially designed for
bi-material injection molding with two separated injection chambers are developed for the next bi-

material injection test.

3.6. Bi-material injection with three-plate mold

As lots of research activities related to injection moulding with 316L stainless steel powder have been
realized in the research team since long time, some other powders have been gradually introduced into
the studies. In this thesis, in order to carry out the bi-material injection moulding, a Cu powder has been
taken into account in this investigation. For this bi-material injection test, a three-plate mold has been
developed in order to clearly define the separated die cavities for each feedstock, thus the interface
between both feedstocks can be well controlled. This mold has been specially designed and
manufactured during this Ph. D. thesis, the design of the mold is based on the knowledge issued from

the two different polymer domains. The design of this mold is shown in Figure 67.

8 RunnerofCu [
feedstock

)

Sprue of 316L
stainless steel
feedstock (16jam)

p ' Sprue of Cu
~| feedstock

Microdie [ gul
cavity -

Figure 67. Three-plate mold for bi-material injection moulding dedicated to the injection of feedstocks
based on 316L stainless steel (16 pm) and Cu powder according to formulation F3, a) fixed plate side; b)
three plate mould in closed state and c) mobile plate side

The resulted components from this bi-material injection stage is shown in Figure 68, the central cylinder
(@ 3mm>5.6 mm) is injected with the 316L stainless steel (16pm) feedstock, while the ring (&
6mm>2.4 mm) around the central cylinder corresponds to the Cu powder (Dso= 6.34 jum) feedstock.
Both feedstocks have been prepared according to the formulation F3 with 60% as the powder volume
loading. During the injection tests, the Cu feedstock is firstly injected, and then the 316L stainless steel
feedstock is injected afterwards. The interval between the two injections is about 0.2 second

corresponding to the exit of the internal core. The main injection parameters are same for both injection

59



Chapter 3. Micro-MIM process for miniaturization and functionalization

units: injection temperature equal 220 <C, injection pressure equal 40 bar, except for the injection
volumes: 45 mm? for the 316L stainless steel feedstock and 60 mm? for the Cu feedstock.

Cu feedstock
(D50=6.34 pm,
powder volume
loading: 60%,
formulation F3)

316L stainless steel
feedstock (16pm,
powder volume
loading: 60%,
formulation F3)

b)

Figure 68. Bi-material component injected with 316L stainless steel feedstock (16jum, powder volume
loading: 60%, formulation F3) and Cu feedstock (powder volume loading: 60%, formulation F3), a) the
dimensions of the component; b) the two feedstocks in the component

However, there are still some flashes in edge region, the cause of the phenomena is possible the loose
fits between the moveable and the fixed parts of the mold or high injection pressure.

However, this bi-material injected component has been manufactured without obvious defects like
cracks, short shot, sticking and so on, in concluding, the bi-material injection combining the feedstocks

prepared according to formulation F3 with different metal powders has been correctly carried out.

Summary

The feedstocks involved in this chapter have been prepared using formulation F3, but they are based on
different metallic powders: 316L stainless steel (5 pm and 16 pm) and copper (Dsp= 6.34 pm).
Considering the components from the mono-injection, micro injection, micro bi-injection with two types
of mold by injecting the feedstock retained from the 8 different feedstock formulations, this stage has
been properly investigated.

Compared with the other injection tests based on the 316L stainless steel carried out by the previous Ph.
D. theses, the higher volume loadings (62%, 64% and 66%) have been firstly reached by involving finer
powder (Dsp=3.4 pm) in the feedstocks, various different components have been obtained without
external defects, and a good homogeneity reparation between powder and binder has been observed.
Some injected micro-components have a small size compared to previous studies. Secondly, the micro-
injection and micro bi-material injection of these higher loaded feedstocks have been tested after the
design and manufacturing of the mold. Especially, the micro bi-material injection combining one 316L
stainless steel feedstock and one Cu feedstock has been tried in Battenfeld Microsystem® 50 in order to

begin some new activities using the miniaturization and functionalization components.
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Chapter 4. Debinding and sintering stages of MIM process for

the components obtained by bi-material and micro-injection

In this chapter, the debinding and sintering stages for the injected components from the previous
injection stage are demonstrated. In the debinding stage, the mono injected specimens used for the
identification (mentioned in section 3.2), the micro-injected specimens used for the simulations
(mentioned in 3.3) and the specimens injected with two different 316L stainless steel feedstocks from
bi-material injection with two-plate mold (mentioned in 3.4) have been debinded. However, the
sintering stage has been performed only for the specimens dedicated to the identification and simulation.
The resulting components from these two stages are related in this chapter. Moreover, the observations

of the sintered components are covered as well.

4.1. Thermal debinding stage

The debinding stage is a complex process (and it exists different debinding techniques), which
consumes a major part of the processing time [112], for instance, in this thesis the debinding time is 24
hours in contrast to 30 min for mixing and 1 min for injection. Debinding stage is considered as one of
the most critical steps in the processing technology among the four main stages of the MIM process.
Due to the factors involved with solvent debinding, (chemical handling, health concerns with the solvent
vapor and their recovery), solvent debinding has been excluded from our research.

Accordingly, the most popular debinding technique, thermal debinding, has been used in our studies

under argon atmosphere for the sake of simplicity, safety and environment respect.

4.1.1. Equipment used for thermal debinding stage

A laboratory-scale debinding oven (Figure 69) is used to carry out the thermal debinding for the
injected specimens from the previous stage. The principal technical specifications of this oven are
related below:

e Test temperature (max.): 300 <C;

e Volume (max.): 27 L;

e Gas circulation: air, argon;

e Gas flow (max.): 200 cm*/min.
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Figure 69. Thermal debinding oven used in our analyses

4.1.2. Debinding cycles and atmosphere

In the literature, previous works related to the thermal debinding mechanisms and kinetics [113] [114]
[115] [116] [117] have already been performed, most of which focused on thermal debinding processing
under a protective atmosphere, but for some active and easy-oxidized powders such as stainless steel
and magnetic material powder, thermal debinding in vacuum is still very effective, and sometimes it is
the only possibility [118]. uring thermal debinding, the lower molecular weight constituents are usually
decomposed by evaporation or wicking. The capillary force moves the liquid binder from the center of
the part to the surface where evaporation occurs. When the lower molecular weight components is
removed, the decomposition of the higher molecular weight components will take place at a higher
temperature by breaking off into lower molecular weight components [119]. They are usually
decomposed by either chain depolymerization or random decomposition [ 120]. Therefore, the
temperatures should be carefully selected for thermal debinding with respect to the binder degradation
points [119]. Hence, the results of the thermogravimetry analysis (from 20 <C to 500 <C, heating rate of
2 <T/min, argon flow rate of 20 ml/min) for the 316L stainless steel feedstock (Dsp=3.4 pm, formulation

F3, different powder volume loading=60%) should be taken into account, as shown in Figure 70.

0 J Heating rate: 2 <T/min
165 € Argon flow rate: 20 ml/min

Decomposition of
paraffin wax and
-3 stearic acid

Decomposition
of polypropylene

0 100 200 300 400 500
Temperature (°C)

Figure 70. Thermogravimetry analysis for the 316L stainless steel feedstock (Ds=3.4 pm, formulation
F3, different powder volume loading=60%)
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The thermogravimetry profile indicates that the first mass decrease starts at about 165 <C and completes
at about 370 <C, which represents the decomposition of the paraffin wax and stearic acid (lower
molecular weight components) in the formulation F3. Then the second degradation takes place from
370 T upto 440 <T assisted by the decomposition of polypropylene (the higher molecular weight
components).

According to the above analysis, a debinding cycle composed of two ramps has been employed and
plotted in Figure 71. As it is shown, the injected compacts have been firstly heated with a heating rate
equal 55 <T/hour from the 20 <T to 130 <T (lower than the beginning temperature of the decomposition
of paraffin wax and stearic acid) to vaporize the water vapor absorbed in the injected components. Then
the temperature is increased up to 220 <C with a very slow heating rate equal 4.5 <C/hour to eliminate
the paraffin wax and stearic acid, without removing the polypropylene which serves as the backbone of

the debinded porous components. Finally, the components are cooled during 120 min to reach ambient

temperature.

220
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Figure 71. Debinding cycle involved in the thermal debinding stage

Gas flow rate is very important to ensure that the binder is swept away to prevent defects. When the gas
flow rate is not high enough, some of the carbon in the binder will become carbon black on the part
surface and some of potentially cause unexpected melting at high temperature sintering. Also, the
components become more impressible to indicate defects such as cracking and blistering if the gas flow
rate is too low. During the removal of the binders in our investigation, the argon gas flow (non-reactive
atmosphere to prevent oxidation of the metallic powder) in the oven is 40 cm®min in order to prevent
the possible defects assisted by the improper gas flow [121].

