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RESUME

Le moulage par injection de métal en poudre (MIM) est un nouveau procédé de fabrication
prometteur dans le domaine de 'aéronautique. Le MIM permet de réduire les cofits de
fabrication en éliminant la majorité des opérations d’usinage tout en conférant aux
matériaux de bonnes propriétés mécaniques. Pratt & Whitney Canada (P&WC) développe

ce procédé afin de fabriquer des pieces MIM pour les moteurs a turbine.

Ce procédé comporte plusieurs étapes. Une de celles-ci consiste a créer une géométrie par
I'injection d'un mélange de poudres métalliques et d’'un liant dans un moule. Une bonne
mafitrise de cette étape est cruciale afin de produire des piéces sans défaut. Afin de diminuer
le nombre de rejets et mieux comprendre l'injection, 'utilisation d'un outil de simulation
numérique est idéale. Le but de ce projet est donc d’identifier un outil de simulation

numérique qui pourra simuler précisément I'étape d’injection du procédé MIM de P&WC.

Les propriétés du mélange nécessaires pour la simulation ont été mesurées
expérimentalement. Ensuite, plusieurs séries d’injection a 'aide d’'un moule instrumenté et
d’'une caméra haute vitesse ont permis d’obtenir les données expérimentales nécessaires
pour la validation de la simulation. Finalement, a I'aide de Plasview3D, des simulations ont

été exécutées avec les propriétés expérimentales du mélange.

Les résultats obtenus sous-estiment grandement le temps de remplissage, mais les profils
de pression calculés sont similaires a ceux acquis avec le moule instrumenté. Grace a une
analyse de sensibilité, le modele de viscosité a été identifié comme une des causes
potentielles pour expliquer les écarts observés. En modifiant le niveau de viscosité du
modele par un facteur de 2.5 pour toutes les vitesses de cisaillement, les résultats de la
simulation correlent bien les résultats expérimentaux obtenus avec deux moules différents.
La condition d’entrée a aussi été étudiée et une solution a été proposée afin d’obtenir des

résultats plus fideles.

En conclusion, l'utilisation de Plasview3D a démontré que la simulation de l'injection est
possible pour le procédé MIM de P&WC. Cependant, davantage de travaux de
caractérisation du mélange, surtout au niveau rhéologique, seront requis afin d’obtenir des

résultats précis de simulation.



ABSTRACT

Metal injection molding (MIM) is a new promising fabrication process in the aeronautical
field. The MIM process can reduce part cost due to the lower number of secondary
operations and can produce parts with high mechanical properties. Pratt & Whitney Canada

is currently developing this process for manufacturing aircraft engine parts.

The process is divided in multiple steps. During one of these steps, the geometry is created
by injecting feedstock into a mold cavity. The feedstock is made from a mixture of metal
powders and a polymeric binder. This step is critical for the final part quality; it must be
well controlled. Numerical simulation of the injection would be a beneficial tool in order to
have a better understanding of this critical step. The goal of this work is to find and validate

a numerical tool capable of simulating the injection step of P&WC’s MIM process.

Properties of the feedstock were measured experimentally. Experimental data needed for
the validation was acquired during several injection cycles with an instrumented mold and
a high speed camera. The numerical simulation were calculated with Plasview3D using the
experimental feedstock properties. Results showed that the numerical simulation under-
estimates the filling time. However, the calculated pressure profiles are similar to the ones
acquired with the instrumented mold. A sensitivity study identified the viscosity level as a
potential explanation for the observed discrepancies. It was found that the numerical
simulation correlation for two different molds is improved by increasing the viscosity level
by a factor of 2.5 for the complete shear rate range of the model. The inlet boundary

condition was also studied and a solution was suggested to increase result accuracy.

In conclusion, P&WC’s MIM process can be simulated numerically with Plasview3D.
However, additional feedstock characterisation work (especially for the viscosity) is needed

in order to have precise numerical results.



Vi

TABLE OF CONTENTS

ACKNOWLEDGEMENT ...ttt seesessesssesseessessssssesssesssesssssessssssessssssessssssesssssssssssssesssssssssssssessssssessssssesssessesass I11
RESUME w...ovtteveeeveesssesssesssessssesessessssssessesses s s 1555 45884555585 I\Y
ABSTRACT .ot reerer e s s sess s sess s s s s s s R AR AR \Y
TABLE OF CONTENTS ..ot reerteseteessessessesssessessse st s s s ssssssssssesssssssss s sssasssssss s ssesasssssssssssnsssssnnes VI
LIST OF TABLES ..ottt ettt sssesssesss s bbb IX
LIST OF FIGURES ...t reteeeseerttseesseessssssssesssssssssesss s ssse s sssssss s bbb bbb X
ACRONYMS AND SYMBOLS ... eeseereeeetseesseeeessesssessesssssssessssssssssssssssssssssssassss s ssssssssssssssssssssssssssssssssssssanes XII
LIST OF APPENDICES ... o reeseesteeetseeseseessesssessessss s s ssse s s s s s s st ssssssnes X1V
INTRODUGCTION.....ceosteeeureeeesseesseseessesssessesssesssessesssesssessesssessssssssssssessssssesssessasssessessssssessesssessssssasssessasssessassssssssssssssssns 1
CHAPTER 1. METAL INJECTION MOLDING ..covteeeurimreereesreeseessesssesssssesseessesssesssssssssssssessssssssssesssssssssesses 2
1.1 PrOCESS AELAILS ..ot n s 2
0 -4 0 PP 2
300 0 4} = ot (0 ) o o OSSP STTS 3
1.1.3  DEDINAING .cuiirrierriereereesersessesssssesessessesssssssss s sssessesses s s s s s s st sessnsns 4
1,114 SINEETINE ..vuevriereecerireeseesss s ses s s bbb st 5

1.2 Reasons t0 ChO0SE MIM ... sessssssessessesssssessssssssssssssssssssssssssssessesssessssnes 5
CHAPTER 2. LITERATURE REVIEW ... ssessesssssssssssssssssssssssssssesssssssssssnes 7
200 RN 40 101 U (o) DO PSPPSR 7
2.1.1  CFD DaCKGIOUNM.....ocvueeeiereersersiesessesssssssssssssssssesssesssssssssssessessssssssssssesssessssssssssssssssssssssssssssessases 7
2.1.2  Results of previous STUAIES ... sssssssssssssessaees 9
2.1.3  SOftWATE SEIECTION ..cuueurereereeereteesseesesseessesses e es e s s ses s 17

2.2 Material CharaCteriZation.. ... sessees s ssss s s s s 19
2 B Y4 C o0 1S) 2P 19
2.2.2 PV ettt a e s e R R AR AR R AR 24
2.2.3  SPECIIC NEAL .ttt 25
2.2.4 Thermal CONAUCLIVILY ... ssssssessssssssssss s ssssssssssssssssssssssssns 26
2.2.5  DENSILY ottt 27
2.2.6 SOl 10AAING ..coiviereriresreereissiser s s s s s bbb s s e nans 27

2.3  Experimental Validation ... sesesssessessssssssssssssssssssssssssssssssssssssssssessssssssssnes 28



vii

2.3. 1 SROTE-SNOLS ettt 28
2.3.2  INStrumented MOLd ... seeses e seesss s s s s s 29
2.3.3  High SPEEA CAMETA..c.crieeeereeereeeesseeresseessesses e s s s sssssses e s s s s s 31
2.3.4  TOMOZIAPRY woorieurieeeereesreeseessessessesssesssessessse s ssse s s s s s s e s R bbb st 32
CHAPTER 3. METHODOLOGY .coereeeeureeeetseessereessesssessemsessesssesssessssssssssssssssessesssessssssesssssssssssssssssesssssssanes 33
3.1 Process eXperimentation ... ssssssssssesssssssssesssssssessssssssssessssssssssens 33
700 0 ==Y 3 ol PP 33
3.1.2  INJECHION PIESS eoverereureceerressesssessessessssssessesssssssesssssssssesssssssessessasssssssssesssssssessesssssssesssssssesssssssssnsas 33
3.1.3  IN-CaVILY MEASUTCIMENT . ..coiiereercsreeeresresseessessesesssessesssssssessessnssssssessesssssssessessssessesssssssessessssssnenns 33
3.1.4 High SPEEA CAMETA....urierierrererreeesesressessessssss s s ssssss s ssesse s s s sssassssessssssssssnns 38
3.2  FeedstoCk CharaCteriZation ... sesssesssssssssessssssessesssesssessesssessesssesssssssssssans 42
T R V4 001 1 P 42
3.2.2 Pressure Volume Temperature (PVT) ... 46
3.2.3  SPECIIC NEAL .ottt 46
3.2.4 Thermal CONAUCTIVILY ... ssesssesssssssssssssssssssssssssssssssssssssssens 47
T ST D 1= 4 ) 1P ST 47

1 J0C T \ A0 oa T=) g Tor= 1 BES) 004 10 U (o) o O OO 48
3.3.1  HATAWATE .oeeeeeeeeeesreeees et et sessses s s s s s 48
T8 07/ 1V =T o PP 48
3.3.3 NondimenSionaliZatiON....ceeeereeeeeesseesesssesessessseesessessesssessssssessssssssessesssessssssessssssesseees 49
3.314  Pre-PrOCESSOT cuuiuirriersessessesressssssssssssssssssesses st bbb bbb 51
3.3.5  CFD SOftWATE ...oeeieceeeereeeesseeees s sessses s s ses s s s ssssssses s s s s ssssessssssasseees 52
3.3.6  POST-PIOCESSING ..cuieererreeriersiserseesessessessessssss s sss s sssssssssssesss s s s s s s s sssssssassssesssssssassnns 52
3.3.7  NUMETICAl PIAN ettt s s s s s i 53
CHAPTER 4. RESULTS AND ANALYSIS oo eereesemserseessessessesssessessesssessesssessssssesssesssssssssessssssessssaes 54
4.1 PFS505171 MOI ittt ssssessssssssssse s s s s ssss s sassans 54
4.1.1 In-cavity MeASUTEMENT .....crrerirrirseesserses s s sssssssans 54

T2 R O 4 = = Lot ) 2= L (o) o FO OO SPOPSTOST O R T 58
4.1.3  SIMUIATION TESUILS oottt ss bbb 63

T N 100200 =1 PP 81

4.2

PEB5612 MO sssss st ssssssssssssssessssssssssans 82



4.2.1 High speed camera and Simulation reSULLS ......c.oereenrerreesmeeseeneensesseeseeseessessesseesseseees 82
4.2.2  SUITIINATY c.ovvriereuresessssesessssssessessssessessssssssssessssssssssesssssssessssssssssssssssssssssssssssssssessssssssssesssssssensssssssneans 87
CHAPTER 5. DISCUSSION .oeeeereeeesseeeessesssessessesssessesssssssessssssessssssssssessesssesssessessssssssssssssessssssesssessesssees 88
5.1  ViISCOSITY MOAE] ..t ssssssssssssss s s ssssssssssssssssssssssssssssssssssssssssessesssns 89
5.1.1 ReSUILS SUMIMATY ..covrirrririrninesesessessssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssessesssssessssssses 89
5.1.2  LIEETATUTE couvcereeeeeeseessereesseseessesssessessssssesssssses s ssss s s sesss s s sses s ssesssssssnssssanes 90
5.1.3 ImpProvements SUZZESTIONS .....ccovrurerrereessessesessessessessesssssssssssssssessessessesssssssssssssssessesssssssssssssns 93

FSTVZNN {0 =) i 70 s U U0 () o VNPT 94
5.2.1 RESUILS SUMMATIY .ovvurerrirnrirssenssessssssesssesssesssesssssssssssssssesssssssssssssssssssssssssasssassssssssesssesssssssessssssass 94
5.2.2  LILETALUTE couceeereeeteeseseessesesssessssssessss s ssesss s e bbb 96
5.2.3 Improvements SUSZESTIONS .....coreermesessssssesssessssssssssssssssssssssssssssesssssssssssesssssssssssssass 96

SIS T » (T Ul 0 ¢ U0 1] (=) OO 98
5.3.1  RESUILS SUMMATY .vuureeieurereesreeeesseesseeseessesssessesssessssssessssssssssssssssssssssssssssessesssesssessssssssssssssssssssssanes 98
5.3.2  LILETALUTE couceeeeeeeeeeesseseesseseessesssessessss s e s s s s s s b s 99
5.3.3 ImMpProvements SUZGESTIONS .....couuureeereemerseessessessesssessesssesssessssssessessssssssssssssssssesssssssssssssssanes 101

5.4  Characterization MOAELS .......oeereereeeereesreesesseeseseessessessesssesssessessessesssssssssssssessssssesssas 102
5.4.1 ReSUILS SUMIMATY ..o ssssssssssssssessssssssssssssssssssssssssesssssssssssssssssssssesssssssesns 102
5.4.2 ImpProvements SUZGESTIONS .....ccoreerreererseesrerssessesssesseessesssessesssessssssssssessesssesssessessssssesssssanes 102

S T0 T Y U= o PP 104
5.5.1 ReSUILS SUMIMATY ..ovvuierririiiriesessessesssssssss s sssessssessessesssssssssssssssssssssessesssssssssssssssssssssessessessenns 104
5.5.2 Improvements SUZZESTIONS ....c.ovreeriermermenmessesessessessessesssssssssssssssssessesssssssssssssssssssssessesssssesns 104

5.6 FiNal thOUZNES ..t 106
CONCLUSION .oocerteeeersessteseesseessessesssessssssesssessssssessssssessssssasssessesssessssssssssessssssssssssasssessasssessassssssssssssssessessssssssssssans 108
REFERENCES ...ttt s st s s s bbb 111

2N o D D (0 D PN 115



ix

LIST OF TABLES

Table 2.1 Software summary from literature reVIeW. ... 18
Table 3.1 Calibration values and linear coefficient for cavity transducers. ..........omereenees 34
Table 3.2 Experimental plan for in-cavity aCqQUiSItioN. ... 38
Table 3.3 Experimental plan for high speed camera. ... 42
Table 3.4 Cannon certified viscosity reference standard list.......ooueonreoneenneneenseeneeneenseeseeseeneenns 44
Table 3.5 Dimensionless parameter relations for Simulation. ... 52
Table 4.1 Experimental results for in-cavity measurements.......eemssessen 58
Table 4.2 First sSimulation Parameters. ... 64
Table 4.3 Results of the numerical SenSitivity StUAY....ccccoreremrnmninininesesssessesssssssseens 66
Table 4.4 Simulation results with old and new 77,(T") temperature models. .......cwmrerrnnee 75

Table 4.5 PF65612 mold simulation parameters. ... nineneneeesessssssssssssssssssssesssssssssens 82



LIST OF FIGURES

Figure 1.1 Powder fabrication by gas atomization [2]. ....cmsssssssessessssssssssesnns 3
Figure 1.2 Particle size diStriDULION. ...t sesssssssssssesssssnas 3
Figure 2.1 Bilovol et al. simulated filing patterns compared to experimental result [16].....12

Figure 2.2 Thomas et al [26]: Simulation on top row and short-shots at the bottom row.....15

Figure 2.3 Fluid between parallel plates (adapted from Green and Perry [38]). .ccoueereerreeneens 19
FIGUTE 2.4 FIUIA LY PES.euriuceureereereesseeeessesssesessessesssesssessesssesssssse s s ssss s s s ssnses 21
Figure 2.5 Capillary (left) and rotational (right) rheometers from [40]. ...ccooveeorereeneerrerseereeneens 22
Figure 2.6 PVT results (points) with Tait model (lines) from [45]. ...ccenenmeeneeseenserseereeseens 25
Figure 2.7 Cooling rate effect on mean specific heat for a 316L feedstock [47]....cccreneerrerneens 26
Figure 2.8 Short-shots comparison with sSimulation [45]. ...eneeeeeeeeesseessesseesseeeees 29
Figure 2.9 Cavity with pressure sensors positions studied in [3]. ... 30
Figure 2.10 Typical pressures curves in plastic injection molding [3]....cccomemermermereeseeseessessenens 31
Figure 2.11 High speed camera result, nearside (b) and backside(a) flow front [51].............. 32
Figure 2.12 Numerical velocity and flow lines compared to micro tomography [26]............. 32
Figure 3.1 PF505171: Assembled and exploded view with positioning of sensors. .........c....... 34
Figure 3.2 Data acquisition system With WIrINg. ... sessssssessnns 36
Figure 3.3 Data before (left) and after (right) conditioning.........coumereensrnmeeneeneensersessessseesseenns 37
Figure 3.4 PF65612: Assembled and exploded VIEW.........ceceneeneeereeseeneesseesessesseesessesssesseessessnees 39
Figure 3.5 High Speed Camera SYSTEIM. .......oeereeresreesseeeessessssssesssessssssesssessssssssssssssssssssssssssssessssssssseses 41
Figure 3.6 Virtual filled level on the mold front view (displayed in blue, units: inches)......... 41
Figure 3.7 Traction bar meshed with tetrahedral element with boundary conditions........... 49
Figure 4.1 Experimental repeatability test with PF505171 mold. ..o 55
Figure 4.2 Effect of the initial mold temperature on the filling time.........ccornonnrencernenecrneennens 56
Figure 4.3 Experimental data at P; psi, 0.8:T; mold temp and 1.7-T, melt temperature........... 57
Figure 4.4 Experimental data and fitted viscosity model (AR-2000). ......ccoccrmereerrrerrerreesseerssennns 59
Figure 4.5 Experimental PVT and density Measurement.........oeeeneneesesseesmesssessesssessesssesseees 60
Figure 4.6 Experimental specific heat measurements.........oneenneensesessnesseesesssessesssesseessesnees 61
Figure 4.7 Experimental thermal diffusivity measurements.........oemenreneesneensesseesesseessessnees 63

Figure 4.8 First simulation results compared with experiments. ..........oeneneneenseneesneennees 64



Xi

Figure 4.9 Relative viscosity error with calibrated fluid for AR-2000 at 1.5 Ty...ccouuerrrreerreennn. 68

Figure 4.10 Experimental data and fitted viscosity model for the 2nd rheometer (CVO)........ 69

Figure 4.11 Simulation final time step result with CV0O-50 viscosity model. ......ccccuerunrcrernne. 70
Figure 4.12 Experimental data at 1.5-T, for the third rheometer (SR-200).......cccoccnmerrerreerreennn. 71
Figure 4.13 Temperature models used in the viscosity equation for both rheometers. ......... 72
Figure 4.14 New temperature models fOr 77)(T7) ... 73
Figure 4.15 Simulation results with AR-2000 viscosity model scaled by 2.5......cccoevvvrerenennee 76
Figure 4.16 Time-dependent inlet pressure model, P(t). ... 77
Figure 4.17 Time-dependent filled volume relation, fUf{£). ... 79
Figure 4.18 Inlet pressure model, P(fUf). .ssssssssssssssssssssssssssssssssssssssssans 79
Figure 4.19 Simulation results with a variable inlet pressure condition. ... 80
Figure 4.20 Experimental and numerical results comparison, time synchronized................. 84
Figure 4.21 Experimental and numerical results comparison, position synchronized. .......... 85
Figure 4.22 Melt front shape comparison at the beginning off the filling. ... 86
Figure 4.23 Melt front position as a function Of IME. ........coorereenrereenneesee e sseessesseees 87
Figure 5.1 Wall slip and yield stress effect (adapted from Ahn et al. [19]). .coerereeneennerreerenneens 91
Figure 5.2 Herschel-Bulkley effect on shear rate and velocity profiles (Thornagel [53]). .....92
Figure 5.3 Integral of the inlet pressure boundary condition as a function of time................. 95
Figure 5.4 Pressure variation on the inlet surface at various time Steps. ......cccouneneenrerseesreeseens 96
Figure 5.5 Normalized temperature distribution at the middle plane.......coonrenreneerrenneens 99

Figure 5.6 Simulation mesh including all geometric features for the PF505171 mold......... 105
Figure 5.7 Refined and simplified mesh with boundary layers for the PF505171 mold..... 105



ACRONYMS:

CFD
FDM
FEM
FVM
LDPE
MIM
NRC-IMI
P&WC
PIM
PSD
PVT
UDF

SYMBOLS:

S R S R

S
S

=3

Qa » <

N

ACRONYMS AND SYMBOLS

Computational fluid dynamics

Finite difference method

Finite element method

Finite volume method

Low density polyethylene

Metal injection molding

National Research Council Canada-Industrial Materials Institute
Pratt & Whitney Canada

Powder injection molding

Particle size distribution

Pressure, volume and temperature relation

User defined function

Diffusivity
Compressibility factor
Solid loading

Shear rate

Viscosity

Viscosity at low shear rate
Viscosity at high shear rate

Viscosity

Specific volume
Density

Standard deviation

Viscous stress tensor

xii



N LU IR T NN TSR

e

3

rans

~

S

Vector differential operator
Area

Specific heat at constant pressure

Total derivative

Force

Filled volume fraction

Gravity vector
Height
Thermal conductivity

Standard injection pressure for PF505171 mold
Standard injection pressure for PF65612 mold
Pressure

Flow rate

Residual sum of squares
Temperature

Glass transition temperature

Transition temperature for Tait PVT model
Time

Velocity vector

Volume

Scale factor

xiil



Xiv

LIST OF APPENDICES
APPENDIX 1 — MOVING AVERAGE C# PROGRAM ..o 115
APPENDIX 2 ~ AR-2000 COMPLETE SETTINGS wvcvrrremesmsmmsmesmmsssssmssmsmssmsssssene 118

APPENDIX 3 - DETAILED SUMMARY OF THE SIMULATIONS ....orirenerserensessessesssssssssssnnes 122



INTRODUCTION

The Metal Injection Molding (MIM) process is a cost efficient manufacturing technology that
is not completely understood. Several companies are investing in the development of this
new technology to enlarge manufacturing capability and reduce costs. Even in the
aeronautical field, this new technology is growing. The aircraft engine manufacturer Pratt &

Whitney Canada (P&WC) is working on new superalloy parts made by MIM.

