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Abstract. The metal injection molding process allows the nfacturing of small and very complex metallic

components. Metal injection molding processing cioreb the shaping capability of polymer injectionulaing with

the large material variety of metals. This papecdsses in detail the development of a numericaleincapable of
simulating structural evolution and macroscopicodefation during sintering of complex micro-gearsnpacts. A
sintering model based on elastic-viscoplastic ¢arite equations was proposed and the correspgnparameters
such as sintering stress, bulk and shearing visessand were identified from dilatometer experimémtata. The
constitutive model was then implemented into fieitement software in order to perform the simulatéthe sintering
process. The numerical predictions of shrinkagesdemnsities were compared with experimental measemes, and it
is shown that the results numerically simulatedfibite element agree well with those experimentalbserved. The

experimental data were obtained from sinteringtaihtess steel powders.
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1. Introduction

The Metal Injection Moulding (MIM) is a manufactog technology that combines the shaping
efficiency of plastic injection moulding with theagability of powder metallurgy for processing
metal powders. It permits to get net shape compsneith complex geometry from polymers
combined with metals [1-3]. This process is usedaueral fields as automotive and aeronautics,
data processing, electronics etc [4, 5]. In thzxcpss, a custom formulated mixture of an extremely
fine metal powder and wax—polymer based binders initlly blended into a mouldable
formulation. The binder transports the metal powtdefill out the desired geometry. The green
component, which consists of two materials witlow tohesive force, cannot be used in this form
for most applications because material properties ss strength and modulus are very low, thus it
must be debound and sintered. In thermal debindireybinder diffuses through the pores to the

component external surfaces where it is removedpsur. At the end of the thermal debinding the



component is considered brown and ready for smyei6]. During sintering, the separate particles
are welded together and develop the final mechbpioperties (See Fig. 1).

The modelling of the MIM process requires beingeabl know the final shape after injection and
also the spatial powder volume fraction in ordeb#oable to compute the final density. From the
technological point of view, the dimension conti®bne of the most important practical problems
in sintering where the final product configuratiom conditioned by spontaneous densification.
Dimensional control is therefore a critical issuesintering technology because post-processing is
expensive and can introduce damage. In this coimmecthe modelling of the macroscopic
behaviour of the components under sintering is $&0§.

There have been several attempts to model, andaiaxpheoretically, compaction and
sintering of powder [8-10]. A continuum mechanicodal for explaining densification and
deformation behaviour of a porous material [11-i8fes on an extended yield function that
includes a hydrostatic pressure term. Various nsottel describing sintering behaviour have also
been proposed [14-16]. The basic sintering modakisted of a two dimensional model with a
single diffusion mechanism but was later expandedidscribe multiple transport mechanisms,
sintering stages, and pressure-assistant sintg@8jrig7]. Tsvelikh et al. [18] suggested an emplrica
finite element analysis. Schoenberg at al. [19] pared analytical calculations and FE simulations
to describe the sintering of a barium titanatengyjiical component composed of a high-density and
low-density layer. Song et al. [20] investigatethsiating the sintering process of 316L stainless
steel powder components with a thermo-elasto-visstip model. Kuczynski [21] studied
mechanisms for neck growth and shrinkage durinty eamtering stages (particle bonding) using a
two-sphere model. Coble [22] developed a cylindrmare model. A spherical pore model for the
later sintering stages was developed by MacKenzike Shuttleworth [23]. Barriere et al. [24, 25]
investigated the optimal process parameters bygsing adapted finite element modelling and
simulation software for the Metal Injection Mouldirstage (MIM) based on a bi-phasic model.
Nosewicz et al. [26] presents an original viscaatasodel of powder sintering developed within
the discrete element framework. This model has lzggried to the simulation of real process of
sintering of NiAl powder. The model reproduces eotly the mechanism of free sintering and
sintering under pressure. Mohsin et al. [27] sutggka finite element analysis based on a thermo-

kinetic model to describe the densification proceisa MIM copper brown body during sintering.