Afterwards, the observations of the weight loss of binder have been carried out for the porous
components from this debinding cycle. Table 16 specifies the fractions of the removed binder to the
initial mass of binder before debinding stage for the specimens injected with 316L stainless steel

feedstocks with two different powder volume loadings.
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Table 16. Fraction of the removed binder for the specimens injected with 316L stainless steel feedstock
(Dso=3.4 m, formulation F3, different powder volume loading)

Powder volume loading of the specimens Percentage of the removed binder
62% 71.02%
64% 75.06%

As suggested by the results, about 70% to 75% of the binders have been removed leading to open
porosity in the component. The morphology of the debinded structures (Figure 72) has been examined
using a scanning electron microscope (SEM). In both figures, the flocculent bulks between the spherical
powder particles are the remaining binders. It is clearly shown that the removed binder for the specimen
injected with feedstock loaded at 62% (Figure 72 a)) is less than in the specimen injected with
feedstock loaded at 64% (Figure 72 b)), which results from the higher binder content (38%) in the
specimen injected with feedstock loaded at 62% in comparison to specimen injected with feedstock
loaded at 64% (36%).

Figure 72. Debinded structure of the specimens injected with 316L stainless steel feedstock (Dso=3.4
pm, formulation F3), a) feedstock loaded at 62%; b) feedstock loaded at 64%.

The debinded components according to this debinding cycle are free of defects as creating residual
stress, etc. As example, Figure 75 and Figure 79 show that the initial shape of the injected components
are well kept by the debinded porous components, no dimension change has been found out between the

injected and the debinded specimens.

4.2. Sintering stage by solid state diffusion

Since the final mechanical properties are strongly affected by the sintering stage, this stage is commonly
considered as one of the important step among the four MIM processing steps. The sintering stage
consists of bonding the particles together by solid state diffusion to form a homogenous part when
densification is achieved [122]. In the sintering stage, the pores inside the porous debinded components
are eliminated. The porous parts resulting from the debinding stage are heated up to a temperature
slightly lower than the melting temperature of the material used in the process, the powder particles
bond together by solid-state diffusion.
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4.2.1. Equipment used for sintering stage

Since the objective of the sintering tests is not mass production, a batch furnace (Figure 73) that offers a
maximal temperature equal 1850 <C has been used. In contrary, the batch furnace is more flexible than
continuous furnace. The principal technical specification of the furnace is given below:
e Test temperature (max.): 1850 <C;
e Volume (max.): 50 L;
e Atmosphere:
o gas circulation: argon, helium or mixture of both;
o primary vacuum: 10 mbar, secondary vacuum: 10-5 mbar;
e Temperature control: one command thermocouple and another one of S type (platinum - 10%
rhodium) set-up in center of the heaters;
o Component holder: ceramic plates;
e Heater elements: graphite.
B

¢ e
Control -
modules

Figure 73. Furnace (provided by VAS®) for sintering stage: a) exterior view; b) interior view of the
chamber

Actually, during the sintering stage, the pores may coarsen and grow due to the inner expansion of the
gas in the pores when sintering is processed at too high temperature [123]. But there is no gas trapped
when the sintering stage is carried out in vacuum atmosphere. Hence, primary vacuum is used in the

related experiments.

4.2.2. Sintering cycles for bi-material injected specimens

The specimens injected with two differently loaded feedstocks have been sintered with the hereby
described conditions. For these bi-material injected specimens, the temperature has been heated up to
1360 <C to activate fast sintering mechanisms, slightly lower than 1371~1398 <C corresponding to the

melting point of 316L stainless steel powders.
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Since the sintering time directly depends on the heating rate in a way, sintering tests with different
heating rate have been carried out to analyze the influence of this factor. As above mentioned, a
maximal temperature equal 1360 <C has been selected. The related sintering ramps are indicated in
Table 17, and also illustrated in Figure 74 to give a better description.

Table 17. Sintering ramps for specimens from bi-material injection

Ramp 1 Ramp 2 Ramp 3
Heating rate [ <T/min] 10 20 -10
Temperature [T] 600 1360 20
Holding time [min] 30 120 End
1400 o o - - - -
1360 ]|< ,I
1200 120 min \
20 °C/min / \
OG 1000
3 800 \
/ \
g 600
£ / | \

e \
/ \

Time [min]

Figure 74. Sintering cycle (1360 <C, 20 <C/min) for bi-material injected specimens

Firstly, the debinded components have been heated from ambient temperature up to 600 <T during
nearly 120 min, then the temperature is maintained during 30 min; after that, the components one heated
to 1360 <C with a heating rate equal 20 <T/min and a constant temperature during 120 min. Finally the
cooling stage with a temperature rate equal -10 <T.min™ has been used for the components. As shown in
Figure 75, the components are correctly sintered with no obvious defects appearing and no cracks near
the interface between both different feedstocks, even along the interface zone (specified in Figure 75 as
well).

Injected Debinded

Figure 75. Beam-bending test specimens injected with two different feedstocks (60% for one half and
64% for the other half) after the injection, debinding and sintering stages
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The sizes and dimensions of the final components have been measured using a microscope and
compared with the geometry of the injected and debinded ones to analyze the shrinkage associated to
debinding and sintering stage. The results (Table 18) indicate that significant shrinkages take place in
the length direction for the components injected with the feedstocks loaded at 60% and 62% (12.07%);
the other ones loaded at 60% and 64% exhibit over 10.94% shrinkage.

Table 18. Shrinkage in length direction of the beam-bending test specimens injected with 316L stainless
steel feedstock (Dsp=3.4 m, formulation F3, different powder volume loading)

Powder volume loading of the feedstock Shrinkage in length direction
60%~62% 12.07%
60%~64% 10.94%

Afterwards, scanning electron micrographs have been carried out for the beam-bending test specimens
(60%~64%) without polishing. Both sides of the same specimen have been observed and are related in
Figure 76 and Figure 77. The grain sizes have increased dramatically. Porosity has almost fully
disappeared in the specimen half injected with powder volume loading of 60%, and the decrease in
porosity in the half with powder volume loading of 64% has been clearly revealed as well, due to the
elimination of pores via grain boundary and volume diffusion at high temperatures [124].

Grain /

boundary.

Figure 76. Scanning electron micrographs of the beam-bending test specimens (the half injected with
powder volume loading of 60%) before polishing, almost no porosity is seen, the grain growth are
observed

Grain boundary

\

Figure 77. Scanning electron micrographs of the beam-bending test specimens (the half injected with
powder volume loading of 64%) before polishing, the decrease in porosity and the grain growth are
observed
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4.2.3. Sintering cycles for micro-injected specimens

Due to the decrease in size (especially the thickness) for the micro-injected components from the micro-
injection with fine powder, the sintering temperature is no more obligate to be so high (as 1360 <C
which has been used in our previous sintering for the bi-material injected specimens). So a temperature
about 1250 <T [125] has been proposed in literature. Thus, instead of 1360 <C as the maximum peak
during the sintering stage, for the micro mono-injected specimens, 1200 <T has been tested as adequate
sintering temperature. The same primary vacuum has been used for this test.

Some investigations have been previously done in the literature, and they showed that the main
parameters in sintering cycle are: heating rate, sintering time, sintering temperature and sintering
atmosphere [126]. To study the influence of the heating rate, three different sintering cycles have been
used in the analysis and three ramps have been included for each sintering cycle. Table 19 and Figure
78 give details about this sintering cycle. Ramp 1 corresponds the pre-sintering period, and the third
ramp is to cool down the sintered compacts. The main sintering period is ramp 2 with the heating rate of
5 €/min, 10 T/min and 15 <T/min up to 1200 <C, the holding time at this temperature is still 120 min

as before. In addition, still the same primary vacuum has been used during this sintering test.

Table 19. Sintering cycles for specimens from micro-mono-injection

Sintering cycles Ramp 1 Ramp 2 Ramp 3
Heating rate [ “T/min] 2.5 5 -10
1 Temperature [TC] 600 1200 20
Holding time [min] 30 120 End
Heating rate [ T/min] 5 10 -10
2 Temperature [T] 600 1200 20
Holding time [min] 30 120 End
Heating rate [ T/min] 7.5 15 -10
3 Temperature [T] 600 1200 20
Holding time [min] 30 120 End
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Figure 78. Sintering cycles (1200 <C) with three heating rates of 5 T/min, 10 <T/min and 15 <T/min
for mono-injected specimens
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4.2.4. Physical properties of the resulted micro-parts at the end of the processing stage

As the results suggest, four types of the micro specimen injected with 316L stainless steel feedstock
(Dso=3.4 pm, formulation F3, powder volume loading of 60%, 62% and 64%) have been sintered.
Taking the specimens loaded at 62% as an example, the resulting sintered specimens are shown in
Figure 79 without obvious defect.