P&WC’s MIM process is currently in development and some issues still need to be studied.
For instance, the production rate is not as high as expected. Rejected parts are frequently
produced during the injection step and only detected after sintering. Moreover, mold design
relies on experience and iterative steps which can be very expensive. In order to have a
better understanding of key factors during the injection step and shorter mold design lead

time, computer simulation of part injection would be helpful.

The purpose of this work is to find software that could simulate the injection phase of
P&WC’s MIM process and then validate the results with experimental data. If results are
satisfactory, the simulation will be used to design new molds and improve problematic
molds. If possible, it should also predict the powder segregation caused during filling and

therefore non-uniform shrinkage during sintering.

This work is divided in five chapters. The first chapter gives an overview of what exactly is
the MIM process with basic terminology. In addition, each steps of the MIM process are
explained briefly. The second chapter is a literature review about simulation methods,
feedstock characterization and experimental data acquisition. Next, chapter three gives the
methodology for the same topics found in literature review but in a different order:
feedstock characterization, experimental data acquisition and simulation. Parameters and
methods needed to replicate the current work are presented in that chapter. It is followed
by chapter four in which results are presented and explained. This chapter is divided into
two sub-chapters, one for each mold used in this work: the instrumented rectangular bar
mold PF505171 and the traction bar mold PF65612. The sixth and final chapter is a
discussion about the presented work. Improvement suggestions are given in that chapter.

Finally, this work ends with a conclusion.



CHAPTER 1. METAL INJECTION MOLDING

Powder metallurgy is an established manufacturing technology. One of the oldest variants is
the pressing process, where powders are shaped and compacted in a die then sintered.
Since the process is limited in term of geometrical complexity (uniaxial compaction), new
processes have emerged to overcome shaping problems. Powder injection molding (PIM) is
one of them. This technology uses polymeric binders mixed with powders to obtain a low
viscosity suspension that can be injected when heated. This process allows the use of a wide
range of materials like ceramic, superalloy, steel, etc. When using metallic powders, the

acronym for the process becomes MIM, standing for Metal Injection Molding.

The MIM process has been used for numerous commercial parts; medical tools, heat sinks,
triggers, watch cases, implants, hard drive magnet, aircraft engine part and others [1].
Generally, the limitation for this process is the maximum dimension of the part, the
requested tolerances and the annual production rates. In other words, if the part has a small
size, a complex geometry, realistic tolerances (about 0.5% of the dimension [1]) and a large

production volume, MIM is profitable in term of price per unit.

1.1 Process details

The MIM process is divided in four steps: mixing, injection, debinding and sintering. Many
variances exist between producers, but the following is a general review of what is involved

in each step.

1.1.1 Mixing

The first step is the combination of raw materials (binders and powder) in a rotational
mixer. The mixture of polymeric binders and powder is called a feedstock. For a low
viscosity feedstock, spherical powders are preferred to irregular ones. Carbonyl
decomposition, plasma atomization, centrifugal atomization and gas atomization are all
fabrication methods which produce rounded powders with different typical diameter. For
example, the gas atomization method uses the gas velocity to break alloy melt in small

droplets (see Figure 1.1). Due to the Rayleigh instability [2], spheroidization occurs during



the flight before solidification. Many parameters influence the final result, including melt

viscosity, melt temperature, gas velocity and the diameter of the melt exit.
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Figure 1.1 Powder fabrication by Figure 1.2 Particle size distribution.

gas atomization [2].

The result of gas atomization is generally close to a log-normal distribution (see Figurel.2).
The particle size distribution (PSD), often measured by light scattering, is a key factor for
MIM. It defines among others the feedstock viscosity, the maximum solid loading and the
sintering behavior. Mixed with powder, the binders have multiple purposes: transport of
the powder, strengthen the green part and preserve geometry. The binders are chosen

according to the debinding technique and injection parameters.

Generally, the volume fraction of powder is about 60%. This fraction, called solid loading, is
a major parameter for the MIM process. It controls the shrink factor, thus the final part
dimensions. The more binder is added, greater is the final shrinkage. Considering this
phenomenon, feedstock homogeneity is critical during the mixing step to avoid defects in

subsequent steps.

1.1.2 Injection

The second step is the injection, or molding, which creates the part geometry. The process

starts by increasing the feedstock temperature to exceed the melting temperature of the



binder, then a press forces feedstock into the mold cavity. The entrance point, called gate, is

sheared and the mold is opened to extract a green part.

The type of viscosity for the feedstock is shear thinning (the viscosity decreases with an
increase of the shear rate) which reduces the required pressure during the filling. The
viscosity also depends on the temperature and the solid loading of the feedstock. Molds are
made of tool steel and are based on a scaled geometry of the final part. The scale factor (X)

is related to the green and sintered density by equation (1.1):

(1/3)

X = pSintered ’ pGreen(71/3) (11)

This relation reveals a critical fact: for a fixed final density, a variation of the green density
causes a dimensional variation. Hence, like for the mixing step, gradients of density need to
be minimized. The fabrication of molds can be simple but the addition of features like vents,

cooling/heating channels, ejector pins, thermocouples and others complicate their design.

Depending on operation parameters, many issues can occur during injection (voids, jetting,
short-shot, flashing, segregation...). Since the injection is an early step in MIM and because

some of these issues are only revealed after sintering, avoiding them is important.

1.1.3 Debinding

The third step is debinding. The purpose of this step is to remove the binder and to produce
initial densification in order to provide some strength to the parts to facilitate handling.

Three methods are frequently used: thermal decomposition, wicking and solvent extraction.

Wicking for instance, extracts the liquid binder by capillary action at high temperature. This
is done by embedding the part in a bed of powder which produces the capillary force. This
bed preserves geometry and does not react with the part. The wicking action creates a flow
from the middle of the part to the surface, so increasing the thickness of the part lengthens
the debinding step. The remaining binder is thermally decomposed at higher temperature.

Finally, a pre-sintering bonds particles together to give strength to the brown part.



1.1.4 Sintering

The final step is sintering, where the part reaches its final density (>95% of full density).
The part is placed on a setter in a furnace and exposed to a reducing or inert atmosphere.
The temperature rises just under the melting point of the material following a specific

profile.

The sintering cycle is similar to any conventional sintering. The reduction of surface energy
is the main driving force for sintering. As a result, parts made of small particles need less
energy to densify. Many transport and diffusion mechanisms could be involved during
sintering: viscous flow, plastic flow, evaporation-condensation, volume diffusion, grain

boundary diffusion and surface diffusion [3].

1.2 Reasons to choose MIM

There are numerous reasons to choose this fabrication process, examples are given below:

First, the process can manufacture parts out of materials with low machinability since
complex geometric features can be directly molded with a good dimensional tolerance
without machining. Furthermore, new geometric feature, that were usually challenging to
manufacture with conventional techniques, can be made with MIM and produce new part

concepts.

Second, MIM has a high production rates capability that can reduce lead time for part

production once the mold is manufactured and the process parameters are fine-tuned.

Third, this process can reduce part cost thanks to the lower number of secondary

operations and the high production rate stated previously.

Fourth, parts produced by MIM have higher mechanical properties and better tolerances
than casting because the shrinkage is more predictable in powder injection molding and the

resulting pore size is much smaller than that observed in cast parts.



Finally, less material is wasted with MIM as the process produces the final part shape with
no or little machining. In addition, defective green parts can be recycled by adding them to

the feedstock.



CHAPTER 2. LITERATURE REVIEW

The next chapter will look at recent studies and give the necessary theoretical knowledge
needed for the simulation of MIM. This chapter is divided in three parts. First, a review of
the available software will be presented and evaluated. From this review, a software
selection will be made for the current project. The second part will present various
methods used to obtain the needed parameters for fluid characterization or modeling.

Finally, the last part will review different experimental validation techniques.

2.1 Simulation

The simulation of MIM is quite complex; a non-isothermal three-dimensional flow of a
shear-thinning two-phase fluid flow. This complexity combined with a younger industry,
explains the only recent availability for MIM 3D simulation. Early developments were made
with plastic injection molding software adapted to MIM’s particularities. Now, many
software applications are sold specifically for MIM simulation.

To understand the key differences between software, a brief summary about computational

fluid dynamics (CFD) will follow.

2.1.1 CFD background

CFD is a numerical methodology used in a wide range of domains to solve fluid flow
problems. This method divides the fluid domain into cells to create a mesh. Then boundary
conditions are imposed and the modeling equations are solved. The velocity vector, the
pressure and the temperature at each time step are the solution output. Equations
modeling the flow are defined in the next sub-section followed by a presentation of

different discretization methods to solve them.

2.1.1.1 Governing equations
Commonly, Navier-Stokes equations [4] are chosen to represent the conservation of

momentum for fluids:

,Oaa—lt]+,0(U-V)U=—Vp+,uV-(VU+VUT)+pg (2.1)



Where:
p = Density
U = Velocity vector
t =Time
p = Pressure

1 = Viscosity
g = Gravity vector

V = Vector differential operator

The mass conservation must also be respected:

PP, p(v-U)

—- 0 (2.2)

In the case of an incompressible flow, it simplifies to the continuity equation:
V-U=0 (2.3)

Finally, in the case of non-isothermal flow, the energy equation combined with Fourier’s

law is used for temperature variation:
oT
pC, E+(U~V)T =V-(kVT)—(z':VU) (2.4)

Where the new variables are:
C, =Specific heat
T = Temperature
k = Thermal conductivity

7 = Viscous stress tensor
D/ Dt = Total derivative

2.1.1.2 Discretization methods
Various discretization methods are employed for resolving these equations on the studied
domain. Finite Difference Method (FDM), Finite Element Method (FEM) and Finite Volume

Method (FVM) are the most common methods.

The FDM is based on Taylor series to approximate the derivatives. This method usually
requires a structured grid and when it is used for complex shapes, the meshing may be

problematic [5]. But with an appropriate type of grid, this method is very efficient. The FEM



is mathematically more rigorous. The partial differential equations (PDE) are multiplied by
a test function and integrated on the domain to obtain the variational form (including
integration by part to decrease the differential order). Unlike the FDM, FEM can be easily
applied to complex shapes since it intrinsically uses an unstructured grid. This method may
require stabilization terms when solving the Navier-Stokes equations. A more detailed
explanation on the method can be found in Fortin’s book [6]. The FVM also permits to solve
complex shapes. This method is based on the balance of surface fluxes between
neighbouring control volumes. An integral form of the PDE is used with the divergence
theorem on each volume. This method is employed in commercial aerodynamics programs

such Fluent, but is rarely used in filling simulation.

Other methods exist, and special combinations are possible. For example, the two
dimensional formulation of the FEM can be combined with the FDM to simulate three
dimensional flow in thin-walled geometries. This method is often called a 2.5D method and
uses the Hele-Shaw flow assumption [7]. This is an approximation that reduces the

computer resources needed by neglecting some effects in the thickness direction.

Most of these methods have been used for a long time. Which of them is the most

appropriate depends on the problem characteristics.
2.1.2 Results of previous studies

The following section is a review of MIM simulation papers with description of their results
or capabilities. Efforts were made to make this review comprehensive enough to guide the
choice of software for this project. It is obvious that some of them have not been reviewed
since they are often in-house codes not released yet. Results are sorted by software; nine of

them are presented in alphabetic order.

2.1.2.1 ANSYS

The first mention of ANSYS for MIM simulation is found in a paper written by Zheng and Qu.
in 2006 [8]. Their results are given by “finite element analysis software ANSYS”, without

further details. Their numerical results showed a region where the feedstock temperature
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was higher than the initial inlet temperature. They attributed this phenomenon to viscous
heating. They also predicted areas of possible weld line in the mold. However, no
experimental data validates their results. Their analysis is also limited to a two dimensional

problem.

Samanta et al. studied the influence of multiphase versus single phase model in a simple 3D
geometry [9]. In their case, user defined functions (UDF) were used in Fluent with the
SIMPLE algorithm (FVM) to simulate PIM. Their results with the multiphase model showed
that a higher binder concentration at the mold cavity surface reduced heat transfer
compared to the single phase model, even if the calculated solid loading variation was very
small (<0.03%). Again, no experimental data was presented to validate this study. In
addition, the feedstock used had a 37% solid loading which is lower than typical MIM
feedstock (~60% [1]).

Lately, Yin et al. used another product of ANSYS to simulate micro MIM; ANSYS CFX [10].
They related different defects found in miniature gears to the position of the gate and

numerical velocity field.

2.1.2.2 Moldex3D

In 2009, Jenni and Wilfinger published a paper about the simulation of MIM by
implementing a powder-binder add-on for Mouldex3D? [11]. Unfortunately, their work was
not successful since the add-on was never used with Moldex3D, only in Matlab. However,
the authors proposed an efficient way for experimental determination of segregation in a

MIM part by differential scanning calorimetry (DSC).

Another study by Andrews et al. in 2010 used Moldex3D for micro MIM [12]. Different gate
locations on two different three-dimensional geometries were tested to minimize the shear
stress. Some errors were found in their results (temperature discontinuities) but were
corrected by a later release of Moldex3D. Once again no experimental data supported their

numerical predictions.

1 Mouldex3D will be interpreted as Moldex3D since the notation with the letter “u” was not found in any other

paper nor on a commercial website.
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2.1.2.3 MoldFlow

The earliest mention of MoldFlow for the simulation of MIM found in the literature is the
1997 review on new development in MIM [13]. Petzoldt et al. reported the ability of
MoldFlow to detect weld lines. Some results for temperature distribution and filling

patterns are given without much detail.

A very relevant paper by Bilovol et al. compares MoldFlow to ProCAST and C-Mold (which
doesn’t exist anymore, bought by MoldFlow in 2000[14]). They used an instrumented mold
(pressure and temperature) to verify the simulations from these software. First they
compared the flow pattern of the simulations with a short-shot (see-section 2.3.1 for
definition); the result is shown in Figure 2.1. MoldFlow calculations were in good
agreement with experimentation for short-shot and weld line prediction. Next, the authors
studied the temperature and pressure evolution at specific locations. One observed
drawback of MoldFlow was the lack of plotting capability for temperature or pressure. An
important experimental observation was made; the feedstock temperature rises after its
passage through the gate, viscous heating was suggested to explain this phenomenon.
According to the authors, MoldFlow produced good temperature prediction. As for the
pressure prediction, results were found to be at least three times lower than the measured
pressures. This was the worst result of all the tested software. In conclusion, the authors

recommended ProCAST for MIM simulation.

Zheng et al. also used pressure sensors to verify MoldFlow simulation [15]. Unlike the
previous study, their results were in good agreement with experimental pressure using the
Hele-Shaw flow assumption and a second order model to fit the viscosity. Based on their
simulation, the authors redesigned the gate in the model and adjusted parameters to obtain

a suitable part after injection.
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Figure 2.1 Bilovol et al. simulated filing patterns compared to experimental result [16].
2.1.2.4 PIMSolver

Cetatech’s PIMSolver is a commercial software made for MIM. Its discretization method is a
combination of FEM and FDM in the thickness direction. The governing equations are
simplified by the Hele-Shaw assumption for thin parts; therefore it is a 2.5 dimensional
simulation. A slip model can be added in the solver. Atre et al. used PIMSolver to study the
effect of input parameters during filling [17]. With a traction bar and plate geometry, they
varied the inputs; process parameters, cavity shape, feedstock and binder rheology.
Simulation of each case was then made and predefined key outputs of the final part were
recorded. They defined the sensitivity as the percentage of change in the output by the
percentage of change in the input. The sensitivity was then sorted by qualitative levels. A
very useful table is given for the correlation between input and outputs with corresponding

level of sensitivity.



13

Urval et al. presented another study based on PIMSolver for optimization of micro MIM
parts [18]. They studied the impact of the thickness on different factors: the maximum
pressure, the temperature distribution and the maximum shear rate. Compared to
experimental results, PIMSolver slightly over-estimated the filling profile (filled volume
versus time). The authors suggested that the location of their pressure transducer used for
experimental acquisition might be a cause of discrepancy since it was not close enough to
the pressure application point. The lack of slip layer and slip velocity model for the

feedstock is another cause of discrepancy mentioned by the authors.

In 2008 Ahn et al. compared experimental and numerical pressures to verify the effects of
slip layer and temperature boundary conditions [19]. They found that numerical pressure
was in better agreement with experimental results when a slip layer and integrated cooling
were considered. This slip layer acted as an insulator and reduced the heat transfer,
therefore the temperatures were higher. Later, the same authors wrote an additional paper
about these results but gave a list of possible optimisation of MIM possible with PIMSolver

[20]. For example, they suggest minimizing the pressure to choose a suitable filling time.

In conclusion, even if all these publications showed that PIMSolver can accurately simulate
the injection of MIM parts, it is essential to remember that this software is limited to thin-

walled shapes.

2.1.2.5 Plasview3D

Plasview3D is the in-house program for mold filing simulation at the National Research
Council-Industrial Materials Institute (NRC-IMI). This software is a three-dimensional
parallel solver for fluid flow that uses FEM. The code was originally written for 3D plastic
injection molding, but has since been used for MIM. A paper by Ilinca et al. in 2002 reported
the successful use of Plasview3D for a rectangular MIM part [21]. Two pressure sensors
were used inside the cavity to obtain experimental measurements that were compared to
the numerically predicted pressure at corresponding locations. During the filling stage, the
simulation showed good agreement with these two pressure histories. For the packing
stage, predicted pressure curves were closer to experimental ones when the tool

deformation was taken into account. The same year, Ilinca et al. presented new results for a
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more complex “M” part [22]. The predicted flow pattern was favourably compared with the
short-shots and behaviors like folding were observed in the simulation. In addition, their
results correctly predicted the asymmetrical filling of the cavity. This instability was
explained by the high temperature dependence of the viscosity which amplified a slight
inlet velocity delta. They showed that improvement could be made by enlarging the gate
thickness. It should be noted that the authors found better agreement with experimentation

when the inertia was considered with a no slip condition.

Plasview3D has a segregation capability (solid loading variations within the feedstock);
[linca and Hétu published their results in 2008 [23]. They used the diffusive flux model
proposed by Phillips et al. [24] for segregation and a modified Krieger-Dougherty model for
solid loading dependence of the viscosity. Couette flow, piston-driven flow and sudden
contraction-expansion flow were simulated and compared with experimental data for
model validation. The calculated solid loading profiles were similar to experiments.
However, two methodological aspects in this paper are different from P&WC’s MIM process;
the liquid and solid phases do not have the same density and the mean particle size is much
lower than the smallest particle size used in this study. Consequently, a validation of those
models with P&WC’s feedstock would be needed. The same results are presented more

briefly in a conference paper [25].

At the same conference, Thomas et al. also presented a study with Plasview3D [26]. The
cause of a recurrent defect was identified by studying the filling behavior with the
numerical simulation. The software permitted to predict the jetting (irregular filling
patterns) in a dental implant as shown in Figure 2.2. Furthermore, with micro tomography
and the calculated flow lines, the authors observed that a binder-rich layer was formed at

the gate and then followed the flow path.
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Figure 2.2 Thomas et al [26]: Simulation on top row and short-shots at the bottom row.

2.1.2.6 Pohang University

No name has been found in literature for this non-commercial software developed by Kwon
et al. from Pohang University of Science and Technology. In 1995, Kwon and Park [27]
wrote an article about the yield stress and slip phenomena giving the methodology
description of their numerical code. Their code is based on a combination of FEM and FDM
with the Hele-Shaw assumption, hence a 2.5D program. They also added slip layer and slip
velocity models to their software. Using a modified Cross model to account for the yield
stress, they numerically studied the effect of the viscosity with or without yield, the slip
layer thickness and the slip velocity on isothermal and non-isothermal flow of PIM. They
concluded that the slip layer model and yield stress model should be considered for non-
isothermal flow since the slip layer thickness affects the heat transfer. A case study on a PIM
turbine rotor is also presented with the effect of adding a gate on temperature and pressure

without experimental comparison.

