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Capillary flow behaviour of microcrystalline wax
and silicon carbide suspension

H. SUWARDIE, R. YAZICI, D. M. KALYON* S. KOVENKLIOGLU
Highly Filled Materials Institute, Chemical Sciences and Engineering, Stevens Institute
of Technology, Castle Point on Hudson, Hoboken, NJ 07030, USA

Suspensions of ceramic particles in low or high molecular weight polymers are shaped into
various three-dimensional parts using various moulding and extrusion technologies. Such
bodies are subsequently fired-up and sintered to remove the binder. The utilities of such
three-dimensional ceramic bodies depend on the restrictions related to the shapeability of
the ceramic suspension, hence to the flow and deformation behaviour of the suspension. In
this study, factors affecting the flow and deformation behaviour of a 50% by volume of
silicon carbide in a wax binder was investigated. Consistent with the previously observed
behaviour of other highly filled materials, the ceramic suspension exhibited viscoplasticity,
plug flow and wall slip. Furthermore, flow instabilities associated with the axial migration
of the low viscosity binder under the imposed pressure gradient were observed. These
results pinpoint to the various difficulties associated with the collection of rheological data
and emphasize the relevance of various flow mechanisms, including wall slip and mat
formation and filtration based flow instabilities, which would also occur in
processing/shaping flows of such ceramic suspensions including extrusion and moulding.
© 1998 Kluwer Academic Publishers

1. Introduction matrix interactions and the rheological behaviour of the
Numerous industrial applications involve the shapingmatrix as the principal contributors to the complex flow
of ceramic suspensions using various processing inbehaviour of suspensions.
cluding extrusion and injection moulding. In such pro- However, the ceramic suspensions used invarious ex-
cessing, fine ceramic powder is mixed with a blendtrusion and moulding applications are generally filled
of polymers, hydrogels or waxes and processing aidsWith solids at loading levels which approach the maxi-
surfactants to impart fluidity so that the suspensiongnum packing fraction. The rheological characteristics
can be processed and shaped into a desired shape. Ttfesuch highly filled materials are significantly affected
polymeric binder is subsequently removed before thdy wall slip [9, 15-17], development of flow instabili-
sintering of the shaped article. Other processing techtes during capillary and slit flows associated with the
niques include colloidal processing of nanoparticlesaxial migration of the matrix under the imposed pres-
sol-gel methods and the organometallic route [1-4]. Irsure gradient [18, 19], and dilatancy [10, 20]. Further-
organometallic processing, the thermal behaviour andnore, the entrainment of air into the suspensions oc-
processability of the organometallic polymer precursorcurs at the partially full sections of the processors [21],
is critical [5, 6] and the formation of the pores during especially where the ingredients of the ceramic suspen-
pyrolysis of the polymer requires special attention [7].sions are compounded together. Kalairal [22] and

In the shaping of the ceramic green bodies via exAral and Kalyon [23] have shown that the air entrained
trusion or moulding, the processability of the ceramicduring processing alters the rheological behaviour, in-
suspension needs to be characterized. Such charaduding the apparent wall slip layer formation during
terization generally involves subjecting the ceramicsuspension flow [24]. When the particle radius is suffi-
suspension to a series of viscometric flow experimentsiently large in comparison to the channel dimension,
which allow the rheological material functions of the particle migration effects associated with the shear rate
suspension to be characterized. Various factors inand concentration gradients are also expected to play
volved in the rheological behaviour of concentrateda role [25-31]. The characterization of such effects in-
suspensions are reviewed by others [8—14]. The exis&luding wall slip, flow instabilities, particle migration,
ing literature on the experimental and theoretical workair entrainment, etc., are labour intensive and difficult
on dilute and concentrated suspensions generally enand were generally omitted from the characterization
phasize the effects of shape, size distribution and volef the rheological behaviour of ceramic suspensions
ume fraction of particles, particle—particle and particle—{32—34].
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The wall slip effect was investigated by Isayev [35] was available from Superior Graphite (Chicago, IL),
by the use of knurled and smooth rheometer surfaceshe stearic acid from Fisher Scientific USA and the mi-
Significant wall slip was observed. However, the use ofcrocrystalline wax from Frank Ross Wax (New Jersey).
grooved surfaces is generally not sufficient to eliminateThe corresponding volume concentrations are shown in
wall slip. This is because the use of grooved surface3able |. The maximum packing fraction of SiC powder
can still give rise to slip at the tip of the grooves and/orwas calculated to be 0.672 [36].
fracture the suspension sample [17]. From its molecular structure the shear viscosity of

In this paper we summarize some of our findingsthe binder (stearic acid and wax) was estimated to be
related to the capillary flow behaviour of a ceramic smallerthan 0.01 Pa s for the temperature range of 95 to
suspension involving 50% by volume of SiC particles175°C [36]. The shear viscosity of the wax was also ex-
incorporated into a wax/stearic acid binder. Various facperimentally characterized first by using capillary flow
tors including wall slip and flow instabilities were in- in conjunction with Instron capillary rheometer. The
vestigated as part of this rheological characterization
study.