Injected  Sintered Injected  Sintered

Debinded Debinded

Figure 79. Four types of micro specimens injected with 316L stainless steel feedstock (Dsp=3.4 pm,
formulation F3, powder volume loading is 62%) after the injection, debinding and sintering stages

4.2.4.1.Shrinkages of the resulting micro-specimens in different directions

The analyses of the dimensions have been carried out to the sintered specimens injected with feedstock
loaded at 62% and 64% respectively. The mean shrinkages in the main directions are related in Table
20 and Table 21.

As shown by the results related to the feedstock loaded at 62%, the sintering cycle with the heating rate
corresponding to 10 <T/min generates the maximum shrinkages in L (9.6%) and W (10.4%) directions;
in the thickness direction, the heating rate that indicates the maximum shrinkage (20.8%) is obtained at
15 <T/min, which is much higher than the shrinkages in the other directions. In regard to the feedstock
loaded at 64%, the sintering cycle with the heating rate of 15 <T/min gives always the maximum
shrinkages which are 10.3%, 11.9% and 20.9% in L, W and thickness directions, respectively.

One can remark that a very high shrinkage in thickness direction has also been revealed as for the
feedstock loaded at 62%. ompared with the shrinkage in L direction for both feedstocks, higher valued
have been achieved in W direction for three heating rates. The same phenomenon has been encountered

by other authors, N.H. Loh et al. [127]. The main parameters affecting final part size have been already
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studied and these include the metal powder morphology, binder ingredients and proportions, mixing
conditions, mold design, molding parameters, rheological behavior of the molding materials, debinding,
sintering, equipment and even environmental conditions. Among these often integrally-related factors,
the most sensitive are the powder volume loading and the mold design [127]. As it is shown, different
shrinkages have been revealed for the same directions for the different specimen types, since all the
conditions during the process are the same, these differences in our experiments can only be explained
by the different mold design corresponding to the specimen types.

Table 20. Shrinkage in different directions corresponding micro specimen injected with 316L stainless
steel feedstock (Dsp=3.4 m, formulation F3, powder volume loading is 62%)

Type b)

Type ¢) Type d)

Heating J1YPe&)

Direction  rate T [
[T/min] L L
5 9.6% 9.4% 9.4% 9.2% 9.4%
L 10 9.9% 10.1% 8.4% 9.9% 9.6%
15 8.5% 9.3% 9.0% 9.4% 9.1%
5 10.0% 11.0% 10.2% 10.0% 10.3%
w 10 12.0% 11.0% 9.6% 9.1% 10.4%
15 8.0% 9.3% 10.7% 9.0% 9.3%
5 18.0% 16.0% 24.0% 16.0% 18.5%
Thickness 10 16.0% 22.0% 22.0% 16.0% 19.0%
15 19.6% 19.5% 24.0% 20.0% 20.8%

Table 21. Shrinkage in different directions corresponding micro specimen injected with 316L stainless
steel feedstock (Dsp=3.4 m, formulation F3, powder volume loading is 64%)

Heating Type a Type b Typec Typed

[T/min] L L L L

5 10.1% 10.4% 10.2% 9.8% 10.1%
L 10 9.6% 9.5% 9.3% 9.3% 9.4%

15 10.9% 10.2% 9.6% 10.4% 10.3%

5 9.8% 10.9% 11.3% 9.0% 10.3%
w 10 10.0% 10.0% 12.0% 10.0% 10.5%

15 9.5% 13.0% 13.0% 12.0% 11.9%

5 16.0% 20.0% 24.0% 22.0% 20.5%
Thickness 10 16.0% 18.0% 20.0% 20.0% 18.5%

15 22.2% 16.0% 26.0% 19.4% 20.9%

As we know, a low powder volume loading results in considerable dimensional change during the
sintering stage in comparison with a high powder volume loading [2]. However, in some cases one can
observe that the related results are in the opposite way. Thus, more tests should be carried out to

examine this problem.
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4.2.4.2.Densities of the resulting micro-specimens

In addition, the density of the sintered micro-specimens have been measured by the water displacement
method (Archimedes method) for feedstocks loaded at 62% and 64%, as it is reported in Table 22.

Table 22. Density of the sintered micro-parts resulting from 316L stainless steel feedstock (Dsp=3.4 m,
formulation F3)

Powder volume loading  Heating rate [ T/min] Density [g/cm®] Relative density
5 7.37 92.8%
62% 10 7.51 95.1%
15 7.21 91.3%
5 7.26 91.9%
64% 10 7.31 92.5%
15 7.48 94.7%

4.2.4.3.Vickers hardness of the micro-specimens

Besides measurements of shrinkages and densities of the sintered micro-specimens, Vickers hardness
tests have been also used to evaluate the resulting mechanical properties. Since the four types of micro-
specimens have been employed for the measurements before post-treatment (e.g. quenching, etc), a

relative low average value of HV/160 has been observed.

Summary

The micro-components in this chapter are the beam-bending test specimens injected with two 316L
stainless steel feedstock (60% as the powder volume loading for one half and 64% for the other half)
and the four types of the micro specimen injected 316L stainless steel feedstock (Dso=3.4 pm,
formulation F3, powder volume loading is 60%).

For the thermal debinding stage, a classical cycle with two ramps has been used for these beam-bending
test specimens in an argon atmosphere. About 70% to 75% of the binders are removed out without
generating external defects for the debinded porous components. The debinded structures (e.g. for the
injected with 316L stainless steel feedstock loaded at 62% and 64%) have been observed as well.

The debinded porous specimens are then sintered and the final specimens have been finally produced. A
sintering cycle with a heating rate of 20 <T/min till 1360 <T has been processed on the beam-bending
test specimens obtained from bi-material injection The shrinkages in length direction for the bi-material
injected specimen are 12.07% (specimens injected with feedstocks loaded at 60% and 62%) and 10.94%

(specimens injected with feedstocks loaded at 60% and 64%). For the micro mono-injected specimens,
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The shrinkages in length, width and thickness directions of the micro mono-injected specimens have
been measured, one can notice smaller shrinkages in length directions (with an average value of about

11.5%) than in width directions (with an average value of about 13.2%) attributed to the mold design
influence.
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Chapter 5. Identification of constitutive material parameters

and numerical simulation of the sintering stage in micro-MIM

In comparison with the conventional trial and error method, computer simulation of sintering by finite
element method in combination with appropriate material laws is a faster alternative to optimize entire
industrial processes [128].

The objective of this chapter is the shrinkage and density calculation of the components form micro-
injection obtained from the previous stages. In the first stage, the identification of constitutive behavior
law and physical parameters concerning the very fine stainless steel powders and high volume loading
contents involved in the sintering model should be performed in order to set up the implementation of
the FE simulations. The identifications are carried out with Matlab®, and the identified parameters are
presented. Then the solid state diffusion model for the sintering has been implemented in a commercial
FE solver (ABAQUS®) as a user supplied material routine (UMAT) to perform the simulation of the
sintering stage for micro-MIM process. Finally, the simulation results are related for the four specimen
types and compared with the experimental results to validate the simulations of the micro-injected

components.

5.1. Constitutive sintering model

Sintering theory has been developed continuously from the late 1940s [128]. The most successful
approaches to understand the mechanisms of neck growth and shrinkage is the two-sphere model due to
Frenkel and Kuczynski [129] for the early sintering stages whereby the particles bond together by the
neck which forms where the powder particles were initially touching, as shown in Figure 80. As

temperature increases during the sintering process, the neck speeds up to grow [130].