In 2002, Hwang and Kwon performed full three-dimensional simulation by solving the
Stokes equation (inertial forces neglected) with FEM [28]. A method called “volume fill
factor” was used in conjunction with a smoothing scheme to track the flow front during
filling. They predicted the flow front profile shape and position in a tool insert mold with a
feedstock and a polymer. The goal was to simulate and experimentally validate two types of

fluid behavior; one with slip (feedstock) and the other without (LDPE). They showed that
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the velocity profile and the filling pattern were affected by the slip condition. Their
simulations were compared with short-shots but the mesh used was too coarse to precisely

define the velocity profiles.

2.1.2.7 ProCAST

The previously described paper of Bilovol et al. compared ProCAST to two other software
programs for MIM [16]. They concluded that ProCAST was the most suitable for MIM.
Indeed, ProCAST predicted well the filling patterns and the weld line location. Still, the

calculated cavity pressures and temperatures did not match the experimental data.

The same authors studied different viscosity models with ProCAST [29]. Only the
experimental pressure data was used for comparative evaluation of the viscosity models.
An erratic numerical pressure curve was obtained when the viscosity model had a high

viscosity at very low shear rate.

P&WC evaluated ProCAST for its MIM process in 2007 [30, 31]. The filling of a traction bar
was simulated with estimated feedstock characteristics as a first attempt. A Newtonian
viscosity model with temperature dependence and a pressure-dependent heat transfer
coefficient (between 4000 and 10000 W/m?2-K) were used. Length of non-filled part was
compared with ProCAST calculated length. The numerical results were not exact and the

need for a better viscosity model and mold temperature control was mentioned.

2.1.2.8 Sigmasoft

Only one article was found reporting MIM simulation with Sigmasoft [32]. Thornagel
reported the simulation of a watch strap. By trial and errors, some ribs were added to the
mold to eliminate a segregation defect called “black lines”. With particle tracers, the author
explained the effect of the ribs as traps for the binder-rich layer near the wall. No details

about Sigmasoft nor about the simulation are given by the author.

2.1.2.9 FEAPIM (UMR CNRS)

The last software of this literature review is a non-commercial code from the university of

Franche-Comté and Centre national de la recherche Scientifique (CNRS), France. Using FEM
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for solving the Stokes equations on a three-dimensional domain, this software employs a
multiphase (mixture theory) approach to simulate the injection of MIM. Consequently, two
sets of momentum, continuity and energy equations are solved in addition to a momentum
exchange term for interactions between phases. The benefit is that this approach allows
direct prediction of segregation in the molded parts. Gelin et al, reported successful
simulation of a multi component mold with their software [33]. Short-shots were made to
validate the simulation. The flow front position was in good agreement with
experimentation in a complex cavity. Two segregation mappings were presented, but no
experimental data allowed them to confirm their result. Taking a closer look at the
calculated flow front profiles, some irregularities can be observed (the flow front seems to
oscillate rather than present a parabolic profile). No comments are made to explain the

shape of the flow front.

Another paper by Gelin et al. presented more numerical results for the same mold and for a
divergent-convergent mold [34]. A solid loading variation of 3% was observed in the
simulation of the later mold. The flow front position was the only verified data even if they
had an instrumented mold with pressure and temperature sensors. Methodological aspects
for the viscosity model for the two phases are not described by the authors. Similar papers

give a brief summary of these simulation results with the same mold [35, 36].

A recent paper provided more details on solid loading distribution on a wheel geometry.
Gelin et al. [37] used FEAPIM to simulate the green density variation as an input for
sintering simulation. They compared the experimental tensile strength of a traction bar to
the numerically simulated one at different temperatures. They obtained a good overall
tendency. The main drawback for this software is the need for solid phase viscosity data,

which is not simple since viscosity measurements are usually done with fluids.

2.1.3 Software selection

In order to get a good overview of the available solutions for the simulation of P&WC’'s MIM

process, a summary of all reviewed software with key characteristics is given below (Table
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2.1). Associated papers are given in the last column, in addition to the nearest location from

P&WC’s plant 1 for each software programs based on available data.

Since all previous studies are founded on the conventional MIM process, there is no
guarantee that they can successfully simulate P&WC’s MIM process. For example, the
boundary conditions are dissimilar; imposed inlet velocity for conventional molding versus
imposed inlet pressure for the current work. Viscosity and pressure are also of a different
order for this project. So, the flexibility of the software is of great importance: multiple
boundary conditions should be implemented in the software and usage of custom viscosity
models should be allowed. Furthermore, P&RWC’s typical parts are usually very complex,
leading to a need for a true 3D simulation. Segregation capability is also of great interest
since many dimensional variations and mechanical defects are linked to solid loading
variations. In aeronautics, these deviations must be kept small to guarantee airworthiness

while simultaneously allowing an acceptable production yield.

Table 2.1 Software summary from literature review.

Software Domain Method Segregation Nearest Commercia- Articles
study Location lized

ANSYS (Fluent, CFX, other) 3D FVM/FEM no Waterloo yes [8-10]
Moldex3D 3D FVM no USA yes [11,12]
MoldFlow 3D FEM no Montreal yes [13, 15, 16]
PIMSolver 2.5D FEM/FDM no S. Korea yes [17-20]
Plasview3D 3D FEM yes Boucherville no [21_2221' 25
Pohang University (T.H. Kwon et al.) 3D FEM no Korea no [27, 28]
ProCAST 3D FEM no USA yes [16, 29-31]
Sigmasoft ? ? no USA yes [32]
FEAPIM 3D FEM yes France no [33-37]

After this literature review, the Plasview3D software was selected for this project for its
proven full 3D and segregation capabilities. The fact that this software is not
commercialized is not an issue. In fact this aspect gives much more flexibility to adapt the
code for the specific needs of P&WC. Finally, the NRC-IMI allowed P&WC to use their high
end computer equipment and provided assistance for code modifications. Hence, every

numerical results of the current work will be calculated with the Plasview3D software.
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2.2 Material characterization

All parameters in equations (2.1) and (2.4), the viscosity, density, specific heat and thermal
conductivity, must be prescribed to simulate the flow adequately. In the case of MIM, the
fluid is called a feedstock. For the characterization of the feedstock, these properties are

obtained by various methods explained in the next section.

2.2.1 Viscosity

The first characteristic is the most difficult to obtain since the feedstock is a suspension and
has special behaviors like shear thinning and thixotropy (segregation). Viscosity is
dependent on shear rate, temperature, solid loading and pressure. Special care is needed to
get representative experimental data; using samples only once, reducing the total time of
tests and using a precise temperature controller just to name a few. Before presenting
potential equations and methodology for modeling the feedstock viscosity, a short

introduction on viscosity is given below.

2.2.1.1 Basics

Viscosity is roughly the resistance of a fluid to flow. An easy example to describe this

property is the parallel plates shown in Figure 2.3.

A _F, =
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Figure 2.3 Fluid between parallel plates (adapted from Green and Perry [38]).

The bottom plate is fixed while a constant force F is applied on the top plate which moves at
constant speed when a steady state is reached. Assuming that there is no slip at walls, the

velocity profile is linear: u, = U - y/h. The shear stress t (in Pa) imposed is the ratio of the

force Fx on the acting surface A:
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(2.5)

yx

[T

The shear rate is defined in this case as the velocity gradient in the y direction in reciprocal

seconds:
. du U
y=—=— (2.6)
dy h
The relationship of shear stress and shear rate is expressed as:
r=n-y (2.7)

The viscosity 5 is expressed in Pa-s (4 is also often used as a symbol). Fluids are generally

separated in two categories, Newtonian and non-Newtonian. If the fluid’s viscosity is not
shear rate dependent, i.e. the shear stress increases linearly with the shear rate, the fluid
belongs to the Newtonian category. Shear thinning, shear thickening, Bingham plastics are
examples of non-Newtonian fluids. Figure 2.4 summarizes most fluid behaviors in a simple
figure; the viscosity can be observed as the local slope. In general, viscosity curves are
illustrated by the viscosity as a function of shear rate in logarithmic scales. The two upper
curves exhibit a yield stress; the fluid needs a minimum stress prior to flow initiation. This
behavior can be modeled with the Herschel-Bulkley model with Papanastasiou modification

[22, 26].

Another fluid rheological characteristic is the time-dependence. If the viscosity of a fluid
decreases when submitted to constant shear rate, the fluid is thixotropic. On the opposite, if
its viscosity increases, it is a rheopectic fluid [39]. In MIM, the feedstock can be considered
as a thixotropic fluid since the viscosity decreases with time due to particle

deagglomeration or segregation.



21

Shear Thinning with Yield

Shear Thinning

Shear Stress (1)

Shear Thickening

-

Shear Rate (V)

Figure 2.4 Fluid types.

2.2.1.2 Methods and Models

Two types of rheometers are generally used to obtain viscosity curves; capillary and
rotational (Figure 2.5). The former uses pressure to force the fluid into small diameter die
(Poiseuille flow). Knowing the flow rate (Q) and the pressure drop, viscosity can be
calculated with the Rabinowitch equation if the fluid is non-Newtonian [40]. This method
can reach very high shear rates and is relatively simple. However low shear rates are
difficult to obtain with this method. The rotational rheometer is based on drag flow. The
Couette type flow or flow between concentric cylinders is shown in Figure 2.5. The center
cylinder is inserted into fluid and rotates; the angular velocity and the torque are used to
determine the shear rate and shear stress for calculation of the viscosity. It can be used to
measure viscosity from low to high shear rates. The free surface can be a limiting factor at
high shear rate since it can induce measurement errors. Additional geometries are in the
same rotational category: plate-plate, cone and plane, vane and others. Rotational

rheometers are complex and expensive.
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Figure 2.5 Capillary (left) and rotational (right) rheometers from [40].

Both of these methods need to be temperature controlled to satisfy the isothermal
assumption during measurement. One can mix both methods to obtain precise viscosity

curves from high to low shear rates [26].

Many models can be used to fit viscosity measurements of MIM feedstock. For a limited

range of shear rates, the power law can be used [8, 41]:
n(7)=m-y"" (2.8)

Using logarithmic scales, the model behaves like a linear function with the “(n-1)”

coefficient as the slope.
In(n7)=(n-1)-In(y)+1In(m) (2.9)

Therefore, if n<1 (negative slope) the model is used for shear thinning fluids. In the
opposite, if n>1 (positive slope) the model is used for shear thickening fluids. The model is

simple but cannot be used when initial and final Newtonian plateaus are observed. Other
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models exist but the following are the most frequent in literature. The first is the Cross
model [40]:
n(7)=n, +—D2"Te (2.10)
1+ (K ;/)
This model was found in different form with or without modification for yield stress in
papers [9, 16,17, 21, 22, 26-28]. The second is the Carreau-Yasuda model [40]:
. T — 1,
n(7)=n.+——"; (2.11)
[1+(47)"] *

This model can be found in papers [29] and [16]. When the “a” parameter equals two, this
equation is known as the Carreau model. In both models, when the shear rate tends toward

zero, the viscosity equals 77, and when the shear rate tends toward infinite, the viscosity

equals 77, . All variables are determined by fitting the model to experimental data.

It is also essential to define temperature dependence of the viscosity. In general, the
Williams-Landel-Ferry model (2.12) or Arrhenius dependence (2.13) is used for variation of
the 7, viscosity. Like in viscosity models, all variables are experimentally determined by
doing viscosity tests at different temperatures. Generally, the 77, is not used for fitting

viscosity and other variables are not considered temperature-dependent in MIM. Thus, no

temperature model was found in literature for other coefficients of the viscosity models.

_ -C, '(T_Tr)
UO(T)_U,.-eXp(—CZJFT_Tr ] (2.12)
1(T) =B-eXp(%j (2.13)

Finally, pressure can change viscosity. When submitted to high pressure (100 MPa) the
viscosity of polymers increases [42, 43]. Still, this dependence is often ignored for MIM

since there is a high solid fraction that is not affected by pressure.



24

2.2.2 PVT

The relationship between Pressure, Volume and Temperature is abbreviated as PVT. This
data is needed for modeling the density evolution with pressure and temperature. During
mold filling, the fluid is considered incompressible (2.3) since the feedstock compressibility
factor is lower than ~10-9 Pa-l with maximum pressure variation of ~107 Pa [44]. The

“«_.n

compressibility factor (f) is calculated with equation (2.14), where “v

__Ifav) _1(dp 2.14
/ V(dpl p[dpjr &1

After filling, the incompressibility assumption is no longer valid; the PVT data is needed

is the specific

volume [3].

since the pressure gradients are much higher during the packing phase. This data can be
obtained from a dilatometer. This apparatus performs isobaric tests for a temperature
range and records the volume variation to determine the specific volume as a function of
pressure and temperature (PVT). The two-domain Tait model is appropriate for modeling
PVT data (see equations (2.15) to (2.19)). The parameter vy is the specific volume function
at atmospheric pressure and B is the pressure sensitivity function [45]. Nine fitting
coefficients are necessary: b; to b, are domain dependent and bs to by are constants. A phase
transition temperature, Tians, determines the separation between the two domains of the
Tait model. Two sets of coefficients b; to bs are then needed, the first set for temperature

below Tirans (solid state) and the second for temperatures higher than Tirans (melt state).

WT, p) = VO(T)P ~0.0894 - ln(l + BEUT)H +v,(T, p) (2.15)
T. =b+bp (2.16)
T <, T>T,,,
vo (T)=b,, +b, (T -b,) vo (T)=b,, +b,, (T —by) (2.17)

B(T)= b, exp(—b4s (T —b, )) B(T)=b,, exp(—b4m (T — b, )) (2.18)
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v,(T,p)=b,-exp (b (T —bs)—b,p) (2.19)

Figure 2.6 shows a typical PVT graph with a Tait model fitting. Discontinuities can be

observed at the boundary between domains, which are limited by Tans function.
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Figure 2.6 PVT results (points) with Tait model (lines) from [45].

2.2.3 Specific heat

The specific heat (C, at constant pressure and Cy at constant volume) is defined as the

amount of energy needed, per unit of mass, to raise the temperature by one degree.

or in

, the specific heat is temperature dependent and has peak
kg-K kg-K

Expressed in

values during phase changes. A mean value of this properties is often used, but custom
models can be implemented for simulation [21]. Differential scanning calorimetry is used to
determine this variable over the operating temperature range of the feedstock [45, 46]. The
test is conducted during heating or cooling. The choice of the heating or cooling rate can
affect the results: Kowalski and Duszczyk [47] reported a decrease of the mean specific heat
with increasing cooling rate with a stainless steel MIM feedstock as illustrated in Figure 2.7.
They attributed this phenomenon to the undercooling effect. Since the feedstock is

submitted to very high cooling rate, the authors concluded that higher rates give more
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representative data. If the specific heat is lower, the melt temperature will decrease more

rapidly, resulting in a higher viscosity and an increased pressure drop during mold filling.

1
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Figure 2.7 Cooling rate effect on mean specific heat for a 316L feedstock [47].

2.2.4 Thermal conductivity

The second parameter from the energy equation (2.4) is the thermal conductivity, defined
as the ability to conduct heat. The flash method is used to obtain the solid or melt thermal

diffusivity (a), which is linked to conductivity by equation (2.20) [46].
k=a-C,-p (2.20)

All parameters in equation (2.20) are temperature dependent. Consequently, for a precise
measurement of the thermal conductivity, each of them should be known as a function of
temperature. Models exist for linking the thermal conductivity of the liquid and solid phase.
The Maxwell model[48], the Lewis & Nielsen [48] and the Rayleigh-Devries models [45]
have been used in the literature. One major problem for these models for MIM is the high
solid fraction that can lead to erroneous estimations since the assumption that the particles
are always separated by binder is no longer realistic. Kowalski et al. [48] reported that

experimental measurement of conductivity is needed for accurate simulation of MIM.



27

2.2.5 Density

The density is defined in the PVT analysis since it corresponds to the reciprocal of the
specific volume.

p=— (2.21)
.

A reference density at ambient temperature and pressure is still needed. The Archimedes’
principle can be used to determine density of the feedstock. For a precise measurement,
this method requires a large sample volume to obtain a significant buoyancy effect on the
total weight during water immersion. In addition, bubbles in water reservoir need to be
avoided. With water, this method is only appropriate for material with higher than water
density, making binder measurement impossible. A pycnometer is a more precise apparatus
to measure density and it can characterize binders as well as metal powders. This method
uses the Boyle’s law (isothermal case of the ideal gas law [4]); the volume variation is
calculated from pressure variation. The density is then calculated by dividing the sample

mass (known prior to the test) by its volume.

2.2.6 Solid loading

For segregation modeling, the effect of solid loading on all previous properties is needed.
For the viscosity, models like that of Krieger can describe the solid loading effect on

viscosity [44, 49, 50]:
B _i -1.82 |
n(¢)= [1 J n, (2.22)

Where:

7, =Solvent viscosity (binder)
¢ =Solid loading

¢, =Solid loading where the viscosity becomes infinite

For energy related coefficient, no model applied to MIM has been found. The segregation

phenomena in MIM and modelling of non-isothermal flow are challenging areas of research
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for the future. Repeating PVT, specific heat and thermal conductivity tests at different solid
loadings would make modeling possible for a specific feedstock, but it is costly and time

consuming.

2.3 Experimental validation

Since many assumptions and approximations are required to simulate MIM, numerical
results have to be verified by experimentation. Four methods have been found in literature

and are explained below.

2.3.1 Short-shots

Injecting short-shots is a widely used method in MIM [22, 26, 28, 34, 45]. It consists in
interrupting the flow before the front reaches the end of the mold cavity. The uncompleted
parts are examined to determine the flow path during the filling and compared with
numerical simulations. For a conventional molding machine, the screw movement is
controlled during the filling by operators. Specific screw speeds are imposed depending on
mold geometry. Knowing the effective area of the piston, the screw speed can be converted
in flow rate. These operating characteristics make short-shot molding easy, since the screw
can be stopped during its stroke, giving unfilled parts with corresponding filled ratio. Figure

2.8 gives an example of short-shots used to validate simulation results [45].

For this project, short-shots are not possible due to a different injection principle: the
velocity of the melt is not imposed; rather a constant inlet pressure is imposed.
Consequently, interruptions are very difficult to achieve and repeatability issues are

common. For these reasons, this method will not be applied to the current project.
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Figure 2.8 Short-shots comparison with simulation [45].

2.3.2 Instrumented mold

The cavity of the mold can be instrumented with transducers and thermocouples to study
the evolution of pressure and temperature. Ilinca et al. used two pressure transducers
inside a rectangular mold cavity [21]. A third pressure transducer and a thermocouple gave
the nozzle pressure and temperature. Their thermocouple was set directly in the melt. The
recorded data was used for the validation of their simulations. Bilovol et al. also added
transducers and thermocouples to a mold for the comparison of three software [16]. A
Kistler piezoelectric transducer recorded the pressure and three type K thermocouples
recorded wall temperatures with sampling at 20 Hz. These results gave the authors a basis
for their comparison. They also studied viscosity models with pressure curves [29]. Ahn et
al. [19] used three pressure transducers (model 6183AE), also from Kistler. The signal was
enhanced by an amplifier and recorded by a data acquisition board. The effect of wall
temperature distribution and slip layer was studied with the recorded data. Their
simulation correlation was better when the cavity wall temperature distribution was taken

into account. Finally, five pressure transducers were added to a plastic injection mold in a
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study presented in a book by Kamal et al. [3]. Even if results were obtained from the
behavior of molten polymer, the study is well defined and gives many factors that have an
impact on pressure curves, such as the viscosity model, the mold deformation and gate
thickness. A schematic illustration of the instrumented cavity is given in Figure 2.9.
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Figure 2.9 Cavity with pressure sensors positions studied in [3].

Using pressure curves, the authors identified the three main stages during injection: filling
packing and cooling (see Figure 2.10). The pressures PO to P4 are represented by different
line formats. Important pressure drops are observed between positions 1 to 4. This method
can be easily implemented in a simple P&WC mold and can provide valuable characteristics
(e.g. pressure level, melt front position and filling time) of the cavity flow for simulation or
experimental studies. For precision measurements, transducers have to be selected

specifically for this project to respect the pressure range.
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Figure 2.10 Typical pressures curves in plastic injection molding [3].

