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ABSTRACT

In the last decades Powder Injection Molding (PIM) became an effective
technology for a mass production of precise and sbapwlex metal and
ceramic items. The main issue of PIM process is phase separation occurring
during injection molding step. The & separation causes defects which are
detected mostly after final sintering, and thus leading to significant economic
and ecological losses.

The aim of the thesis is optimization of PIM process and detection of
powder/binder separation during/after irfjen molding step, when the process
is still reversible- materials can be regranulated and used again. Direct testing of
molded samples, without any additional treatments or knowing an exact
composition of used binders, is provided for a broad cast of fleddstocks
including commercially available ones. The proposed testing method combines
scanning electron microscopy with energy dispersiv@yto detect changes in
powder or binder concentrations due to a phase separation, which are then
analyzed with amathematical approach to provide the single variability
parameter to quantify the tendency of the particular feedstocks towards phase
separation.

Further, rheological properties of PIM feedstocks were investigated with the
special regard to wall slipffect, which serves as a parameter indicating phase
separation during shear deformatidrne results reveal the importance of the
surface roughness and geometry of the processing tools for the wall slip
development; therefore, these parameters should hsideved for reliable
testing to optimize the molding step of PIM.

Finally, the influence of processing parameters such as injection molding
temperature and debinding route on the sintered surface structure of PIM parts
revealing signs of phase separatigas investigated by contactless scanning.
The obtained qualitative data were then treated with suitable statistical
approaches to quantify the quality of the resulting PIM parts.

This thesis provides the contribution to predict and reduce the phase
separtion of PIM feedstocks, thus positively influencing the effectivity of the
PIM process.
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INTRODUCTION

Metal and ceramic products bring many advantages in compatson
polymeric materials. They have usually high strength, stiffness, higher
temperature resistance, and also better electric and magnetic properties in case
of metals. On the other hand, they exhibit inferior processability in comparison
to plasticq1-3].

Powder injection molding technology (PIM) combines advantages of
metals/ceramics with processability of polympts Polymeric binders are used
for shaping of metal/ceramic powders by injection molding, holding them until
bonding in a sintering furnace close to a theoretical density. PIM includes four
basic steps consisting of mixing, injection molding, debinding and sintering. All
these steps contribeito precise final product without defects. Nowadays, the
main problem of the process is a detection of defects resulting from so called
phase separation in final products after sintering, when process is irreversible.
Thus, current research is focusedrathods capable to determine and reduce
issues and defects prior sinteridgh-7].



THEORETICAL BACKGROUND

1. Compounds forpowder injection molding

Highly filled polymers used in PIM technology camt typical binder volume
of 357 60 vol. % to brm ahomogeneous feedstockoulr parametersletermine
performance of feedstock T binder composition, powder charac$#ics,
powder/binder raticandmixing method[1,8].

The ratio between powder and binder determines quality of whole process.
Three possibities are described iRigure 1. Binder deficitcauss formation of
voids ina material and defesduring sinteringalso processability is limited by
high viscosity ofa compound. On the other harah excess of binder leads #o
binder separation from a powder during injection molding. The criticadl soli
loading corresponds to the particlegheclose contet. The mwder/binder ratio
slightly less than critical solid loading is an optimal state for processing
(Figurelc)[1,5].

B

(a) binder deficit (b) critical binder content

(c) optimal binder content  (d) binder excess
[ binder [ voids
[ surfactant (O particles

Figure 17 Feedstocks according to variopswder/binderratio [5]

The roleof binder systenis to provide suitableflow properties taa feedstock
during injection molding stepand holdng powder particles into the required
shape prior sinteringlhe binder system usually consghree main parts. First
one is main component (low molecular polynieparaffin, PEG etc) which
ensures flow properties ai bulk feedstock polar waxes improvealso an
adhesiorbetween powder and binder systghy6]. The mckbone polymer that
provides strengtho the initial of sinterings the nextingredient (e.g. PE, PP,
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PS, PMMA).Binder systemmalso contairasmall amount (less than 5 vol. %) of
additives (dispersants, stabilizers, plasticizend intermolecular lubgants)to
enhancesuitable rheologicabehavior1,9].

