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Abstract

The flow behavior of particles size about 10 um of molybdenum and alumina powders in liquid paraffin at 20 °C has been eval-
uated under maximum shear rate D values of 100 (s~'), 200 (s~!) and 400 s~!. The molybdenum suspensions slowly deviate from
the Newtonian behavior while the alumina ones obey the Herschel-Bulkley model. The viscosities of the suspensions increase with
the volume fraction (®) of dispersed solid phase. The molybdenum/paraffin system obeys the Einstein equation, while the alumina/
paraffin one obeys the Krieger—Dougherty equation. The intrinsic viscosity of the molybdenum suspensions is about 10, while the
one calculated for the alumina/paraffin dispersion is 5. The spreading data give an apparent surface diffusion coefficient equal to
5.1x10~3 mm? s~! for the molybdenum/paraffin system, and equal to 2.6x10=2 mm? s~! for the alumina/paraffin one. The average
advancing dynamic contact angle for the molybdenum/paraffin system is equal to 26 and equal to 17 for the alumina/paraffin one.
The interfacial data have been discussed on the background of a new theory on nanometric film and drops on non-equilibrium solid
surfaces. The average potential of interaction between the solid surfaces and the liquid paraffin has turned out to be equal to
—60.9x1073£ 1072 J m~2 for molybdenum and —62.6x 107341072 J m~2 for the alumina one. The difference among the interfacial
solid-liquid data can explain the observed differences between the bulk rheological properties of the 10 pm particle sized disper-
sions. The results allow us to expand to these kinds of dispersions the tailoring methods adopted for the ceramic colloidal disper-

sions. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Much ceramic processing before firing requires an
intimate degree of mixing between different kind of
powders in order to produce dense bodies with high
mechanical properties. The system formed by mixing
alumina particles and molybdenum grains both in the
micro and metric size range, has been proved to be a
promising one for coupling high Young modulus with
good toughness.!~ How to obtain a green body formed
with alumina and molybdenum powders homo-
geneously mixed at the micro-scale is still a technologi-
cal barrier that needs to be overcome. Dry mixing
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methods have failed in obtaining this goal, due to the
great difference in the intermolecular and interparticle
forces of the ceramic and the metal phases. Wet-pro-
cessing methods are promising but they should be fur-
ther explored. Because of the high difference in specific
density between the metal and the ceramic phase and
because of the oxidation properties of the metal, it is not
so easy to choose a dispersing liquid medium where the
metal particles do not react and do not settle during the
mixing process. In a framework of a nationwide project
on ceramic-metal composites,® we have obtained pro-
mising results’ in mixing a suspension of about 10 um
Mo and Al,Oj3 particles in low viscosity liquid paraffin
at 20 °C. However, any further progress in this area
requires an advance in the knowledge of the flow beha-
vior of this kind of suspension. For particles with at
least one dimension in the range 10~3~1 pm (colloids),
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dispersed in a liquid phase, it is well known that bulk
macro scale viscosity is significantly related to solid—
liquid interfacial properties.® Because of this the global
rheological behavior of the suspension can be controlled
through the solid—liquid interfacial forces, which does
matter for surface diffusion, interfacial shear viscosity,
interface solute adsorption and interfacial surface gra-
dient.® Composition and microstructure of the dispersed
solids are strongly related with the macro-flow behavior
of the suspension, thus the control of these solid phase
microstructures can be done by tailoring the solid/liquid
interfacial transport phenomena.!%!! It would be highly
desirable to achieve the same results when the dispersed
powders have an average dimension bigger than that
corresponding to the colloidal particles. A distinguished
feature of all colloidal systems is that the contact area
between the particles and the dispersing medium is so
large as to enhance the value of the total interfacial
energy terms and of the related solid-liquid interfacial
properties. When the dispersed particles are in the ten
micrometers size range the value of the contact area is
reduced from the one concerning the colloidal systems.
However, the solid-liquid interfacial terms might still
play a role, if the interfacial solid—liquid forces are so
strong to compensate the reduction in the surface area
value. Normal alkanes of general formula (CH;-
(CH»),—CH3) can have low viscosity and be liquid at
temperature of 20 °C when # is in the range between 15
and 40.'3 The molecules develop a molar cohesive energy
per (-CH»-) group which is about 6.9 kJ mol~!.'* When
these molecules are near to an oxide surface like alumina,
and/or to a metal surface like molybdenum, they can be
adsorbed on it, due to the action of strong and long dis-
tance van der Waals forces.'>!* Thus, the interfacial
properties of molybdenum/paraffin and of alumina/par-
affin suspensions might have an influence on the corre-
spondent flow behavior even when the dispersed particles
are in the micrometer size range.