2.3.3 High speed camera

The third method of validation is to directly record the flow inside the cavity with a high
speed camera. No paper was found on using this method for PIM. However this technology
has been used for plastic molding and is well detailed in the literature. Yokoi et al. studied
flow front and bubble formation with a camera [51]. They made an apparatus for flow front
tracking and observed instabilities in the flow (two distinctive flow fronts) for high
injection rates. They used a HAS-TURTLE camera for capturing flow front in a rectangular
mold with two glass windows (see Figure 2.11). A complete chapter explains different
visualization techniques in reference [3]. Mirrors can be used to change image orientation
or to illuminate the mold from a different angle. For conventional molding, thick glass or
multi-layered glass are needed to sustain the high cavity pressure (~200 MPa) and the
temperature of the feedstock (~200°C) [1]. Clamping force and pressure acting on the

surface make construction of visualization mold challenging.
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Figure 2.11 High speed camera result, nearside (b) and backside(a) flow front [51].

2.3.4 Tomography

The last method is tomography. This method is used to visualize density variation inside a
part. Multiple section analyses are performed and assembled to reconstruct the initial part.
For micro tomography, the final reconstitution is made with very small voxel (volume
element, three-dimensional pixel) for smaller parts precision. X-ray micro tomography can
be used to observe binder separation in MIM, like in Thomas et al. paper [26]. A 6 um cubic
voxel resolution was obtained with the X-tek HMXST 225 X-ray microfocus system. They
observed binder separation at the gate where the shear rate was higher. After a numerical
filling simulation, they found some correspondences between flow lines and the binder
layer profiles (see Figure 2.12). The authors suggested that the cause of this large defect is
segregation at the gate that was propagated by the flow through the mold. This method
generates very large results files and is expensive. Quantitative results (in term of solid

loading) are difficult to obtain since a calibration is needed for each new material.
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Figure 2.12 Numerical velocity and flow lines compared to micro tomography [26].
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CHAPTER 3. METHODOLOGY

This chapter presents the materials, equipment, software, procedures and experimental
plans for the realisation of this project. It is divided in three parts: process experimentation,

feedstock characterization and numerical simulation.
3.1 Process experimentation

3.1.1 Feedstock

The PWME-10-34 feedstock was used for this study. It is made of nickel superalloy powder,
produced by gas atomization at Sandvik Osprey, and a mix of thermoplastics. The d9o (90 %
of the powder size distribution) was below 22 pm. Standard procedures at P&WC were
used to measure and mix every ingredients. The feedstock solid loading was constant for all

tests.

3.1.2 Injection press

The production press 17040-01 of P&WC was used for this study. Three parameters need to
be set in the interface: Injection pressure, injection time and feedstock (melt) temperature.
The press can also control mold temperature but none of the molds used in this study had

the necessary cooling channels.
3.1.3 In-cavity measurement

3.1.3.1 Mold

In-cavity measurements were performed with a rectangular mold with four pressure
transducers and four thermocouples. Omega pressure transducers were mounted flush
with the mold surface, each separated by one inch and aligned on the centerline. The
relation between voltage and pressure was defined with the factory calibration sheets.

Values from these calibrations were used to fit a linear equation (p(mV) =m-(mV)+b) for

each transducer, a summary is presented in Table 3.1. The pressures are shown in relative

value from the injection pressure “P;” used with this mold to respect intellectual property.



Table 3.1 Calibration values and linear coefficient for cavity transducers.

Sensor 1 Sensor 2 Sensor 3 Sensor 4
Type PX610 PX610 PX610 PX610

Pressure (psig) | Output (mV) | Output (mV) | Output (mV) | Output (mV)
0 0,049 -0,028 -0,040 0,004
142.9% of P; 4,410 4,476 4,650 5,176
285.7% of P; 8,810 9,088 9,401 10,436
m 11,414 10,970 10,592 9,586

b -0,483 0,500 0,531 0,104
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According to Omega technical services, these units have a response time of about 1 ms.

Type K thermocouples were installed at the same distances from the gate but with a 0.281”

offset in the width direction (see Figure 3.1 for a detailed view of the mold with sensors

positions). The distance between the thermocouple tips and the mold wall is half the

thickness of the part: 1/16”. These thermocouples were positioned directly in the middle of

the melt to avoid walls thermal inertia effect on readings. Closed bead thermocouples of

1/16” were used for durability and fast response times. All the temperatures are

normalized by the glass transition temperature of the binder to respect intellectual

property.

Assembled view

Figure 3.1 PF505171: Assembled and exploded view with positioning of sensors.
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In addition, an acquisition block was placed between the mold and the press to obtain inlet
conditions. This block had one pressure transducer, two type K thermocouples and was
temperature-controlled by the press. The transducer used at the inlet, a GP:50 217, had no
calibration sheet. The full scale divided by the maximum voltage was used to convert the

output signal to psig.

3.1.3.2 Set-up

The data acquisition system included the following items:
e 2 Computers (PCO1 and PC02)
e DaqView software(for each computer)
e 2 Acquisition boards (Omega Personal DAQ-3000 and DAQ-3005)
e 6 Type K thermocouples
e 4 PX610 transducers
e 1GP:50 217 transducer
e 2 DCsources
e PF505171 mold
e Acquisition block
e Injection press (17040-01)

e Electric wires for the recording trigger

Figure 3.2 illustrates how the system was connected together. One acquisition board was
set to record the pressures and the other to record the temperatures. Both of them were
working in differential mode: necessary for connecting thermocouples to the acquisition
board and preferable for the pressure transducers to minimize signal interference between
inputs. Every temperature channel had cold junction compensation and was set for type K

signal input. For synchronisation, the analog output of the DAQ-3000 was wired in parallel
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to each recording trigger input. This output was controlled manually in one of the
computer. Scan rate was set to 5 kHz with an oversampling of 16. The output files were
ASCII text files with timestamps relative to the trigger point. The acquisition block
temperature was set to the melt temperature on the thermostatic heater to avoid feedstock

cooling in the block.
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3.1.3.3 Data conditioning

Since files generated by each injection with this setup are huge (~20 MB text files), the first
step was to reduce their size before any treatment. With the help of Richard Masson from
P&WC, a small C # moving average program was compiled (See Appendix 1). This program
allows user to define subsets size and calculates columns average for each subset.
Additionally, the program transforms time in decimal seconds and removes unnecessary
lines and columns. With this program, pressure results passed from 5 kHz to 500 Hz with a
subset of 10 samples and temperature results passed from 5 kHz to 20 Hz with a subset of
250 samples. The subsets size for the temperature was chosen larger in order to filter the
noisy signal of thermocouples. Figure 3.3 shows the difference between raw and treated

data for pressure and temperature signals.
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Figure 3.3 Data before (left) and after (right) conditioning.

The treated files were imported in Matlab for signal conversion and plotting. For
transducers, initial offset was calculated from the average of the first 100 readings (before
injection start) and scaled with the specific factors described previously. Thermocouples

signals were already in Celsius, no scale or offset were involved (for the current project, the
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complete temperature reading system was calibrated once by Dynaterm before
acquisition). The last step was to normalize time for easier comparison between tests. The
time zero was attributed to the first inlet pressure value over 1 psig. The same time offset

was applied to every channel.

3.1.3.4 Experimental plan

A total of 45 samples were injected for pressure and temperature measurements. First a
repeatability test was performed at P; psig. Then the pressure effect was studied with five
other pressures. For the study of the mold temperature, two temperatures setting were
used with the P; pressure. These mold temperatures are not exact since imprecise
temperature labels were used to determine the mold condition. Thus, these temperature
variations can be considered rather as a qualitative test: cold, hot and standard. Finally,
three pressures were tested with a lower melt temperature. Table 3.2 summarizes
conditions (pressure and temperature are normalized for intellectual property reasons)

and number of samples for these tests.

Table 3.2 Experimental plan for in-cavity acquisition.

Injection Parameters
. Pressure (psig) FeedstockTemp. /Ty |Mold Temp. /Ty [Number of

Mix Mold (°C /°C) (°C/ °C) Samples Use
Py S Repeatability
28,5% of P, 4 Pressure effect on temperature and
42,9% of P, 17 08 a pressure in the mold

S - 71,4% of P, ’ ’ 4

) N~ [142,9% of P, Z

0 g [71a%orP, 7}

g i Py 1.7 0,6 4 Effect of mold temperature

o P ’ 0,9 7
P, 3 Effect of lower melt temperature
142,9% of P, 1,6 0,7 3
171,4% of P, 3

3.1.4 High speed camera

3.1.4.1 Mold

The traction bar mold PF65612 was selected for high speed camera visualization. Every
parts of the mold are normally made of tool steel. For this project, one steel part has been

replaced on one side by a machined polycarbonate part. The polycarbonate was selected for
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its transparency, impact strength, stiffness and temperature resistance. Replacement parts
were milled in a half-inch sheet of abrasion-resistant polycarbonate from McMaster-Carr
(product number 8707K151). The external and internal faces were not milled since the
thickness was already at the right dimension. Repetitive injections showed that the material
was not scratched by the feedstock. As a result, only a single part of polycarbonate was
needed for all experiments. An assembled and exploded view of the traction bar mold is

given by Figure 3.4.

Assembled view Exploded view

Figure 3.4 PF65612: Assembled and exploded view.

3.1.4.2 Set-up

The high speed camera system included the following items:
e Computer
e Portable hard drive
e Phantom V7.3 high speed camera
e Phantom recording software
e 6 Halogen lamps

e 3 Tripod stands (two for the lamps and one for the camera)
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e PF65612 mold
e Injection press (17040-01)

Figure 3.5 shows a top view of how items were positioned during acquisition. The camera
was placed normal to the clear part on a tripod stand. The halogen lamps were mounted by
groups of three on each sides of the camera, oriented toward the mold. The camera

recorded the injection behind the safety clear shield mounted in front of the press.

The Phantom V7.3 camera was set to a resolution of 256 X 512 pixels at 4000 frames per
seconds. The triggering was made manually with a push button before each injection. After
the recording of a sample, the video was shortened to remove sequences before and after

the filling. The stored videos had an approximate size of 1 GB each.

3.1.4.3 Data conditioning

Videos were analysed with Phantom Cine Viewer 649 software. The “sharpen” image
processing filter was the only modification applied to all videos. For evaluation of the flow
front position, five virtual filled levels were defined on the mold as shown by Figure 3.6.
These levels were used to analyse the video results for simulation comparison: When the
front was visually reaching one of the levels, the time was recorded. The first level was used
to set the zero-time reference. Images were extracted from the video with the same

software.
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3.1.4.4 Experimental plan

As for in-cavity measurements, a repeatability test was performed using the mold standard
pressure. For this mold, the standard pressure is lower than the PF505171 mold since it is
shorter with a similar cross-section: Pr psig. The purpose of the second test was to observe
the pressure effect on the filling behavior. Five pressures were tested from 20% to 240% of
Pr. Finally, the mold temperature effect was verified with two different mold temperatures.
Once again these temperatures are not exact since this mold was not temperature-
controlled and inaccurate temperature labels were used for control. These tests are

summarized in an experimental plan presented by Table 3.3.

Table 3.3 Experimental plan for high speed camera.

Injection Parameters
‘ Pressure (psig) FeedstockTemp./Tg [Mold Temp./Tg |Number of
Mix Mold (°C / °C) (°C / °C) Samples Use
Pt 7 Repeatability
$ 20% of Pt 2 Pressure effect on filling
o~ 40% of Pt 2
% % 140% of Py s B 2
r 200% of Pt 2
% o 240% of P 5
Pt 15 0,6 2 Effect of mold temperature on filling
Pt ’ 0,9 2
Total

3.2 Feedstock Characterization

3.2.1 Viscosity

Viscosity measurements on feedstock PWME-10-34 were performed on three rheometers.

Each of these devices had specific parameters and geometries described below.

3.2.1.1 Rheometers and parameters

The first rheometer was a Bohlin CV0O-50 from Malvern owned by Ecole de technologie
supérieure. The methodology previously developed by Frédéric Wallman was used. He has
studied the effect of multiple parameters on measurement repeatability and has established
the standard procedure for feedstock viscosity measurement with this rheometer for

P&WC:

1. Heat stator cylinder to the desired value
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Insert pre-heated feedstock in the cup (~ 2ml)
Install C14 DIN 53019 bob
Insert bob and set the gap to 7365 pm

Set parameters in the software

o 1A W

Start the test

The parameters were shear rates from 0 to 1200 s with 30 points in log scale, 1 s delay
time and 10 s integration time. For temperature and solid loading homogeneity, tests also
included a pre-conditioning for 5 min at a shear rate of 100 s'1. For each test, a new sample

of feedstock is used to eliminate deviation caused by segregation at high shear rates.

The second rheometer was an AR-2000 from TA Instruments owned by Ecole Polytechnique
Montréal. 1t was also equipped with a fluid heater for temperature control. For this
rheometer, a vane tool combined to a serrated cup was used. This geometry was selected to
avoid slip and segregation [40]. The bob diameter was two times larger than the one used
with the Bohlin. The methodology for viscosity measurement was similar to the previous

one:

Install vane tool and calibrate

Perform a rotational mapping

Set the zero gap

Set parameters in the software

Heat stator cylinder to the desired value
Remove the vane tool

Insert pre-heated feedstock in the cup (~ 15ml)

Reinstall the vane tool

© ® N o s W

Start the test

The steps 1 to 3 are mandatory only at the beginning of a test series or if the geometry is
changed. The shear rate varied from 0.1 to 1000 s'1 with 7 points per decade, the gap was
set to 8000 um, the consecutive tolerance was 5% and the maximum point time was 5 s.

The complete settings for the AR-2000 are given in Appendix 2.

The last rheometer is a SR-200 from Rheometric Scientific owned by NRC-IMI. The tests

were performed by Pierre Sammut, technician at NRC-IMI. It was used in controlled shear
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stress mode with two 25 mm diameter parallel plate separated by a 1 mm gap. The
temperature was set to 1.5 times the mean glass temperature transition with a nitrogen
atmosphere. The purpose of this rheometer was for validation of the viscosity data obtained

from the previous devices.

3.2.1.2 Calibrated fluids

For verification of the AR-2000 rheometer, three calibrated Newtonian fluids were tested.
These viscosity reference standards were custom made by Cannon by specifying the desired
temperature and viscosity. These specifications were selected to get a representative

verification of the normal operating conditions. Table 3.4 lists all the calibrated fluid used.

Since the calibrated fluids are Newtonian, they should have a constant viscosity at any shear
rates. Consequently, viscosity tests were performed on these fluids for a large range of
shear rates to observe the Newtonian plateau and compare the recorded viscosity with the
certified one. For clarity and the protection of P&RWC intellectual property, the results were

converted in relative error using the difference divided by the certified value.

Table 3.4 Cannon certified viscosity reference standard list.

Standards R5000 R12500 R30000
Lot number 110308 110308 110308
Temperature 1,57, 1,57, 1,57,
Dynamic Viscosity/ Mean Polymer Mix Viscosity 40,86 100,84 250,2
Certification date 8/3/2011 8/3/2011 8/3/2011
Expiration date 31/3/2013 | 31/3/2013 | 31/3/2013

3.2.1.3 Curve fitting

The final step for viscosity measurements is fitting a model to the experimental data. The
Cross model was used for every viscosity curves (see equation (2.10) in the previous
chapter). The Carreau-Yasuda model could have also fitted the experimental data, but no
data in the initial Newtonian plateau were acquired to adequately define the additional
parameter “a”. A normalized least square method was used to fit the Cross model to
viscosity measurements. The normalization was added to avoid the large viscosities to

dominate the optimization over small viscosities. With the Microsoft Excel Solver add-in, a
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non-linear minimization of the normalized sum of squared residuals “S” defined by

equation (3.1) was performed:

S:i(yi_f(xi)j (3.1)

Vi

n = Number of data

i = Increment

x ;= Independent variable

v ;= Dependent variable

f(x,) = Estimated Dependent variable

“ »

For viscosity fit, the “x;” is the measured shear rate, the “y;” is the measured viscosity and
“f(x;)” is the numerical viscosity at the measured shear rate. Automatic scaling option, 10-5
convergence factor and a constraint precision of 10-¢ were the parameters selected in Excel

solver.

In addition to the Cross model, the temperature-dependence of the viscosity needs to be
modeled. Since the chosen viscosity model had an initial and final plateau (7, &7,), two
temperature models were required. As in the literature review (see sub-section 2.2.1.2), a
Williams-Landel-Ferry model (WLF) was used to fit the initial viscosity7,. For the final
viscosity 7., an exponential model was used. The least square method was used without

normalization since the range of values was smaller. The same optimization method was

used to minimize “S” in the equation (3.2):

S = Z f(x) (3.2)

The following procedure has been applied to define the viscosity as a function of shear rate

and temperature:

1. Fit Cross model 7 (y)=n, + 720;77)?”1) to data at a reference temperature with four
1+(Ky

variables (K, n, 1,&n,)

2. Record non temperature-dependant variables for the next fits (K & n )
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3. Fit model to experimental data for each temperature using the two remaining
variables (73, &7,)

4. Plot n,(T)&n, (T)

5. Fit temperature WLF model to 7, (7 ) and exponential model to 7, (T')

6. Combine equations and verify fit with experimental data.

3.2.2 Pressure Volume Temperature (PVT)

The PVT test was performed by Richard Gendron with a custom apparatus at IMI-NRC. The
system is composed of cylindrical chamber with a moving piston (more details are available
in Piche et al. [52]). For isobaric measurements, the linear movement of the piston is
recorded during cooling or heating at a constant pressure. Knowing the diameter of the
piston, the volume change can be calculated and used to determine the specific volume or
density. A first test was done with the binder to seal the passages around the test chamber
and avoid measurement errors. Then, the feedstock was tested at about 10 MPa from
ambient temperature to standard melt temperature. No other pressures were tested since
the operating pressure during injection is lower than 10 MPa which is the minimum
pressure possible with this apparatus. Tests can be performed at higher pressures and
extrapolated to get the low-pressure behavior, but for representative data they should be
performed inside the range of operating conditions. No suitable apparatus was found

during the current project to get PVT data near the operating conditions.

3.2.3 Specific heat

The specific heat was defined with a Q2000 DSC from TA Instruments by Shirley Mercier at
IMI-NRC. The direct specific heat method was used. Four tests were performed with a
heating rate of 20°C/min. Each test was done with a different reference temperature to set
the zero heat flow. These temperatures were chosen outside the phase transition range; 0,
0.5, 1.6 and 2.4 times the glass transition temperature of the feedstock. Two other tests

were performed to verify the effect of a lower heating rate (10°C/min).
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3.2.4 Thermal conductivity

The thermal conductivity was calculated from the thermal diffusivity by equation (2.20).
Thermal diffusivity was obtained from the laser flash method with a Flashline 5000 from
Anter Corporation at IMI-NRC. The test involves heating one side of the sample with a laser
and record the time needed before the heat flux raises the temperature on the opposite
side. The samples were cylindrical with a diameter of 0.4375” and a thickness of 0.075” and
they were directly taken from an injected traction bar with PWME-10-34 feedstock. Five

samples were tested at three temperatures: 0.5-T;, 0.8:T; and 1.4-T,.

3.2.5 Density

The room temperature density of powder and feedstock was determined with an AccuPyc
1330 pycnometer owned by IMI-NRC. This gas pycnometer consists of two chambers of
known volume, a pressure transducer and a valve. It calculates the sample volume by
recording the pressure before and after an increase of the total volume. An adapted formula

from Boyle’s law is used:

I/ref
Vsample = VChamber - P (33)
L1
b
Veampe = Volume of the sample
Veramser = Volume of the sample chamber
V . =Volume of the reference chamber

ref

F, = Gauge pressure when the V,, and ¥, are not connected

amber

P, = Gauge pressure when the V, and V,, are connected

amber

The sample weight is measured prior to the test on a precision balance by the operator to
allow the calculation of the density. The test is generally repeated until a satisfactory

standard deviation is observed between repetitions.

Because the density measurements were performed earlier in this project, this test was not
performed on the PWME-10-34 feedstock like for other characterisations. The density of
PWME-10-18 feedstock, acquired with the pycnometer, was rather used as the theoretical
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ambient conditions density for simulation. This feedstock was made with the same
procedures, the same solid loading and the same powder alloy as PWME-10-34 feedstock.

The only difference was the fabrication lot number.

3.3 Numerical simulation

3.3.1 Hardware

All simulations were performed on a computer cluster with 128 Intel Xeon 3.4 GHz
processors owned by the IMI-NRC. The number of processors used varied from 16 to 40
depending on the mesh size and availability, resulting in a computational time between 1

and 7 hours per tests.

3.3.2 Mesh

The cavity geometries were created and converted in step 203 format with Catia V5. Then,
theses geometries were imported and meshed with MSC Patran with linear tetrahedral
elements. Mesh seeds were used to define the number of element in the thickness, length
and width direction. The size of the tetrahedral element used was generally around 0.025”
with refinement near the rounded corners. The resulting nodes were optimized using a
GBBS-Pool-Stk method based on the profile criteria. Two boundary conditions were
applied: pressure on the inlet of the mold and convection on external surface of the mold
(entered values are not important since the pre-processor overwrites them). Finally, the
meshes were exported in a neutral format. Figure 3.7 shows an example of the resulting

mesh.
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Figure 3.7 Traction bar meshed with tetrahedral element with boundary conditions.