This paper focus on the measuring thermo-physiacgdgrties and numerical simulation associated
with the sintering process. It was also reporteat the force of gravity and inhomogeneity of the
particle distribution can be made the comparisdficdit between experimental results and The FE
model data. Furthermore, some enhancements arestedgn temperature field calculation of FE
model in order to draw a real furnace conditionsakty et al., [28] investigated the reliability of
numerical simulations for the prediction of theiskage of a metal injected moulded component.
The main results obtained have been the possibiligrmulate the entire process of binder removal
and component densification by evaluating the ersiress/stain history. The FE model has allowed
the evaluation of main displacements of the compbdaring all process steps, obtaining a good
agreement with experimental tests. Jeong et &) {veloped a unified model for describing
compaction and sintering based on plasticity thebryhis paper, a method for predicting the final
dimensions of a powder product was proposed. Thpgzed model simulates the powder process
continuously and simultaneously and is more effecthan previous models that treat compaction
and sintering separately. It was shown that thGacthmodel increases the dimensional accuracy of
the final product in the actual powder process.

The objective of the present work was the shrinkaged densities prediction of a MIM
micro-component with finite element (FE) method.efifho-mechanical analyses were performed
with a general purpose FE solver (ABAQY)$n order to mimic phenomena acting during simgri

stage.
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Fig. 1. Schematic diagram of whole PIM process, showiegddisic steps from feedstock elaboration stagmtersed
component [7].



2. Experimental proceduresand result analysis

Fine powders of 316L stainless steel were useceteldp the mixtures dedicated to the micro-
PIM. The powder particulates had a spherical slaygean average particle size @in>80%. This
shape is generally more appropriate for obtainifeedstock with low viscosity. The powders had a
density equal to 7.9g/chnand were provided by Sandvik Osprey Company. Eigdirgives a
photograph of the 316L stainless steel powder gardistribution. The binder components were
polypropylene (PP), paraffin wax (PW) and steag@ gSA). The PP primary binder is used to
retain the component shape after injection moldang debinding. The main effect of the PW
secondary binder is to decrease the feedstock sitgcand increase the replication ability of the
feedstock. The SA surfactant is used to facilifadgvder wetting. The composition of the binder
corresponded to the ratio of PP:PW:SA given agiveldractions 40:55:5. The characteristics of the
different binder systems and the raw powders dat¢eckin Table 1 and Table 2.
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Fig. 2.(a) Scanning electron micrograph of the stainléssl powders, (b) Particle size distribution foe S81L6L

stainless steel powder £3.4 um) used in this work.

By employing the proposed binder system, 316L kamsteel feedstocks with 60-66% solid
loading fraction were used for the experiments. fitrang of the powders and binders was carried
out using a twin-screw mixer at 180°C and 30 rpm3®@ min. The powders were loaded when the
temperature had stabilised at the required mixémgpierature to facilitate homogeneous mixing of

the powder and binder components. Fig. 3a illustrghe mixing behaviour of stainless steel



feedstocks with solid loadings of 60, 62, 64 anélt6&arying the solid loading caused variation in
the torque level, indicating differences in the mne viscosity values. The observed torque peaks
are due to the introduction of small amounts ofifeck into the mixture. It should be noted that
the mixture with a solid loading of 60% had the ésivtorque homogenisation, reaching a value of
approximately 0.215 N.m. Therefore, the optimablo 316L stainless steel powder was identified
to be 64%. Beyond a load of 64%, the feedstocknditldemonstrate mixability. Fig. 3b shows

Scanning Electron Microscope images (SEM) of tleel$¢ock powders after the mixing stage.
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Fig. 3.(a) Mixing torque vs. time for 316L stainless stiseldstocks with different solid loadings, obtaitfiexn the
mixing test (180 °C, 30 min and 30 rpm, (b) SEM mgraphs of the feedstock after mixing, includirigB stainless
steel (the solid loading equal to 60%).

Table 1.Characteristics of the different binder components.

. Density Melting
Binders [g/lcm’] | temperature [°C]
Stearic acid (SA) 0.89 70
Paraffin wax (PW) 0.91 60
Polypropylene (PP) 0.90 160

Table 2.Characteristics of the stainless steel powders.
Powder size and density
Powder Particle shape gdum) | dso (um) | dyo (um) | Density (g/cm) | Tap density (g/cri)

Stainless Spherical 1.80 3.40 6.0 7.90 4.60
steel

The granulated feedstock was injection moulded muld insert by using a Billon 60H

horizontal injection moulding press. A set of shitinjection moulding parameters used is shown



in Table 3. The moulded micro-gears were thermadlipound in a furnace according to a suitable
debinding profile indicating temperature, time d@hting rate. The debinding profile was based on
earlier work for the 316L stainless steel feedst@H. The highest debinding temperature was set
to 600°C to ensure that all the binder componertdsramoved and to facilitate handling. After
debinding, the samples were maintained at this ¢eatpre for 1 h, and then the temperature was
increased between 1000 - 1360°C a rate of 5°C/h@C/min or 15°C/min for 316L stainless steel.