The experiments discussed in this paper have been
designed to obtain data on the flow behavior of the
paraffin suspensions, on the spreading rates of the par-
affin on alumina and molybdenum substrates and on the
corresponding paraffin dynamic contact angles. Whe-
ther or not the difference between the bulk viscosity
values can be related with the difference between the
interfacial solid/liquid properties is the item that will be
discussed and illustrated in the following. A positive
answer to this question might lead to new and inventive
ways of adjusting processing parameters and particles
dimension to enhance the degree of mixing between cera-
mic and metal powders at the micro-scale level. As far as
we are aware, the systems alumina/paraffin and molyb-
denum/paraffin have not been extensively studied yet,!>
thus the data presented here can set the case for a closer
observation on the nature of the interfacial phenomena
with scanning polarization force microscopy (SPFM).!¢

2. Experimental
2.1. Materials

Two kinds of alumina powders were used throughout
this work to form suspensions with liquid paraffin at
20 °C and at different volume fraction (®=v/v) . The
first set of samples (I-Al,O3) was characterized by a
degree of purity equal to 99.8%. The grain were almost
monosized with an equivalent spherical average dimen-
sion of about 7 um in diameter. The second set of spe-
cimens (II-Al,03) had a degree of purity equal to 99.7%
and was formed by a mixture of grains in the sub
micron and in the ten micron size range. Two kinds of
high purity alumina plates 0.7 mm thick and 2D
dimensions, respectively equal to 50x50 and 10x 10 mm
were used as the substrate for spreading measurements
of the liquid paraffin and for dynamic contact angle
analysis.

Molybdenum powders with a degree of purity equal
to 99.5% were used to form a suspension with liquid
paraffin. Molybdenum plates, 0.7 mm thick and planar
dimension, respectively equal to the ones above repor-
ted for alumina were used for spreading and dynamic
contact angle measurements.

Commercial liquid paraffin, as liquid phase at 20 °C,
formed by a mixture of C;5—Cy4g alkanes with density of
0.850 g cm—3, was used as the dispersing medium of the
ceramic and of the metallic powders.

Acetone (99.8%), n-hexane (99%), o-xilene (99%)
were used to clean the alumina and the molybdenum
plates before any spreading and dynamic contact angle
measurements.

3. Methods
3.1. Powders characterization

SEM observations up to x10,000 were made on both
ceramic and metallic powders. The image Pro Plus
software program was used to elaborate the SEM pic-
tures and to find the average grain size distribution. To
establish whether or not the molybdenum powders were
covered by a thin film of oxide, a sample of molybde-
num powder was placed into a thermobalance and then
it was heated up to 1100 °C at a heating rate of 10 °C
min~! in a 1 atm nitrogen environment with a flux of
nitrogen and 3% of hydrogen. Weight loss has been
continuously recorded.

