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ABSTRACT

Pressure effect on the rheological behaviour of paer-polymer compounds intended for powder injectionmoulding was determined. A single-piston
capillary rheometer modified by addition of a secod chamber with a restricting needle valve generatig backpressure increasing the pressure in the
melted material during the flow through the die wasemployed to determine pressure sensitivity coeffients. The results obtained for three compounds
varying in the characteristics of powders used coiined that compounds at the loading level close tthe maximum packing are more sensitive to
pressure than polymer binder. It is shown that presure sensitivity coefficients of these materials arstrongly dependent on powder characteristics —
particle size and particle size distribution. The fghest coefficient (32.9 GP) was found for compound containing broad particlesize distributed

powder having a perceptible portion of small partides.

1. Introduction

Development of powder technologies including precssnulations
can only be reached when the material and progegsnameters are
known with sufficient accuracy. In case of injectimoulding of metallic
and ceramic powders (powder injection moulding MPla factor
disregarded is the influence of pressure on thev fleehaviour of
feedstocks though pressure might alter viscosgmificantly.

PIM compounds during injection moulding step repreghe concept
of multicomponent systems whose reliable rheoldgiceodel was
presented recently by the research group conn&zt@drman, e.g. [1].

Techniques to obtain pressure-dependent viscositta ccan be
adopted from polymer processing, where a lot abreffias been put to
this subject starting with Barus [2] in 1891. Adfroutline is given in Fig.
1. This summary implies that the scientific attentconcerning pressure-
affected flow characteristics has been entirelg paipure polymer melts.
For PIM materials German [20] stated that sensjtito pressure should
decrease with the loading level of powder. This wasfirmed for the
low to moderate (up to 30vol.%) powder loading®im previous paper
[21]. Nevertheless, at higher loading levels (fleamplicated by the
onset of instabilities) sensitivity to pressure mgeto be enhanced
comparing to a pure polymer binder [22]. In ordeconfirm this idea the
following contribution examines three types of campds differing in
the powder characteristics, whose flow is stablehe broad range of
shear rates.

2. Experimental
2.1. Materials

The powders used in the experiments are compositesingsten
carbide and cobalt (cemented carbides) supplie@yyania Tungsten,
Czech Republic. The metallic component (cobalt)ictvlonly constitutes
a minor proportion of the carbide mixture, servesttee matrix for the
final sintered part. Three grades were testederiliff in their particle size
distribution — BC10U, BC37S, and BC55S. The averatgnsity
amounts to 14.90 gefnfor BC10U and 14.94 geinforBC37S and
BC55S. As can be seen on the SEM image of BC1Gih &ample (Fig.
2), the shape of the particles was irregular witklatively broad particle
size distribution.

The polymer binder (Table 1) was based on LDPE teaw1200 MN
8 (Atochem), and paraffin, in addition to ethylermylc acid block
copolymer Ex 225 (Exxon) serving as a steric stdtibr of the
feedstock.

2.2. Blending procedure

The compounds were prepared in a laboratory knegtabender
Plasticorder PL-2000-6, mixer type W 50E) at 150at@ 80 rpm. The
mixing chamber was filled by 70-80% of its volunférstly, a small
portion (1/5) of the polymer binder was preheatethe mixer. Then,



Author(s) Experimental device T Material Pressure Comments
range
Laum [3] slit-dlic theometer I high malecular weight LOPE 1 piston furce up | true shear viscosity increased exponentially as g tunction of exit

0110 N L opressure, no change observed (o the entrance pressure loss

harrel-downstream
chamber-vulve

Driscel] and Bogue [4] polysiyrens

upto 124 MPu | high pressure held by means of o needle valve

Kudijk and vun den two-piston sliv

determinativn ol weoiperuture und pressure cocflieiends, pressure
coefficients independent of pressuee for PS and ABS, but
deereased with rising pressarc for PP

up to (060 MPa

R

Brule [5] ifieometer butadicne-styrenc,
e, ’ pulypropyisne
Moldenaers et ai [4] | as in [5] thermalropic copnlyesters up to 80 MPa

) origin of the nonlinearity of Bagley plots caused by prossure
and recrientation effects

non-lingar uxial profiles subjected to a serious criticism

silicon ail, 5 and 20 wi.5
solutiuns of pulyisabotylenc
in decolin

wwlti-puss rtheometer,
in principle similar to
that of Westaver |9]

Mackley et al. [8]

up o 2] MPa

possibiitty of u briud set of theelogical measuremenls wnder
controdied conditivos