3.3.3 Nondimensionalization

To avoid unit errors, the simulations were all performed with dimensionless parameters.

The next sub-section defines the steps used for nondimensionalization.

Starting with the momentum equation (2.1), the dimensionless parameters are:

~ ~ ~ t tU ~ ~ ~ ~
p:ﬁ’ U:UE, [=—= 0’ V:V.LO’ p:ﬁ’ ﬂ:ﬁ and g:i
0

£ Ly L, 2 Hy 8o

Where the tilde identifies a dimensionless parameter and a subscript 0 identifies a
reference value. A dimensionless form of Navier-Stokes equation can be obtained by using

the above relations:

poUo2 ~(0U (= <\~ Po o5, MUY o (~(~~ NNT)) ~
—p| —=+U-V)U |=——-Vp+—7~-V |\ u|VU+VU ||+ . 3.4
PR (U-v) L Vpr eV P& P (34)

After rearrangement:
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~(oU (= <\= Py o~ M ~(~~~ ==\, L8 ~=
(VO |-y ¥. (VU+VU ))+M 3.5
p[ 5 ( ) ] vl VP oo VA T (3.5)

0

Then, some reference values need to be chosen:

t,=1s, p,=1Pa and L,=1inch =254x107 m

The reference length is one inch since the meshes were in inches.

Next, the other reference values were defined in order to simplify quotients:

Py _ Dol kg
==L = =1550 3.6
pO Uoz Loz m3 ( )
_ Py 02 _
Hy=p,-U,-L,= ; =1Pa-s (3.7)
0
u’ L, L, m
=——=—=254x10" — 3.8
8o L, ‘) $? (3.8)
Finally, the dimensionless equation is obtained:
;(06_%(17.6)17]:_€;+v(;(€ﬁ+€ﬁf))+;g (39)
t

The same procedure for removing units was used for the energy equation (2.4) without
viscous heating and pressure effects:

~ C ~ — ~
C,=—"2, T=T T and /’c=i
CpO A]z) kO
PCoATy ~~ (0T (= <\=| kAT = o
———pC,| =+\U-V|T |=——=V - (kVT 3.10
. pCr| =+(U-9) V(YD) (3.10)
After rearrangement:
;ép(£+(ﬁ-€)fj=k—°€-(%€f) (3.11)
ot UOLOpOCpO
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Then, the Cyo reference value needs to be chosen and ko calculated in order to remove the

quotient in the hand side:

C,, =1000 ﬁ T,=0°C, and AT, =1°C
g
w
ko = UOLOpOCpO = IUOCpO =1000 m_OC (312)

The convection coefficient applied to the boundary should also be dimensionless:

k,
hy =—%-=39.37x10’ \ZN (3.13)
L, m°
Finally, the dimensionless equation is obtained:
e (T 1~ ~\~) ~ ~~~
oC, (E+(U-V)szv-(kVT) (3.14)

The dimensionless equation of the continuity equation, after simplification with the

dimensionless parameter definitions, is:

V.U=0 (3.15)

Table 3.5 summarizes relations for all dimensionless values. These relations are needed to

interpret the scale of the displayed results.

3.3.4 Pre-processor

The constants, boundary conditions, and simulation parameters were all defined in the pre-

processor.

The density, the specific heat, the thermal conductivity, the melt temperature, the inlet

pressure, the convection coefficient and the mold temperature were entered.

A forced convection was applied to the domain surface (excluding the one inch inlet canal
where an isothermal boundary was imposed). The inlet was set to a normal pressure and
constant melt temperature. The gravity vector was set in the negative Z direction. The non-

slip condition was imposed on the wall surfaces.
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The solver was set for an unsteady, convective and incompressible flow. The filling level

(level-set function) was set to the mold entrance point. Variable time steps were used with

the backward Euler time integration scheme.

Table 3.5 Dimensionless parameter relations for simulation.

3.3.5 CFD software

As written in the previous

o = p[kg/mﬂ / 1550[kg/m3J
U = U[m/s] ; 25.4x107[m/s]

P - 0] /1G]

I = L[m] , 254x107[m]
v = V[l/m] , 39.37[l/m]

B = p[Pa] , 1[Pa]

; _ y[Pa-s] / l[Pa-s]

§ _ g[m/szJ / 25.4x10’3[m/321
T - r[c] ; 1[c]

C, — C,[Ikg-°C] ; 1000[J/kg-°C]

i -  k[W/m-°C] , 1000[W/m-°C]
ho= h[W/m?-°C] , 39.37x10°[W/m*.°C]

chapter, all simulations were done using Placeview3D. This

software solves the Navier-Stokes equations and energy equation with the finite element

method. Linear elements for the velocity and pressure (P1-P1) are used with a Galerkin

least-square (GLS) stabilization method. The P1-P1 elements satisfy the Brezzi condition

(element choice for existence and uniqueness of the solution) when used with this

stabilization method [44]. Custom viscosity models were integrated directly into the code,

so a unique version of the program was necessary for each model.

3.3.6 Post-processing

Data generated by the simulation was visualized with the open-source software ParaView.

The pressure and temperature curves were generated with Matlab.
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3.3.7 Numerical plan

All the simulation and parameters are presented in a table in Appendix 3. Two molds were

simulated; the PF505171 and PF65612 (see Figure 3.1 and Figure 3.4 respectively).
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CHAPTER 4. RESULTS AND ANALYSIS

The results and analysis for experimentation, characterization and simulation are
presented in this chapter. It is divided in two sections, one for the instrumented mold
(PF505171) and the other for the traction bar mold (PF65612). The characterization results

are included in the first section (4.1).

4.1 PF505171 mold

4.1.1 In-cavity measurement

The data acquired with the PF505171 mold is the starting point of this work. Every
simulation is validated through this experimental data. Therefore, the instrumentation and
process variability needs to be taken into consideration prior to any comparison. For this
purpose, a repeatability test was performed. Eight samples were injected and the results
are shown in Figure 4.1. The press parameters are: an inlet pressure of P;, a mold

temperature of 0.8:T;, and a melt temperature of 1.7-T, (first line of Table 3.2).

In Figure 4.1, the upper graph is the pressure as a function of time (s) and the lower graph
is the temperature as a function of time (s). Both of them use the same time scale. The
colors of the lines are related to the distance from the gate of the pressure transducer or
thermocouple: Red, green, blue and black curves are signals from sensors located at a
distance of 2 in, 3 in, 4 in and 5 in from the gate respectively. The magenta and cyan colored
curves are used for sensors located in the data acquisition block upstream of the mold (see

Figure 3.2). This convention will be respected throughout the document.

Figure 4.1 shows all repeatability samples plotted together. The temperatures and
pressures levels are very similar. The biggest discrepancy between theses samples is the
time at which the pressure suddenly increases (vertical asymptote in the upper graph). This
rapid increase in pressure happens when the melt front reach the end of the cavity, thus
indicating the time needed to fill the mold. The filling times for this repeatability test are
between 0.85 s and 1.3 s for an average of 1 s. Another difference can be observed by

looking closely to the inlet pressure (magenta curves in upper graph) between 0 to 0.1 s.
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During one of the test, the pressure peak does not behave like the other tests curves. The
pressure suddenly reaches P; for a short period of time and then decreases. This particular
test is also the one with the highest filling time (1.3 s). This behavior might be explained by
a reduced effective gate area caused by feedstock heterogeneity or a misaligned mold. The
mean filling time value is 0.96 s with a 0.09 s standard deviation (9.4%) excluding the

outlying test result.

—P.T.#1
P.T.#2
P.T.#3
P.T.#4
Inlet P.T.

Pressure (Psi)

Time (s)

—TIC#1
T_Melt — TIC #2

— B. TIC Gate side
B. T/C Press side

Temperature (C)

Time (s)

Figure 4.1 Experimental repeatability test with PF505171 mold.

To explain the filling time variability, the initial mold temperature is plotted against the
filling time in Figure 4.2. Only the initial temperature of the #1 thermocouple is plotted for
clarity. Excluding the sample with the initial inlet pressure peak (top right circle witha 1.3 s
filling time), a tendency can be observed in the repeatability test: the filling time is inversely

proportional to the initial mold temperature. This tendency is expected since the
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temperature difference between the mold and feedstock controls the heat transfer rate and
thus the viscosity and the pressure loss. Therefore, the filling time variability observed can

be explained in part by the non-constant mold temperature.

1.3

‘ @
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1.25¢ O Spurious test i
1.2¢ i
1.151 i
D
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& [ ]
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Intial mold temperature (C)

Figure 4.2 Effect of the initial mold temperature on the filling time.

To minimize the number of curves in the graphs, the sample with the filling time closest to
the average will be used for numerical comparisons (see Figure 4.3). The graph can be
separated in two injection regions using the terminology of reference [3]: the filling region
and then the packing region. During the filling phase, the feedstock reaches the sensors and
thermocouples chronologically according to their position from the gate. The pressure
levels are lower than the imposed value since there is pressure loss upstream. The
temperature near the gate in the data acquisition block (magenta curve in the lower graph
of Figure 4.3) is lower than the melt temperature. This temperature drop is caused by the
heat transfer between the acquisition block (initially at 1.7-T,) and the mold (initially at

0.8:T,). The other side of the block is less affected since the injection press is heated.
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Figure 4.3 Experimental data at P; psi, 0.8:T; mold temp and 1.7-T, melt temperature.

In addition to the repeatability test, experimental data was acquired to study the effect of
pressure, the effect of mold temperature and the effect of feedstock temperature. The mean
filling time and the mean maximum temperature at the first thermocouple for all the in-
cavity measurement are synthesized in Table 4.1. The first part of the table (highlighted in
blue) shows the pressure effect: when the imposed pressure increases, the filling time
shortens and the feedstock reaches the cavity with a higher temperature. This effect is
anticipated in a pressure driven flow. Note that the two lower pressures were not sufficient
to fill the mold completely (the filling state is given in %). The second part of the table
(highlighted in blue-gray) shows the mold temperature effect. A colder mold increase filling
time and reduces the feedstock temperature faster in the cavity. Finally, the last part of the
table shows the feedstock temperature effect at various pressures. A lower initial feedstock

temperature increases filling time and reduces feedstock temperature inside the cavity.
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Note that when the melt temperature is reduced by 0.1-T,, the temperature inside the
cavity is not reduced by 0.1:T,. This is caused by the lower temperature gradient between

the feedstock and the mold which reduces the heat transfer rate.

Table 4.1 Experimental results for in-cavity measurements.

Injection Parameters Mean maximum feedstock
Pressure Feedstock Temp. /T,  [Mold Temp. /Tqy temp. at TC#1/ Ty

Mix | Mold (°C/°C) (°C/°C) Mean Filling time (s) (°C/°C)
28,6% of P, Not filled (% filled= ]54.5, 72.7[ ) 1,18
42,9% of PI Not filled (% filled= ]72.7, 90.9[ ) 1,25
71,4% of Pl 1.7 0.7 1,7385 1,32
3 P, 0,9626 1,33
S E 142,9% of Pl 0,5450 1,36
w | 8 [[171,4% of PI 0,4055 1,37
§ o P, 17 0,6 1,0526 1,31
& P, ’ 0,9 0,8884 1,36
P, 1,4095 1,27
142,9% of Pl 1,6 0,7 0,6977 1,30
171,4% of Pl 0,5045 1,32

4.1.2 Characterization

As mentioned in the literature review, the viscosity, the PVT, the specific heat and the
thermal conductivity of the feedstock are the required properties for the simulations. This

section presents the characterization results for each of these properties.

4.1.2.1 Viscosity

The viscosity model is built using experimental data from a AR-2000 rheometer, the Cross

model, a WLF model for »,(7)and an exponential model for 5, (7). This model

determines the viscosity at any temperature and any shear rate and is defined by equation
(4.1).
[ ~-3084.5(7/7,-0.56) ]
18220 ¢ 7925+0.02{1/7,-0.56) —(660.8 ‘ 8(1.646<T/Tg))
7, T)T, 1646
NPT/ _ gpg.o 107 __ (4.1)
77Polymers 1+ (9243 ' ]/) ‘

Where 17/ 17,501 » Yand T /T, are respectively the normalized viscosity (relative to the

mean polymer mix viscosity), the shear rate in reciprocal seconds and the feedstock

temperature divided by the glass transition temperature in Celsius. Figure 4.4 shows the



59

fitted model with experimental data. The experimental viscosity is illustrated by the
symbols and the model by the solid lines. Each color represents a temperature: Red for
1.4-T,, green for 1.5-T;, blue for 1.6-Ty, magenta for 1.7-T; and cyan for 1.8-T;. Rheometer
data confirms that the feedstock has a shear thinning behavior and has a Newtonian plateau
at high shear rates. However, the behavior for lower shear rates (<101 s1) cannot be
determined since no experimental data is available in that range. The feedstock viscosity

could possibly exhibit a Newtonian plateau [40] or have a yield stress [27].

SN + Exp.T=1 .4*Tg
104 \:;;::\\ ) Exp. T=1 .5*Tg
+ Exp.T=16'T,
o Exp. T
Exp. T=1.8°T_
Cross model T=1 .4"Tg
Cross model T=1 .5*Tg
Cross model T=1 .6*Tg

Cross model T=1 .7‘*Tg

10°

Viscosity / Mean Polymer Mix Viscosity (Pa*s/Pa*s)

E :si\ Cross model T=1.8* E
N g
i NN ]
[ N ]
N N
\'\é;t;:‘t\
i R
SEOE
107 - ﬁt—i;i S E
[ ‘@—lﬁf? B N S
|- \B\i J%IM |
[ A e SRR S
L o6 o o 0
L I ‘ L L L1l ‘ L L L1 ‘ L I ‘ L L L1l
107 10” 10° 10" 10° 10°

Shear rate (1/s)

Figure 4.4 Experimental data and fitted viscosity model (AR-2000).

The model fits well the experimental data. Some minor discrepancies can still be observed
in the low and high shear rate ranges. A first difference is observed at a shear rate of 10-1s1,
experimental data for the five temperatures are almost superposed and do not match the
model. This could be explained by the precision of the rheometer at very low speed. For
these tests, the angular velocity is about 8.5 x 10-3 rad/s, the velocity tolerance of 0.1 rad/s
is thus becoming insufficient for precise measurement. The second difference can be
observed at high shear rates where the experimental viscosity is not exactly Newtonian in
the final plateau; the viscosity slightly increases near the 400 s region for every

temperature. Two hypothetic causes are proposed to explain this behavior. First, the
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experimental error could be higher in this region since the rheometer is very close to its
maximum torque limit. Secondly, the viscosity could also be overestimated due to
secondary flow generated at a higher shear rate range.

4.1.2.2 PVT

Results for the feedstock density are given in Figure 4.5. The PVT result is illustrated with a

blue curve.
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Figure 4.5 Experimental PVT and density measurement.

The pressure was set to 10 MPa (1450 psi) during this test which corresponds to the
minimum pressure of the apparatus. A small hysteresis error can be observed between
cooling and heating. The red dot gives the feedstock solid density at ambient temperature
and atmospheric pressure: 6.1946 g/cm3 with a standard deviation of 0.0021 g/cm3. Using
the PVT and pycnometer results at room temperature, it can be observed that a pressure
increase of 1430 psi induces a density increase of ~2.1%. In comparison with the published
results [19, 45], the characterized feedstock has a higher pressure dependency. This
behavior was expected since the P&WC feedstock is made with a different polymer mix. No
model was fitted to the experimental data since no adequate apparatus was found to

accurately define the pressure dependency in the operating range of P&WC’s process. Due
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to this lack of accurate data and for simplification, only the pycnometer density was used in

the simulations without any temperature or pressure dependency.

4.1.2.3 Specific heat

The specific heat results are shown in Figure 4.6. Four reference temperatures (heat flow
set to zero) were used between 0-T, and 2.4-T,. The specific heat seems to increase slightly
when the reference temperature is higher. No data were taken in the phase transition range
~]0.6:Ty, 1.4-T, [, but the specific heat is expected to be higher due to the latent heat. Two
heating rates were tested: 20°C/min (blue curve) and 10°C/min (black dots). Contrary to
the paper cited in the literature review [47], the difference in the results between these two
heating rates are insignificant (<1% in the current results opposed to ~5% for Kowalski
[47]). However, with the current results, no statement can be made on the behavior of the
specific heat at higher heating rates. For the simulations, a value of 0.5 J/g-°C is a good

estimation of the specific heat if a constant model is used
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Figure 4.6 Experimental specific heat measurements.

It must be mentioned that this value was not used in every simulation since these results

were only obtained near the end of the project. The first simulation calculations were
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performed using an erroneous results (2.2 ]J/g-°C) caused by a wrong zero flow reference
temperature selection for the DSC measurement (too close to the phase change). This value
is erroneous since it is equivalent to the specific heat of the polymers alone; the specific
heat of a mixture should decrease when adding metallic powders. Only the values in Figure

4.6 should be used for further simulations.

4.1.2.4 Thermal conductivity

To calculate the thermal conductivity of the feedstock with equation (2.20), the thermal
diffusivity results illustrated in Figure 4.7 are needed. The mean values for the five samples
are represented by the blue curve. The variation between samples is relatively important
(see error bars corresponding to one standard deviation). This variation could be explained
by solid loading inconsistency between samples caused by segregation during the injection
process. Additional tests with samples made of different solid loadings could validate this
assumption.

Once again, since the thermal conductivity depends on the specific heat value which was
only obtained later in the project, an erroneous thermal conductivity value without
temperature dependence was used for the simulation: 10.912 W/m-°C. This value was
obtained by multiplying a constant thermal diffusivity of 8 x 107 m2/s by the pycnometer
density and the erroneous specific heat. Later in this chapter, the effect of the thermal

conductivity on simulations will be further discussed.
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Figure 4.7 Experimental thermal diffusivity measurements.

4.1.3 Simulation results

4.1.3.1 First trial

With the in-cavity measurements and the feedstock characterization described in the
previous sub-sections, the first numerical simulation can be performed. Only one
parameters was not defined experimentally; the convection coefficient (%) on the mold
walls. This parameters was estimated to be 10000 W/m2-°C based on preliminary
simulation trials and on previous internal work [31]. The simulation results are superposed
on the in-cavity experimental measurements in Figure 4.8. The experimental results are
illustrated by a solid line and the simulation results are illustrated by points which
correspond to each solution time steps. As described previously, the pressure results are
displayed on the upper part of Figure 4.8 and the temperature results in the lower part.
Each color represents a different pressure transducer or thermocouple location. The

parameters used for this simulation are given in Table 4.2.
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Figure 4.8 First simulation results compared with experiments.

Table 4.2 First simulation parameters.

Inlet pressure = P, [Pa]

Melt Temp. = [REEES [°c]

Mold Temp. = 0.7-T, [°C]

Density(p) = 6200 [keg/m ]

Specific Heat(C,) = 0.5 [//g-°c]
Thermal Conductivity (k) = 10.912 [w/m-°C]
Convection Coefficient(h) = 10000 [w/m"-oC]
Gravity(g) = 9.80665 [m/s"]

Viscosity(por 7) =  Equation (4.1) [Pa-s]

Number of Elements = 373228 (see Figure 3.7)
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Figure 4.8 clearly demonstrates that the present simulation does not correlate with
experimentation. The most noticeable discrepancy is the filling time. The simulation predict
a filling time of ~0.5 s while the experimental filling time is ~1 s. This means that the
simulated melt front is moving too fast inside the mold cavity. Unlike conventional injection
molding, where the flow rate is imposed by a moving piston, the flow rate is not controlled
in the P&WC pressure-based process. Thus, the filling time only depends on the viscosity
and heat transfer for a given pressure. Despite the filling time, the pressure levels seem to
be reasonably accurate for the all pressure transducer locations. In addition, the
temperature curves do not match the experiments. Since the heat transfer is time-
dependent, inaccurate results for the temperatures are expected when the filling time is
underestimated. It should be mentioned that the simulated initial feedstock temperature
was selected to match the thermocouple reading at the mold entrance (magenta curve in
the lower figure) and not the injection press setting (T_Melt) for more representative
results. Furthermore, the initial air temperature inside the mold is set to the initial
feedstock temperature in the program following the best practices for Plasview3D. This
explains the initial plateau observed at the beginning of each simulated temperature curves.
The initial plateau and the asymptotic temperature drop in the temperature curve should

not be taken in consideration for comparison.

Since there are several simulation parameters and many dependent variables, more
simulations are needed to explain the discrepancies between the results. In order to
determine the cause of the discrepancies, the next sub-section will study the effect of some

simulation parameters on the results.