3.2. Suspensions preparation and rheological
measurements

Dispersion of alumina and molybdenum particles
were directly prepared by mixing a weighted quantity of
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the solid phases with liquid paraffin at 20 °C. The pow-
ders were placed in a beaker with the mixing liquid and
stirred by a rotating magnetic stirrer at a rate of 200
min~! and at 20 °C under vacuum. It has been observed
that this procedure allowed us to get rid of the air
entrapped among the particles and it improved the
wettability between the liquid paraffin and the solid
phase. A laboratory rheometer ‘“Rotovisco RV 20*
equipped with Searle system shear-controlled head M5
and a NV sensor in double vain geometry was used to
evaluate the flow behavior of the suspensions. The space
between the inner and the outer cylinder of the stator
(cup), filled with the suspension, accepts the bell-shaped
rotor as it can be seen in Fig. 1. Because of the low
thickness between the wall of the sensor, about 0.35
mm, the profile of the tangential velocity inside the sus-
pension is linear for each applied shear rate D. The
temperature was set and controlled at 204+0.1 °C. Cali-
bration of the instruments has been done using the
liquid paraffin (n=0.20 Pas) as sample test. Taking into
account all sources of experimental errors it has been

Fig. 1. Schematic representation of NV sensor in AISI 316 stainless
steel: R1=17.5 mm, R2=17.85 mm, R3=20.1 mm, R4=20.5 mm,
L =60 mm.

observed that the scattering on the viscosity measure-
ments was equal to #1072 Pas. Each suspension
underwent four times to the following cycling: constant
acceleration from 0 to the max D, symmetrical return to
quiet; every step lasting 60 s. The D max value was fixed
respectively equal to 400, 200 and 100 s~!.

3.3. Liquid paraffin spreading measurements

Alumina plates of 50x50x0.7 mm were first
immerged in a vessel containing n-hexane, for 20 min.
Then the sample was taken out and placed in a second
vessel with acetone for the same time. Finally it was
dried and as soon as a possible it was used as a substrate
for a liquid paraffin drop. Drops, whose volumes varied
from 0.7 to 2 mm?> were generated by a sterile syringe.
The drops were placed on a substrate where a scale had
been previously fixed to follow the spreading. Pictures
were taken every 5 min. It was observed that within 60
min, the drops, independently from their initial volume,
stopped spreading. The images of the drops were taken
through a digital system of acquisition coupled with an
optical microscope at x6.5 magnification. The experi-
ments were run at room temperature. Molybdenum
plates were used in the same way but, for any spreading
test, they were also cleaned with a mixture of xilene
(50%) and of n-hexane (50%) before the normal hexane
treatment.!”

3.4. Dynamic contact angle measurements

The well-known Wilhelmy slide method'# was used to
measure the advancing and receding dynamic contact
angle between liquid paraffin and the two metal and
ceramic solid phases. Cleaned plates of alumina and
molybdenum (10x 10x0.7 mm) were hung from the wire
of a microbalance and then immersed, at constant
speed, into the liquid paraffin as illustrated in Fig. 2.
After that the samples had reached a depth of 2-4 mm
into the liquid phase, selected according to the speed,
they were taken out at the same velocity. The in—out

TF=Fome,mN

Plate —>

Fig. 2. Drawing of the plate just immersed into liquid paraffin, zero
level ZDOI, in the dynamic contact angle analyzer.

L = Wetted Length, mm

_ZDOl
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loop was automatically performed and repeated on
fresh and clean sample three time to test the reproduci-
bility of the data. Six different velocities, ranging from 2
to 24 um s~!, were used in different loops to establish
the dependence of the dynamic contact angles from the
in—out speed. The resulting force acting on the sample
was continuously recorded. The dynamic contact angles
were evaluated from the value of the resulting force
which reads:'®

F' = F—mg = Pycos® — pgV’ 1)

At zero level (ZDOI) there is no immersed sample
(pgV =0) thus:

F' = F — mg = Pycos?t 2)

where FT is the total force measured by the instrument;
m, P are, respectively, the mass, the immersed perimeter
of the sample; # is the contact angle and y is the surface
tension of the liquid. The sensitivity of the instruments
is about +10~2 degrees for measurements of the contact
angle and £10~* mm as far as the stage travel is con-
cerning. Experimental errors on the same samples tested
under the same conditions have turned out equal to
4+4% of the measured value. Calibration of the instru-
ment was done by measuring the surface tension of
water for chromatography (HPLC) with a plate glass.
The measured value was 72.28 dyn cm™!, very close
indeed to the tabulated value of 72.75 dyn cm~! for
absolute pure water.'* The surface tension of the liquid
paraffin was consequently measured.

