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Abstract

The influence of three surfactants (stearic acid, octadecylamine and octadecyl-trimethoxysilane) on the dry-pressing behaviour of silicon
nitride powders was investigated with an instrumented compacting tool. The study reveals that friction processes have a large impact on the
compaction behaviour as well as on the properties of green bodies (density, strength, gradients, macroscopic defects). All surfactants reduce
friction by boundary lubrication. However, the functional groups cause different interactions of the surfactant molecule with the powder
surface, and therefore, different lubrication properties. Octadecyl-trimethoxysilane can form a stable, covalent bond to the powder surface.
Hence, it effectively reduces powder—powder friction, but is of little influence on powder—wall friction. This surfactant causes a significant
increase of the green density but has only a limited effect on axial density gradients and strength of the green bodies. Stearic acid and
octadecylamine have functional groups, which cause only adsorption processes. Therefore, such compounds exhibit an opposite lubrication
behaviour with a high efficacy on the die wall. For silicon nitride, stearic acid is more effective than the octadecylamine due to a stronger
adsorption of the amine to the silica-like powder surface.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: SizN4 powders; Surfactants; Lubricants; Pressing; Instrumented press

1. Introduction Recently, the possibilities of influencing the compaction
behaviour of silicon nitride by means of a silanisation of the
Uniaxial dry pressing is an inexpensive forming process of powder surfaces were describedappeared to be of interest
increasing importanceOn the other hand, there is a lack in  to continue these experimental studies with a special focus
systematic knowledge about the role of the organic additives, on the active friction processes and, considering the problems
necessary for powder compactidin this paper, the interac-  caused by density gradients in the green bodies and the wear
tions between these additives on the one hand and the surfacef the die, the possibilities of lowering pressure gradients in
of the ceramic powder on the other are investigated during thethe axial and radial directions.
compaction process with an instrumented compacting tool.  Therefore, a number of organic additives were chosen,
With such a device a dynamic in situ measurement of rele- from which a different influence on the friction processes
vant processes during compaction, unloading and ejection iscould be expected. Based on our former results it was de-
possible3—> cided to consider a characteristic surface modifier, octadecyl-
trimethoxysilane (OTS§;” and on the other side, stearic acid
and octadecylamine, known as typical surface-active com-
* Corresponding author. pounds which can be used as deflocculants for non-aqueous
E-mail addresssvieth@tu-cottbus.de (S. Vieth). ceramic slips or as lubricants in ceramic batches for dry
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pressing. Both of them have a very similar geometry and dif- 1.5} _o—1c
fer only in the acid—base behaviour of the functional group. 14 . . P : : |
Silicon nitride was used as the ceramic powder. As shown & W sl o8 W o= A 0
by different author$, silicon nitride powder has hydroxyl Pressure p, [MPa]
groups at the surface which makes the surface properties very
similar to those of silica. Fig. 2. Dependence of the dynamic measured green density on the pressure

The compaction experiments involved the measurement of for different treated powders.
wall and powder friction coefficients, ejection forces, force
transmission quotients and, derived from these, stress ancdt the top E1) and bottom punchRp), the radial stress on
density gradients. Besides those pressure—density-graphghe die wall ¢r) and the distance covered by the top punch
measurements of the strength of green bodies, calculationgluring compaction. Die and bottom punch are fixed, as nec-
of the compaction energies and a view on the conditions for €ssary for friction experiments. The specially instrumented
elastic relaxation contribute to the assessment of the effectsdie insert was made of hardened steel.
of powder silanisation and lubrication.

3. Results

2. Materials and methods
3.1. Compressibility

The reference batches are obtained by milling sili-
con nitride powder in ethanol. Binder and lubricant were Itis well known, that lubricants usually lead to an increase
added at the end of the milling procedure, as done in for- in the green density. This effect can be observed in a distinct
mer experiment&10 manner for all examined types (s€able J).