Second component & PIM feedstock is powdefMypical powdersused in
PIM technologyare based on iron (alloy steels, high speed steels, stainless
steels etc), reactive titanium powders aeramics (AIOs, ZrO,) [1,10]. The
typical size of prticles is usually between Otd 45 em with round shape, but
therearemany variationsn particle size and shaptl]. The size and shape of
particles affect not only flow properties of the feedstock, but whole PIM process
- dimensional control in debinding (interparticle friction), sintering (particle
microstructure, packing density), debinding rate (size, shape, packing density)
Requirement®n anideal powderrepresenhg a balancemongall these factors
aresummarized éllow [1,6,9]:

1 particle sizesmaller tharROem

i tap density over 50 % of theoretical
1 round shape

1 no agglomeration and clean surface
1 low explosion and toxicity hazard

2. Phase separation

Nowadays, the main issue of the PIM technology is the powder/binder
separation during injection molding step. The phase separationsafude
25% imperfectionssuch as surface defects, porosity or cracks on the final
productsdue to noroptimized molding/flow propertie§l2]. These defects are
usually non visible after injection molding neither during debinding.
Furthemoreg these defects cannot be removed from the final prodlictss, br
an efficient productionit is very important to analyze and prevent phase
separation duringnjection molding stepbecauseafter molding the process is
still reversible.

2.1.Mechanism of phase separation

The role of local shear rate gradienits a phase separation of highly filled
PIM feedstock (assuming no slip conditions) was proposed by Thorndgg!
There isa significant shear rate gradient near the \veaitla plateauof a lower
shear atein the middle of the chann@Figure2). The shear rate gradients cause



rotation of the particles near the wall. Naturally, the rotating particlesotry
move to the area in the middle of the channel, whergalues of the shear rate

are lower. The result is the area near the wall showing a high concentration of
separated bindeand powder particles are concentrated in the middle of the
channel.This axial solids concentration gradient was also istily Segre and
Silberbergdecades ag¢l4]; they observed an equilibrium position of rigid
spheeslocated at 0.B (R pipe radius) during laminar flow.

Flow direction

G

{_,.19" e /,%////75,{’7,7 777 ///

Shear rate gradients -Particle rntatinn- Phase separation
Figure21 Shear rate gradients as a cause of phase separHitijn

Local shear rate gradients are the cause of phase separation, but the location
of shear rate peaks @®not always lead to the location of phase separation
becausehe feedstock flow transparthe separation pattern and changes the
pattern continuous|ytherefore the phase separation depending also on the
travelling histoy (Figure3).

Thomagel [13] furthermore provides a flow simulation to predict phase
separation. The influence of the history of the feedstock travelling through the
barrel, nozzle, rurer system and cavity ®nsideredn his model

Flow direction

G T T S

. . Binder
. accumulation

Figure 31 Phase separation as a result of mold cavity patf&8j



2.2.Testing of phase separation

The phase separation is commonly tested by moldabilityitestiling of a
spiral mold[1]. The moldability is expressed with the length of the filled spiral.
During flow, afrozen layer is continuously created alangold wall of a mold,
therefore channel is gradually closed and flow stops. Thistefecalleda
fountain flow; Figure4 [15].

Frozen layer

et S ey

Velocity -1
profile

Figure4 1 Fountain flow effect during injection moldifg5]

The pioneer investigation omoldability of particle filled (glass spheres)
polymers was done by Kubat and Szalancz16]. They investigated the
influence of different size of glass particles and length of spiral testing mold on
a phaseseparation. The glass concentration after molding was determined
gravimetrically on incinerated samples.

From their study it can be concluded that phase separation increases with
spiral length. The particles with large diameter-{®0 nm) weremore pone to
the phase separation than smaller particle40(dm), because larger particles
travel faster along a spiral mol8igureb).
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Another approach was proposed by Jenni ef1&l], which comparedspiral,
square spiral anaig-zag mold (Figure 6) for testing of moldability and
associated phase separation.

