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Abstract 

We have studied the surface charge and the disper- 
sion behavior of silicon nitride-yttrium oxide-ligno- 
sulfonate powder dispersions, prior to sintering. In 
our previous study we reported on the e&ct of pH 
on the adsorption of yttria (YzO,) and lignosul- 
fonate (LS) on the surface of silicon nitride 
(Si,N,) powder. The adsorption was studied by parti- 
cle size measurements, scanning electron microscopy, 
X-ray photoelectron spectroscopy (ESCA) and car- 
bon analyses. In this study, we report the results from 
the electrophoretic mobility and surface charge 
determinations and viscosity measurements of the 
slip. The viscosity measurements were performed 
as a function of the LS concentration added in the 
dispersion. This was done in order to determine the 
optimum concentration of lignosulfonate added in 
the dispersion, i.e. the concentration which would 
result in the lowest viscosity for the highest possible 
dry content of the slip. The surface charge was 
determined via potentiometric titrations and by 
measuring the electrophoretic mobility. 

Introduction 

Silicon nitride based ceramics have great potential 
for high-temperature, high-stress applications. In 
order to obtain defect-free ceramic bodies it is of 
importance to avoid aggregation of the dispersed 
powder and to be able to sinter the green body at 
sufficiently low temperatures.’ 

In our previous publication2 we reported on the 
effect of pH on the adsorption of yttria (Y,O,) 
and lignosulfonate (LS) on the surface of silicon 
nitride (S&N,) powder. In this paper we report on 
the suspension properties of Si3N, matrix with an 
addition of sintering agent, yttria. 

Electrophoretic mobility measurements were 
used to determine the change in the surface charge 
on the interface of the silicon nitride and yttria par- 
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titles after conditioning in aqueous solutions of pH 
7 and pH 10. Potentiometric titrations of the S&N,- 
Y,O,-LS system were performed to quantify the 
surface charge and determine the isoelectric point 
(IEP) and to investigate if any specifically adsorbed 
positive or negative surface groups were present. 

The viscosity of the slip was studied as a func- 
tion of the concentration of lignosulfonate added to 
the dispersion. This is to obtain the lowest viscosity/ 
highest dry content of the powder in the slip. In 
general the homogeneity and viscosity of the slip 
relate to the sintering properties of the green body. 

Experimental 

Raw materials 
The silicon nitride powder (SN E-10) used in this 
study was supplied by Ube Industries, Yam- 
aguchi, Japan. According to the manufacturer, the 
specific surface area was 10 m2 g-’ and the particle 
size -0.4 pm. The yttrium oxide powder (grade 
fine) was supplied by H. C. Starck, Berlin, Ger- 
many. The BET specific surface area according to 
the manufacturer was 13.7 m2 g-‘. The particle size 
distribution was given to be X, < 2.5 Frn, X5, < 
0.8 pm and X,, < 0.35 pm. The lignosulfonate 
used was Wargonin extra (calcium-sodium ligno- 
sulfonate) supplied by Lignotech Sweden. 

The powders were used without further purifica- 
tion. The water used was distilled and purified 
with a Milli Q system to obtain a minimum resis- 
tivity of 18 Ma cm-‘. 

Sample preparation 
The list of samples is given in Table 1. The sam- 
ples contained silicon nitride, yttrium oxide and/or 
lignosulfonate. The amount of the sintering agent, 
Y,O,, was kept at a constant level of 5 wt% and 
the concentration of the dispersing agent added to 
the solution was 0.05, 0.5 or 2.0 wt% for the elec- 
trophoretic mobility measurements. Viscosity was 



672 H. Fagerholm, L.-S. Johansson, A4. Graefle, J. B. Rosenholm 

Table 1. List of the samples. All samples except pure lignosul- 
fonate specimen were treated in solutions of pH 7 and pH 10 

Lignosulfonate (LS) 
S&N, + 5 wt% Y,03 
S&N, + 5 wt% Y,Os + 0.05 wt% LS 
S&N, + 5 wt% Y,O, + 0.5 wt% LS 
S&N, + 5 wt% Y203 + 2.0 wt% LS 

determined against the concentration of LS added 
to the dispersion, the amount of LS added being 
in the range 0.05-l wt%. Percentage additives 
were calculated for the dry content of the slip. All 
samples were prepared by first adding the ligno- 
sulfonate powder (when used) in Milli Q purified 
water, then adding YzO, and finally S&N,. 