TABLE | The composition, i.e. percent weight and percent volume
of the components of the suspension used in the experiments

2. Experimental procedure SiC suspension (50 vol %)

2.1. Materials

The scanning electron micrograph and particle size dis- (Wt %) (vol %)
tribution of the SiC powder used in this study is shownSiC HSC-059 77.56 50.00
in Fig. 1a and b, respectively. The SiC powder (77.6%gVicrowax 19.94 44.54
by weight) was compounded with 2.5% by weight of ?éf;”c acid 1002.6500 1005_ 'g'g

stearic acid and 19.9% by weight of wax. The SiC
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Figure 1 (a) Scanning electron micrograph of SiC HSC-059 (10@0agnification). (b) Particle size distribution of silicon carbide powder.
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capillary flow experiments were carried out at the rel-t-distribution. Fig. 2 indicates that the wax based binder
atively high shear rate range by using a capillary withbehaves like a Newtonian fluid over the broad shear rate
a diameter of 0.3 mm. The shear viscosity of the waxrange of 20-4000%. The mean value of steady shear
at 175°C was around B x 1073 Pa s. However, sig- viscosity values obtained with rotational rheometry at
nificant viscous energy dissipation occurs at such high75°C is 45 x 10~2 Pa s. This value is slightly higher
deformation rates resulting at higher temperatures at théhan the mean value of8x 10~ Pa s obtained from
wall. These non-isothermal effects were not correctectapillary rheometry.

for in these experiments. A second set of experiments

with a constant stress rheometer was carried-out under

well-controlled temperature conditions. 2.2. Compounding

A Rheometric Scientific Dynamic Stress Rheometer,The ceramic suspension samples were compoundedina
SR-200 was used in conjunction with the Heated Plateslaake Torque Rheometer with a 60%mixing volume
Environmental System. Parallel discs with 40 mm di-at 175°C. The mixing was carried-out in two steps
ameter were employed. The gap separation was kepthere first the binder (microcrystalline wax and stearic
around 05 £ 0.02 mm. The steady shear viscosity val- acid) was mixed followed by the addition of the solid
ues of the wax were obtained by steady shear stregghase. Eighty percent of the available volume of the
sweep tests. In these tests the shear stress at the edgixer was used. The specific energy inpg, during
was varied. At each shear stress the sample was allowetdixing was determined from the following
up to a 60 stime period to reach the steady state in shear
rate, which was determined using the Automatic Steady
State Sensing Option of the SR-200.

The steady shear viscosity values of the binder ob-
tained using both methods at 17& are shown in where:E; is specific energy input, i.e. mechanical en-
Fig. 2. The shear viscosity values are presented as 95@gy which the mixer rotors dissipate into the sample
confidence intervals determined according to Student'$J g1); N is rotational speed of the agitator blades;

m is mass of the sample (g)f M dt is integrated

_ 27N

Eo= M dt 1)

torque.
0-1 ' ' Fig. 3 shows the comparison of the specific energy
s+ Capillary rheometry input for compounding for two volume fractions of
v Constant stress rheometry SiC, i.e.¢ =0.5 and 0.6. As the volume loading level

of solids, ¢, increases and approaches the maximum
packing fraction, the shear viscosity and hence the spe-
cific energy input during compounding increases sig-
nificantly. The specific energy input was reproducible
0.01p 1 and was used as a parameter for consistent prepara-
tion of suspension samples used in rheological charac-
JiAAAIAAARRSaARAARALLS } terization.

"y » Shear viscosity of wax, Pa.s

{ } 2.3. Microscopy

A Jeol-850 scanning electron microscope (SEM) with
50 nm resolution and energy dispersive X-Ray analysis
(EDX) were utilized as the principal tools for the micro-
structural analysis of the batch mixed and extruded
green grains.