Figure 80. Neck formation in the sintering of spherical particles of the same size with a neck
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The cylindrical pore channel model is due to Coble [131] and the extrapolated two-particle model due to
Kingery and Berg [132] for the intermediate shrinkage state, and the spherical pore model due to
MacKenzie and Shuttleworth [133] for the late sintering stages have been proved correctly as well. In
the seventies, more sophisticated models (based on less simplified pore geometries and taking
superposition of the various sintering mechanisms into account) have been developed, for example, by
Johnson [134], Skorokhod [135], Ashby [136], Beere [137], Scherer [138], among many others (for
reviews see, for example, Exner et al. [139] [140] [141] [142], Schatt [143], German [47] or Olevsky
[144]). A similar development took place in solid-liquid phase sintering theory, where the early model
due to Kingery [145], has been the starting point for most of later and still ongoing theoretical work in
spite of its geometric over simplifications and its lack of qualitative agreement with experimental
observations. Extensive reviews on sintering models for liquid phase sintering are available (see, e.g.
German [146], Schatt [143], Savitskii [147] or Exner and Arzt [141]). Later theoretical work on solid
and liquid state sintering considering additional effects like non-isothermal sintering, gravity, particle
orientation, anisotropic shrinkage [148], or superposition of external loads have been carried out. In
addition, sintering theory was also applied to new sintering processes like microwave sintering [149].
Moreover, a microscopic model for viscous sintering has been adopted by A. Mawardi et al. to describe
the micro/nano-structural evolution by considering the effects of nano-particle mechanics on the
sintering kinetics [150]. The overall dimensional change of the sintered micro-part is determined based

on the local sintering stress in the green body, which is evaluated using the variation of the
micro/nanostructure during sintering, as shown in Figure 81, where the sintering stress o is formulated

based on the mechanism of diffusion at the interparticle boundary for two spherical particles in contact.

Particle B !
> | i //
In \

vl
Particle A vV,

Figure 81. Diagrammatic sketch of interparticle boundary for the determination of sintering stress in the
microscopic scale

One can find a schematic illustration of an interparticle boundary across which a velocity discontinuity
occurs, where the stresses, o, and o, are defined such that positive velocity differential results in

positive work. The details of the formulation of mass transport on the interparticle boundary are
reported in reference [151]. The deformation of the particle can be derived based on the quasistatic

principle of virtual power, in the following form:
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asjAniv;‘dA+ij oM, jidL =0 (12)

where v is the velocity, A is the surface area of particle, j* is the diffusion flux, and o, is the stress on

Lp (contact perimeter), while m and n are the unit normal vectors, for the ith plane of contact.

Recently, it has been increasingly possible to perform simulation of the micro-structural behavior of
large systems, and this development opens the way for embedding micro-structural evolution into
macroscopic models [152], which in turn allowed plasticity models to move beyond continuum
phenomenological theories that rely on field quantities to approximate collective micro-structural
phenomena [153] [154] [155] [156]. Some numerical researches have been realized on the micro-
behavior during the sintering process of the alumina [157] [158].

The model chosen in our study is a phenomenological one based on the continuum mechanics, by
considering a thermo-elasto-viscoplastic model (as shown in Figure 82) with isotropically distributed
voids [159], in order to estimate shrinkage, relative density and variation of the shapes of micro-
components, during and after the sintering stage without being obliged to carry out the physical
experiments [72] [82] [160].

Elastic Thermal

Visco-plastic
|

Figure 82. Sketch of the employed sintering model in our investigations

Under high sintering temperature conditions, the macroscopic behavior of the material can be regarded
as a creep deformation one [161] [162] [163]. The total strain & of this model is described as expressed

in equation (13), consisting to split the strain rate in three parts [159].

g= &% +gM 45" (13)
where &%, é™ and &'P are the elastic, thermal and viscoplastic strain rates.
The part of elastic strain rate is assumed to be linear and isotropic. It can be expressed in the following
expression:

&®* =C,6 (14)
where C. is the elastic compliance matrix. Equation (14) can also be expressed in the rate form of
Hooke’s law, as following:

6=D%* =D%(e—-&" —£") (15)
where De is elastic stiffness matrix.

The thermal strain is mainly due to thermal expansion that can be expressed as:

& = oaTI (16)
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where « is the thermal expansion coefficient, AT is the incremental temperature rate, | is second order
identity tensor. a can be determined by the experiments carried out in dilatometer.
After overcoming a specified transition temperature in sintering, viscoplastic strains prevail on elastic

strains and densification occurs. The viscoplastic strain rate is given by equation (17) [160]:

_ dev(a)+am -0,

-Vp
¢ 2G 3K

| (17)

where ' is the viscoplastic strain rate, dev(s) is the deviatoric stress tensor, on=tr(s)/3 is the trace of
the stress tensor, | is the second order identity tensor, G is the shear viscosity modulus, K is the bulk

viscosity modulus, o is the sintering stress. G, K and o, stand for the material parameters to be

determined. This strain rate is function of temperature, density and relative density of pores [164] [165].
The material is considered a porous media in which the total relative density p (summation of the
relative densities of powder, binder and pores, defined as the volume fraction of the constituent divided
by the entire volume) is constant (equal to 1) during the entire process while the relative densities of
each component continuously change [8].

The elastic-viscous analogy is suggested to define the shear and bulk viscosity modules for sintering
materials, as related in equation [166]:

My Mo

= e,y Tt (18)

where 7,and v are uniaxial viscosity and viscous Poisson’s ratio of the porous material.

As shown in Figure 83, Song et al. have defined the following relationship to define the uniaxial

viscosity #p through bending tests [72] [160] [167]:

e 1

5p.0L;  PL;
Me = 5

+
32h=  4bh’

( (19)

where § is the deflection rate at the center of the specimen, p, 1S the apparent density, g is gravity, P

is the external load, Ls, b and h are respectively the distance between the two supporting rods and the

width and thickness of the specimen.
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Figure 83. Simply supported beam model for beam-bending tests

The viscous Poisson’s ratio is determined from an average relationship in the following form [166]:
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v zi P (20)
P 2\3-2

where p is the relative density. The relative density of the sintered part is calculated by the following

expression:
Po
= 21
p (141) (21)
where p, is the relative density after pre-sintering and A is the uniaxial shrinkage defined as:
L-L
A= : 22
B (22)
where L and L, are the length of the specimens before and after sintering stage.
The following equation is proposed to determine the sintering stress [168]:
o, =Bp° (23)

where B and C are the material parameters that should be identified from dilatometer experiments.

The above evaluation is summarized in Figure 84, the material parameters can be determined by
identifying the shear viscosity module G, the bulk viscosity module K and the sintering stress os.
Extensive numerical simulations have been done for the small size components injected with a 316L
stainless steel feedstock provided by AMW in our laboratory by Song et al. [160]. Besides, the
components injected with some in-house feedstocks based on the powder with larger particle size

(powder volume loading equal 60%) have been also simulated.
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2G 3K
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= = Rela
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Figure 84. Evaluation of the viscoplastic strain rate in the sintering model

5.2. Sintering parameters identification

The beam-bending test process has been proposed to identify the sintering parameters for the sintered

parts during the sintering stage at high temperature [169]. In our laboratory, Song et al. have carried out

77



Chapter 5. Identification of constitutive material parameters and numerical simulation of the sintering stage in micro-MIM

the beam-bending tests specimens for the components (80mm in length) in a furnace [167]. Quinard et
al. have performed identifications through the horizontal dilatometer equipped with a beam-bending test
support for the components with the length of 25mm [170].

The vertical dilatometer has been intensively used for the identification in the present study. The 316L
stainless steel feedstocks (Dsp=3.4 pm, formulation F3) with high powder volume loadings (62%, 64%
and 66%) have been identified here. As the deflection direction is vertical, so the influence of the
gravity has been considered in these identification tests in the vertical dilatometer with primary vacuum
for the micro-MIM process with the very fine powder.

5.2.1. ldentification tests in vertical dilatometer

To succeed in the sintering stage, high sintering temperature and fast heating rate have been applied.
However, fast heating can induce various defects in the sintered components [122], such as crack and
distortion due to the stress and temperature gradients. It results in some difficulties to determine the
sintering parameters and to choose the appropriate design of the injection mold. Thus, in the
identification tests in the vertical dilatometer, three heating rates (as shown in Table 23) with the equal
5 T/min, 10 T/min and 15 <T/min have been used to correspond the heating rates employed in the
sintering stage for the micro-injected specimens (see section 4.2.3). Figure 85 illustrates the three cycles

used in the analyses.