4.1.3.2 Sensitivity Study

The identification of the simulation parameters that are causing the discrepancies observed
in the last sub-section is challenging since many parameters are involved and are often
interdependent. Evaluating independently their effect on specific results can help to
understand and quantify their effect on the simulation. For this purpose, the sensitivity was

calculated to quantify the dependence of results (output) based on the simulation
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parameters (input) for various parameters. The sensitivity is defined by equation (4.2),

found in reference [17].

(New output value — Initial output value)

Initial output value

(4.2)

Sensitivity = -
(New input value — Initial input value)

Initial input value

With equation (4.2) and multiple simulations, the results in Table 4.3 are obtained. The
initial values were defined by a simulation with parameters shown in Table 4.2 except for a
specific heat of 2.2 J/g-°C; the only value available when the sensitivity test was performed.
Even if the specific heat value used for the sensitivity test is overestimated, the results were

analysed assuming that this difference had little impact on the sensitivity study.

Three output results were studied: the filling time, the maximum temperature seen at the
first thermocouple in the flow path and the cooling rate at the same thermocouple. Six

inputs were studied: p, C,, h, k, T _Melt and 1 .

Table 4.3 Results of the numerical sensitivity study.

Numerical Sensitivity (%)
Output
- . Max feedstock
Filling time Temp. at T/C #1 dT/dt at T/C #1
Density p 0,03 0,00 -2,20 *
Specific Heat C, -0,43 0,04 -155,14
5 Convection Coefficient h 0,10 -0,01 9,39
o
£ Thermal Conductivity  k 0,02 0,00 0,30
Melt Temperature T_Melt -1,81 1,00 -1,44
Viscosity u 1,41 -0,01 12,77

*  Sensitivity evaluated with T_Melt=1.7-T,

A positive sensitivity value means that an input value increase gives an output value
increase and vice versa for negative values. A high absolute sensitivity results identifies a

strong dependence between the input and the output.

The results show that the initial melt temperature and the viscosity are the main driving

inputs for the filling time result. One should note that these two inputs are related by the
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viscosity model since it is temperature dependent; a temperature variation also causes a
viscosity change. The feedstock temperature is already decreased from the injection press
setting to match the temperature recorded at the mold entrance (T_Melt = 1.4-T,;). A very
low and unrealistic initial temperature would be needed to obtain the right filling time.
Thus, the viscosity model should be the major cause explaining the non-correlated filling

time between experimentation and simulation.

In regard to the maximum temperature seen at the first thermocouple, the only significant
factor found is the initial melt temperature. While for the cooling rate, almost every
parameter influences its behavior. However, the specific heat has the greatest influences
amongst others. As mentioned previously, the heat transfer phenomenon is time
dependent. Having the wrong filling time greatly influences the final results. So until the
filling speed matches the experiments, efforts will first be oriented toward determination of
a representative viscosity model. This decision is also supported by the fact that the MIM
process at P&WC operates with a lower viscosity feedstock than the conventional process
found in literature [19, 26, 27, 29, 46]. Additional precautions might be needed for
rheological characterization of a lower viscosity feedstock in order to avoid phenomena

such as secondary flow and segregation.

In addition to the six inputs, the effect of the mesh size was studied with a convergence
analysis. The finest mesh (1393 092 elements) decreased the filling time by 3.35%
compared to the coarser mesh (267 408 elements). These results excluded the mesh size as

a major discrepancy cause.

Finally, the effect of the inlet pressure is not included in the sensitivity study because the
pressure levels were satisfactory in the first test results. However, the numerical simulation
assumes a constant pressure for the inlet boundary condition during the entire injection
cycle. Experimental results show (magenta curve in Figure 4.8) that the inlet pressure is not
exactly constant at the beginning of the filling. A lower inlet pressure during the first
milliseconds of the filling could also explain the smaller filling time in the numerical
simulations. Consequently, following the viscosity validation, the inlet boundary condition

model will be studied.
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4.1.3.3 Viscosity model validation

To determine if the viscosity model used in the first simulation is accurate, calibrated fluid
were tested in the AR-2000 rheometer. A total of three fluids with different viscosity were
tested at the same temperature: R5000, R12500 and R30000 (in increasing viscosity order).
The relative errors between the theoretical and experimental values were calculated with a

shear rate ranging from 10-2 to 102 s-1. Results are plotted in Figure 4.9.
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Figure 4.9 Relative viscosity error with calibrated fluid for AR-2000 at 1.5-Tj.

These results show that the relative viscosity error is shear rate dependent. Therefore, the
shear rate must be considered to establish the relative error for each calibrated fluid
viscosity. Three representative errors are identified in the graph (data cursor). They were
selected by locating the shear rates where the feedstock viscosity matches the calibrated
fluid viscosity. The final errors range from -11.83 to -5.43% toward lower viscosity,
meaning that the rheometer is underestimating the viscosity for the complete validation
range. Yet, even with a -12% error on the viscosity, the filling time in the simulation do not

increases enough to reach the experimental value of ~1 second.
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Due to the deviations observed in the measurements of the AR-2000 rheometer with
calibrated fluids, a second rheometer, the Bohlin CVO-50, was used. The results are shown

in Figure 4.10 with the previous model represented by thin lines.
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Figure 4.10 Experimental data and fitted viscosity model for the 2nd rheometer (CVO).

Two major distinctions appear between the two rheometer results. First the initial viscosity

at lower shear rate (77,) is almost one order lower than the first model. This behavior

cannot be confirmed since no experimental data were taken near 10-1s1 with this
rheometer; it is in the extrapolation region of the model. Furthermore, this lower viscosity
at low shear rate should not increase the correlation with experimentation. It should rather
decrease the filling time in the simulation by reducing pressure loss. The second distinction
is the temperature dependency of the viscosity. Experimental data shows a non-linear
increase in viscosity between 1.5-T, (green triangles) and 1.4-T, (red circles). This increased
temperature dependency can surely increase the filling time since more pressure losses will

occur in the mold during feedstock cooling.

This new viscosity model, fitted with data acquired with the CVO rheometer, was
implemented in Plasview3D and the numerical simulation was repeated. The parameters

used for this simulation are the same as those used in the sensitivity test except for the new
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viscosity model. The simulation predicted an unfilled mold after reaching the maximum
injection time of 1.5 s. A section view (y-z plane) of the simulation final time step is

presented in Figure 4.11 with black dots identifying the four pressure transducer locations.
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Figure 4.11 Simulation final time step result with CV0O-50 viscosity model.

Figure 4.11 shows that the mold is not only unfilled, the feedstock never reached the first
instrumented location after 1.5 s. The velocity magnitude (dimensionless) at this point is
clearly too low to reach the end of cavity with additional time steps. Another simulation
was performed with a higher melt temperature (7_Melt = 1.7-T;) and a lower convection
coefficient (h = 4000 W/m2-°C). With these changes, the feedstock reached the first two
sensor locations but never reached the end of the mold as in the experimental results. This

confirms that the viscosity model has a large impact on the final simulation results.

Since simulations with the first viscosity model underestimated the filling time and
simulations with the second viscosity model predicted an unfilled mold (short-shot), a final
viscosity measurement was tried with a different approach; controlled shear stress mode

with the SR-200 rheometer (see Figure 4.12).
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Figure 4.12 Experimental data at 1.5-T} for the third rheometer (SR-200).

As seen in Figure 4.12, the viscosity results are generally in-between the other rheometers
results for a temperature of 1.5-T;. Since only one temperature was tested and because the
final results are very noisy, no model was fitted for the SR-200 rheometer experimental
data. However, these results reconfirm that the viscosity levels measured with the other
rheometers at a temperature of 1.5:T; are correct. Assuming that the viscosity levels are
accurate enough, the temperature dependencies should be the major factor explaining

differences in results between the two models.

In order to compare the temperature dependencies of both models, Figure 4.13 illustrates
the two temperature dependencies used in the Cross model for the AR-2000 and CVO-50
rheometers. The temperature effect used for the low shear rate viscosity (77,(7")) and for
the high shear rate viscosity (77,(7)) are displayed respectively in the left and right parts of

Figure 4.13.
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Figure 4.13 Temperature models used in the viscosity equation for both rheometers.

The differences between the AR-2000 and CVO-50 models are significant. For the 7,(7),
there is more than one order of magnitude difference in the viscosity at temperature lower
than 1.4-T, (this difference was detected in the previous analysis). In addition, the CVO-50
model shows a rapid exponential behavior under 1.4-T; while the AR-2000 is almost linear
from 0.8:T, to 2.0-T,. The rapid viscosity increase in the CVO-50 model is anticipated since
the feedstock begins to solidify at low temperature (remember that the glass transition is at

1.0-T, for all graphs). For the 7, (T), the level are similar over ~1.44-T, but at lower

temperature they are dissimilar. Like in the 77,(T’) relation, an exponential behavior is

modeled with the CVO-50 data.

[t is important to remember that no measurements were taken at temperature lower than
1.4-T,; both models are extrapolated from higher temperature data. Thus, in order to define
more accurate models, experimental data at lower temperature is needed. Still, some
numerical simulations were made to determine if a change in the temperature model for
the AR-2000 viscosity model can reduce the filling time. The tests were oriented toward the

1,(T") model since the difference between the two models was the largest. Due to time
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limitation, the 77, (7") model variation effect was not studied. Figure 4.14 shows the three
1,(T) models tested.
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Figure 4.14 New temperature models for 77,(T)

These models were calculated with the least square technique using a combination of a
linear and exponential functions (see general equation(4.3)). The same values at lower
temperature from the first AR-2000 model were used, but a new high viscosity point was
added at lower temperature. This new point forced the model to exhibit the same
exponential form observed in the CVO-50 model around the solidification temperature. For
the first new model, a viscosity of 5000 Pa-s was imposed at 1.10-T,. For model #2 and #3, a

viscosity of 5000 Pa-s was imposed at 1.20-Ty and 1.26-T, respectively.

770(T)=b+m-(T—a)+c-exp(—d-(T—e)) (4.3)

Where b, m, a, ¢, d and e are the fitting parameters.

These three new models of temperature were added to the viscosity model and
implemented in the Plasview3D code. A simulation for each of them was performed using
the parameter shown in Table 4.2 (except for the viscosity model and the convection

coefficient). The simulation summary for these calculations is presented in Table 4.4. The
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filling time, the relative filled volume and the short-shot time are the extracted results. The
latter result is defined as the time taken to obtain the maximum relative filled volume
during the simulation, i.e. time at which the feedstock velocity is null. For reference, the

experimental filling time is 0.96 s (see section 4.1.1).

Looking only at the results with a convection coefficient of 10 000 W/m? °C, the model #1
increased slightly the simulation filling time (8.67%) while the simulation with model #2
and #3 predicted an unfilled mold. Additional tests were performed with model #2 using
lower convection coefficients with the aim of reducing the heat transfer at the mold walls
and thus decrease the pressure loss (the convection coefficient was chosen because it is the
only parameter that is not experimentally characterized). The threshold between an
unfilled and a filled mold was located just over 7 100 W/m? °C with the model #2.
Nevertheless, the maximum filling time obtained is still around 0.5 s even with the new

1,(T") relation.

These new 77,(7') models increase rapidly the viscosity at lower temperature but appear to

only force rapid solidification, thus inducing short-shots instead of increasing significantly
the filling time. This could be explained by the shear rate level inside the cavity: if the shear
rates are high during the filling, the effect of the 7;,(T") relation is only important when the
feedstock velocity is near zero and at the center line of the filling section. The rectangular
geometry used in the simulation has a thin section, so it is very likely to produce high shear

rates in the x-z plane. Perhaps, the 77, (T') relation has more impact on the filling time for

pressure-driven flow in thin-walled geometries.



Table 4.4 Simulation results with old and new7,(7") temperature models.

no(T) Temperature Model Convection Coefficient, h Filling Time % Filled | Short-shot Time
(W/m? °C) (s) (s)
AR-2000 10 000 0,485 100,00 NA
CVO-50 10 000 Unfilled 69,62 1,465
no @ 1.10-T, = 5E3 (#1) 10 000 0,527 100,00 NA
1000 0,310 100,00 NA
7 000 0,468 100,00 NA
7 100 0,502 100,00 NA
7 200 Unfilled 99,71 0,542
No @ 1.20-T, = 5E3 (#2) :
7 500 Unfilled 98,56 0,527
8 000 Unfilled 96,77 0,503
9 000 Unfilled 93,66 0,476
10 000 Unfilled 90,46 0,539
no @ 1.26-T, = 5E3 (#3) 10 000 Unfilled 81,28 0,343

* Simulated with C,=2,2 J/g-°C
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A last test was performed to study the impact of a viscosity increase for the complete shear

rate range. The entire Cross model was multiplied by a constant until the simulated filling

time was near the one measured in experiments. Unfortunately, this simulation was only

performed using the erroneous Cp value of 2.2 ]| /g-°C because the data from the new specific

heat test were not available (see sub-section 4.1.2.3 for more details). Other parameters are

the ones shown in Table 4.2. Simulation results were in good agreement with

experimentation when the viscosity was increased by a factor of 2.5 for the complete shear

rate range. Figure 4.15 shows the results obtained when using this multiplication factor.
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Figure 4.15 Simulation results with AR-2000 viscosity model scaled by 2.5.

The pressures curves are very close to experiments and the filling time is within two
experimental standard deviations (1,117 s). The calculated temperature curves
overestimate the experimental results, but this could be attributed to the usage of the
erroneous higher specific heat value. Emphasis should be made on the fact that the
multiplication factor was obtained by an iterative process and should not be considered has
a characterization results. However, these results demonstrate that an underestimation of
the viscosity could decrease the filling time in the simulation. Since no experimental
viscosity data is available at lower temperature, the accuracy of the extrapolation used to
define lower temperature behavior cannot be verified. A hypothesis can be made that the
AR-2000 model is underestimating the viscosity at lower temperature for the complete

shear rate range.
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The concluding remarks for this sub-section are the following: the viscosity model has a

very large impact on the simulation results and feedstock characterization should be done

at lower temperature to define more accurate 77,(7) and 7,(7)) models.

4.1.3.4 Variable inlet boundary condition

The last discrepancy source identified in the sensitivity study (sub-section 4.1.3.2) is the
inlet boundary condition. As mentioned previously, all the presented numerical simulations
impose a constant inlet pressure during the complete injection cycle. The experimental data
acquisition shows that this assumption is not exact; the inlet pressure is variable during the
filling. To take into consideration this behavior, a new inlet boundary condition (B.C.) model

is needed. This task was done using three steps.

The first step was the definition of the time-dependent inlet pressure relation, p(t), based
on the experimental data. As shown by Figure 4.16, the inlet pressure data from the

repeatability test (see Figure 4.1) and a piecewise model was used for the p(t) relation.
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Figure 4.16 Time-dependent inlet pressure model, p(t).

The piecewise model, obtained with the least square method, is defined by equation(4.4).

a, -t if 0 < ¢t < ¢

b, t'+b,-£’ +b, > +b-t+b, if t, < t < ¢
p(t)= e, +e, P+ t+c, if t, <t < (4.4)
f d, if t, <t <t

e, if t, <t
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Where:

b, b, b, b b]=[-3456 2956 -93.63 13.49 0.09146]
¢, ¢, ¢ c¢]=[1.108E-9 -0.1805 02987 0.8115]

t t, t t]=[006775 02197 08 0.96]

Using this model is only valid for one particular injection condition since the experimental
p(t) relation depends on the imposed inlet pressure. Consequently, if a different inlet
pressure is studied this model is no longer valid. To obtain a model that is applicable for all
pressures, another independent variable needs to be used. The second step was to find the
relation between the time and the filled volume. It was done by using the simulation results
that were the most similar to experiments (see Figure 4.15). The numerically predicted
relation between the filled volume and the time is shown in Figure 4.17. One should note
that the time was normalized by dividing it by the filling time (1.117 s). This normalization

is required to define a relation that is independent of the final filling time.

The final step was to use the equation (4.4) and data from Figure 4.17 to define the
normalized pressure as a function of the filled volume fraction (fvf). A hyperbolic tangent
combined with a linear function was fitted to the data with the least square method. The

final equation for the inlet boundary condition is defined by equation(4.5).

Prormatize (JUF) =(0.4279+0.3879 - tanh (12.69 - fif —5.595))+0.2371- fuf —0.09611 (4.5)

Figure 4.18 shows the final model fit (blue curve) with the data extracted from the
experimental acquisition and the numerical simulation (green curve). In addition, the same
relation obtained with a constant inlet pressure is plotted in red for comparison. The new

model reduces substantially the inlet pressure for the complete filling cycle.
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This new inlet boundary condition was implemented in Plasview 3D and a simulation was

performed. The parameters stated in Table 4.2 were used except for the specific heat which
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was set to 2.2 | /g-°C since the more accurate value was not available. Figure 4.19 shows the

obtained simulation results.
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Figure 4.19 Simulation results with a variable inlet pressure condition.

A 27.4% increase in filling time was achieved with the new inlet boundary condition
compared with a similar simulation with a constant inlet pressure and a specific heat of 2.2
J/g-°C. However, the new model should be readjusted since the experimental and numerical
results for the inlet pressure (respectively the magenta curve and the magenta dots in the
upper part of Figure 4.19) do not match. The mean rate of the model should be slightly
increased. Still, these results demonstrate that the constant inlet pressure assumption has a

great impact on the simulation results and that a variable pressure should be considered for

accurate simulation.
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4.1.4 Summary

Despite many trials, no simulation matched accurately the experimental data acquired with
the PF505171 mold with the currently available feedstock characterization. The viscosity
model and the inlet boundary condition were identified as the most probable explanation to

the non-correlation between simulations and experiments.
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4.2 PF65612 mold

4.2.1 High speed camera and simulation results

The simulations with the PF505171 mold were found to be inaccurate with the
experimental characterization of the feedstock. The best correlation was obtained by using
a scaled viscosity model during the study of the viscosity effect (see Figure 4.15). Since the
parameters used in this simulation gave the best results, the PF65612 was simulated using
the same parameter except for the inlet pressure. Even if this scaled viscosity model is not
proven, it can still help understanding the difference between experiments and simulations.

The parameters used for this simulation are given in Table 4.5.

Table 4.5 PF65612 mold simulation parameters.

Inlet pressure = Pr [Pa]

Melt Temp. = 14T, [°c]

Mold Temp. = 0.7-T, [°c]

Density(p) = 6200 [kg [m’ ]

Specific Heat (C,) = 2.2 [//g-°C]
Thermal Conductivity (k) = 10.912 [w/m-°C]
Convection Coefficient (h) = 10000 [w/m*-oC]
Gravity(g) = 9.80665 [m/s"]

Viscosity (gt or 1) = 2.5x Equation (4.1) [Pa-s]

Number of Elements = 379235 (see Figure 3.7)

The experimental recording and numerical results are illustrated in Figure 4.20 and Figure
4.21. Figure 4.20 shows the position and the shape of the melt front at a given time, while
Figure 4.21 shows the shape of the melt front and the time elapsed for it to reach a given
position in the cavity. The first five positions were determined arbitrarily within the mold
cavity; they are illustrated in Figure 3.6. The results are labelled chronologically from “a)” to
“f)”. Each view presents the high speed camera result on the left with the time displayed in
milliseconds at the lower left corner and the simulation results on the right also with the
time displayed in milliseconds at the lower left corner. For the simulation results, the color

gradient represents the feedstock temperature. Black dots were added to identify each



83

predetermined positions. It should be noted that one quarter (first quarter normal to xy
plane) of the geometry was removed to expose the midplane temperature. The lower
cylindrical part of the simulated geometry is isothermal since it represents a heated portion

of the injection press.

With these parameters, the simulated time to reach the end of the cavity is close to the
experimentation: an average of 0.585 s for the experiments and 0.573 s for the simulation, a
-2.89% difference. Still, large dissimilarity between experiment and simulation can be
observed in Figure 4.20. For the first results, the simulated flow front position does not
match the high speed camera results. The simulation overestimates the flow front speed at
the beginning and underestimates it at the end of the filling, resulting in a close final time.
Since the velocity of the feedstock is linked to the viscosity, this behavior can be explained
by an inaccurate viscosity model. As the velocity magnitude is higher at the beginning and
lower at the end of the simulation, the lower and higher shear rate range of the viscosity
model could be the faulty portion (low shear viscosity overestimated and high shear rate
viscosity underestimated). Figure 4.21 compares the melt front shape at determined

positions. The shapes are very similar but are not produced at the same time.
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Even if the shape appears to be similar in Figure 4.21, a closer analysis near the injection
start reveals that the shapes of the feedstock front are not identical for the complete cycle.

Figure 4.22 shows the melt front shape for an early position.

a) High speed camera b) Numerical simulation

A

Fl+: +25.750 ms

Time: 8.1176 ms
Figure 4.22 Melt front shape comparison at the beginning off the filling.