Batches2 are obtained, if silicon nitride powder (UBE However, the most important result with respect to the
SN-E10) was attrition milletf in heptane in the presence of compressibility is the change of the powder properties caused
octadecyl-trimethoxysilane (OTS) and pyridii€ (Fig. 1, by the silanisation (see al§dg. 2). It can clearly be noticed,
see alsdrig. 6). The silane amount was, comparable to for- thatthe influence of a powder silanisation alone (grares
mer experiments, 0.12 mmol/g. At the end of the appropriate Predominates over the addition of stearic acid or octadecy-
milling procedure the binder polypropylenglycol (PPG 425, lamine to common silicon nitride powder (granulds and
amount: of 5wt.%, related to silicon nitride) and the relevant 10) in each case. In the same way a combination of silani-
lubricant (Table 7 were added (1 wt.%). After removal of the ~ sation and lubrication creates possibilities for reaching even
solvent, all batches were granu|ated by ro||ing granu|ation' hlgher densities or a drastic reduction of the pressure needed
using a planetary mift? for a specified density (granul@s and2c). A discussion of

Viscosity measurements were performed on a rotation vis- the causing mechanisms takes place in Seetian
cosimeter RHEOTEST 2 (cylindrical setup, Fa. RHEOTEST,

Medingen). The compaction behaviour was investigated in 3.2. Friction conditions

an instrumented compacting tool, which allows in situ mea-

surements and calculations of a set of characteristic pressing An, asfar as possible, even distribution of the applied pres-
parameters=> Primary measured parameters are the forces sure in axial and radial directions is an important prerequisite

Table 1

Green densities (g/cth

Silicon nitride Silanised silicon nitride

Granules no. Lubricant At pressure After unloading Granules no. Lubricant At pressure After unloading
la - 176 170 2a - 200 190

1b Stearic acid B5 175 2b Stearic acid 20 200

1c Octadecyl-amine B1 172 2c Octadecyl-amine a2 202
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Table 2
Friction related parameters

3511

Silicon nitride

Silanised silicon nitride

Granules no.  Fy/F1 (%) or (MPa) w wp Fe (kN) Granules no. F,/F1 (%) or (MPa) w up Fe (kN)
la 499 335 0.364 Q413 226 2a 518 381 0.331 Q322 170
1b 727 383 0.166 Q418 125 2b 731 476 0.155 Q296 Q81
1c 735 385 0.168 Q419 Q85 2c 67.4 452 0.199 Q302 Q74

F,/F1: force transmission coefficienE{(: top-punch forcefF,: bottom-punch force)rr: radial stressjp: friction coefficient (powder—powder)iy,: friction

coefficient (powder—wall)ig: ejection force.

for green bodies with limited density gradients and a corre-

sion quotient,/F; (Table 2 which is related to density and

sponding even shrinkage in the sintering process. This canstress gradients within the green bddyrhe powder wall
be reached by reduction of the friction losses between thefriction has the strongest influence Bg/F1. Small values of

powder particles and the die wall and between the parti-

the corresponding coefficiepty, correlate with a good force

cles themselves. A better surface quality of the green bodiestransmission (and vice versa). Hence, only batches with a lu-

and a reduced die wear are results of a minimized friction

, bricant, particularly stearic acid, can provide higdiF4 val-

too. All parameters essential to an assessment of the effi-ues (over 70% for a length/diameter-ratio of the green body
cacy of the examined organic additives are summarized in of 1:1), regardingless the silanisation.

Table 2
FromFig. 3, representing the dependence of the wall fric-

The ejection forcd~g, which is a measure for the static
friction of the green body at the die wall, is an important

tion coefficients on the pressure, different mechanisms for index for the ability of organic additives to found a strong

the reduction of friction can be derived for the individual
surfactants. All additives reduce the wall friction coefficient
compared to the granules free of lubricahg)( However,
the treatment of the silicon nitride powder with octadecyl-
trimethoxysilane has only a very limited influence on the
wall friction coefficient as is shown by a comparison of gran-
uleslaand2a. Only the incorporation of a typical lubricant
improves the friction conditionslf,c and2b,c).

A lot of other potential lubricants was examined in the

durable layer of lubricant at the die wall. In contrast to the
wall friction coefficient an influence of the silanisation on
these forces cannot be neglect@dlfle 9, due to a reduced
radial stress in compacts froBa to 2c after unloading (see
below).

Fig. 4 the dynamic course of the powder friction coeffi-
cientsupforselected granulesis presented as afunction of the
pressure. A first remark must concern the role of a lubricant
alone for non-silanised granules. Regardless the lower com-

extended study, but for instance neither octylamine nor paction regions, only insignificant differences in the powder

bis-hydroxyethyl-stearic-acid-amide reached wijth be-

friction can be observed between the grandlasnd1b at

tween 0.21 and 0.24 the effectiveness of the simple stearicthe specified end pressure. This means, that common lubri-

acid.

cants have hardly a potential for decreasing this friction part.