{Wlackley and Spinieler | as in [81 LLDFE

[ rap

up to 23 MPa

appurent viscosity amd viscoelustic dutu exhibited u lingar
inerease of about 2050 over the prossure Tange tested

barvel-downstream pulystyrens, PMMA,
chamber-valve : polypropylene, LDPE, [IDPE

¢ Rinding et al, [1[,12],
Couch und Binding

T upa 120 MPa |

time-temperatiere-pressure superposition o both shear and
clongational flows applicable for each polymer, resulting
pressure coetficients emperalure independent; for cach polyiner
{except PS) the termperaturs und pressure soctlicients in shear of
simitar valies to thoss o elonpation

up ter B0 My

|
|

cinnparison af different cxpedmental methods including
predictivns from PYT dala using Utruckis method [15]

| 1131 !
!
Goubert 1141 w50 5] and bacl- | LLDPE T
dovensrewm chamber-
valve |
Kuoran and Irealy [16], | high-pressuce sliding | LLDPE

Purk and Dealy [17] plate rhecmeter

shear stress wransducer measures stress ot the cenwe of the
! gumple withaut any end or edge effects

up Lo 70 MPy

bamrel-downstream
chamber-valve

LLIPY copnlymer, HDPE,
metalloeene PE with short-
and long-chain branching

Cuarreras et al. [IS]_

difference between pressure coefficients voder sheur and
elapganen ony exhibited by metallocens PE with long-chian
brunching: crphusis paid toan influence of flow mestability an
the high-pressure messurements

upto S6MPa

Pm, poly-o-
methylstyrene-co-
arrylonitrile, . DFE

.
T

parel-downstream
i chamber-vidve

Cardinacts et al, [19]

up to M MPa tinaton of |
pressure epctiicients (pe b direet calculation of the canstane
shear rule pee., direcl caleulation of the constant shear stress
e and caleulation of the p.o. by superposition

the powder and remaining binder were added by tdang the first minute
and the suspension was mixed for about 5 more gsnut
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Fig. 2. SEM of cemented carbide powder (BC1(

Fig. 1.A brief outline of experimént'a'lnahd theoretical W®on pressu-dependent viscosity -19],

The kneader torque was always constant over thi&4a8smin indicating that
the dispersion process had been completed.

Density of 50 vol.% feedstocks was measured onctioje moulded
samples (MINIMAX MOLDER CS-183 MMX, Custom Scientif Instru-
ments, Inc., USA). Prepared samples in volumestah66 cni were used for
density determination via Archimedes method in ehidifferent liquids:
distillated water 1.000 g/cnt), methyl alcohol (0.792 g/cith and hexane
(0.659 g/crfl). The experiments reveal the values: 8.073 +0.6@87 for
BC10U feedstock, 8.123 +0.012 gftfar BC37S, and finally 8.245 + 0.002
g/cn for BC55S.

1.1. Methods

The rheological behaviour of the compounds wasiatuch a capillary
rheometer (Gottfert 2001) with a plane (180°) dapjlentrance at 150 °C. As
introduced by Sedlacek et al. [23], and describrediétail in our previous
paper p2], the rheometer was modified with an additionalide generating
backpressure, which causes increase of pressutmtiagt on the tested
materials, Fig. 3. It consists of a chamber witktrieting needle valve moving
horizontally by means of screw thread in order &t she level of
pressurization applied on the material duringlée/fthrough the die.

The pressure values were taken at two points: énrédservoir closely
upstream from the entrance to the capillary (ec&apressure), and in the
second chamber (backpressure). Experiments were with two capillaries:
long (L/D = 20/l) and orifice (L/D = 0.12/1). Press- dependent viscosity
was measured at different values of backpressutieeishear rate range from
80 to 5000 &. The true values of shear



Table 1
Binder components.
Material Density [gcm™ Melting point |C] Content [wi %)
1DFE 0918 107 53
EAA n.4azq 100 21
Paraffin wax 0.900 56 26

stress, shear rate, and shear viscosity were atddubpplying Rabinowitsch
and Bagley corrections.

The Carreau-Yasuda model [24] was employed foindittthe measured
temperature and pressure-dependent shear viscosity

.”@ _ I’T:[J(P.\T)
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wherer\(yj represents the shear rate-dependent viscogitgtands for the
zero-shear viscosity7 is the shear rate, Kn, and a are the empirical

3. Results and discussion

The pressure sensitivity of the PIM compounds atfiling level close to
the maximum were examined for three cemented aesbdiffering in their
particle size distributions as documented in Fig. 4

The pressure-dependent viscosity data for theioB&vcompounds with
polymeric binder are shown in Figs. 5-7; the sbiids represent data fitting by
the Carreau-Yasuda model the parameters of whicthéindividual powders
are summarized in Table 2. The Nahme number reglé¢imperature rise due to
viscous heating and temperature change necessatfyetothe viscosity was
taken into account, for detailed analysis see Casret al. [18].