4. Results and discussions

Figs. 3 and 4 show, respectively, the typical micro-
structure of I-Al,0; and Mo particles that have been
used as dispersed solid phase in liquid paraffin at differ-
ent concentration (% in v/v). The I-Al,O3 particles
(Fig. 3) have a block-like shape somewhat plate-like

Fig. 3. Typical SEM picture of I-Al;0; powder (1000x).

with a narrow size distribution. The grains are not por-
ous and by assuming a spherical equivalent model with
particles of about 7 um in diameter, a specific surface
area of 0.21 m? g~! can be derived. The molybdenum
powders (Fig. 4) are formed by round individual grains
of about 2 um which are joined through grain bound-
aries in clusters that can be estimated as 10 pm in size.
The calculated value of the correspondent specific sur-
face area is equal to 0.29 m? g~!. On these grounds it
can be argued that when these powders are dispersed in
liquid paraffin at the same volumetric concentration, the
solid-liquid interfacial area should be almost the same
for both suspensions providing we neglect the solid—
solid particle interactions.

Fig. 5 shows the typical flow curves 7 vs. D, t, being
the applied shear stress (Pa) and D the shear rate (s7!),
for 10% Mo-dispersion (curve a), 10% I-Al,O3 disper-
sion (curve b), and liquid paraffin (curve c¢) at 20 °C.
The liquid paraffin and the molybdenum suspensions
show a linear behavior which is typical of Newtonian
fluids. The corresponding viscosity for these kinds of

LA -

Fig. 4. Typical SEM picture of molybdenum powders (1000x).
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Fig. 5. Typical flow behavior for: (a) 10% molybdenum con-
taminated/paraffin suspension; (b) 10% I-Al;O5/paraffin suspension;
(c) liquid paraffin; maximum applied shear rate D=100 s!.
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fluids are, respectively, equal to 0.20 Pas (liquid paraffin)
and 0.6 Pas (molybdenum suspension). The flow beha-
vior of the I-Al,O5; suspensions (curve b) obeys the
Herschel-Bulkley model:'®

T=1"+n*D" 3)

where n* is an apparent viscosity and # is a phenomen-
ological coefficient. From the experimental data (see
Fig. 5) the value of these parameters are n*=0.3 Pas
and n=0.75 . No significant 7° has been observed when
the volume fraction of the dispersed (I-Al,O3) powders
is less than 0.15.

Fig. 6 (squares=I-Al,03, circles=Mo) shows the
dependence of the phenomenological coefficient n from
the dispersed solid volumetric fraction (®). In agree-
ment with the Newtonian behavior of the 10% molyb-
denum suspension (see Fig. 5) the corresponding value
of n is very near to unity (0.96) and it does not change
with the increase of the dispersed solid volumetric frac-
tion. For the I-Al,O5 suspensions (squares, Fig. 6) the
exponent n decreases as the concentration of the dis-
persed ceramic phase is increased between 0.02 and 0.20
(v/v). It has been observed that the ceramic-paraffin
dispersions show a plastic behavior, with a yielding
stress t° greater than 5 Pa, when the I-Al,O; powders
volume fraction exceeds the value of 0.15. Accordingly
the alumina particles dispersed in paraffin should have a
tendency to aggregate at a higher concentration.® The
tabulated Hamaker constants'3 for alumina and metal
across water are respectively 3.67x1072° J and 30-40x
1020 J. If this difference holds also for liquid paraffin,
the long range attractive van der Waals forces are greater
between the Mo particles than between the Al,O3 ones. It
is, therefore, surprising that Mo-suspensions do not
show any yielding stress when the dispersed metal con-
centration increases. Very reasonably a thin layer of
oxide covers the metal surface particles. Indeed weight
loss measurements carried out on the molybdenum