Basically, all parameters of the compaction process as well On the other hand all silanised typ2a—c show very low
as the properties of the green bodies depend on the frictionpowder friction losses during the compaction. The low
conditions during the compaction of the ceramic batch. One values of2b and2c cause high values for the radial stress
of the most important parameters is the axial force transmis- thus reducing radial density gradients.
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Fig. 3. Dependence of the wall friction coefficient on the pressure for dif-
ferent organics.
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Fig. 4. Dependence of the powder friction coefficient on the pressure for
different organics.



3512 S. Vieth et al. / Journal of the European Ceramic Society 25 (2005) 3509-3515

Table 3 _CH,
Elastic relaxation CIJ
Silicon nitride Silanised silicon nitride H.C Si— 0\

AV VYV Ve AN CH
Granulesno. b/l (%) bi/b(%) Granulesno. b/l (%) bi/b (%) octadecyl-trimethoxysilane (OTS) ? 3
la 2.5 476 2a 4.2 67.4 CH,
1b 2.8 860 2b 4.2 878
lc 4.0 818 2c 4.2 860

H

I: length of green bodyh: total axial relaxationby: part of relaxation inside HGC\N\/\/\/\M/\F( °
the die. stearic acid le}

According to these results it can be concluded that:

e The wallfriction coefficientis above allinfluenced by con-  H.C._~_~_~_~~o~o~_~_NH;
ventional lubricants such as stearic acid; a silanisation of octadecylamine

the powders results in small changes only.
e The powder friction coefficient can be drastically changed Fig. 6. Structures of octadecyl-trimethoxysilane, stearic acid and octadecy-
by the silanisation; lubricants are of minor importance.  lamine.

seen, causing larger ejection forcds @nd 2a). Granules
with stearic acid show a sharp bend during unloading and
very low residual forceslp and2b).

It attracts attention that for the compaction of all silanised

3.3. Elastic relaxation

In the stage after the maximum pressure, at unloading, an
elastic relaxation of the green body takes place (sometimes ) . .
called spring-back also). It is well-known, that the condi- granules higher amounts of the total elastic redeformation

tions of the relaxation are responsible for the developmentWere measured. It seems to be clear that the reason is the

of macroscopic pressing defects such as cracks, Iaminationé1Igher degree of compqctlon which was obtameq with these
or end-capping:® In the same way it is proved, that not so granules. Inthe last region of the pressure—density course the

much the absolute amount, but more the place, where thisPart of elastic deformation increases, naturally followed by a

relaxation happens, is important for these processes. If thehlgher relaxation.
elastic stresses in the green body can already be reduced to
a high degree under controlled conditions inside the die, the
danger of defects will be lower.

From the results dfable 3t can be noticed that an addition
of lubricants like stearic acid or octadecylamine is an absolute
necessity to reach such desired high valuefitr (the so-
called “inner parts” of the relaxation). An influence of the
silanisation alone is visible but not in an extent sufficient for
a clear tear off of the green body from the die wélig. 5).
After unloading a higher residual force on the lower punc
as a result of higher remaining radial stresses can also

4. Discussion
4.1. General remarks

Octadecyl-trimethoxysilane, stearic acid and octadecy-
lamine have a very similar molecular geomeffig( 6). Each
molecule contains a long alkyl chain of 17 or 18 carbon atoms
h andasmallfunctionalgroup. Thus, allthree compounds actas
pesurfactants and show a behaviour, which is known as bound-
ary lubrication or named in rheology as steric stabilisatfon.

Due to different functionalities, they exhibit a differ-
ent efficacy regarding powder—powder- and powder—wall-
lubrication. The effects of lubricant, silane and bindepgn
anduy can be explained if a powder surface similar to that
of silica is assumét®>16and if the following processes are
taken into account:

gy
o

e adsorption or binding to the powder surface,
desorption,
—e—2a transport processes (in particular from the powder surface
b to the die wall),
—¥—2b . .. . . .
a reduction of friction mainly by boundary lubrication.

Force F2 [kN]

- N W B 0O N ©® ©
]
[ ]

o

0 1 2 8 4 5 6 7 6 9 1011 12 13 14
Force F. [kN] 4.2. On the difference between stearic acid and OTS
!