Table 23. Different sintering cycles for the identification tests in vertical dilatometer

Sintering cycles Ramp 1 Ramp 2
Heating rate [ T/min] 5 -10

1 Temperature [T] 1360 20
Holding time [min] 120 End
Heating rate [T/min] 10 -10

2 Temperature [T] 1360 20
Holding time [min] 120 End
Heating rate [ “<C/min] 15 -10

3 Temperature [T] 1360 20
Holding time [min] 120 End

Considering the main densification of 316L stainless steel powder occurs from above 900 <C, the pre-
sintering stage has been omitted to simplify the sintering cycles. The temperature in the vertical
dilatometer has been raised up to 1360 <C due to the fact that sintering stage with higher temperature
will be also simulated in the future. Since the 316L stainless steel powder in our study is an easy-
oxidized powder, so during the identification tests in vertical dilatometer, an argon atmosphere has been
used to protect them. The same pre-sintering stage as in the identification tests in horizontal dilatometer
has been also carried out for the specimens in the vertical dilatometer. Consequently, the mechanical

properties of the pre-sintered specimens are improved.
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Figure 85. Heating cycles for beam-bending and free sintering test in vertical dilatometer

5.2.1.1.Beam-bending tests in vertical dilatometer

The set-up used for the beam-bending tests in the vertical dilatometer is demonstrated in Figure 86. The
associated probe is made up of a base with two knives and a rod with a knife-shaped cross section. A
load equal 5 cN has been applied at the centre of the specimen through the rod. The specimens have a

rectangular shape (14 mm in length, 5.5 mm in width and 1 mm in thickness).

Probe
Sample
holder

a) b)

Figure 86. Beam-bending test in vertical SETSYS® evolution dilatometer, a) Set-up for TMA
measurement and the involved probe; b) geometry of the sample and the sample support

Since gravity has been taken into account, the uniaxial viscosities 75 have been evaluated according to
equation (17) and related in Figure 87 with the rectangular specimens before and after tests. Due to the
difficulty of the injection with the feedstock loaded at 66%, as small number of specimens has been
manufactured. As the consequence, the beam-bending and free sintering tests with heating rate of

15 <€/min have not been carried out for this feedstock.
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Figure 87. Uniaxial viscosities 77,63 vs. temperature from beam-bending tests in vertical dilatometer for
316 L stainless steel feedstock (Dsp=3.4 pm, formulation F3) with the powder volume loadings equal a)

62%; b) 64%:; c) 66%
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Based on the results obtained from these tests, the following synthesis can be related:

1) The uniaxial viscosities are in the range 0.1-0.3 GPa.s for 316L stainless steel powders. However
Blaine [169] got values of uniaxial viscosity in the range 0.2-0.6 GPa.s for 316L stainless steel powders
compacted with boron. Lame [171] reported values of uniaxial viscosity in the range 60-80 GPa.s for
iron powder compacts. Vagnon [172] related the uniaxial viscosity of 316L stainless steel powders
compacts in the range 4-50 GPa.s. The differences between the results reported by Blaine [169] and
Lame [171] can be explained through numbers of parameters as homogeneity of the feedstock, the
content of the binder, the particle size of the powder, etc.

2) The powder materials under consideration begin to flow when the temperature is greater than
1000 T, which confirms well the results obtained by different authors.

3) The feedstock loaded from 62% to 66%, exhibits greater uniaxial viscosities equals about 8 G.Pa.s at
the lower heating rate of 5 </min. One has to remark that for the feedstock loaded at 62%, the uniaxial
viscosity exhibits an abrupt increase at about 1225 <C for heating rate equal 15 <T/min.

4) One can remark that with the same heating rate, the higher the feedstocks are loaded, the higher
uniaxial viscosities are obtained at the same temperature. This is related to the fact that the more the

powder loading is, the higher the related viscosity becomes.

5.2.1.2.Free sintering tests in vertical dilatometer

Figure 88 indicates the set-up for free-sintering test in vertical dilatometer. The length of the cylindrical

specimens is 10 mm and the diameter is 5 mm. The rod has a flat end and the base is also flat.

Sample
support

Figure 88. Set-up for free-sintering test in vertical SETSYS® evolution dilatometer

The shrinkage curves vs. different sintering temperatures for the different loaded feedstocks have been
observed and plotted in Figure 89, and the involved cylindrical specimens in these free-sintering tests

have been given as well.

81



Chapter 5. Identification of constitutive material parameters and numerical simulation of the sintering stage in micro-MIM

2.00%

0.00%

-2.00%

-4.00%

-6.00%

-8.00%

Uniaxial shrinkage

-10.00%

-12.00%

= 5°C/min -+10°C/min - 15°C/min

AN

AN

)\ N

——

1000

1100

1200

Temperature [°C]

1300

1400

2.00%

0.00%

-2.00%

-4.00%

-6.00%

-8.00%

Uniaxial shrinkage

-10.00%

-12.00%

[,

I
= 5°C/min -+10°C/min

I |
©- 15 °C/min

N

N

AN

b

AN

——

1000

1100

1200
Temperature [°C]

1300

1400

2.00%

T
=+ 5°C/min

=~ 10 °C/min

0.00%

-2.00%

-4.00%

AN

Y i

-6.00%

-8.00%

AN
N

N

Uniaxial shrinkage

-10.00%

%—_&h

-12.00%

1000

1100

1200
Temperature [°C]

1300

1400

b)

c)

Figure 89. Uniaxial shrinkage A4 vs. temperature from free sintering test in vertical dilatometer for 316
L stainless steel feedstock (Dsp=3.4 pm, formulation F3) with the powder volume loading of a) 62%; b)

64%; c) 66%
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According to these curves, the following conclusions can be set up:

1) Shrinkage begins to occur at about 1000 <C and rapidly increase at a temperature above 1050 <C till
around 1200 <C, then after and up to a temperature approaching to 1360 <C and the shrinkage largely
decreases.

2) At the same temperature, large shrinkages are obtained for the specimens with lower powder loading.
The reason is related to the fact that when powder loading is high, more pores are produced, so the
components after sintering shrink more obviously.

3) A higher density was obtained using low heating rate since a greater shrinkage was obtained. The
density investigation after the sintering stage has been performed on the sintered specimens.

As example, considering the feedstock loaded at 64%, as reported in Table 24, the rise of density in
accordance with the drop of the heating rate has been clearly presented. In comparison with the lower
heating rate, less time has been left to the components to shrink during the sintering stage with rapid

heating.

Table 24. Density and shrinkage of 316 L stainless steel feedstock (Dsp=3.4 pm, formulation F3,
powder volume loading is 64%) after sintering stage with three different heating rates

Heating rate, <T/min Density, g.cm™ Shrinkage
5 7.618 12.51 %
10 7.593 12.26 %
15 7.567 12.20%

Besides, the shrinkage rates during these free sintering tests in the vertical dilatometer have been
measured as well, always the same temperature about 1180 <T (see Figure 90) has been revealed as the
highest shrinkage rates occur for all the three powder volume loadings. And it is can be seen that the

shrinkage rates increase as the heating rates rise up.
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Figure 90. Shrinkage rate during the free sintering test in vertical dilatometer for 316 L stainless steel
feedstock (Dsp=3.4 pm, formulation F3) with the powder volume loading of 62%
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5.2.2. Numerical identification of the sintering model

As discussed in section 5.1, the shear viscosity module G, bulk viscosity module K and sintering stress
os should be determined to identify the employed sintering model based on the results from the
identification tests mentioned previously. Matlab® and the related tools are used for this.

5.2.2.1.Numerical identification of B and C parameter

Sintering stress is the driving force for densification. It depends on the surface tension, relative density,
size and shape of the particles, as well as the grain and pore size that varies with the microstructure
evolution during the sintering process. As discussed above (in section 5.1), parameter B and C in
sintering model (equation (23)) are the material parameters that should be identified from dilatometric

experiments.

5.2.2.1.1. Algorithm in Matlab® for identification of parameter B and C

Different expressions are proposed to calculate the sintering stress for the open and closed pores [173]
[174]. The following equation (24) has been proposed to calculate the sintering stress for 316L stainless

steel powder during the sintering stage [160].

s=al -0, (24)

=3(aT _t) (25)

where L is the dimensional change of the specimen, a is the coefficient of thermal dilatation, T is the
variation rate of temperature. The strategy to identify the parameters B and C in Matlab® is to approach
the numerical shrinkage curve according to equation (26) to the one obtained from the free sintering

tests. The algorithm is indicated in the following expression [160]:

min F(X)
FOO = Y2010 - 4T, 1) (26)
x=[B,C]

where A is experimental uniaxial shrinkage, obtained from dilatometer test, A" is numerical uniaxial
shrinkage, F(x) is the mean residual squares of the tolerance where i=1,..., n indicates different values

of the sintering temperature, X is the set of material parameters to be identified. The Nelder-Mead
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Simplex method [175] has been employed to minimize the value of F(x) in our case. Note that the
calculations have been divided into two segments specified by critical relative density (0.8) during the
sintering stage due to the different shrinkage rates for each one.