The pH 7 was chosen in order to obtain counter- 
charged particle surfaces, thus ensuring an electro- 
static adsorption of Yz03 on the surface of Si,N,.3 
This pH is close to the natural pH of the slurry, 
and, according to Liden et al.,3 the colloidal yttria 
particles are stable and positively charged only in 
the pH range close to pH 7. However, the solubility 
of yttria at pH 7 might cause problems in the 
interpretation of the surface charge measurements.4 
According to the literature,5 yttria is insoluble in 
bases and soluble in acids, and the solubility of 
yttria into cold water is 0.0018 g dme3 (ie. 18 ppm). 
In our experiments the solubility of yttria into 
water was still insignificant at pH 7 (100 ppm). 
We did not measure the solubility of yttrium in 
aqueous silicon nitride dispersions but Rosenholm 
et al6 have reported that in aqueous ZrO, disper- 
sions stabilized with 3 mol% Y,O,, the solubility of 
yttrium was at its minimum at a pH range of 6-7.5. 

The pH 10 was chosen for our experiments, 
since pH 9-10 is typically used in processing of sil- 
icon nitride powders. 7 The pH of the respective 
slurries was adjusted using 0.1 M HCl or NaOH 
(Merck titrisols). 

Sample preparation for electrophoretic mobility 
measurements 
The dispersion was prepared by first adjusting the 
pH of the water. The dispersions were processed 
in an ultrasonic stirrer, after which the pH of the 
dispersion was readjusted. The dispersion was 
allowed to equilibrate for 24 h under stirring to 
ensure a sufficient conditioning time. The concen- 
tration of each slurry was about 20 wt%. 

Prior to the measurements the pH of the disper- 
sions was readjusted once more, after which the 
dispersion was centrifuged (3000 rev min’, 30 min) 
and separated from the supernatant. The disper- 
sion was then diluted according to the require- 
ments of the instrument manufacturer. 

Sample preparation for surface charge measurements 
Samples were prepared by adding 40 ml of the 
electrolyte (NaCl) to a preweighted amount of 
powder. This addition resulted in a suspension 
containing 15-21 m2 powder. The suspensions 
were dispersed by an ultrasonic device and then 
allowed to equilibrate for about 20 h in a sealed 
container in normal atmosphere under stirring. 

The supernatants used as blanks were obtained 
by centrifuging identically prepared suspensions at 
3500 rev min’ for 3 h. The supernatant was 
filtrated through a 0.22 pm Millipore filter paper 
before the titration. 

Sample preparation for viscosity measurements 
The viscosity was measured on dispersions con- 
taining 20-34 ~01% powder. The measurements at 
the native pH of the slurry (close to pH 7) were 
made on freshly made slips, after 15 min treat- 
ment with an ultrasonic rod (model 450 SonifeP 
Branson). The conditioned slips were prepared by 
allowing the powder dispersion to condition for 24 
h. The alkaline slips were prepared by adding 5 ml 
0.1 M NaOH in water; measurement of the pH of 
the slip after conditioning revealed a value of -l&l 1. 
For the slips at conditioned native pH, the pH 
measured after conditioning was -7-8. 

Electrophoretic mobility 
The electrophoretic mobility measurements were 
carried out using a Zetasizer IIc instrument from 
Malvern Instruments. The results of the measure- 
ments are reported as electrophoretic mobility 
since the size/diffuse layer thickness ratio is out- 
side both the Huckel and the Smoluchovski limits 
and the transformation to zeta potential is not at 
all straightforward. 

Surface charge 
The surface charge density was determined using 
the method first developed by Parks and de Bruyn.* 
A Titrino 702 titroprocessor (from Metrohm) was 
used for potentiometric titrations. We measured 
the surface charge density as a function of pH, 
using HCI, NaOH and three different electrolyte 
concentrations. 

Both the electrolytes used in the suspensions 
and the supernatants of the suspensions were used 
as blanks. Differences between titrations can be 
expected depending on whether the electrolyte or 
supernatant is used as a blank, since a larger 
amount of titrant is required for neutralizing the 
ions leached into the supernatant. 