Fig. 5. Loading-unloading curves for granules with different lubrications. The results of all experiments ShOW, that stearic acid re-
Residual forces:1@) 1.83kN; @a) 1.63kN; (Lb) 1.16 kN; @b) 1.45 kN. duces the powder—wall friction effectively. Already a small
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Table 4
Comparison of stearic acid and OTS
Granules no. Surfactant (mmol/g) Jw up

Total Stearic acid oTS

la - - - 0364 0413
1b 0.035 Q035 - 0166 Q418
im 0.120 Q120 - 0144 Q394
1l 0.155 Q155 - 0121 Q379
2a 0.120 - 0120 Q331 Q322
2m 0.095 Q035 Q060 Q154 0334
2b 0.155 Q035 Q120 Q155 Q296

wp: powder friction coefficientpy: wall friction coefficient.

amount (e.g. 1%, corresponds to 0.035 mmol/g) is sufficient seen that the compaction of granules with added CJ&p (
(granuleslb in Table 4 see als@able 2. A further addition only leads to alow,/F1 and, which is more important, anin-

of stearic acid still causes a slight decreasgapf(addition- crease of the quotient with growing pressure. This behaviour
ally examined granulesm and1l in Table 4, but would be is always observed, if no effective lubricant is present.
irrational from a practical point of view. Furthermore, the ef- layields a very similar curve. Stick-slip mechanisms at the
fect of this surfactant on the powder friction is generally poor. wall, in particular in the low-pressure region, seem to be the
Even large amounts result in only slight improvements. The reason for the slope. This underlines again, that the alkylsi-
other surfactant, OTS, exhibits an opposite behaviour. Thelyl groups are bound in a very stable manner to the powder

reduction ofuy, is inefficient, butup is diminished tremen-
dously. This effect can best be seen at granlifesand 2a,

which have equal molar amounts of stearic acid respective

OTS as the only surfactant. Also the palif2b and1m/2m

surface and cannot contribute to an effective reduction of the
powder—wall friction.

Regarding the reduction of powder—powder friction, a
stable bond between surfactant and powder surface is nec-

are instructive. Granules, which contain both surfactants, ex-essary. Thus, the surfactant is not removed by the strong

hibit both low up andu, values 2b/2h). Regarding powder
friction, better results were obtaine@h) when the surface
was fully covered by the silarie!©

A significant reduction of the powder—wall friction can

only be achieved, if the lubricant has a sufficient mobility

from the powder-surface to the walt® In Fig. 7the course of

shearing forces during the compaction process. As shown in
previous studie8,’ the silane has the strongest effect, due

to the fixation by a covalent bond. Stearic acid as a typ-

ical wall lubricant causes a smalleip reduction. Hence,

a weak bond—an advantage for wall lubrication—is a dis-

advantage in powder—powder lubrication. However, stearic

the force transmission coefficient dependent on the pressureacid causes a further reduction of the of silanised

is recorded.

granules (compareéa and 2b in Table 4. Obviously,

The compaction of granules with stearic acid results in a the acid binds to non-silanised areas of the surface, the

high, nearly constant quotientl§ and2b) during the entire

so-called “hot spotst/~19 thus improving the boundary

process, because stearic acid is present at the wall from thdubrication.

beginning of the compaction process. In contrast, it can be

70
65 -
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60 —4—2a
— ——1b
2 55 —v—2b
L,
T

45 -

40 -

35 1 L 1 1 1

20 3 40 50 60 70 80 90 100

p, [MPa]

110

Fig. 7. Dependence of the axial force transmission on the pressure.

As shown, the green density correlates wiitp.5’
Pressure—density functionshig. 2 confirm this result. Fur-
thermore, the reduction qip changes the effect of loads.
Whereas non-silanised powders transfer loads throughout
compact mainly in the direction of application (eldp) large
portions of the load act also in the perpendicular direction if
silanised powders are used (e28). As a result2b exhibits
a high radial tensioag at the end of the compaction process
(seeTable 2, which reduces density gradients in the radial
direction. It has to be mentioned that after removal of load
and punches relaxation is easier &y (compared talb).

This has two consequences. Fiidi,shows higher values for
the spring back inside the die (both total and relative), which
is combined with a lowesr value at that stagd.b: 6.9 MPa;

2b: 3.4 MPa). By this reason, ejection of the compactis easier
(compareFg in Table 2.

Stearic acid and OTS have also an opposite effect on green
strength Table §. The lubricant diminishes friction losses (in
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Table 5

Energy parameters and green strength

Granules no. We (Nm) Wy (Nm) opc (MPa) Granules no. We (Nm) Wy (Nm) opc (MPa)
la 10.1 59 0.53 2a 10.1 6.6 0.34

1b 5.8 111 0.78 2b 5.2 9.4 0.54

WEe: friction energy;Wy: energy uptakesp: diametral compressive strength (at a pressure of 100 MPa).