5.2.2.1.2. B and C identified for 316L stainless steel feedstock with the powder volume loading of

62%, 64% and 66%

In accordance, by coupling the shrinkages obtained from the identification tests in vertical dilatometer,
the identification of B and C parameters during the sintering stage with three different heating rates of
5 T/min, 10 <T/min and 15<CT/min have been implemented for the 316L stainless steel feedstock loaded
at 62%, 64% and 66% and the identified values are indicated in Table 25, Table 26 and Table 27,

respectively.

Table 25. Identified B and C during sintering stage with different heating rates for 316 L stainless
steel feedstock (Dsp=3.4 pm, formulation F3, powder volume loading is 62%)

p <0.8 p=0.8
Heating rate B, C, B, C,
5 C/min 6501.7 5.2478 2482.9 -5.4275
10 C/min 1114.0 0.0504 1528.9 -6.3254
15 C/min 6756.4 4.6458 1696.2 -8.7859

Table 26. Identified B and C during sintering stage with different heating rates for 316 L stainless
steel feedstock (Dsp=3.4 m, formulation F3, powder volume loading is 64%)

p <0.8 p=0.8
Heating rate B, Cy B, C,
5 C/min 7147.2 5.2287 852.3 -10.407
10 T/min 3982.8 3.3489 3094.3 1.2225
15 T/min 6169.3 4.6355 207.5 -23.273

Table 27. Identified B and C during sintering stage with different heating rates for 316 L stainless
steel feedstock (Dsp=3.4 pm, formulation F3, powder volume loading is 66%)

p <0.8 p=0.8
Heating rate B, Cy B, C,
5 C/min 3090 3.728 2435.9 -6.1662
10 <T/min 5696.6 4.9671 1814.1 -1.7039

The numerical shrinkage curves after identification are related in Figure 91, Figure 92 and Figure 93.
As it is shown for the three different heating rates, all the numerical curves fit well the experimental
ones; these results have confirmed very well the choice of our sintering stress model and the

identification method.
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Figure 91. Comparison between experimental shrinkages in vertical dilatometer during the sintering
stages with different heating rates and identified ones for 316 L stainless steel feedstock (Dso=3.4 pm,
formulation F3, powder volume loading is 62%)
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Figure 92. Comparison between experimental shrinkages in vertical dilatometer during the sintering
stages with different heating rates and identified ones for 316 L stainless steel feedstock (Dso=3.4 pm,
formulation F3, powder volume loading is 64%)
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Figure 93. Comparison between experimental shrinkages in vertical dilatometer during the sintering
stages with different heating rates and identified ones for 316 L stainless steel feedstock (Dso=3.4 pm,
formulation F3, powder volume loading is 66%)
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In addition, the relative densities associated to these three heating cycles for 316 L stainless steel
feedstock (Dso=3.4 pm, formulation F3) with different powder volume loadings of 62%, 64% and 66%
have been calculated with the identified shrinkage, as shown in Figure 94. Compared with the ones
obtained in the horizontal dilatometer, higher values (about 0.95) of the relative density have been

reached with more significant shrinkages.
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Figure 94. Calculated relative densities according to equation (20) for 316 L stainless steel feedstock
(D5o=3.4 pm, formulation F3, powder volume loading of 62%, 64% and 66%) during the sintering
stages with different heating rates of 5, 10 and 15 <T/min

5.2.2.2.Numerical identification of viscosity parameters

In parallel to the identification of sintering stress, the shear and bulk viscosity modules have been
calculated using equation (17) for the 316L stainless steel feedstock (Dso=3.4 pm, formulation F3,
powder volume loading of 62%, 64% and 66%). The modules G and K have been calculated by using
the above identified shrinkages and relative densities. The results are plotted (in logarithmic coordinates)
vs. temperature in Figure 95 in accordance to the three heating cycles. G and K begin to increase when

the temperature is greater than 1000 <C, which confirms well the experimental results obtained in the
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dilatometer and they give the values always smaller than 0.31 GPa.s for all the tested cases. Besides, the

values of G and K with the same heating rate as the powder volume loadings rise at the same

temperature. Note that for the feedstock loaded at 62%, G and K exhibit an abrupt increase at about

1225 <C for heating rate equal 15 <T/min, which is generated by the abrupt increase of the uniaxial

viscosity with the same heating rate.
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Figure 95. The identified shear and bulk viscosity modules according to equation (17) during the
sintering stages with different heating rates for 316 L stainless steel feedstock (Dso=3.4 jum, formulation

F3, powder volume loading of 62%, 64% and 66%)
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Moreover, the experimental and numerical identified viscosity modules (G and K, in logarithm
coordinates) during the sintering stages with different heating rates have been compared in Figure 96,
Figure 97 and Figure 98 for three powder volume loadings. As different moments of the sintering stage
gives different G and K, 1000 < and 1200 <C have been selected as the examples to demonstrate these

results.
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Figure 96. Comparison of shear (G) and bulk (K) viscosity modules (in logarithm coordinates) from
experiments and numerical identification with different heating rates during the sintering stages for 316
L stainless steel feedstock (Dso=3.4 pm, formulation F3, powder volume loading of 62%) at temperature
of a) 1000 < and b) 1200 T
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Figure 97. Comparison of shear (G) and bulk (K) viscosity modules (in logarithm coordinates) from
experiments and numerical identification with different heating rates during the sintering stages for 316
L stainless steel feedstock (Dsp=3.4 pm, formulation F3, powder volume loading of 64%) at temperature
of a) 1000 <€ and b) 1200 €

It is shown that the identified viscosity modules are in perfect agreement with the experimental ones.
All the same, one exception should be noted that the identified K at 1200 <C with heating rate equal
5 <C/min for powder volume loading of 62%. To explain this problem, new experiments and
identifications will be carried out. Still due to the lack of specimens load at 66%, only two sintering
stages with heating rates of 5 <T/min and 10 <T/min have been studied, and the results have been related

in Figure 98, the identified viscosity modules fit well the experimental values as well.
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Figure 98. Comparison of shear (G) and bulk (K) viscosity modules (in logarithm coordinates) from
experiments and numerical identification with different heating rates during the sintering stages for 316
L stainless steel feedstock (Dsp=3.4 pm, formulation F3, powder volume loading of 66%) at temperature
of a) 1000 <€ and b) 1200 €

5.3. FE simulation of the sintering stage for the components from micro-

MIM with 316 L stainless steel feedstock

In this study, the sintering process is investigated using numerical analysis are the four types of
specimen from micro injection with the 316 L stainless steel feedstock (Dsp=3.4 pm, formulation F3)
loaded at 62%, 64% and 66% with Abaqus® software. The sintering stages with three heating rates of
5 T/min, 10 T/min and 15 <T/min till 1200 <T have been simulated and compared with the already
obtained experimental results. However, only two sintering stages with heating rates of 5 </min and
10 <T/min have been simulated for powder volume loading equal 66%, due to the absence of the
identification for sintering stage of 15 <C/min (mentioned in section 5.2.1.1), so no comparison has been
done with the experimental results for this powder volume loading.

The sintering simulations of whole parts are sometimes based on results from numerical investigations
of processing production steps like uniaxial die compaction, isostatic compaction, slip and tape casting,
debinding or drying [176]. For example, the inhomogeneous density colors obtained after injection stage
leads to differential shrinkage of different volume elements and is the main reason for the developing
distortions during sintering in this production route [177] [178] [179] [180] [181]. However, in our case,
the initial density distributions of the pre-sintered components are supposed due to the proper
homogeneity of the feedstock.

The constitutive equations for the investigated sintering stage have been defined in section 5.1,
considering thermo-elasto-viscoplastic properties to decide the final shape of the four types of
specimens from the micro injection. The fully coupled thermal-stress analysis is chosen for simulation
[182]. The whole set of the equations has been implemented in the FE software ABAQUS/Standard
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(version 6.9-2) as a user supplied material routine (UMAT). The assembly composed of the micro-

specimens and the support has been demonstrated in Figure 99.

Support /L

Support /}\

Support Support

Figure 99 FE mesh of the four micro-specimen types and the support plate before sintering

The support for the four types of specimens is the same one. R3D4 and C3D8R have been set for the
support and the specimens as the element type, respectively. More details about characterization of the

mesh for these assemblies have been given in Table 28.