Titrations were conducted between pH 3 and 
11. The dispersion rate for the titrate was 0.02 ml 
min-’ which gave a titration rate of 4 to 8 pH 
units per hour. 
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The surface charge as a 
determined from the net 
(r/m01 cn-*> by 

a0 = F (I’,+ - To,-) = E [(nH+ 
S 

function of pH was 
adsorption densities 

- noH-) - (&+ - &H-)1 

where nH+ and nOH- are the total number of moles 
H’ and OH- added to the suspension, nb,+ and 
n’& are the number of moles added to the blank 
to give the same pH, s is the available surface area 
and F is the Faraday constant. 

According to Gibb and Koopal,’ the surface 
charge of the oxides and their mixtures as a func- 
tion of pH in various electrolyte concentrations 
and the isoelectric points (IEPs) can be deter- 
mined via potentiometric titrations. According to 
Lyklema,” the presence of specifically adsorbed 
cations or anions may be observed from shifts of 
the common intersection point (tip) of the poten- 
tiometric titration curves measured in various 
electrolyte concentrations. For an inert electrolyte, 
in absence of specific adsorption tip may be 
identified as the point of zero charge (PZC). The 
electrolyte used in our experiments was, according 
to Bergstriim and Pugh, l1 found to be inert for sil- 
icon nitride. 

Viscosity 
The shear stress and viscosity measurements were 
made using a Bohlin VOR Rheometer System 

Results and Discussion 

Electropboretic mobility 
Results from the electrophoretic determinations 
are given in Fig. 1. 

electrophoretie mobility (E-8 m2f$fs] 
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Fig. 1. S&N, + YzO, + lignosulfonate. 

The S&N4 slip conditioned at pH 7 showed a 
clearly negative electrophoretic mobility which 
was not significantly changed in samples with an 
increasing addition of LS in the dispersion. The 
slip conditioned at pH 10 showed an enhanced 
negative electrophoretic mobility. As in the case of 
pH 7, treatment with an increasing amount of LS 
at pH 10 also resulted in no significant change in 
the electrophor&ic mobility. 

S&N, Y,O,-lignosurfonate 
The results from the electrophoretic mobility mea- 
surements are given in Fig. 1. An addition of 
yttria in the S&N, matrix at pH 7 resulted in a less 
negative electrophoretic mobility of the powder 
particles in the suspension, compared with that of 
pure S&N,. This was expected as yttria is known 
to have a positive surface charge at pH 7 and also 
is expected to adsorb on the silicon nitride surface 
covering the S&N, particles. An increasing addi- 
tion of lignosulfonate in the S&N,-Y,O, matrix 
was detected as an increasing negative elec- 
trophoretic mobility of the particles. However, 
this was detected only at pH 7, as increasing the 
amount of LS added to the slip at pH 10 did not 
change the electrophoretic mobility of S&N,- 
Y,O,-LS particles. Thus these results support the 
previous assumption that lignosulfonate does not 
cover the Si,N,Y,O, particles.* 

Surface charge 

Native pH of the slips 
Results from surface charge measurements of 
S&N, and S&N,-Y,O, are shown in Fig. 2. Our 
titration curves for S&N, showed decreased rela- 
tive surface charge densities when supernatant was 
used as blank at pH values > 8. This is in agree- 
ment with the results reported by Bergstriim and 
Pugh, although in our experiments the decrease 
was smaller. The difference in S&N, titration 
curves (electrolyte vs. supernatant) was explained 
to be due to a large amount of titratable species 
leached from the powder surface. 

The isoelectric point (IEP) for the S&N4 suspen- 
sions was determined to be at pH 7.2 when using 
either electrolyte or supernatant as blank, indicat- 
ing no leaching of titratable ions. Since the com- 
mon intersection point of titration curves (tip) 
was also at pH 7.2, no specific adsorption was 
observed and tip coincides with PZC. 