Figure 61 Design of testing molds proposed by Jdid]

Jenni et al[17] comparedthe balance modelrepresentinga flow of solid,
spherical particles in a Newtonian flyigith the experimental data.

More sophisticated mold desigo test phase separatiofiqure 7) was
developed at the Polymer Center, TBU Zlin in cooperation with Fraunhofer
IFAM, Bremen(Utility Design 001704974001) The testing mold contas all
critical elements, such as inner and outer corners, radickndss changes,
weld lines, thingates, films and flashes.

The testing molds composed ofdur square elements connected dates
1 mm long and 0.5 mm wide. Size of the inner waltha first three elements is
10 mm. The length of the outer sides of square elements is gradually decreasing
from 3.0 mm to 2.5 mm and 2 mm. The fourth 0.3 mm high element serves as an
outlet of third element. Each square element contains 16 notches for eas
position determination.

Figure 71 New design of testing mgltbp and bottom sidfL5]
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Highly separated areaBigure8) were found near the gate of each element by
initial testing, but more precise testing and quantification of separatésn
neededthus the topic othe thesis presented waoposed.

Uniform
distribution

Figure81 SEM of powder/binder separation

2.2.1.Quantification of phase separation

Differential scanning calorimeter (DSC) was usgdJenniet al.[17,18] for
local powder content monitoringrom the differences in glass transition
temperature The experiments run undeariousmoldability conditionsi flow
length, nozzle and mold temperature or injection speed. Experiments obtained
by DSC, radiography and tomography showed lowewder content in the
corners of the mold cavity={gure9). This was confirmed by a balance model
(solid particles in Newtonian fluighowever the instabilities of the feedstock
such as wall slip or fountain flowenre not predicted by this modgl7,18]

Figure 91 Distribution of powder in square spiral mojtl7]
a’i balanced model, b DSC, ci tomography
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Currently, the research of phase separapbenomenoris carried outmainly
using X-ray tomography|19-21]. Yanget al.[19] presented a new methad
detailed quantification analysis of the different powwiander separation
characteristis of the SiC molded samples with diffetanitial solid loadings. In
their study the linear fitting equation between gray value efaX and actual
density of sample was uséthe output from an »ay scanner is a gregcale
image where the variations in gray darkness correspond to variations in density
[22]. According to this assumptiprthe actual density at a specific area of
molded sample can be calculated, when we know density of pure binder system
and powder particke Furthermore, the powder content in the feedstock is
calculated from this actual densiy9]. In their studies[20,21] the method is
tested on kshape moldKigure10) with different processing parameters. As in
the previous researchg$3,18,19] binder rich areas were formed near gated
mold walk.

20 mm

Figure 107 Design of testing mold proposed by Yamn@l.[20]

However, the analgs are complicated by several factorthe separation is
accompanied bg nonthomogeneity ofh material caused bijow instabilitiesor
a movement of particles frora solid wall toa center ofa channel during flow
Currently,the mechanism of phase separation occurrence has still not been fully
understood23].

2.3.Flow behavior of highly filled compounds

As mentioned beforeéheimportantparametepreventing the phasesaration
is homogeneity of feedstock, whiclaffects whole PIM processThe
inhomogeneity of the feedstockan be detected byressureinstabilities
obtainedfrom acapillary rheometefFigure11) [24].
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Poorly mixed feedstock

~ Well mixed feedstock

Pressure

A

Time
Figure 117 Capillary rheometei pressure outpudf mixed feedstosk24]

The other problemareresuling from processing conditions duririgjection
molding. This step usually needs expensivetime consumingtrial anderror
testingto design desired processnditions[17]. In addition,asthermoplastis,
highly filled materialsalso exhibit moldability defects such as jetting, air traps,
dead zones, f&h or welding linesFigure 12 shows entire injection molding
process with possible defects caused by Igosetup process conditions of
injection speed and pressuiig.

speed control — | ——————— - PIOsS e control

==y

[7))

speed pressure

start changeover finish
time —>

Figure 127 Diagram of injection molding defedi]