0.9
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Fig. 6. Effect of the dispersed volume fraction on the value of phe-
nomenological parameter 7: circles=molybdenum contaminated/par-
affin system, squares=I-Al,Os/paraffin system; linear regression are
marked for both systems.

powders show that these powders, between 500 and
600 °C, lose the 1% of the initial weight when they are
heated in a nitrogen environment with a flux of nitrogen
with 3% of hydrogen. Assuming for the molybdenum
oxides an average density of 5.58 g cm—3,!2 the thickness
of the film of oxide on the molybdenum particles can be
calculated to be in a range from 5 to 7 nm.

Fig. 7 shows the effect of the concentration of the
dispersed solid phase on the apparent viscosity of the
Mo (circles) and of the I-Al,O5 (square points) suspen-
sions. In agreement with the expected predictions for
suspensions that obey the Newton and the Herschel-
Bulkley model,®?°, the viscosity of the Mo dispersion
and of the I-Al,O3 dispersion increases with the con-
centration of the solid dispersed phases. For the molyb-
denum suspensions, that slowly deviate from the Newton
law, the effect of solids loading on its flow behavior is
described by the well known Einstein relationship:

n = nc(l + ¢[n) ®)

where 5 is the intrinsic viscosity and nc is the viscosity
of the dispersing medium. For the alumina suspensions,
the Krieger-Dougherty equation,?! which reads:

(~Inéw)
n= nc<1 - q%) (6)

where ¢y is the maximum volume fraction of the solid
dispersed, can be used to fit the experimental data if the
value of the intrinsic viscosity is known. When the dis-
persed solid volume fraction, @, is less than 0.05 the
hydrodynamic and Brownian many-body interactions
should not affect the rheological bulk behavior. In this
dilute system regime the intrinsic viscosity?? of the sus-
pension is defined as:

Viscosity [Pas]
e <
@ [--3

&
a

-
L}

o

0 0,05 0,1 0,15 02

Solid volumetric fraction

Fig. 7. Effect of the dispersed solid volumetric fraction on the viscos-
ity of the suspensions: circles=Molybdenum contaminated/paraffin
suspensions, squares=I1-Al,O;/paraffin dispersed solid volumetric
fraction; curve a: Einstein linear regression; curve b: Krieger-Dough-
erty regression; o =initial slope for molybdenum contaminated/par-
affin system, «, =initial slope for I-Al,O3/paraffin system.
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with the above mentioned symbolic notation. The
intrinsic viscosity should be equal to 2.5, if the particles
are hard-spheres and if the dispersing medium is New-
tonian.??> From the value of the initial slope o and as
(see detail in Fig. 7), the intrinsic viscosity has been
calculated equal to 10.24 for Mo-paraffin suspensions,
and equal to 4.9 for the I-Al,Os/paraffin one. Both
values are greater than Einstein’s prediction. As it has
been observed?® this may be due to the effect of particle
shape; however, the observed difference may also be
related to the differences in interfacial viscosity between
the ceramic and the metal paraffin dispersion.® On the
grounds of these results the Krieger-Dougherty model
fits the I-Al,0O5 experimental data when &y, is equal to
0.33.