Additionally, the same primary vacuum was usedrdythe sintering test.

Table 3.Suitable injection moulding parameters for the mpart.

Moulding parameters Value
Injection pressure (MPa) 80
Injection speed (PW) 0.91
Melting temperature (°C) 180/180/190/200
Mould temperature (°C) 25

During thermal debinding and sintering, binder @hation and subsequent particles bonding
take place, resulting in dimensional change ofRid parts. The linear shrinkage of many MIM
parts is in the range of 14% to 18%. Fig. 4 shotes photograph of the micro-gears after
undergoing different processing steps. Comparetl thié moulded part, the dimensional change
after debinding was not noticeable whilst the disienal change after sintering was clearly evident.
This was in agreement with the outer diameter cedogthe micro-gears as shown in Fig. 5. It can

be seen that the apparent decrease in the diacfetex micro-gears occurred after sintering.

| Moulded i

Fig. 4. Photograph of the micro-gears after different pssogg steps

Fig. 5 shows the average dimensions of the micessgafter undergoing different processing
steps. The dimensional changes in diameters aokings of the micro-parts showed similar trend.

Compared with the die cavities mould insert, thenters and thickness of the molded micro-gears



increased slightly. This was because the volumetxjgansion due to cavity pressure decrement
prevailed the volumetric shrinkage from cooling. wéwer, the diameters and thickness of the
micro-gears tended to decrease slightly after diin The diameters and thickness of the micro-
gears decreased gradually from sintering temperabfirl050°C to 1150°C. Above 1150°C, the
diameters and thikness of the micro-gears werdivelg close and were smaller than that of the
mould insert. As example, the shrinkage of the thatneter of the gears was 13.85% at 1150°C. In
the temperature range between 1200°C and 1360&Cshthnkages of the diameters were close,
around~14%. The shrinkages of the micro-gears increaseatl sintering temperatures below
1360°C. At 1360°C and above, the shrinkages watependent of the sintering temperatures (see
Fig. 5).
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Fig. 5. Dimensions of micro-gears after different procegsteps (solid loading: 62%, sintering rate: 5°@Jm

Additionally, the densities of the sintered micreags were measured with the water
displacement method (the Archimedes method) foh eddhe three feedstocks, and the resulting
values are reported in Fig. 6. Fig. 6 shows thesidies of the sintered micro-gears at different

temperatures. The sintering temperature and sokdlihg both had a significant effect on the



densification, i.e., the density increased sigaifitty with increasing temperature and solid loading

as summarised in Fig. 6. No significant densityngeawas observed for sintering temperatures of
1360 °C and above, which was in agreement witlrébalt of the dimensional change. The relative
densities of the sintered micro-gears were detexchto be above 90% of the theoretical density of

the material.
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Fig. 6. Relative densities of the micro-gears sinterefla{d. 360°C with different solid loading and (b)teiring
temperatures (solid loading 60%).

3. Numerical simulation of the sintering process

3.1. Modeling of the sintering process

To simulate the sintering process using a finiemant method, several macroscopic models
have been developed to predict the shrinkages istatibns of the components during the sintering
process. In these works, the sintering body isrcEghglobally as a compressible continuum even
though it is composed of a solid and pores. Greemponents are usually elastic at room
temperature, and an elastic to viscous transitioing sintering. The viscoplastic constitutive law

continuum mechanics can be used to describe #Hmsition. The total straignof this model is:

‘é = ‘S;e+ “:‘th + g\./p (1)

where £ is the total strain rateg, is the elastic strain rate,, is the thermal strain rate argj, is

the viscoplastic strain rate. The elastic straith gdr@rmal strain are due to the change in thersmgte
temperature.
The elastic strain rate is assumed to be lineaniswoitbpic and can be expressed with the following

Hooke's law:



£, =Co (2)
The thermal strain raté, is mainly due to thermal expansion, which can h@ressed as:

&, =alT |

At a high sintering temperature, viscoplastic stre more dominant and overcomes the elastic

strain. The viscoplastic strain rate is given by fibllowing equation:

_ deVo) 900
» 2G 3K

where C, is the elastic compliance matrixy is the thermal expansion coefficiemtT is the

& I

incremental temperature rate,is the second order identify tensar, is experimentally determined

using a dilatometerg =tr(o)/3 is the trace of the stress tens@r,is the shear viscosity modulus,
K is the bulk viscosity modulus, and, is the sintering stress. The variables K and o, are

material parameters that still need to be deterdhine
The elastic-viscous analogy is used to define tmeas and bulk viscosity moduli for sintering

materials [31]:

__ ' __
G, =———, K =———— 2
Po2a+v,) P osa-v,) @

where N, and v, are the uniaxial viscosity and the viscous Poissoatio of a porous material,
respectively. Song et al. [32] derived the followirelationship to define the uniaxial viscos}y)z
through bending tests in a dilatometer:
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ne _5(%+i) 3)

32h?  4bh®



where J is the deflection rate at the centre of the speninp, is the apparent densityy is
gravity, P is the external load, antl;, b and h are the distance between the two supporting rods

and the width and thickness of the specimen, réisiede The viscous Poisson’s ratio is determined
from [32]:

= P = Po 4
" V3m20 T @y @

where p is the relative density, and A is the uniaxial shrinkage, which is defined as:

A= 3)
- ®)
whereL, and L are the length of the specimens before and afterag.
The following equation is used to determine théesing stress [33]:
o, =Bp° (6)

where B and C are material parameters identified from dilatometxperiments. Using these

proposed constitutive equations, the related natparameters can be determined.

3.2. Sintering parameter identification

The identification algorithm is designed for theoper identification of material parameteBs
and C used in the sintering stress model to optimisentlmaerical simulations (see Table 4). The

following equation was proposed to calculate thesst during the sintering stage [33]:

1dt -t (7)
L 3K



The proper strategy consists of identifying parareB and C in Matlat® that determine the
numerical shrinkage curve according to equation T8)s curve is matched to that obtained from
the free sintering tests. Therefore, the minimesaalgorithm is used to fit the simulations as laesst

possible to the experimental curves by adjustiregptnysical parameters [14]:

min F(X)

F(9 =3 AT 0 =2, %) ®)
x=[B,C]

where /¢ is the experimental uniaxial shrinkage obtainemimfrthe dilatometry tests;™ is the
numerical uniaxial shrinkagé;(x) is the mean residual squares of the tolerancerenhé,..., n
indicates the different sintering temperatures aiglthe set of material parameters that need to be
identified.

Material parameters were determined by the beardibgnests for the 316L stainless steel
feedstock at high solid loadings from 60% to 66%ngighe vertical dilatometer. The sintering
temperatures of the 316L stainless steel powdergram 1050°C to 1360°C. In addition, heating
rates of 5°C/min, 10°C/min and 15°C/min were usadidentification tests. The setup used for the
beam-bending tests in a SETSY@ertical dilatometer is shown in Fig. 7. The asated probe is
made up of a base with two knives and a rod wihite-shaped cross section. A load equal to 5 cN
was applied at the centre of the specimen throbghrdd. The specimens have a rectangular shape
of 14 mm in length; 5.5 mm in width and 1 mm inckmess (see Fig. 7b).

The uni-axial viscosity curve vs. the differenttenng temperatures for the different loaded
316L stainless steel feedstocks were observed lamarsin Fig. 8. For identical heating rates, the
higher the feedstock solid loading, the higher unéxial viscosities are at the same temperature.

This is related to the fact that the more powdedughe higher the related viscosity becomes.
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Fig 7. Beam-bending test in a vertical SETSY&/olution dilatometer: (a) Setup for the TMA measuent and the

probe, (b) geometry of the sample and the samplpastiand (c) setup for free-sintering test.
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stainless steel feedstock at solid loadings 0628% and (b) 64%.

Complementary tests were performed in a compressinfiguration using a vertical dilatometer,

as indicated in Fig. 7c. The length of the cyliodfispecimens is 10 mm, and the diameter is 5 mm.