Looking at the melt front shape, the profile observed with the high speed camera is more
flat than the profile predicted by the simulation at this position in the cavity. This can be
explained again by an inaccurate viscosity model or an incorrect pressure profile imposed
at the inlet boundary. The inlet pressure profile (p(t)) cannot be verified since pressure

data was not acquired during these tests.

The melt front position results were plotted in Figure 4.23 for an easier comparison where
the horizontal axis is the time in seconds and the vertical axis is the position in inches.
Experimental and simulation results are plotted respectively by the black and green curves.
The standard deviations of the seven samples were added to the experimental curve. In
addition, results for a colder mold (blue pluses) and for a hotter mold (red crosses) are also
shown in this figure. Note that the top of the melt front was used to determine the time at

which the predefined positions were reached.

Even if the time needed to reach the end of the cavity is accurate, the simulation clearly
exhibits a different filling profile. Figure 4.23 also demonstrates that the repeatability or the

mold temperature should not cause such a large discrepancy.
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Figure 4.23 Melt front position as a function of time.

4.2.2 Summary

The simulation result with the PF65612 mold matched the time needed to reach the end of
the cavity. However the simulation failed to predict the correct filling profile when using the
parameter that gave the greatest correlation with the PF505171 mold. The viscosity model

and the inlet pressure are again assumed to be the major causes of errors.
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CHAPTER 5. DISCUSSION

All the results from experimentation, characterization and simulation were presented and
analysed in the previous chapter. Experimental data from two different sources (in-mold
instrumentation and high speed camera) using different molds were acquired to observe
the correlation with simulation. The results revealed that simulations with the presented

feedstock characterization do not satisfactorily match experimentations.

Several simulations were run to explain the non-correlation. Two possible causes have been
identified and studied in more detail; the viscosity model and the inlet boundary condition.
The use of an artificially increased viscosity model yielded better simulation results. Still,
they were not fully comparable to the in-mold measurements and high speed camera

images.

Other causes could also affect the simulation results. For example, the heat transfer in the
mold was not simulated in the volume of parts, only the cavity surface with heat transfer
was considered. The simulation could also be affected by the use of a constant density
model with no pressure or temperature dependence. Lastly, the simulation mesh could be

not fine enough to catch precisely the boundary layer on the mold walls.

The next section is a discussion divided in five important points regarding the simulation:
Viscosity model, inlet condition, heat transfer, characterization models and meshing of the
geometry. These points of discussion were chosen because they are important factors for
the simulation and the most likely sources of errors. For each of these points, the results
will be explained in more details. Then, they will be compared to published results if

possible and ways to improve the simulation accuracy will be proposed.
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5.1 Viscosity model

5.1.1 Results summary

Although the first viscosity model used fits well the experimental data (Figure 4.4), the
simulation results with that model are not accurate; the simulated filling time is half the
experimental time (Figure 4.8). Since the sensitivity tests showed that the viscosity is an
important factor for filling time, a validation was done to identify possible errors in this

model.

Experimental data was first validated with a Newtonian calibrated fluid which revealed a
maximum error of ~12% which is insufficient to explain the noncorrelation. A second
rheological test was performed with a different rheometer and a different geometry. This
new experimental data exhibits a slightly higher viscosity level and higher temperature
dependence compared to the previous data. These data points were fitted to a new model
and simulated. The simulation predicted an unfilled mold. The second model is not
completely different from the first one (Figure 4.10), but the differences are sufficient to
switch from an overestimated flow front speed to an unfilled cavity. This result supports
the hypothesis that the viscosity modeling is causing a major part of the observed
differences. A third and final rheometer confirmed the viscosity level of the two previous
ones. In every rheological test, the behavior at very low shear rate was not acquired

because the capability limits of the rheometers were reached.

Numerical tests were also used to study the effect of the viscosity level and temperature
dependencies. The first model, scaled by a 2.5 factor, yielded a filling time within the
process deviation. The magnitude of the factor demonstrates that the viscosity should be
substantially increased to obtain correlated data. Since the viscosity levels were verified
with three different rheometers in a defined range of shear rate, steeper temperature
dependence or higher viscosity in extrapolated ranges are more likely to be causing the
underestimation of the overall viscosity model. To study this hypothesis, the temperature

dependence at low shear rate (77,(7")) of the first viscosity model was changed for steeper

models in the low temperature range where no experimental data was available. The
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simulated filling time with these new modified models was not increased significantly.
Instead, the simulation predicted an unfilled mold. It can be assumed that the relation at

high shear rate (77,(7)) is more prone to reduce the filling time since the PF505171 mold is

a thin-walled geometry which produces many high shear rate regions. Unfortunately, the

second temperature dependency at higher shear rate (7, (7)) was not studied.

All these results show that a viscosity model with precise fitting at lower shear rates is
needed to accurately predict the P&WC injection process. The shear rate and temperature

ranges should be increased to match experimental conditions.

5.1.2 Literature

In comparison to published results, the viscosity of the studied process has two important
distinctions. First, the process uses a lower viscosity feedstock. Secondly, the process uses a
pressure-driven flow to fill the mold as opposed to controlled displacement flow found in
most published works. As demonstrated previously, these two characteristics make the
P&WC process very sensitive to the feedstock viscosity. Due to this greater sensitivity, the
usual viscosity models and rheological methods may not be accurate enough for a

representative simulation.

The shear rate range characterised in this work (0.1 to 1000 s1) is lower than many
references [19, 27, 45, 46]. A final Newtonian plateau can be observed but the initial shear
rate value is still not low enough to capture the behavior at very low shear rate. As an
example, the current viscosity data acquired with the three different rheometers are
insufficient to determine if a yield stress should be considered in the model. Adding a yield
stress term in the viscosity model would change the simulated velocity profile. The profile
would have a less elliptic shape with a constant velocity near the center line (plug flow
region) as shown by Figure 5.1. The shape of this profile would be closer to the one
observed with the high speed camera presented by Figure 4.22 a). Ilinca et al [22] and
Thomas et al [26] have obtained good correlations between simulation and
experimentation using a viscosity model with yield stress (Herschel-Bulkley model).

Therefore this model should be considered for further work.



91

Pure binder region

Wall

R Plug flow region
Center line

Figure 5.1 Wall slip and yield stress effect (adapted from Ahn et al. [19]).

Other phenomena linked to the viscosity can have an impact on the velocity profile. Authors
like Hwang et al. [28] and Kwon et al. [27] recommends the use of slip velocity model or slip
layer model for MIM instead of the no-slip condition used in this work. They suggest that a
small pure binder region can form at the walls and act as a lubricant and insulation layer
(see Figure 5.1). For the current work, it is unlikely that such model would increase the
correlation with experiments since the simulated filling times are already underestimated.
Using these models would rather diminish the filling time by decreasing the pressure loss

and heat transfer.

Thornagel [53] reported similar conclusions about the selection of an appropriate viscosity
model for MIM. This author stated that, as opposed to thermoplastic molding, the MIM
process needs a more precise characterization and modeling at lower shear rate range for
precise simulation. His results showed that a viscosity model with yield stress was more
accurate. A good illustration from his results shows the effect of the yield stress in the

viscosity model on the simulation (see Figure 5.2).

In Figure 5.2, the velocity profile with yield stress results is very similar to the velocity

profile observed in this work with the high speed camera.

The shear rate is not the only dependent variable that needs a larger characterization range.
The temperature range should also be increased. The five different temperatures used in
this work for the temperature dependency definition are not sufficient to model the rapid

increase of viscosity near the solidification. Few published results present the temperature
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dependencies of MIM feedstock and no detailed methodology to obtain such dependency

was found in the reviewed articles.
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Figure 5.2 Herschel-Bulkley effect on shear rate and velocity profiles (Thornagel [53]).

The pressure is another dependent variable that might need more attention. The current
results neglect the pressure effect on the viscosity, but some references state that it could
have an important effect on the simulation. Pantani and Titomanlio [3] observed a better
correlation with experimental results during the packing with a pressure-dependent
viscosity model. According to this author, the viscosity increases with the pressure and can
be modelled with a modified Cross model. This effect might be negligible for the current
work since the involved pressure with conventional injection molding is orders higher than
in the P&WC process. However, the polymers used for the P&RWC process are not the same

and could exhibit a higher pressure dependency.

Lastly, all the viscosity models used in this work are time independent (steady). The
thixotropy of the feedstock was thus neglected; similar procedure was used in most
published papers [19, 26, 28, 29]. Work done by Torkar et al. [54], however, showed that
the thixotropy must be included in the viscosity model to match the flow behavior of
alumina-paraffin suspensions. In their work, the thixotropy was observed with a hysteresis
loop (continuous viscosity measurement from low to high shear rate and then back to low

shear rate). If the up and down viscosity curves diverge, there is thixotropy. A strong
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thixotropy could explain the underestimation of the viscosity revealed by the simulation.
The hysteresis loop test on P&WC’s feedstock is required to determine if the thixotropy

must be included or not in the viscosity model.

5.1.3 Improvements suggestions

The presented viscosity characterization and model can be improved in several ways. First
the rheological test should be performed at lower shear rate range to avoid modeling
errors. For this purpose new apparatus should be selected as the presented rheometer are
not suitable for testing P&WC’s feedstock at very low shear rate. If a rotational rheometer is
selected, a particular attention should be given to the minimum angular velocity and the

precision of the controller.

Secondly, the effect of the pressure on the viscosity should be studied within the pressure
range of the process. This would permit to determine if a pressure-dependency model is

needed or not.

Thirdly, the temperature dependency should be characterized from solidification (as close
as possible) up to the maximum process temperature. During this work, some viscosity
measurements were made at lower temperature, but the results were not repeatable and
unstable close to the solidification temperature. The methodology would need some

modification in order to reach lower temperatures.

Fourthly, the thixotropy should be studied to determine if the rheological methodology
used is representative of P&RWC’s MIM process. The injection cycle lasts less than a second
for the studied molds while the rheological measurement takes about one and a half
minute. If there is a strong thixotropy, reducing the test duration could result in large

variation in the viscosity measurement.

Finally, a special geometry for rotational rheometer could be built to reduce the segregation
during measurement. The vane tool was chosen to avoid segregation but repetitive tests
with the same sample showed that the segregation was not completely avoided since the
viscosity was decreasing for each new test. A custom helicoid geometry could reduce the

gravitational segregation.
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5.2 Inlet condition

The inlet condition is another aspect that needs further explanation and discussion. This

sub-chapter is a discussion about the inlet modeling.

5.2.1 Results summary

First, the experimental data shows that the inlet pressure is not constant during the
injection cycle (see Figure 4.16). Since the pressure is imposed upstream in the injection
press, some pressure losses occur in the injection channel before the mold entrance.
Consequently, during the filling the inlet pressure varies from zero to the imposed pressure
minus the pressure loss. This pressure loss depends on many factors like the velocity, the
density, the viscosity and the cavity shape. For the PF505171 mold, even if the section is
constant, the measured pressure at the inlet tends towards, but never reaches a constant
value. A small evolution is still noticeable since the feedstock is cooling down and thus the
feedstock viscosity is still changing. In other words, a steady-state is never reached during

the filling due to the non-isothermal flow.

For the simulation, this inlet pressure variation was first neglected. Most simulations in this
work assume a constant inlet pressure. Thus, this assumption overestimates the pressure
levels during the cavity filling since the pressure loss upstream is neglected. This was
proven by implementing an inlet pressure model closer to the experimental observations.
Simulations with the new model produced a 27.4% increase in filling time, which is
significant. This new implemented model is based on the experimental pressure data
acquired with the PF505171 mold. Therefore, making the usage of such a model is

impossible for an untested mold or numerical three-dimensional model.

As stated previously, a pressure was imposed at the inlet of the mold for all simulations.
However, it should be mentioned that this condition is not imposed directly to every nodes
on the inlet surface. Due to the finite element discretization method, the pressure at the
inlet is imposed in an integral form (weakly imposed). The use of a Dirichlet boundary
condition for the complete inlet surface would violates the continuity equation (2.3). The

only way to respect the continuity equation and impose a surface pressure is to use a
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natural condition. Consequently, the integral of the pressure on the surface respects the
imposed pressure, not every discretized point. A more detailed discussion about the

imposition of a pressure on a surface with FEM can be found in Fortin’s book [6].

Simulation results confirmed that the integral of the pressure on the inlet surface respect
well the imposed pressure during filling. For example, the integral of the inlet pressure for a
typical simulation with the PF505171 returned a maximum error of only 1.1% as shown by

point 2 of Figure 5.3.
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Figure 5.3 Integral of the inlet pressure boundary condition as a function of time.

However, since the pressure is not imposed at every discretized point on the inlet surface,
the pressure can still vary and respect the integral condition. Three time steps (labeled
from 1 to 3) where chosen in Figure 5.3 to study the pressure variation on the inlet surface.
For each time step, the pressure divided by the imposed pressure on the inlet surface is
plotted in Figure 5.4. The maximum deviation from the imposed pressure is about 10%
located on the surface frontier of the second labeled time step. This deviation can only be
found at the beginning of the simulation and occurs only for a short period of time. For most
of the simulation, the pressure deviation for every node on the inlet surface is within 1%
from the imposed one. Thus, this deviation is considered negligible and it should not reduce

the simulation quality.
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Figure 5.4 Pressure variation on the inlet surface at various time steps.

5.2.2 Literature

Most published results use a velocity rather than a pressure for the inlet boundary
condition (e.g. articles [9, 19, 25, 26, 28, 55]). This is explained by a majority of injection
press using a displacement controlled screw to fill the cavity. As opposed to the P&WC
process, the inlet velocity is thus known and precisely controllable. A general review by Kim
and Turng [56] stated that velocity or pressure have been used for the inlet condition, but
no simulation results using a pressure inlet condition for MIM were found in published

results.

Even if a velocity could be acquired at the mold entrance and imposed in the simulation like
in literature, this different boundary condition would not be useful since the P&WC process
is controlled by an imposed pressure. In fact, the velocity in this process is a dependent
variable and thus varies as a function of the pressure, temperature, viscosity, cavity
geometry and other factors. Consequently, experimental data would still be needed for

every injection condition to obtain accurate simulation with inlet velocity condition.

5.2.3 Improvements suggestions

Regardless of imposed velocity or pressure, an accurate simulation must use an
independent variable for the inlet boundary condition. In the current work, the simulation
pressure was imposed near the entry of the mold. Since the pressure is not controlled at

this specific point, variable pressure losses occur upstream and decrease the simulation
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accuracy. So, the imposed condition is not completely independent of the flow
characteristics and experimental data is needed to impose the right inlet condition. The
simulation should be a design tool rather than a validation tool; models based on inlet

cavity measurement should be avoided.

This problem would be eliminated if the simulation took into account every geometric
feature between the imposed pressure and the mold cavity. Obviously to simulate all these
features, a fair amount of additional computational resources would be needed to solve the
large number of elements of the increased domain. Since the inlet condition is
experimentally known for the current molds, efforts should be first put on increasing the
accuracy of the viscosity model to avoid the need for additional computational resources.
The acquisition of the velocity inlet in parallel with the inlet pressure data could also help
validate the simulation without simulating the complete press geometry. To obtain an
accurate inlet condition with a new mold, experimental data or complete simulation of the

injection press would still be needed.
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5.3 Heat transfer

The third aspect is the heat transfer between feedstock and mold. It will be discussed in the

following sub-chapter.

5.3.1 Results summary

Six thermocouples installed on the PF505171 mold gave the temperature evolution inside
the cavity. Moving average filtering with large subsets was necessary to remove noise peaks
in the data. The experimental data showed that the initial mold temperature has a great
impact on the filling time; ~15 % for a 3°C deviation (see Figure 4.2). Characterization of
the feedstock revealed a specific heat of 0.5 J/g-°C and a thermal conductivity of 10.912
W/m-°C (based on the thermal diffusivity). A convection coefficient on the mold walls of
10 000 W/m2-°C was used. Since this coefficient cannot be directly measured, it was
determined by matching the cooling rate in the temperature curves with numerical

iterations.

The external geometries of the mold and the wall thickness variations were not modeled.
Instead, the simulations used a constant convection coefficient on the mold cavity walls to
model every heat transfer phenomena between the feedstock and the mold. It's important
to note that for the simulations with the PF65612 (traction bar mold), the heat properties of
the polycarbonate plate used for visualization with the high speed camera was neglected. In
addition, the temperature of air inside the cavity was set equal to the feedstock melt
temperature for the complete cycle. This last condition causes an overestimation of the
feedstock front temperature; at the interface between feedstock and air, at some point the
air is hotter and increases slightly the feedstock temperature. An example of the simulation
results with the PF505171 mold is given by Figure 5.5. In this figure, the temperature was
normalized by subtracting the numerical temperature to the inlet feedstock melt
temperature. Thus, a higher normalized value (represented by the blue color in Figure 5.5)
yields a colder temperature. Note that the geometry was cut through the middle plane

(normal to the y direction) to expose the temperatures inside the cavity.
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Figure 5.5 Normalized temperature distribution at the middle plane.

The effect of convection coefficient applied to the mold walls is observable through the
strong temperature gradient at the surfaces. Looking carefully at the end of the filled
geometry, the small temperature increase discussed previously can be seen. This
temperature increase could underestimate the viscosity of the melt front and thus the filling

time. No tests were made to study the impact of the air temperature during the simulation.

Lastly, a sensitivity study showed (see Table 4.3) that the feedstock specific heat is the
simulation parameter that has the greatest impact on the cooling rate. Unsurprisingly, the
viscosity and convection coefficient are also non-negligible parameters for accurate

temperature curves.

5.3.2 Literature

Very little details are given in literature regarding the value of the convection coefficient. A
wide range have been used; values of 1 000, 4 000 and 100 000 W/m?2-°C were used in the
work of Ilinca and Hétu [3, 22, 57]. In addition, no detailed methodology to obtain an
accurate convection coefficient was found in the literature. The estimated value of 10 000
W/m2-°C found in this work is within the range of typical simulation and is close to the

value obtained in previous work done by Turenne on the P&WC process [30].
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In the work of Pantani and Titomanlio [3], a time dependent model for the convection
coefficient is proposed instead of a constant value. The purpose of the model is to take into
account the evolution of the thermal contact resistant inside the mold. A gap between the
feedstock and the mold wall caused by the thermal contraction can greatly reduce the
convection coefficient during the simulation. Such model is valid for the cooling state; it is
unlikely that this model would have a significant impact for the filling phase since the
injection pressure forces the contact between the feedstock and the walls. Furthermore, the
reduction of the convention coefficient as a function of time would yield lower temperature

losses, and thus decrease the already underestimated filling time.

It’s interesting to note that in the consulted and published results, none of the simulations
included the mold geometry. Haagh et al [58] stated that for gas-assisted injection,
including the mold geometry in the simulation would yield better result. However, the
impact of neglecting or not the mold geometry for MIM was not studied in all the consulted
papers. A complete thermal analysis would be challenging for the current work because
molds used have no cooling channels for temperature control. They are made with multiple
parts which cause many thermal contact resistances; natural convection and conduction
need to be considered in the analysis and the experimental temperature distribution of the

mold have never been characterized.

The influence of the polycarbonate window on the experimental results with the PF65612
mold is unknown. Most injection process uses higher pressure and select quartz to make
parts for inside-cavity visualization. Yokoi [3], based on experimentations, stated that for
plastic injection at specific parameters, the filling pattern is slightly affected by the glass
windows. He also mentioned that using glass windows during cooling is inappropriate since
the thermal properties of the steel and glass are very different. For the current work, no
visual indications were found when comparing the steel part side and the polycarbonate
part side in the high speed videos. It is expected that the feedstock in contact with the
polycarbonate part side have a slightly higher temperature due to the lower thermal

conductivity of the polycarbonate.
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5.3.3 Improvements suggestions

To improve the accuracy of the experimental data, some points can be proposed. First,
usage of smaller diameter thermocouples would help minimize the response time. Even if
the thermocouple of the instrumented mold were only 1/16” in diameter, smaller
thermocouples would still decrease the thermal inertia and give more accurate data for
rapid temperature variation measurements. Secondly, reducing the number of junctions in
the thermocouple wire or selection of a data acquisition system with more precision would
help reduce the size of the oversampling noise reduction technique. Though, the current
data are considered suitable for further simulation development without any accuracy
increase. Thirdly, using a temperature-controlled mold would help increase the
repeatability of the experiment and help finding a representative convection coefficient.
Lastly, the influence of the polycarbonate could be quantified for various outputs by
comparing the filling behavior with one, two and no polycarbonate parts. This would

determine whether the material has a negligible impact or not.

For simulation, the heat transfer at the interface between feedstock and air should be
studied. Various air temperatures should be simulated to remove or not this phenomenon
from possible source of error. Next, the complete mold geometry and external conditions
could be simulated. To achieve this, experimental temperature acquisition on the mold
would be needed to characterize the external convection coefficient and heat flux generated
by the press contact. Lastly, for the simulation of the mold with a polycarbonate window,

two different convection coefficients could be used at the mold walls.
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5.4 Characterization models

The viscosity model is not the only model that can be improved by extended
characterisation range. All other feedstock properties can be modeled as a function of
temperature and pressure. The next sub-chapter is a discussion about modeling properties

of the feedstock.