Figs. 8 and 9 describe typical overviews of two drops
of liquid paraffin spreading, in air, over substrates of
molybdenum (Fig. 8) and of alumina (Fig. 9). The radii
of the drops (R;), measured at the solid/liquid interface
level (see Experimental section), are changing with time
accordingly to a kinetic illustrated in Fig. 10. The radius
dynamic is closely fitted by a diffusive like law:

=
=

Rl'O(D -t (7)

for a period included between 1 and 45 min. Visual
observations indicate that the drops spontaneously stop
to spread on both substrates after about an hour. The
shape of the drops on the Mo substrate is characterized

by a finite contact angle value at the solid/liquid inter-
face level for all the spreading period. The value of the
contact angle has been measured near to 15° at the end
of the spreading step. By comparison with these data,
the shape of the drops on the alumina substrate seems
to be characterized by a lower topographic height and
by a final contact angle value near to zero. Evidently the
drop of liquid paraffin tends to spread as a liquid film
on the alumina substrates, while it tends to stand as a
drop on the molybdenum one. The coefficient D has
been evaluated to be equal to 2.6x1072 mm? s~! for the
Al Os/paraffin interface and equal to 5.1x 1073 mm? s~!
for the Mo/paraffin one. Taking into account that for
metals like Mo the freshly cleaved surfaces are readily
contaminated in air,?® and considering the experimental
results obtained by heating the molybdenum powders in
nitrogen flux, we can reasonably argue that a thin film
of molybdenum oxide is also located on the Mo-plates
which have been exposed to the air. If the Mo-surface
would be formed by freshly cleaved metal, the liquid
paraffin would spread on it at a higher rate because of
the value of the metal Hamaker constant.'® Since this
evidence has not been observed, the metal surface has to
be contaminated. From here on let us to call the Mo-
plates tested in air and/or in the paraffin environment as
Mo-contaminated samples. Viscous flows are acting at
the solid/liquid interface during the spreading of the
paraffin drops on different substrates. Thus the surface
diffusion coefficients are inversely related with the par-
affin surface viscosity. Accordingly the paraffin surface
viscosity at the Mo-contaminated/paraffin interface is
higher than the paraffin surface viscosity on the Al,O3
substrates. This result is in nice agreement with the
observed difference between the intrinsic viscosity of the
Mo and of the Al,O3 paraffin suspensions.

Fig. 8. Overview of liquid paraffin drop on molybdenum contaminated plate; (a) after a period of time equal to 5 min; (b) after a period of time

equal to 45 min.
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Fig. 9. Overview of liquid paraffin drop on alumina plate; (a) after a period of time equal to 5 min; (b) after a period of time equal to 45 min.

55 1

Drop radius [mm]

45

5 10 15 20 25
t"z[s"‘]

Fig. 10. Kinetic of spreading of liquid paraffin sessile drops on differ-
ent substrates; square: on alumina plate; circles: on molybdenum con-
taminated plate.

Figs. 11 and 12 illustrate the values of the advancing
and receding dynamic contact angles measured on the
same Mo-contaminated/paraffin (Fig. 11) and Al,Oj/
paraffin (Fig. 12) systems with the Wilhelmy slide
method.!# Since the spreading of the paraffin over the
metal and the ceramic substrates involves the flow of
fluid over the solid, the contact angles also depend on
the speed at which the solid slab advances or recedes
into the paraffin. The value of the angles evaluated
from:

0:0) = lim ;(v:) ®)

where ©; is the advancing and/or the receding angle and
v; is the slab speed into the paraffin, is related with the
static quantity that quite often'®!# is used in describing
the equilibrium and/or the quasi-state equilibrium
between a liquid drop and/or film over a solid surface.
By applying the Eq. (8) to the data of Figs. 11 and 12
the static contact angle values reported in Table 1 can
be derived. It is possible to observe that both advancing

40
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Fig. 11. Effect of the speed of immersion on dynamic contact angle
measurements for molybdenum contaminated/paraffin system. Inter-
cept of the dotted curves with vertical axis leads to static contact angle
value.
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Fig. 12. Effect of the speed of immersion on dynamic contact angle
measurements for alumina/paraffin system. Intercept of the dotted
curves with vertical axis leads to static contact angle value.

and receding angles in the Mo-contaminated/paraffin
system are always greater than the corresponding values
in the AlL,O;3 /paraffin one. Furthermore for both sys-
tems the advancing angle is always greater than the
receding one.