The rod and base both have flat surfaces. The wahiakrinkage curve vs. the different sintering

temperatures for the 316L stainless steel feedstaeke observed and shown in Fig. 9. Shrinkage

begins to occur at approximately 1000°C and rapiutyeases at a temperature above 1050°C until

approximately 1200°C. At the same temperature,ifsignt shrinkage is obtained for the specimens

fabricated at lower powder loading. The reasomas when the powder loading is high, more pores

are produced and the components shrink more olyiafter sintering.
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Table 4.Material parameters B and C used in the sintgynogess for the stainless steel feedstock

p<08 p=08
Stainless steel feedstock
B (Pa) C B (Pa) C
5 °C/min 3.91x16 0.30 1.47x10  -93.13
60% 10 °C/min 7.26x1b  9.79 5.73x1® -58.77
15 °C/min 1.13x1d 3.74 3.04x16 -39.42
5 °C/min 6.50x16 5.25 2.48x10  -5.43
62% 10 °C/min 1.11.1d 0.05 1.53x1d -6.33
15 °C/min 6.76x10 4.65 1.70x1d  -8.79
5 °C/min 7.15x16 5.23 8.52x10 -10.41
64% 10 °C/min 3.98x1d 3.35 3.00x1d  1.22
15 °C/min 6.20x10 4.64 2.08x10 -23.27
5 °C/min 3.00x1% 3.73 2.44x10  -6.17
66% 10 °C/min - - - -
15 °C/min - - - -

4. Finite element modeling and results analysis
4.1. Boundary and initial conditions

Predicting uneven shrinkage of the sintering pautne of the important purposes of sintering
simulation. Several factors such as gravity, inhgemeous green density, and friction between the
supports and the parts should be considered. Tlevfog simulations are realized to analyze the
influences of these factors. The initial geometfythe FE model was the mesh of the injection
moulded component obtained with ABAQUSsed for the injection step is related through Eiy
The plate support is assumed to be a rigid bodinduhe simulation, and the coefficient of friction
between the specimens and the graphite suppostiats0.1. The plate support and the micro-
component elements considered for the simulatierR@D4 and C3D8R elements, respectively. In
addition, the « Pressure/Over-closure » contactsesescted for the components. The material was
modelled using the constitutive equations definedthe previous paragraphs, also considering

isotropic thermal and mechanical properties.
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Fig. 10.(a) 3D CAD model of the spur gears and (b) FE raesti the micro-gears and the plate support poitiné

simultaneous sintering stages.

4.2. Numerical results and discussion

Figure 11 shows the predicted numerical shrinkagptriloution for the micro-gears after
sintering at different temperature of 1050°C, 1150£250°C and 1360°C, respectively. At 1050°C,
there is very few shrinkage of sample. The shriekafjthe sample sintered at 1360°C increases to
14.45% from its original. The maximum shrinkage wscat the tooth surfaces and illustrates the
distortion often induced in the final sintered cament. The radial shrinkage in the micro-gears at
different sintering temperature is related in Fi@. The results of all these simulations show
isotropic shrinkage behaviour; this is due to tlxésyanmetric of the spur gear geometry. The
maximum of the isotropic shrinkage have been oleskon the teeth of the sprocket, and obtained
for a thermal kinetics corresponding to 10°C/mintal shrinkage rate is shown in Fig. 13 for three
different heating rates. It increases with incnegdneating rate. It clearly seen that the shrinkage

value was stable and homogeneous at 10°C/min.
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Fig. 11 Numerical final shrinkage of the sintered micemgs versus sintering temperature: (a) 1050°CL1BD°C, (c)
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Fig. 13.Numerical final shrinkage of the sintered microigegersus heating rate: (a) 5°C/min, (b) 10°C/mmid &)
15°C/min (sintering temperature: 1300°C, solid lagdf 64% - unit %).

As shown Figure 14, when solid loading is increasédinkage was decreased. The micro-gear
loading with 64% solid was optimum for 316L stasdesteel feedstock, which showed the best
physical properties. This agrees with previous Iteswhich suggest that optimum solid loading of
stainless steel was 60%. Figure 15 shows the stralses of 316L sintered at three different
temperatures. The sintered micro-gears show thes sagthanical behaviour. It can be observed
that the final stress distribution is still almastiform and without warpage. For the small pais li
micro-gears, the gravity has little effects on thensification if the support manner is chosen

suitably in sintering.
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Fig. 14.Numerical final shrinkage of the sintered micro1gegersus solid loading: (a) 60%, (b) 62% and &%6
(sintering temperature: 1360°C, heating rate: 0@+ unit %).
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Fig. 15.Numerical final stress of the sintered micro-geansus sintering temperature: (a) 1150°C, (b) 1258d (c)
1360°C (solid loading: 62%, heating rate: 10°C/mimjit: GPa.