Table 28. Characterization of the mesh used in the investigated simulation

Component Support Typel Type 2 Type 3 Type 4
Element type R3D4 C3D8R C3D8R C3D8R C3D8R
Number of element 900 2100 2500 2160 2160
Number of node 976 2898 3366 2970 2970

The frictional coefficient between the specimens and the support has been set at 0.5 resulting from
previous analysis [167]. In addition, some other material parameters have been used in the simulation;

they are related in Table 29.

Table 29. Material parameters (316L stainless steel feedstock, Dso=3.4 jum, formulation F3) used in the
simulation with Abaqus®

Young modulus 196 GPa

Elastic Poisson’s ratio 0.28

Thermal conductivity 14.6 W/(m<C) [183]
Thermal expansion coefficient 1.12x10° T
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5.3.1. Prediction of shrinkages for micro- injected specimens with 316L stainless steel

feedstock (Dso=3.4 pm, formulation F3)

The homogeneous green relative densities equal 0.62, 0.64 and 0.66 have been used in simulation
corresponding to the feedstocks loaded at 62%, 64% and 66%, respectively.

The final shrinkages (in 3D) (powder volume loading equal 62%, heating rate equal 5 <T/min) of the
sintered micro-specimens have been shown in Figure 100, and then the comparisons between the
simulated shrinkages and the experimental ones in length, width and thickness directions are related in
Figure 101. The other simulation results and comparisons have been shown in Appendix I, according to

different powder volume loadings and heating rates.
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Figure 100. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dsy=3.4
pm, formulation F3, powder volume loading=62%) after the sintering stage (heating rate=5 <T/min)

As we discussed at the beginning of this chapter, no real manufacturing of the micro-specimen loaded at
66% have been processed, so only the numerical values have been given in Figure 115 and Figure 116
for this powder volume loading.

According to the results for powder volume loading of 62% and 64% (Figure 100 to Figure 109), it can
be observed that the experimental and numerical shrinkages are in good agreement in length and width
directions, especially for the sintering stage with heating rates of 5 <T/min and 10 <T/min. And for these
two heating rates, the shrinkages are more homogeneous than the ones for 15 <C/min, which can be
proved by the variation over 20% in light of shrinkage for the heating rate of 15 <C/min. In addition,
significant changes in shrinkage have been revealed by different types of the micro-specimens with the
heating rate of 15 <C/min. It means that the shrinkages evidently vary according to different forms of the

component to be sintered. The worse prediction of the dimensional shrinkages for the heating rate of
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15 <T/min is caused by this rapid thermal kinetic, which can generate more probable distortions to the
components under sintering, and this influence can particularly be more obvious for the micro-
components. So in terms of the resulted shrinkage, it can be concluded that a relatively slow heating rate
is preferred by the sintering stage for the micro-components with complex form, regarding the high
sensibility of component form associated to the rapid heating rate.

Some studies have been done about the gravity effects on the shrinkages of the sintering components
[184] [185]. The influence of gravity on uneven shrinkage of the sintered body depends on its
dimensions, support reaction, and the initial density distribution. Considering the gravitational effect,
more uneven shrinkages have been also observed in our study in the thickness direction for all these
four types of specimens compared with the shrinkages in other directions.
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Figure 101. Comparison between the experimental and the numerical shrinkages of the four types of
micro specimen (316L stainless steel, Dsp=3.4 um, formulation F3, powder volume loading=62%) after
the sintering stage (heating rate=5 <T/min)

Furthermore, if the contrast should be done between the sintered micro-specimens loaded at 62% and
64% in view of shrinkage, we can find out that the present results can hardly agree with the argument
that higher powder volume loading generally leads to lower dimensional shrinkage, and it will be even
worse when the simulation results are taken into account. One of the main reasons is due to the fact that

the identification results of shear viscosity modules G and bulk viscosity modules K with heating rate of
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5 <T/min are not very steady (see Figure 95), which have increased abruptly from about 1100 <C and
then slowed down the shrinkage in the simulation.

5.3.2. Prediction of relative density for the micro-injected specimens with 316L

stainless steel feedstock (Dsp=3.4 |um, formulation F3)

Besides of shrinkages, the relative densities have been simulated as well for these micro-specimens
injected with powder volume loading of 62%, 64% and 66%, respectively. The relative density
distributions (powder volume loading equal 62%, heating rate equal 5 <C/min) of the sintered micro-
specimens have been illustrated in Figure 102. The other simulation results have been shown in section
Appendix 11, according to different powder volume loadings and heating rates.

As it is shown in the figures, the relative densities are generally homogeneous for most of the
simulations, in which the variations have been well controlled within 1%. However, some different
results have been encountered for the powder volume loading of 64% with heating rate of 15 <T/min
(see Figure 117 c)) and powder volume loading of 66% with heating rate of 5 <T/min (see Figure 118
a)). Especially the simulation for the first one (powder volume loading=64%, heating rate=15 <T/min), a
highest value of 100% has been attained by the micro-specimens of type 2, type 3 and type 4 while their
shapes have been significantly changed. This is due to the higher heating rate afforded to these micro-
specimens, which evidenced by the experimental phenomena mentioned in section 5.3.1, the
components loaded higher are particularly more sensitive to the rapid heating rate. Though in contrast
with these three types of micro-specimen, a relatively homogeneous distribution has been given by type
1, as shown in the same figure, just 3% as the variation has been found. Some little better results have
been obtained in the second one (powder volume loading=66%, heating rate=5 <C/min), in which study
about 5% error has been revealed by the micro-specimens of type 1, type 3 and type 4, but for one of
type 2, perfect densification has been achieved (only 0.77% as the variation) due to the more simple

form of this type.
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Finally, with the measurement of the relative density (mentioned in section 4.2.4.2) for the sintered
micro-specimens, the comparison between the experiments and these simulations have been
summarized and the mean values are plotted in Figure 103 and Figure 104 for powder volume loading
of 62% and 64%, respectively.
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Figure 103. Comparison between the experimental and the numerical relative density corresponding to
four types of micro specimen (316L stainless steel, Dsp=3.4 pm, formulation F3, powder volume
loading=64%) after the sintering stage (heating rate=5 <C/min, 10 <T/min and 15 <T/min)
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Figure 104. Comparison between the experimental and the numerical relative density corresponding to
four types of micro specimen (316L stainless steel, Dsp=3.4 pm, formulation F3, powder volume
loading=64%) after the sintering stage (heating rate=5 <T/min, 10 T/min and 15 <T/min)

Actually, obvious differences between the experimental and numerical values have been observed for
both powder volume loadings. The results from simulation are almost smaller than the ones from
experiment, this is due to the fact that the identification tests (mentioned in section 5.2.1) in the vertical
dilatometer have been carried out in an argon atmosphere instead of vacuum to prevent them from
getting oxidized. As it is known, in some worse situations, the pores will be coarsen due to the inner
expansion of the gas in the pores when the sintering is processed at high temperature [186], the

consequence is that the slow down and the reduction effect for densification, but there no gas trapped
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when the sintering stage is carried out in vacuum atmosphere, that’s why the experimental results are

always higher than the ones simulated by using the identified parameters from the vertical tests.

Summary

In this chapter, a phenomenological model of solid state diffusion sintering has been presented.
Meanwhile the parameters (G, K and os) should be determined have been highlighted. The beam-
bending and free sintering tests in the vertical dilatometer have been realized in order to identify the
model parameters. Consequently, the identifications in Matlab® have been successfully carried out, and
the results have been related.

Based on the identified parameters, by coupling the other parameters proposed in literature and the other
similar researches, such as Young modulus, elastic Poisson’s ratio, thermal conductivity and the friction
between the component and support, etc, the model has been implemented in the finite element code
Abaqus® as a user defined material routine UMAT. The sintering stages with different heating rates
(5 €/min, 10 T/min and 15 <T/min) are simulated for four micro-specimens types injected with three
powder volume loadings (62%, 64% and 66%). As the results, the shrinkage and relative density
associated to each sintering cycle have been related and compared to the experimental values,
respectively. The simulation results fit well the experiments, especially for the sintering cycles with
relative low heating rates and low powder volume loadings. However, due to the high sensibility of the
component shape associated to the sintering cycle with rapid heating rate, the prediction of the sintering
behavior for micro-specimens injected with high powder volume loading (66%) and rapid heating rate
(15 <€/min) has to be improved in comparison with the other results.

In summary, the sintering computational simulation with the proposed thermo-elasto-viscoplastic model
can generally predict the results of the sintering stage. But this ability in some cases remained limited
for some particular situations, such as the very rapid heating rate during the sintering stage, the micro-

specimens with complex form, the components injected with feedstock loaded very high, etc.
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Chapter 6. Conclusions and perspectives

The researches reported in this thesis focus on the elaboration and characterization of feedstock based

on 316L stainless steel powders, the identification of material and physical parameters associated to the

sintering stage and the numerical simulations of the sintering process by the FE method using the

identified parameters. The main experimental developments and the related numerical simulations, as

well as the future works in this chapter.