To understand these results a detailed thermodynamic
analysis for nanoscale films and macroscopic drops on
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Table 1

Alumina/paraffin and molybdenum/paraffin dynamic contact angles and calculated interaction energies

Samples Static advancing angle Static receding angle Calculated interaction Calculated interaction
(degrees) experimental (degrees) experimental energy for advancing energy for receding
error £4% error +4% step A (J m™?) step A (J m?)

Alumina paraffin 17 0 —62.6x1073 —64.0x1073

Molybdenum paraffin 25 12 —60.9x1073 —63.3x1073

solid substrates is required. Here we summarize briefly
the basic findings already published by Searcy,>* which
gives the key elements to discuss the above reported
data. The Young—Dupre equation assumes that a drop
takes a shape on a planar surface that minimizes the
sum of the particle-vapor, substrate-vapor and particle-
substrate integral interfacial free energy.?* But quite
often the substrates interfaces are thermodynamically
unstable relative to roughening and to impurities. In
this more realistic case, it is possible to work-out a
model that allows us to derive the shape of the drop on
the assumption that the partial free energy of the drop
reaches a minimum value, but the partial free energy of
the substrate may not. Accordingly, the value of the
liquid/solid contact angle can be written as:*

r+4
1

cosy = —

)

where y is the surface tension of the liquid and 4 is the
average partial free energy of bonding of the liquid to
the substrates. The quantity A is dependent upon all
repulsive and attractive forces acting from the first
adsorbed layer to the last one before the bulk liquid
phase. Its value, negative for all effective contact angles
ranging between 0 and 90°, is an indication of the sta-
bility of molecules inside the solid/liquid interface.
Films will be formed when cosf=1, id. when 1= —2y.
This condition makes the average free energy of the
molecules of the film less than that of the molecules in
the bulk drop phase. The existence of a liquid drop over
the substrate means that the bonds between the liquid
molecules and the solid surface have decreased their
strength.

Application of Eq. (9) to the static contact angle cal-
culation (Table 1) of paraffin on Mo-contaminated sur-
faces and on Al,O; ones makes it possible to make the
following remarks. Despite the solid substrate, the
advancing contact angles are always greater than the
corresponding receding angles, because a thin layer of
liquid paraffin can be formed on the solid surface after
the solid slab has been introduced into the paraffin and
then receded from it. Indeed in such a case the strength
of the bonds between two molecules of paraffin is
always greater than the bonds between the molecules of
paraffin and any solid ‘clean’ surface. In agreement with
Eq. (8) the corresponding effective contact angle has to