Figure 2 Shear viscosity of the wax based binder as a function of wall | € degree of mixing of the wax binder and the SiC

L ———
10 100 1000 10000 100000

v, Apparent shear rate, s’

shear rate af = 175°C. particles was analysed at the fractured cross-section of
e — . , .
e ) I
T I | [ ¥
) I I
y | | ‘.;l & G S 1
?Jﬁ | ':,':.- v vl 3
' 5 1 gl - BN Bt ]
i I 7T e [ =P Erpi 2
L L T | i 1
) - - T ' ' .-l- I i —p——
¥ - ! L] 3 -
o A
0 N N [ ] W T, s sl

Figure 3 Specific energy input during compounding of 50% and 60% (by volume) of SiC with wax based binder.
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Figure 4 Scanning electron micrographs of extruded ceramic suspension sample at BG@fhification.

the shaped samples. The typical SEM micrographs oindicates that the thickness of the binder layer is about
the fractured cross-sections are shown in Fig. 4. Fig. ©.15um, indicating good wetting and good intermixing
shows that upon fracturing, the binder goes through af the binder and the SiC patrticles.

ductile type deformation and protrudes from between

SiC particles as thin sheets on the fractured surface.

The mean distance between these protruded bind&.4. Capillary rheometry of the suspension
layers is approximately 2m or about twice the The ceramic suspension samples, compounded in the
number-based average diameter of SiC particles. Thedmtch mixer, were characterized employing capillary
features provide direct evidence that establishes the uand parallel disk torsional flows at 17&. For capil-
per limit of the agglomeration of SiC particles. They lary flow experiments, an Instron capillary rheometer,
suggest that the degree of mixing is inadequate at Model FTD, was employed in conjunction with three
scale that is less thanidn. However, at larger scales, sets of capillaries. Each set contained four capillaries.
the degree of mixing was acceptable. This figure alsd he capillaries had diameters of 1.3, 1.6 and 2 mm and
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length/diameter ratios of 0, 19.2, 38.4 and 57.6. The 50 Ib

data were collected by repeating the experiment at leas

three times per run, followed by statistical analysis. 401b
The apparent shear stress versus the apparent she: 301b

rate, y,, data were determined from the raw data

301b

251b

(plunger force versus cross head speed) using

. 32Q
= — 2
Ya T D3 ( )
whereD is diameter of capillary an@ is the volumetric
flow rate. The volumetric flow rateQ, is equal to the

221b

Force, Ib

191b

1 2 3

] | 1

| I |
— Time,min

Figure 5 Time-dependent plunger force encountered during capillary

product ofV (cross-head speed of the plunger) andiow for a capillary with a length diameter ratio of 57.6 and diameter of
cross-sectional area of the barrel of the rheometer. Th&32 mm at an apparent shear rate of 67 at 175°C.

apparent shear stresg, , at the wall is given by

AP

“ap ©

Tw,a

The true shear stress at the wal, needs to be deter-

mined by correcting for the pressure drop associate
with the end effects [37]. Thus Equation 3 is modified

to

APD

™=+ ND) @

whereAP is total pressure drop, is the length of the

capillary andN is equivalent length associated with

the end corrections. The equivalent length can be dete
mined by the extrapolation of the pressure drop versus,
the L/D ratio curve at constant apparent shear rate t?h

intersect theL /D axis.

To determine the slip effects, capillaries with the

samelL/D ratio but with different diameters were

used. Analysis of the fully developed, incompressible,
isothermal and laminar flow in circular tubes with a slip

velocity of us, at the wall yields [38]

8Vv

4 (™ . 8us
= — dr + — 5
b~ 7 T+ 5 (5)
wherert is the shear stress apds the true shear rate.
Differentiating the last equation with respect taL

at constant shear stress at the wgjl, one obtains

3(8V/D)

/Dy |~ %Us

Tw

(6)

Thus, the plot of the apparent shear raté?,(B)) = ¥a
versus YD at constant shear streggshould give rise
to a straight line with a slope ofu8. The contribution
of the slip to the total volumetric flow rat€s, can be
determined as follows

Qs = (”/4)D2Us (7)
Thus, the ratio of flow due to slipQs, over the total
flow rate,Q, is given as

(Qs/Q) = (us/V) = (8us/Dys) (8)