The homogeneity of the green parts is induced kypttevious processes before the sintering,
such as the mixture of powders and binders, prgssinnjection moulding [34-36]. In the present
study, the simulation is carried out with a greant @ssumed homogeneous after injection stage. Its
relative density varied from 0.6 to 0.64.

Besides of shrinkages, the relative densities Hmen simulated as well for these micro-gears
injected with solid loading of 60%, 62% and 64%spectively. The relative density distributions of
the sintered micro-gears have been illustratedign 6. As it is shown in the figures, the relative
densities are generally homogeneous for most o$ithelations, in which the variations have been
well controlled within 3%. However, some littletter results have been obtained in the first and
second ones (solid loading: 60% and 62%, heatiteg i®°C/min). It has been shown also that the
components loaded higher are particularly moreigseago the rapid heating rate. Figure 17 shows
the effect of the solid loading on the relative signvalues of micro-gears after sintering stage at
1360°C. It can be seen that the relative densityicfo-gears increases steadily with increasing of

solid loading. This indicated that the increaséhefsolid loading is in favour of the densificatioh

micro-gears.
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Fig. 16.Final distribution of the relative density in thécno-gears after sintering, obtained numerical $ation: (a)
60%, (b) 62% and (c) 64% (sintering temperatur€0t@, heating rate: 10°C/min).

The variation of the relative density versus thetesing temperature for the micro-gears is
presented in Fig. 17 where it can be seen thatrela¢ive density of the specimens increases with
the increment of the sintering temperature. It baralso observed that the sintering process makes
the final density of the sintered bodies almosfarm. Homogeneous green relative densities equal
0.6, 0.62 and 0.64 have been used in simulatioegponding to the feedstocks loaded at 60%, 62%
and 64%, respectively. It can be seen that thetivelalensity of micro-geargncreases with



increasing of the sintering temperature, the netatdensity is up 95% when the sintering
temperature is 1360C. This indicated that the Bmeeof the sintering temperature is in favour ef th

densification of stainless steel parts.

+6.51e-01 +7.87e-01
+6.51e-01 +7.82e-01
+6.50e-01 +7.78e-01
+6.50e-01 +7.68e-01
+6.50e-01 +7.64e-01
+6.50e-01 +7.57e-01
+6.50e-01 +7.52e-01
+6.50e-01 +7.49e-01
+6.50e-01 +7.46e-01

+8.88e-01 +8.98e-01

+8.72e-01 +8.95e-01

+8.62e-01 +8.92e-01

+8.60e-01 +8.90e-01

+8.62e-01 +8.89e-01

+8.57e-01 +8.86e-01

+8.52e-01 +8.85e-01

+8.47e-01 +8.82e-01

+8.46e-01 +8.82e-01

z

+6.51e-01 +7.87e-01 +8.88e-01 +8.98e-01
+6.51e-01 | +7.82e-01 +8.72e-01 +8.95e-01
+6.50e-01 +7.78e-01 +8.62e-01 +8.92e-01
+6.50e-01 +7.68e-01 +8.60e-01 +8.90e-01
+6.50e-01 +7.64e-01 +8.62e-01 +8.89e-01
+6.50e-01 +7.57e-01 +8.57e-01 +8.86e-01
+6.50e-01 +7.52e-01 +8.52e-01 +8.85e-01
+6.50e-01 +7.49e-01 +8.47e-01 +8.82e-01
+6.50e-01 +7.46e-01 +8.46e-01 +8.82e-01

Fig. 17.Final distribution of the relative density in thécno-gears after sintering, obtained numerical $ation.: (a)
950°C, (b) 1150°C, (c) 1250°C and (d) 1360°C (sldmbing: 60%, heating rate: 10°C/min).