5.4.1 Results summary

Although many feedstock properties were characterized for a wide temperature range, the
majority of the properties used for simulation were considered constant: a density of 6.2

g/cm3, a specific heat of 0.5 J/g-°C and a thermal conductivity of 10.912 W/m-°C.

For the density, the constant value of the pycnometer was used because no apparatus to
measure the impact of the temperature and the pressure (PVT) at appropriate operating
parameters was found. The specific heat was set to a constant value since only slight
variations were observed in the experimental data for the complete operational range of
temperature. Note that no latent heat model was used or included in the specific heat.
Finally, as the thermal conductivity depends on the density and specific heat (see equation

(2.20)), it was also set to a constant value.

Results from the sensitivity analysis showed that the specific heat has a large impact on the
simulation results. While the density and thermal conductivity seems to have lesser impact

on key simulation outputs.

5.4.2 Improvements suggestions

Ideally, a model for each feedstock properties should be implemented in the simulation
code: p(T, p), Cp(T) and k(T). Some models could be built with data provided by the current
work, except for the density model for which not enough data was acquired. A PVT
apparatus with the lower operational pressure would be needed to get an accurate density
model. One could possibly use the presented apparatus at higher pressures to obtain
additional data and extrapolate the density behavior at lower pressure. The pycnometer

density could be also used as a reference value around the atmospheric pressure and
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temperature. Such extrapolation would not require a special apparatus and would give an
approximation for the density model implementation.

A method to simulate the latent heat should be studied to define if it can be neglected
during the filling of the mold. This could be done by increasing the value of specific heat
substantially in the model at the solidification temperature. Adding the latent heat
generation in the simulation should reduce the filling time by increasing the mean

temperature. Thus, such a model would not increase the current simulation correlation.

A final suggestion concerns the segregation. All characterized feedstock properties are
affected by solid loading variation. In order to accurately simulated segregation during
filling, studying the impact of the solid loading on these properties is essential. Solid loading
variations could be included for the next characterization works for simulation

enhancement.
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5.5 Mesh

The next and last discussion point is related to the discretization mesh.

5.5.1 Results summary

A limited convergence study was performed for the current work. Three meshes were
tested for the PF505171 mold: a coarse mesh with 267 408 elements, a medium mesh with
576 720 elements and a fine mesh with 1393 092 elements. The different between the
coarser and finer mesh (5.2 times more elements) was -3.35% for the filling time and less
than -0.1% for the maximum temperature. The mesh refinement was thus excluded of the

major causes of non-correlation.

The mesh used for majority of the simulation was made with 373 228 elements; in-between
the coarser and medium mesh of the convergence analysis and without refinement near the
walls. Figure 5.6 illustrates this mesh. Nevertheless, during the study of various
temperature models for the viscosity (see section 4.1.3.3), solution convergence was not
reached with this mesh. A refined mesh with boundary layers was needed (see Figure 5.7)

to simulate the increased temperature dependency of the viscosity model.

To control the number of element precisely near the wall in the meshing software, some
geometric feature had to be excluded. This simplification was needed since no boundary

layer meshing was available in the software at that time.

5.5.2 Improvements suggestions

To capture accurately high velocity and temperature gradients near the walls, boundary
layer refinement must be added to the mesh. One should look for a better CFD mesher with

the boundary layer refinement feature for the continuity of this project.

If new models are implemented in the simulation, the convergence should be studied again
to define an appropriate number of elements. Especially if a steeper temperature

dependency is used in the viscosity model.



105

Figure 5.6 Simulation mesh including all geometric features for the PF505171 mold.

Figure 5.7 Refined and simplified mesh with boundary layers for the PF505171 mold.
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5.6 Final thoughts

The present results can be useful despite the lack of correlation between the simulation and
experimentation obtained so far. For example, the results could be used to help understand
the filling behavior of feedstock inside the mold. Data acquired from thermocouples,
pressures sensors and high speed camera give information normally unknown to the

operators and designers.

Also, the sensitivity results could be useful to analyse injection defects and to predict the
impact of changing the feedstock properties. In particular if a different metal is chosen to

make the feedstock.

Likewise, the experimental relation between the initial mold temperatures and the filling
time is worthy information for mold design. Since the impact of the temperature is
quantified, the mold temperature control could be selected to obtain the desired

repeatability.

Another example of how to use the experimental data would be for validation of a new
injection press or the quality control of the process. Data from the instrumented mold could
be used to compare the level of pressure and temperature of a press prior to injection. This
would be sensitive enough to detect process deviations without the need for feedstock

characterization.

For the next feedstock characterization, the improvements suggestions can provide a
guideline to select the right specifications prior to selecting a new methodology or
apparatus. Like for the range of shear rate for the viscosity characterization of P&WC

feedstock.

Last but not least, these results will accelerate subsequent simulation validation. A great
amount of experimental data is already available for the continuity of this project, so one

can put more effort on characterization and simulation.

These are just a few examples of how to use the results of this work. It is important to

mention that simulation is clearly possible and little work is left to develop this valuable
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tool. If a better viscosity characterization can be obtained, correlation is expected with only

slight modifications to the simulation parameters.
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CONCLUSION

The objective of this project was to find and validate software for the simulation of the
injection step of the MIM process. To perform this task, many characterization tests and

experimental acquisitions were required.

First, software suitable for MIM was selected following a literature review on available
numerical tools with published results. Plasview3D was selected for its three-dimensional
and segregation capabilities. Second, the feedstock properties required for simulation were
characterized with various apparatus. These properties are the viscosity, density, specific
heat and thermal conductivity. Third, molds were modified to acquire experimental data on
the process. One mold was instrumented with pressure sensors and thermocouples and a
second mold incorporated a polycarbonate clear part for visualization. A special acquisition
system was built to transforms the sensor signals into numerical data. Fourth, various tests
were performed with the modified molds to obtain data for simulation validation. During
these tests, most injection parameters were studied and a repeatability test was performed.
Finally, with the characterization results, simulations were executed. Despite several trials,
a satisfactory correlation between simulation and experimentation was not achieved.

Although, many suggestion have been made to improve this correlation.

The analysis of the results presented in this work led to the following conclusions about

injection simulation of the MIM process used by P&WC:

1. Simulation of this process is possible, but more development work will be needed to

get accurate solutions.

2. The presented characterization of the feedstock is not comprehensive enough to

match the experimental data with the simulation.

3. The experimental viscosity appears to be underestimated because the best
correlation was achieved by using an artificially increased viscosity model in the

simulation.
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4. Experimentations will be needed to determine if a yield stress needs to be
implemented in the viscosity model since the images from the high speed camera

showed a plug flow region in the velocity profile.

5. The Cross viscosity model with two temperature-dependent variables correlates

well with the experimental data if the time and pressure dependence are neglected.

6. Using a constant pressure at the mold entrance is not perfectly accurate and leads to
an underestimation of the numerical filling time. Simulation with the complete press

geometry would avoid this source of error.

7. Avalue of 10 000 W/m?2-°C for the heat transfer coefficient of the molds seems to be
a good approximation. However, this coefficient approximation will need to be re-
adjusted when a new comprehensive rheology model is implemented in the

simulation.

8. The melt temperature and the viscosity have a large impact on the simulated filling
time while the specific heat strongly affects the cooling rate based on the sensitivity

analysis.

This work also led to more general conclusions regarding the MIM process used by P&WC:

9. Controlling the mold temperature during injection is crucial to obtain repeatable

results.

10. The instrumented mold developed for this work could be a valuable tool for quality

control of the process or for validating of a new press.

11.Polycarbonate parts can be successfully integrated in P&WC’'s molds for

visualization purposes.

12. No jetting occurs during the filling of traction bar for the injection press used in this

work relying on the high speed camera images.

The goal of this work is thus achieved: promising software was selected, tested and

validated through experimental data. Even if the simulation results did not match the
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experimental measurements, many improvements could be made by adding more effort
and time to pursue this project. When a good level of accuracy will be reached with the

simulation, it will help greatly the development of this process.
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APPENDIX 1 - Moving average C# program

using System;

using System.Collections.Generic;
using System.ComponentModel;
using System.Data;

using System.Drawing;

using System.Linqg;

using System.Text;

using System.Windows.Forms;

using System.IO;

namespace big file

{

public partial class frmMain : Form

{
public frmMain()

{
}

InitializeComponent();

private double convertDouble(string v)

{
try

{
string sepDecimal =
System.Globalization.CultureInfo.CurrentCulture.NumberFormat.NumberDecimalSeparator;

v = v.Replace(".", sepDecimal);

v = v.Replace(",", sepDecimal);
return Convert.ToDouble(v);

zatch (Exception ex)

{
// Logger.LogInfo(ex);
MessageBox.Show(ex.ToString());
return 0;

¥

}

private void paseFile()

{

double strValueAverage;

int NblineAverage = 10;

int firstCol = 1;

int lastCol = 12;

int byPassLine = 2;

string text_line;

char[] delimiterChars = { "\t' };

try
{

string file_name = this.txtFileToParse.Text; // string file_name = @"c:\temp\2 test.

NblineAverage = Convert.ToInt32(this.txtSampleSize.Text);
double[,] strValue = new double[NblineAverage+l, 20];

lastCol = Convert.ToInt32(this.txtLastColumn.Text);
byPassLine = Convert.ToInt32(this.txtLineByPass.Text);

string file_name_out = file_name.Replace(".TXT", "_out.TXT");
file_name_out = file_name.Replace(".txt", "_out.txt");

StreamReader freader = File.OpenText(file_name);
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t~xt";
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// by-pass 2 first lines
for (int i = @; 1 < byPassLine; i++)

{
}

freader.ReadLine();

StreamWriter fwriter = File.CreateText(file_name_out);
int lineNo = 1;
while ((text_line = freader.ReadLine()) != null)
{
string[] words = text_line.Split(delimiterChars);
for (int col = firstCol; col < (lastCol+l); col++)

if (col == 1)
{
words[@] = words[@].Replace("+0", "");
strvalue[lineNo, col] = TimeSpan.Parse(words[@]).TotalSeconds +

this.convertDouble(words[col]) / 1000;

}
else
strValue[lineNo, col] = this.convertDouble(words[col]);
}
¥
if (lineNo == NblineAverage)
{
// Average
for (int col = firstCol; col < (lastCol+l); col++)
{
strValueAverage = 0;
for (int j = 1; j < (NblineAverage+l); j++)
{
strValueAverage = strValueAverage + strValue[j, col];
}
strValueAverage = strValueAverage / NblineAverage;
fwriter.Write(strValueAverage);
if (col < (lastCol+l))
{
fwriter.Write("\t");
}
}
fwriter.WriteLine();
lineNo = 1;
}
else
{
lineNo++;
¥

¥

// must explicitly close the readers
freader.Close();

fwriter.Close();
MessageBox.Show("Terminated! Ouput file is

+ file_name_out);

catch (Exception ex)

{
MessageBox.Show(ex.ToString());
}
finally
// dispose
}
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private void btQuit_Click(object sender, EventArgs e)
{

Application.Exit();
}

private void btLaunch_Click(object sender, EventArgs e)
{
Cursor.Current = Cursors.WaitCursor;
this.paseFile();
Cursor.Current = Cursors.Default;



APPENDIX 2 - AR-2000 complete settings

PWME-10-34_1.8Tg_steady shear_2sept-0015f

02/09/2010 6:12:46 PM

Sample name PWME-10-34_1.8Tg_steady shear_2sept
Sample notes

Experiment notes  Conditioning

Run shorter with feedstock PWME-10-34 @ 1.8Tg

Vane + serrated cup

Operator Default User

Sample density 1.000 g/cm”3

Results file name = PWME-10-34_1.8Tg_steady shear_2sept

Run number 15

Results directory ~ C:\Documents and Settings\Ar2000\My Documents\Data\Frederic&Vincent\2-09-2010

Experiment was run on 02/09/2010 6:17:49 PM
Procedure name Flow procedure

Procedure notes

Step name Conditioning Step
Step notes
Perform step Yes

Initial temperature 1.8 Tg

Wait for correct temperature Yes
Do set temperature Yes

Wait for normal force No
Perform pre-shear Yes
Pre-shear variable 100.0 1/s

Pre-shear duration 0:05:00 hh:mm:ss

Motor mode auto

Perform equilibration Yes

Equilibration duration 0:01:00 hh:mm:ss
Wait for zero velocity No

Control normal force Uses current instrument settings
Purge gas only No

Step name Steady state flow step

Step notes

Perform step Yes

Ramp type Steady state flow

Start controlled variable shear rate 0.1000 1/s
End controlled variable shear rate 1000 1/s
Ramp mode log

Points per decade 7
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Temperature 1.8Tg

Wait for temperature Yes
Sample period 0:00:06 hh:mm:ss
Percentage tolerance 5.0

Consecutive within tolerance 3

Maximum point time 0:00:05 hh:mm:ss
Motor mode auto

Step name Post-Experiment Step

Step notes

Perform step No

Set temperature system idle No

Geometry name vane-serrated cup
Geometry notes vane-serrated cup
Geometry material Aluminum

Stator inner radius 15.30 mm

Rotor outer radius  14.00 mm

Cylinder immersed height 50.00 mm

gap 8000 micro m

Gap offset 0 micro m

Geometry inertia  16.13 micro N.m.s"2

Gap temperature compensation 0 micro m/°C
Gap temperature compensation enabled No
Shear rate factor ~ 11.29

Shear stress factor 14920 1/m”"3
Measurement system factor 1321 1/m"3
Fluid density factor 3.733E-10 m”5

Normal force factor 1.000 1/m"2

Backoff distance 90000 micro m
Approximate sample volume 38.14 ml

Gap zero mode Normal force - 1.000 N
Sample compressionNormal force - 50.00 N
Compression distance 1000.0 micro m
Compression velocity 100.0 micro m/s
Fine velocity 1000.0 micro m/s

Coarse velocity 3000.0 micro m/s

Other velocity 3000.0 micro m/s

Current temperature system Peltier concentric cylinders

Temperature control Enabled
Purge gas only No
Temperature calibration Peltier plate - 0 micro m/°C

Torsion oven - plate - 0 micro m/°C

Torsion oven - solid sample - 0 micro m/°C
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Peltier concentric cylinders - 0 micro m/°C
None - 0 micro m/°C
Stress relaxation - 0 micro m/°C

Cooling water temperature 0°C

Cooling water range 0 °C

Bearing friction correction Yes

Bearing friction 0.968 micro N.m/(rad/s)

Bearing offset 0 micro N.m

Temperature system span and offset Peltier plate - span 1.0000, offset 0.4000 °C

Torsion oven - plate - span 1.0000, offset 0.0300 °C

Torsion oven - solid sample - span 1.0000, offset 0 °C

Peltier concentric cylinders - span 1.0330, offset -0.4740 °C

None - span 1.0000, offset 0 °C

Stress relaxation - span 1.0000, offset 0 °C
Bearing mapping type precision
Number of mapping iterations 2
Last mapping date 02/09/2010 2:40:36 PM
Last mapping geometry vane-serrated cup
MType AR-2000
Version 7.20 03/10/06

Cnf version 301

Prm version 301

PCB Number *NOT_SET*
Comms port COM1

Baud rate 9600

Software version ~ V5.1.17

Windows version ~ Windows XP 5.1 (Service Pack 3)
Instrument inertia  3.605 micro N.m.s"2

Auto increment run number  Yes

Prompt for file name at start of run Yes

Auto save results file Yes

Results file storage Consecutive steps of same type to 1 file
Temperature tolerance 0.2°C

Temperature duration 0:00:10 hh:mm:ss
Wait for temperature even if OK Yes

Gap tolerance 4 microm

Gap duration 0:00:02 hh:mm:ss

Override wait for gap No

Velocity tolerance  0.1000 rad/s

Zero speed after pre-shear Leave as is

Zero normal force before run No

Zero timer before run Before pre-shear
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Non-equilibrium minimum velocity 1.000E-4 rad/s
Zero strain at the start of each flow step Yes

Inertia correction No

Collect negative shear rate data if stress is positive Yes
Collect all points No

Display flow point graph during run Yes

Store flow point graph with results Yes

Creep zero displacement Yes

Display oscillation waveform graph during run Yes
Store oscillation waveform graph with results Yes

Display strain control tries duringrun ~ Yes
Store strain control tries with results Yes
Stress relaxation zero displacement Yes
Flow torque limit ~ 10.00 micro N.m

Flow velocity limit 1.000E-3 rad/s

Oscillation torque limit 5.00 micro N.m
Oscillation displacement limit 1.00E-5 rad
Oscillation raw phase limit 170.0 degrees
Oscillation minimum normal force limit 0.1000 N
Oscillation maximum normal force limit 50.00 N
Flow velocity tolerance 5.00 %

Oscillation torque tolerance  1.00 %
Oscillation displacement tolerance 5.00 %
Oscillation velocity tolerance 5.00 %

Temperature tolerance 1.0°C
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APPENDIX 3 - Detailed summary of the simulations
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Dimensionless Simulation Parameters Viscosity models Mesh
+ + + +
Inlet Pressure Mf" Temp. Moﬂ\d Temp. Density Specific E)?\rdn:zl- Convetion Gravity Poly | ETS 2.5 qggsyooo ng:;{JOO r]gzo‘S{)OO ng:e‘syooo Number of Number of -y oo
(% of Tg) (% of Tg) Heat tibility coefficient Poly @50 @55c @60°c @63c elements  nodes
Mold
P, 1,7 0,8 4 2,2 0,010912 0,0254 -386,0889 X 373228 66873 TetMesh
P, 1,7 0,8 4 4,6 0,010912 0,0254 -386,0889 X 373228 66873 TetMesh
P 1,7 0,8 4 2,2 0,010912 0,1016 -386,0889 X 373228 66873 | TetMesh
Model 1,7 0,8 4 2,2 0,010912 0,0254 -386,0889 X 373228 66873 | TetMesh
Model 1,7 0,8 4 2,2 0,010912 0,0254 -386,0889 X 373228 66873 | TetMesh
Model 1,4 0,8 4 2,2 0,010912 0,0254 -386,0889 X 373228 66873 | TetMesh
Model 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
Py Wz 0,8 3,758 2,2 0,010912 0,0254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 2,2 0,010912 0,0254 -386,0889 X 373228 66873 TetMesh
P, 1.4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
= P 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 1535904 | 310407 [ IsoMesh
E P, 1.4 0,8 4 0,5 0,010912 0,0254 -386,0889 X 1535904 | 310407 | IsoMesh
E P, Wz 0,8 4 0,5 0,010912 0,0254 -386,0889 X 1535904 | 310407 | IsoMesh
% P, 1,4 0,8 4 0,5 0,010912 0,1778 -386,0889 X 1535904 [ 310407 | IsoMesh
20 P, 1,4 0,8 4 0,5 0,010912 0,18034 -386,0889 X 1535904 [ 310407 | IsoMesh
:;' P, 1,4 0,8 4 0,5 0,010912 0,18288 -386,0889 X 1535904 [ 310407 | IsoMesh
] P 1,4 0,8 4 0,5 0,010912 0,1905 -386,0889 X 1535904 | 310407 [ IsoMesh
_Ei P, 1,4 0,8 4 0,5 0,010912 0,2032 -386,0889 X 1535904 [ 310407 | IsoMesh
- P 1,4 0,8 4 0,5 0,010912 0,2286 -386,0889 X 1535904 | 310407 | IsoMesh
P 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
P 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
P, 1.4 0,8 4 0,5 0,010912 0,254 -386,0889 X 1535904 | 310407 | IsoMesh
42,9% of P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
71,4% of P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
Py 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 0,5 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
Model 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
Py 1,3 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
142,9% of P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
171,4% of P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
Py 1,4 0,8 4 2,2 0,010912 0,1016 -386,0889 X 373228 66873 | TetMesh
P, 1,4 0,8 4 2,2 0,0135 0,0254 -386,0889 X 373228 66873 | TetMesh
P, 1,7 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 TetMesh
P, 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 373228 66873 | TetMesh
P, 1,7 0,8 4 2,2 0,010912 0,1016 -386,0889 X 373228 66873 TetMesh
Pr 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 379235 67731 TetMesh
5 3 ‘g Model 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 379235 67731 TetMesh
g r§‘ﬁ § 40,0% of Py 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 379235 67731 TetMesh
= o & |200,0% of PT 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 379235 67731 TetMesh
240,0% of PT 1,4 0,8 4 2,2 0,010912 0,254 -386,0889 X 379235 67731 TetMesh

*The yellow highlighting indicates changes from the previous simulation




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