3. Results and discussion
Up to a cross-head speed of 0.85 mmnt for all the
capillaries, (apparent shear rate of less than 149, s
the wall shear stress consistently exhibited significant
me-dependent variations. These fluctuations over the
course of capillary flow were greatly diminished at
the higher apparent shear rates. A typical plunger force
versus time plot as collected at an apparent shear rate
of 66 st is shown in Fig. 5. The plunger force in-
creases with increasing extrusion time and grows in an
unbounded fashion. At regular intervals, stress over-
shoots are observed. This type of unstable behaviour
was observed at the relatively low deformation rates.
Unstable flows generally occur on the basis of the for-
ation of a mat of solids at the converging section of
e die and the concomitant filtration of the binder [18,
19]. Kalyon and co-workers have determined that un-
der such unstable flow conditions the average pressure
necessary to extrude the concentrated suspension grows
unbounded with time. The oscillations in pressure are
related to the time periodic mechanism of the forma-
tion of a mat of solids at the entrance of the capillary
die and the time-dependent filtration of the binder. The
declining concentration of the binder in the reservoir
with time in turn increases the overall pressure drop
necessary to extrude the suspension out of the capil-
lary. In general, such flow instabilities can be eliminated
by increasing the viscosity of the matrix (for example
by lowering of the temperature), increasing the shear
stress at the wall and by using dies with greater diameter
[18, 19].

For all capillaries used in the experiments, the flow
instabilities occurred at apparent shear rates less than
140 s, Yilmazer et al. [18] and Yaraset al. [19]
have analysed such flow instabilities by considering the
analogy of the flow of Generalized Newtonian fluids
through a packed bed. From their analysis, the critical
apparent shear rate below which the flow instabilities
occur, can be determined.

This critical shear rate is determined from the com-
parison of the bulk velocity values with the filtration
velocity of the binder. Flow instabilities associated with
the filtration mechanism become predominant when the
filtration velocity is comparable to the bulk velocity
of the suspension flowing in the capillary. Although
the mechanism of such flow instabilities were known
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Figure 7 Corrected wall shear stress vs. apparent shear rate for 50 vol. %

Figure 6 Apparent wall shear stress vs. apparent shear rate of 50 vol. %eramic suspension at 176 and capillary length/diameter ratio of 57.6.
SiC suspension at 17& and capillary length/diameter ratio of 57.6.

binder layer at the wall, the shear rate at this slip layer
for some highly filled suspensions [18, 19], this is thecan be calculated using the following [15]
first demonstration of this effect for ceramic suspen-
sions. The occurrence of filtration based flow instabil-
ities necessitate that capillary flow data be collected
only for one shear rate at each filling of the barrel. Such ) . ) , )
demixing of the binder and the solid phase is also exWhere np is the viscosity of the Newtonian binder
pected to occur during the extrusion or injection mold-2Nd ¥w.p is the shear rate prevailing in the binder-
ing of such ceramic suspensions, especially when sigr-'c_h apparent-shp region. For relatively small slip Iayer
nificant reductions in channel cross-sectional area arglickness the slip velocity at the wall can be determined

Tw

J'/W,b|rw = (9)
b

present. from [15]
The mean values of pressure drop were obtained for Us
each shear rate from the time-dependent pressure drop Ywb = 3 (10)

data by using only the data collected during the first

few minutes of each run. This was done in spite of thayherey is the slip velocity at the wall andlis the slip
known limitations of averaging when flow instabilities layer thickness. Previous findings of Kalyon and co-
are present. Fig. 6 shows the relationship between aggorkers provide some guidance to how the slip layer
parent shear stress and apparent shear rate for thrg§ckness can be determined [39]. For exantpteay

capillaries with differing diameters but with a constant e |inked to the harmonic mean diametBx, of the

error bars were determined using 95% confidence inter-
val, determined according to Studentis@istribution. Dp
Fig. 7 shows the wall shear stress, corrected for end §= ) (11)
effects, as a function of apparent shear rate for the
data reported in Fig. 6. With the exception of the sheafFrom the particle size distribution of silicon carbide par-
rates smaller than 100°% the shear stress decreasesticles presented in Fig. 1b, the harmonic mean particle
with decreasing capillary diameter (increasing surfaceliameter,D,, of the ceramic particles was obtained
to volume ratio of the die). This behaviour is a typical
precursor of wall slip [15]. As the surface to volume 1 -1
ratioincreases (proportional to reciprocal diameter), the Harmonic mean= (Z —V,-) (12)
effect of wall slip becomes more pronounced; thus re- i Dj
ducing the pressure drop through the capillary with de-
creasing capillary diameter at constant length/diametewhereV; is the volume fraction of particlgwith diam-
ratio. eterD;. The harmonic mean diameter of silicon carbide
Assuming that the wall slip occurs on the basis of theparticles was I um. Hence, the slip layer thickness
formation of a lubrication layer, i.e. pure Newtonian according to Equation 11 is around®@m.
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Figure 8 Slip layer thicknesses of extrudates of ceramic suspension ass 400

determined from scanning electron microscopy. )
200 |
A correlation ofs/Dy versusg /¢m was developed ok