Generally, PIM compounds show high sensitivity &piations in shear rate,
even if the behaviour of a polymer binder approa@&lewtonian course. This
trend is progressively pronounced with an increafspowder concentration.
Depending on the type of the dispersed particfegticularly on their particle
sizes, a yield point may appear at a low shear wtehigher shear rates,
however, this structure is broken and the viscodgy dominated by
hydrodynamic interactions. Shear thinning behavimaicates particle and
polymer orientation and ordering with flow.

The shape of the particle size distribution curegetines basic viscosity

constants; a function/(P, takes into account an influence of pressure andPehaviour. The powder BC10U containing the higpestion of small particles

temperature.

For the determination of temperature sensitivitgfficient of viscositya the
Arrhenius-type exponential expression - widely use@olymer engineering
calculations and modelling of non-isothermal inf@etmoulding flows - was
chosen

Fo e
@

whereT andT, are the testing and reference temperatures, Itsglgc
The pressure effect was determined utilizing theoeential relation in a form
(see e.g. Barus [2])

T
foe ®

where jB is the pressure coefficient of viscosépd P stands for the gauge
pressure.

piston

A barel

(mean diameter arouridjm) exhibits lower non-Newtonian index than BC37S
and BC55S based compounds (mean diameter 5-7 Zjemp-shear viscosity
170 evaluated from the Carreau-Yasuda model is higgreBC10U comparing
to the other two compounds as can be seen froneTabrhis behaviour may
be attributed to the enhanced inter-particle bictof the small particles due to
their surface area.

Concerning the effect of pressure, regardless wefdpo characteristic it is
clear that the pressure coefficients of PIM compisuare not monotonously
decreasing function of the powder content. In ataoce with the literature
concerning PIM compounds [20], the compounds & $ensitive to pressure
than the polymer binder at low to moderate loadexg! (up to 30vol.%) as
shown in our

backpressure
... chamber

needle valve

transducer

capillary

Fig. 3. Schematic picture of the experimenta-up.



previous paper [21 ]. At higher loading, i.e. clogde maximum packing
fraction, the pressure sensitivity obtained for poomds based on the three
different powders (see Table 2) is enhanced in mpewison to the pure
polymer binder, for which a coefficieng = 16.4 GPa is lower than each
coefficient jB in Table 2 (reference temperatlire 150 °C).
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compound (parameters of the Carreau-Yasuda modeh g Table 2).

Furthermore, the sensitivity of the PIM compound$tessure might be
altered via tailoring of filler characteristics. @hpressure sensitivity
coefficients of the particular powders are ordenedthe following way:
BC10U>BC37S>BC55S. The highest j3 coefficient (38Pa?) is found for
compounds containing broader particle size distetbupowder having a
perceptible portion of small particles, whereasgtessure coefficients's of
the other two powders are rather similar (19.25 GiBa BC37S and 18.30
GPa for BC55S).

The mechanism of pressure effect on viscosityilisusiclear even for pure
polymers. The results obtained for PIM compoundglynthe coexistence of
the two mechanisms. First, at low to moderate logdevels the pressure
sensitivity of the compounds is governed by thesiieity of the polymer
binder component, which is connected to free volwhanges as recently
shown by Sedi®k et al. [25], and diminishes as powder conceptrat
increases. Second, at high powder loading therdyifactor is compressibility
of powder itself related to the (re)organizatiorthed particles within the melt
during pressurization.
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Fig. 6. Pressurdependent viscosity vs. shear rate curves for 30BC37S carbide powc
compound (parameters of the Carreau-Yasuda moekh g Table 2).
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Fig. 7. Pressuredependent viscosity vs. shear rate curves for 30v8C55S carbide powc
compound (parameters of the Carreau-Yasuda moekh g Table 2).

Table 2
Pressure sensitivity coefficients and parameteth@fCarreattasuda model for BC10U, BC3i
and BC55S carbide powder compounds.

MWaterial B [1/GRa) vy [Pa 5] b T °C) Ky 1077 5] a

BC1OY 3296 4051.7 010 0 8.932 0.289
BC378 19.25 1373.8 010 0 3.226 0444
BC555 1830 78707 0.1a 0 2548 0,435

4. Conclusion

The influence of pressure on shear flow of cemengetide powder based
PIM compounds was studied using a backpressure fiembdsingle-piston
capillary rheometer.

The pressure coefficients of PIM compounds are manotonously
decreasing function of the powder content. Thequnessensitivity of the PIM
compounds becomes reduced as the amount of cappdeler in the
compound rises to a moderate level (up to 30 volédjile highly filled
systems (tested on 50vol.%) exhibit stronger pressensitivity than a
corresponding pure polymer binder. A comparisotthef results obtained for
three different powder based compounds provedoagteffect of the particle
size distribution, and especially portion of smakrticles, on pressure-
dependent flow behaviour. This implies that presssensitivity of the PIM
compounds can be altered by modifying filler cheegstics. The mechanism
will be further investigated in a connection wittegsure-volume-temperature
characteristics.
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