5. Experimental validations

The dimensional analyses were carried out tbe five sintered specimens injected with
different feedstock loaded from 60% to 64%. Thean shrinkage in the main directions is
illustrated in Figs. 18a and 18b. The results shmat the feedstock loaded at 60%, with a sintering
cycle utilizing a heating rate of 5°C/min resultsthe maximum shrinkage. Very high shrinkage in
thickness direction was also observed for the mionmponent injected with stainless steel
feedstock loaded at 60%. This same phenomenonédes éncountered by other researchers, such
as N.H. Loh et al. [37]. The main parameters aiffigcthe final part size have already been studied
and include the metal powder morphology, binderedgnts and proportions, mixing conditions,
mould design, moulding parameters, rheologid®haviour of the moulding materials,

debinding, sintering, equipment and even emwvitental conditions. Among these often



integrally related factors, the most sensitive thee powder volume loading and the mould design
[37]. The numerically determined curves comparel wéth the experimental ones for the three
different heating rates. Additionally, these resuliere confirmed by the choice of the sintering

stress model and the identification method in oorkw
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Fig. 18.Comparison between the experimental and numesfraikage for the micro-gear component sintered at
1360°C using (a) different heating rates (solidllogs: 62%) and (b) different solid loadings (hegtiate:5°C/min).

In addition, the relative densities of the sintemattro-gears were measured by the water
displacement method (Archimede method) for the dewmks loaded from 60% to 64%, as reported
in Fig. 19. The relative density was calculatedhesratio of the measured density to the theoretica
density. All specimens subjected to density measants were ultrasonically cleaned in an alcohol
bath for 10 min and rinsed in distilled water for additional 10 min to remove any contaminants.
The specimens were then dried with adsorbent paypezls. The average random and systematic
errors in the density measurements were quant@#®#%. The sintered micro-gears using stainless
steel feedstocks reached relative maximum dend&igeseen 92 to 97%.

As an example, the relative density distributichas & solid loading of 60% and a heating rate of
5°C/min) of the sintered micro-gears are illustdate Figs. 16 and 17. The relative densities were i
perfect agreement with the experimental densiéspecially for the sintering cycles with relatively
low heating rates. The results from simulation @raost smaller than the ones from experiment;
this is due to the fact that the identificationtses the vertical dilatometer have been carrietiou
an argon atmosphere instead of vacuum to prevent fhom getting oxidised. As it is known, in
some worse situations, the pores will be coarsentduhe inner expansion of the gas in the pores

when the sintering is processed at high temper§B&ije the consequence is that the slow down and



the reduction effect for densification, but thecegas trapped when the sintering stage is caruéed o
in vacuum atmosphere, that's why the experimen¢sults are always higher than the ones

simulated by using the identified parameters fromertical tests.
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Fig. 19.Density variation of the sintered micro-gears feded using 316L stainless steel feedstock.

4, Conclusions

The paper summarizes experimental and numericaltsesarried out on micro-PIM process
based on fine 316L stainless steel powderseB®4um). The findings can be summarized as
follows:

1. The micro-gears have been successfully injectedesponding to high powder volume
loading (60%, 62%, 64% and 66%). Then injected oagears have thermally debinded and
sintered by solid state diffusion according toeliéint heating rates, which are adapted to get
the micro-components free of defects with requineeichanical and physical properties.
Finally, geometrical and physical properties (skaipe and relative density) of the resulting
micro-gears have been measured.

2. The micro-gears exhibit very small shrinkage aftgection and debinding. However, the
components exhibit inhomogeneous shrinkage aftgersng ranging from 14% to 18%,
depending on the solid loading and sintering temjpee and heating kinetics.

3. The main material and process parameters in theeht@le been identified accordingly to
the sintering experiments through optimization base the dilatometer experimental data.
The FE model strongly depends upon the thermo-palydata and kinetics analysis of 316L



stainless steel parts. The model and resultingtiftksh parameters have been implemented
in a FE solver in order to simulate the sinteringgess.

4. The simulation of sintering step by using finiteerakent simulation has been proven an
efficient method to predict shrinkage of MIM compots. The FE model result were
compared to experimental results and showed setiisfa final shrinkage. We also
demonstrate that the mechanical properties of theiseo-gears can be predicted before

sintering with high accuracy using FE methods.

In order to improve the accuracy of the simulatresults, the powder inhomogeneity in the
moulded parts has to be accounted as well asadinigtoefficient between the parts and sintering

supports that should be properly defined.
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