Fig. 8. Fracture pictures of green bodies after measurements of diametral compressive strength (samples marked with a “*” are prepared freen binder-f
batches).

particular at the die wall) thus increasing the energy uptake 4.4. Influence of the binder
Wy, a measure which is strongly related to strerigf?®
OTS is reducing powder—powder interactions. Therefore,  This work focuses on the effect of surfactants. By this rea-
also strengthis slightly reduced. Despite the lowered strength,son, for all batches amount and type of the binder were iden-
compacts from granulezb andc caused no problems while  tical (polypropylenglycol, PPG 425). For comparison also
handled and showed no signs of macroscopic defects duringgranules without binder are prepared. The results (not shown
the measurements of diametral compressive strength and irin detail) indicate that the binder itself has only poor lubrica-
the resulting fracture picture&ig. 8). The further examples  tion properties and also cannot significantly alter the effect
shown inFig. 8 underline the necessity of both binder and of the surfactants investigated. On the other hand an organic
lubricant in ceramic batches. Otherwise the fracture picturesbinder is a necessary additive regarding the quality of green
indicate remarkable defects. bodies, because it compensates the high inner stresses in the
compacts. Without binder, in nearly all cases irregular frac-
) o ture pictures arise after the measurement of the diametral
4.3. On the difference between stearic acid and compressive strength, which points to serious macroscopic
octadecylamine failures (compar€ig. 8).
The influence of binder variations on the compaction be-

The lubrication behaviour of octadecylamine and stearic haviour and on green-body properties is a topic for further
acidis of the same kind. Both compounds reduce significantly yesearch.

w, but the effect onup is rather poor. However, there are
small, but significant differences between the two organics. It 350

is known from silicon nitridé22as well as from silicd/-18 si6] s
that amines are more strongly adsorbed by the powder sur- =il s -
face than acids, due to the weakly acidic character of the = 250 T Ry P
surface. This effect is also found in silanised sili¢as®and = Sl s et T
is confirmed for silanised silicon nitride by the results pre- 3 e —T TSIV
sented irFig. 9 The amine causes smaller shear stresses than & —8—2 (70/0DA)
the acid. This slightly stronger fixation is a disadvantage for & il
=y
w

transport processes. Therefore, compared to stearic acid, ar
addition of octadecylamine leads to highgy values in all
casesTable 2.

Considering the discussion about the binding strength, it T T TR
should be expected that octadecylamine redyogsnore
effectively than stearic acid, which is not observed. Obvi-
ously, the fixation of the amine is still too weak (Compare,d Fig. 9. Flow curves of the silanised powder, suspendeehiaptane (powder
to OTS) and therefore, shows no relevance to the compactioncontent/iubricant type/lubricant content; STA: stearic acid; ODA: octadecy-
process. lamine).

Shear speed D, [s”]



S. Vieth et al. / Journal of the European Ceramic Society 25 (2005) 3509-3515

5. Conclusions

An extended study was carried out with respectto the influ-
ence of different surfactants on the lubrication conditions at

uniaxial dry pressing, because friction processes have a large
impact on the compaction behaviour of granules as well as 7.

on the properties of green bodies. A set of typical parameters,

suitable for characterising the pressing process as a whole,

was measured with an instrumented compacting tool.

Surfactants cause boundary lubrication. The efficacy on g

powder—wall or powder—powder friction depends on the

functional group of the surfactant. A group which can form a

stable, in particular covalent, bond to the powder surface leads
to a surfactant, which effectively reduces powder—powder
friction, but is of little influence on powder—wall friction.

Such a surfactant causes a significant increase of the green

density for a given pressure, but has only a little effect on ax-
ial density gradients and strength in the green bodies. It was
as established, that especially silanes show such behaviour.

On the other hand, typical lubricants, such as stearic 1q.

acid and octadecylamine have functional groups, which only

cause adsorption processes. The fixation is weaker. Hence,
such organics exhibit an opposite lubrication behaviour. They 11

improve all parameters, which depend on good powder—wall

lubrication, resulting in reduced density gradients, but they 15

are of little influence regarding green density. For silicon ni-

tride the acidic lubricant is more effective than the basic one. 13.

From the practical point of view, granules should obtain

both strong and weak bounded surfactants, e.g. OTS and,

stearic acid. This combination allows the compaction of gran-
ules to green bodies with a high green density, small density
gradients and a sufficient strength.

15.
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