decrease. The cosine of the receding angle is equal to 1
for the Al,Os/paraffin systems, and is equal to 0.98 for
the Mo-contaminated/paraffin interfaces. Thus, the
nature of the liquid thin film formed between the metal-
contaminated surface and the paraffin has a lower sta-
bility than that formed between the alumina surface and
the paraffin. The experimental value of the paraffin sur-
face tension turned out to be equal to 32x1073 J m—2.
Using this value with the different contact angles, Eq.
(8) leads to the average partial free energy of the mole-
cules of the solid/liquid interfaces for the different
situations (see Table 1, last columns). For the Mo-con-
taminated/paraffin system this parameter is equal to
—60.9%10734+1072 J m~2 when the Mo-contaminated
slab is introduced into the paraffin and it is equal to
—63.3x1073£10"2 J m~2 when the Mo-contaminated
slab is taken out from the liquid phase. By comparison
with the same experimental situation the Al,Os/paraffin
system yields to —62.6x10734+1072 J m~2 and —64.0x
107341072 Jm~2. If the average potential /4 and the
surface tension y are the parameters that govern the
equilibrium shape of a liquid drop over a substrate, the
thermodynamic driving force that rules any movement
of the drop on the surface should be described in terms
of differential decreases of these integral and partial free
energies. When two equal drops of paraffin are placed
on two different substrates in a non-equilibrium state,
they will tend to an equilibrium state. The lower the
average partial free energy /, the greater will be the
change in the free energy, that will drive the system to
the final solid/liquid equilibrium configuration. Thus, if
the kinetic terms concerning the dynamics of the paraf-
fin on the two substrates are comparable, the tendency
of a liquid paraffin to spread over a solid substrate
would be enhanced by high strength bonds between the
liquid phase and the substrate. The above reported cal-
culation suggests this possibility, while the measured
paraffin spreading data are an indirect confirmation of
this inference. When viscous flow mechanisms are asso-
ciated with the spreading step also the surface viscosity
of the liquid paraffin should be decreased by the exis-
tence of low negative values of A, because the strong
bonding of the paraffin to the substrate can make a
paraffin film more stable than a paraffin liquid drop.
The difference in the diffusion coefficient values con-
cerning the Mo-contaminated/paraffin system and the
alumina/paraffin one are consistent with these observa-
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tions when they are compared with the corresponding
differences in A. Following this line of argument the
experimental data reported in this paper also illustrate
that the lower the calculated average interface partial
free energy A, the lower is the bulk viscosity and the
intrinsic viscosity of the suspensions. On these grounds
it seems reasonable to conclude that to control the bulk
rheological behavior of 10 um sized Mo and Al,O3
particles dispersed in liquid paraffin, it is important to
control the interfacial solid/liquid forces as they happen
in the colloidal ceramic processing.’

As an example of this possibility let us consider a dif-
ferent type of alumina formed by a set of particles
averaging around 15 pm in size mixed with <1 pm
grains of the same chemical composition (see Fig. 13).
When these particles are dispersed in paraffin the con-
tribution of the interfacial solid/liquid energy is higher
than that concerning the 10 pm particles dispersed in
paraffin at the same volume fraction, because the value
of the interfacial solid—liquid area is increased. The
prediction, based upon the findings and model discussed
above, is that the value of the viscosity of the new alu-
mina suspension should increase with respect to the
value obtained with alumina suspension at the same
volume fraction where the interfacial terms play a minor

—_

Fig. 13. Typical SEM picture of II-Al;05 powder (1000x).

D [1/s]

Fig. 14. Typical flow behavior for alumina/paraffin system: (b) 10%
1-Al50; suspension; (d) 10% II-Al;05 suspension; maximum applied
shear rate D=100 s~ .

role. Fig. 14 (compare the slopes of curves b and d)
proves that this is the case. Furthermore, since a low-
ering of the interfacial partial energy level corresponds
to an increase in the global interfacial forces between
the particles, the new suspension can be characterized
also by significant yield stress t,. The data reported in
Fig. 14 (see curve d) are consistent with this interpreta-
tion.

5. Conclusions

1. Powders of contaminated molybdenum in the 10
pum range size dispersed in liquid paraffin at 20 °C
obey the Newton law, equivalent interfacial
solid/liquid area of alumina/paraffin suspension
obey a flow behavior described by the Herschel—
Bulkley model.

2. The dependence of viscosity on the volume frac-
tion of the dispersed solid phase has been proved
to fit the Einstein equation for molybdenum sys-
tem, and the Krieger—Dougherty relationship for
the alumina system.

3. Spreading of liquid paraffin at 20 °C and dynamic
contact angle measurements on molybdenum
contaminated surface and on alumina one show
that the interaction between the molybdenum
contaminated surface and liquid paraffin are
stronger than those arising in the alumina/paraf-
fin system.

4. The evidence that the intrinsic viscosity of the
molybdenum contaminated suspension is greater
than the intrinsic viscosity of the alumina one
can be related to the evidence that the interaction
between the Mo-contaminated surfaces and par-
affin are greater than the same interaction
between the alumina/paraffin system.
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