6.1.

Conclusions

In comparison to the previous Ph. D. theses carried out in our research team, new binder systems
composed of different polymeric binder systems have been adapted to various 316L stainless
steel powders (5 pm and 16 pm). Three feedstock formulations have been elaborated using
polyethylene and wax (Group #1), polypropylene + wax + acid (Group #2) and polyethylene +
acid (Group #3). The resulting feedstocks for each group have been characterized using the
mixing torque tests in twin-screw mixer and the shear viscosity tests using in capillary
rheometer. Group #2 has been highlighted from the three groups due to the lower mixing torque
and shear viscosity revealed by this binder system. Meanwhile, the feedstock associated to
formulation F3 that is well adapted for both powders is retained for the subsequent tests.

By using the selected F3 feedstock formulation, four methods have been employed to determine
the critical powder volume loading with 316L stainless steel powder (5 pm): mixing tests by
continuously powder content increasing and batch powder loading, rheological tests and
feedstock viscosity model. The different powder volume loading ranges obtained according to
each method are 64~70%, 64~70%, 66%~70 and 68%, respectively. By coupling these four
ranges, the critical powder volume loading corresponding to formulation F3 has been located at
68% for the powder of 5 pm.

Mono-material injection with one single feedstock and bi-material injection with two different
feedstocks have been properly developed and realized. Four types of micro-specimen used for
the simulation validation have been injected with three 316L stainless steel feedstocks (5 pm) of
62%, 64%, and 66% corresponding to formulation F3. A two-plate mold has been used for the
bi-material injection with 316L stainless steel feedstocks (5 jum) loaded at 60% and 64%, but the
injection chambers are not separated for the different feedstocks, so the irregular joining of
feedstock at the interface zone have been encountered in these first bi-material injection tests.

Then micro component injected with 316L stainless steel feedstock (5 pm) and Cu feedstock has
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been realized by using a three-plate mold with the separated die cavities. The interface between
both feedstocks has been well controlled in comparison with the first process.

Binder burnt-out tests have been carried out for the selected feedstocks in TGA module in the
vertical dilatometer, as well as for the injected micro-specimens dedicated in order to validate
the numerical simulations. In the first case, the feedstock pellets with different powders volume
loading have been heated up to 500 <C, and the weight loss has been measured. In micro-
specimen injection, TGA has been examined for injected specimens. Consequently, the
homogeneity of feedstock has been investigated before and after injection. The measured weight
losses in both cases are in good agreement to the theoretical binder weight in the feedstock
formulation. In addition, the binders and powder particles distribution have been observed
through SEM. Both TGA and SEM analyses lead to the same conclusion: the feedstock prepared
corresponding to the selected formulation F3 (binder system composed of polypropylene,
paraffin wax and stearic acid) are homogeneous.

In order to identify the sintering parameters based on the proposed model, beam-bending and
free sintering tests have been performed through TMA in a vertical dilatometer. Three heating
rates corresponding to 5 T/min, 10 <T/min and 15 <T/min have been used during these tests on
316L stainless steel (5 pm) feedstocks with various powder volume loadings (62%, 64% and
66%). On basis of the results obtained from the dilatometer, the shear viscosity module G, the
bulk viscosity module K and the sintering stress os have been properly identified using Matlab®
software, The identified parameters fit well the experimental values.

A thermo-elasto-viscoplastic model well suited for sintering stage has been implemented in
Abaqus® finite element code, the element that are used correspond to R3D4 and C3D8R for the
support and the four micro-specimens, respectively. The material parameters resulting from the
experiments have been used to define the 316L stainless steel feedstock, together with the
identified G, K and os. Finally, the sintering stage of 1200 <C for the four types of micro-
specimens (powder volume loading of 62%, 64% and 66%) with three heating rates (5 <T/min,
10 <€/min and 15 <T/min) have been simulated. The experimental shrinkages and relative
densities of the sintered micro-specimens have been compared to the simulation results.
Adequate comparisons are related, especially for the case of lower heating rates adapted to the

components injected with lower powder volume loadings and simple forms.
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6.2. Perspectives

6.2.1. Experiments and processing

According to the obtained results, new investigations about the new binders involved in the feedstock
formulations should be carried out, due to the fact that the linear relationship between shear viscosity
and shear rate is influenced in relative high shear rate range (mentioned in section 2.5.2).

The difficulty of micro injection moulding with high powder volume loading (66%) on the devoted
equipments should be improved, and then more specimens with this powder volume loading should be
manufactured for the identification tests and the comparison with the simulation results.

For the debinding stage, some alternative debinding techniques will be introduced and tried in our
research team, and still some modifications will be done for the debinding cycle and debinding
atmosphere.

In terms of sintering stage, the micro-specimens injected with 316L stainless steel feedstock and Cu
feedstock will be sintered in order to complete the bi-material injection moulding process, various
sintering cycles and atmospheres will be tested. As a general objective, one has to develop the sintering

capacities and related numerical simulations to be able to proceed with various materials.

6.2.2. Computational developments

A sintering model specially developed for the densification of micro-MIM process, such as the
microscopic model mentioned in section 5.1, will be correspondingly introduced and adapted to new
developments as micro-specimens. Accordingly, new parameters dedicated to the numerical simulation
should be identified. So new models will be introduced in Abaqus®, considering the worse situations in
which the sintering stage with rapid heating rates accommodated to the complex micro-specimens with
high powder volume loading. Finally, simulations for the sintering stage of bi-material injection
moulding will be also performed by combining two material routines for the feedstocks involved in the
bi-material component, on the basis of the identified parameters for each feedstock.

New challenges will also be investigated to provide the ability of the MIM process for the micro
manufacturing of active functional devices (sensors ...), based on multi materials joining ability of the

process.
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Appendix I: Simulated shrinkages and comparisons between the
numerical and experimental results
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Figure 105. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dso=3.4
pm, formulation F3, powder volume loading=62%) after the sintering stage (heating rate=10 <T/min)
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Figure 106. Comparison between the experimental and the numerical shrinkages of the four types of
micro specimen (316L stainless steel, Dso=3.4 pm, formulation F3, powder volume loading=62%) after
the sintering stage (heating rate=10 <T/min)
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Figure 107. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dsy=3.4
pm, formulation F3, powder volume loading=62%) after the sintering stage (heating rate=15 <C/min)
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Figure 108. Comparison between the experimental and the numerical shrinkages of the four types of
micro specimen (316L stainless steel, Dsp=3.4 um, formulation F3, powder volume loading=62%) after
the sintering stage (heating rate=15 <C/min)
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Figure 109. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dso=3.4
pm, formulation F3, powder volume loading=64%) after the sintering stage (heating rate=5 <T/min)
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Figure 110. Comparison between the experimental and the numerical shrinkages of the four types of
micro specimen (316L stainless steel, Dsp=3.4 um, formulation F3, powder volume loading=64%) after
the sintering stage (heating rate=5 <C/min)
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Figure 111. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dsy=3.4
pm, formulation F3, powder volume loading=64%) after the sintering stage (heating rate=10 <T/min)
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Figure 112. Comparison between the experimental and the numerical shrinkages of the four types of
micro specimen (316L stainless steel, Dsp=3.4 um, formulation F3, powder volume loading=64%) after
the sintering stage (heating rate=10 <T/min)
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Figure 113. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dso=3.4
pm, formulation F3, powder volume loading=64%) after the sintering stage (heating rate=15 <C/min)
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Figure 114. Comparison between the experimental

and the numerical shrinkages of the four types of

micro specimen (316L stainless steel, Dsp=3.4 um, formulation F3, powder volume loading=64%) after

the sintering stage (heating rate=15 <C/min)
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Figure 115. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Dsy=3.4

pm, formulation F3, powder volume loading=66%) after the sintering stage (heating rate=5 <C/min)
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Figure 116. Numerical shrinkages of the four types of micro specimen (316L stainless steel, Ds,=3.4

pm, formulation F3, powder volume loading=66%) after the sintering stage (heating rate=10 <T/min)
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Figure 118. Numerical relative densities of the four types of micro-specimen (316L stainless steel,
Ds5o=3.4 pm, formulation F3, powder volume loading=66%) after the sintering stage with heating rate of
a) 5 T/min and b) 10 T/min
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