by Yaras and Kalyon [39]. The data exhibited a linear 0 5000 10000 15000 20000 25000
behaviour between the slip layer thicknesspver the
mean particle diameteBy, i.e. /Dy, ratio, versus the Tw » Shear stress at the wall, Pa

volume percent of the particleg, over the maximum
packing fraction of the particlegy, i.e. ¢/¢m. This
correlation which included data from multiple suspen-
sions predicted a slip layer thickness of abo/0m
for the ceramic suspension of this study. The slip velocity values were determined also using
Using a third analysis technique, the slip layer thick-the Mooney analysis method outlined in Equations 5—
ness was also determined directly from the scannin@. Mooney analysis also generat@g/ Q values which
electron micrographs of samples extruded during there equal to or greater than one corroborating again that
capillary flow experiments. The apparent slip layerthe ceramic suspension flows as a plug lubricated at the
could be discerned with SEM as distinct binder lay-wall. Furthermore, attempts to characterize the ceramic
ers on the surfaces of the as-extruded samples. Aguspension using rotational rheometry also gave rise to
relatively high magnifications, edge-on measurementsall slip and concomitant plug-like flow of the suspen-
were carried-out on those regions of the surface slip laysion during steady torsional flow.
ers which were partially detached and bent upon exit Because wall slip was determined to play such a key
from the die. EDX analysis further confirmed the ab-role the surfaces of the extrudates were analysed. The
sence of SiC in these layers. These measurements wegffect of capillary diameter on surface roughness of
thus used to determine the thickness of the apparerihe extrudate is shown in Fig. 10. The capillaries had
layer thickness in various extruded grains. The distributhe same length over diameter ratio but differed in their
tion of the slip layer thickness values determined usingliameters. These results suggest that the smallest diam-
SEM and EDX are shown in Fig. 8. This distribution eter (1.32 mm) gives rise to the greatest surface rough-
has a mean thickness value o2Rum which agrees ness values for all three extrusion rates. The surfaces
with the apparent slip layer thickness value, i.2,0m  of the extrudates extruded at the highest extrusion rate
determined from using Equation 11 and the correlatiorare considerably rougher than those extruded at smaller
reported in [39]. cross-head speeds. These results again attest to the im-
The slip velocity as a function of wall shear stressportance of surface phenomena in controlling the ex-
behaviour determined with two methods are shown irtrusion behaviour of such ceramic suspensions and the
Fig. 9. The wall slip velocity increases with increas- role played by the surface to volume ratio of the die
ing wall shear stress. Such wall slip behaviour of con-used in extrusion process.
centrated suspensions are known to significantly affect
their processability in various extrusion [40-42] and
moulding flows. From the slip velocitys, values, the 4. Conclusions
ratio Qs/Q, i.e. the volumetric flow rate due to slip The capillary flow behaviour of a simple ceramic sus-
over the total volumetric flow rate could be calculatedpension consisting of a wax/stearic acid binder and 50%
using Equation 8. It was found that &s/Q values by volume of SiC particles was investigated employ-
calculated using Equation 8 were consistently equaing capillaries with systematically varied diameters and
to or greater than one, which indicated that the nalength/diameter ratios. The capillary flow experiments
ture of the flow in the fully developed flow section of revealed that this ceramic suspension generally flows
the capillary was plug flow. Obviously, values greateras a plug lubricated at the wall by the formation of a
than one are not realistic but the consistent trend wabinder-rich apparent slip layer. The thickness of the ap-
the formation of plug flow lubricated at the wall, with parent slip layer was determined to be in the range of
an apparent slip layer consisting of the binder. Sucl0.17 to 022 m. The plug flow of the ceramic suspen-
plug flows were observed during the rheological charsion occurs concomitantly with the axial filtration of
acterization of various other highly filled materials alsothe low viscosity binder which is superimposed on the
[15, 16]. bulk flow of the suspension. These results indicate the

Figure 9 Slip velocity as a function of wall shear stress for 50 vol. %
ceramic suspension at 176.

5065



20-67 31

79-215 5

7862650 51

Figure 10 Scanning electron micrographs of surfaces of ceramic suspension samples extruded from capillaries with diameters of 1.32, 1.59 and
1.98 mm (15 magnification).

difficulties associated with the rheological characteri-metric Scientific. We are grateful for the input of Dr P.
zation of concentrated suspensions of ceramic particle¥aras, Dr B. Aral, and Dr T. Fiske and Dr A. Wagner
and the precautions which are necessary. Furthermoren various aspects of the reported results.

various phenomena reported here including filtration

based flow instabilities, wall slip and viscoplasticity

should also prevail at various processing flows such as

the extrusion [40-43] and injection moulding of such References
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