PIM compoundsintroduce also many obstacles and limitations because of
amulti-component character of polymer binder and complex powder
characteristics, mainly irregular shape and broad ghartsize distribution
(Figurel13) [1,6,25]
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Figure 137 SEM of 316L stainless steel pow(zs]

First problem during shearing of highly filled systems is agglomeration of
solid particlesin nonNewtonian fluid. This phenomenon has beeneally
studiedin seventies by Michelet al.[27]. They found that upon shearing
glass solid particles can creatkairs or agglomerate groups mon-Newtonian
fluids (Figure14).
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Figure 1471 Glass particles in noiNewtonian fluid
ai before shearing, bone dimension shearing, circular shearing[27]

This effect has a significant relevarfoe rheological testing. Masurement of
flow curves carderive different viscosity dati# an experiment is started from
low shear rate towards higher or vice versa, because agglonettatructure
created at higher shear rawll not be destroyed at lower shear speeds.

Complexity of rheological behavior and thermal properties of the PIM
feedsbcks which affect injection molding step was tested Aiyn et al. [28].
They concluded that neNewtonian index is more sensitivie a binder
selecion thanto apowder. Both, powder and bindeompositionhasthe same
effect on thermal conductivity andcheat capaciance of the feedstock The
injection pressure and clamping d¢er can be minimalizedbetter by binder
systens, but controlling of themaximum shear ratis affecied byboth powder
and binder systems.

15



Unstable flow behavior of highly filled polymers waslso studed
by Isayevetal. [29] and Hausnerova et §1]. Their studesdemonstrate change
of shear thinning behavior into a dilatant flqwigure 15). The viscosity is
decreasing due to the orientation of particles with the flow at the low shear rates,
but at higher shear rates the particles cannot form layers and slide over each
other, thus viscosity is increasii,29]. These finding bring many obstacles
for rheological modeling. HerschiélBulkley or Casson models cannot describe
flow curves ina whole rangeof shear rate and more complicate@ight
parameter model has to be applj¢80].

o o 150 °C
o q O 160 °C
_-é‘ 103 g v 170 °C
8 "85
0 9 o
. g
z =)
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10’ 10° 108 10*

Shear rate (1/s)

Figure 157 Flow curves of 60 % alumina feedstqdk

Shivashankaet al.[31] studiedthe relationbetweena phase separation alad
rheological behavionof filled compounds They assumed that suspension

system consists three volume paffsgure 16) 1 solid volume fraction(7),
interstitial space liquid bind€lF_ ;) andliquid spherical shellsf particles(7.,).
The total volume of system ggven as

%0 %o %o P (1)

Figure 167 Volume fractions of highly filled systdB1]
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The volume of liquid spherical shell§f,) is decreasing to zero whehe

critical solid loading f,,) is reached:
%o

%00

%00 P %o %o P (2)
According to KriegeiDougherty relationshifl], avolume of liquid sphecal
shells can be also expresiasing relative viscosity- :

%0

%0

3)

From these empirical equat®it is obviousthat a higher anount of solid
particles causedecreasing of liquid shells of solid particlés,§, and increasing
of arelative viscosity due tan enhancethter-particle friction.Shivashankaet
al. [31] in his study observethe pronounced phase separation the systems
with high relative viscos$y (Figurel17). Thus, heconcluded that the tendency to
a phase separation is related not onlytlte viscosity,but also tothe inter-
particle particle spacingparametet that is given bysolid volume fraction(7)
and particle diametddp:

P %o

%o

3
1 80 (4)

10007

carbonyl - 55 vol.%
=— carbonyl - 58 vol. %
100 _‘ carbonyl - 61 vol.%
] 304L - 57 vol % e e -
- 304L - 59 vol.% 7

304L - 61 vol.% D=

-
(=]
\

ddddaad

Relative Viscosity

Amdryl nickel - 55
vol.%

0 200 400 600 800 1000 1200
Apparent Shear Rate, 1/s

Figure 1771 Relationbetween relative viscosity and phase separatidflM
compound$31]
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