An addition of 5 wt% Y,O, in the S&N, matrix 
resulted in more positive surface charge densities 
than those of S&N,. This could be explained by 
the electrostatic adsorption of positive yttria parti- 
cles on negative silicon nitride particles, as shown 
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by electrophoretic mobility measurements. More- 
over, the titration curves of S&N,-Y,O, were less 
dependent on the blank used than the titration 
curves of S&N,. This would indicate that less 
titratable ions were leached out from S&N,-Y,O,. 
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A shift in the IEP value of S&N,-Y203 from 8.4 
to 9.2 was detected when the ions leached from 
the powder were taken into account, i.e. by using 
the supernatant as a blank. In addition, the tip 
value differed slightly from the IEP value suggesting 
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Fig. 2. Surface charge of (a) Si3N4 using pure electrolyte as blank; (b) Si3N, using supernatant as blank; (c) S&N,-Y,O, using 
pure electrolyte as blank; (d) Si3N,Y20, using supematant as blank. 
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a specific adsorption of cations, presumably 
ammonia. According to Pollinger,i2 the IEP value 
for Y203 appears at pH 9.25. Thus, our results 
support the assumption of yttria particles covering 
the silicon nitride particles, preventing the leach- 
ing of ions from S&N4 matrix. This explains why 
the Si3N4-Y203 system behaves rather like pure 
yttria when the supernatant is used as blank. On 
the other hand, when the electrolyte was used as 
blank the IEP value of S&N,-Y,O, was closer to 
that of pure S&N, (8.4). 

Slip conditioned at pH 7 
Results from surface charge measurements of 
S&N, and S&N,-Y,O, conditioned at pH = 7 are 
shown in Fig. 3. Titrations for pH conditioned 
slips were performed only using the supernatant as 
blank, thus taking the titratable leached species 
into account. The ionic strengths referred here are 
given as the original ionic strengths for the pure 
electrolyte, although they will be changed during 
the conditioning due to the leaching of ions from 
the matrix into the supernatant. 

For pure S&N, the tip and IEP appeared at 
about pH 7, suggesting no specific adsorption of 
ions. Thus the tip can be identified as PZC. This 
is in agreement with the surface charge measure- 
ments of the non-conditioned slip, since the native 
pH of the slip is at about pH 7. 

Once again, an addition of 5 wt% Y,O, in the 
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S&N4 matrix resulted in more positive surface 
charge densities than those of pure Si,N4. This 
was explained by the electrostatic adsorption of 
the positive yttria particles covering the negative 
silicon nitride particles. However, the surface 
charge densities of the S&N,-Y203 suspension 
conditioned at pH 7 were slightly less positive 
than the ones for the non-conditioned slip. A shift 
in the IEP value from 9.2 to 8 was detected as a 
result of the conditioning. The tip was also shifted 
from 8.5 to 7.3. This supports again our assump- 
tion of specific adsorption of cations. 

Slip conditioned at pH 10 
Results from surface charge measurements of 
S&N4 and S&N,-Y203 conditioned at pH = 10 are 
shown in Fig. 4. For pure S&N, conditioned at 
pH 10, the IEP appears at about pH 10 and the 
tip at pH close to 11. This could be due to the 
dissociation of silicon nitride in strong alkaline 
solutions which drastically increases the solubility 
of Si from S&N, matrix in the suspension. 

An addition of 5 wt% Y,O, in the S&N, matrix 
and conditioning of the suspension at pH 10 
resulted in an IEP at pH 7.2, which is similar to 
the IEP of pure S&N,. According to these results 
yttria does not adsorb colloidally on S&N, particles. 
Neither does it cover the silicon nitride particles in 
slips conditioned at pH 10 as suggested in Part 1 of 
this study. The common intersection of electrolyte 
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Fig. 3. Surface charge of (a) S&N, using supematant as blank; (b) Si,N4-Y,O, using supematant as blank. 
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Fig. 4. Surface charge of (a) S&N, using supernatant as blank; (b) Si3N4-Y,O, using supernatant as blank. 

curves for the Si,N,Y,O, slip conditioned at pH The results from the viscosity measurements at 
10 was never reached. However, the addition of a shear rate of about 23 s-’ for the S&N, slips at 
yttria in the S&N4 matrix caused a clear change in the native pH are presented in Fig. 5. The lowest 
the surface charge density towards more positive viscosity for the slips appeared to be at - O-4 wt% 
values. addition of LS. 

Viscosity 
The results from viscosity measurements are 
shown in Figs 5 (for S&N4 + LS slip) and 6 (for 
S&N, + Y,O, + LS slip). The viscosity of the slips 
was measured for freshly made slips (native pH) 
and for slips that had been conditioned in solu- 
tions of about pH 7 and in alkaline solution of 
pH l&11 for 24 h. 

The results from similar viscosity measurements 
for the S&N,-Y,O, slips at three different pH 
treatments (native, conditioned at pH 8 and pH 
10-l 1) are presented in Fig. 6. The viscosities of 
the non-conditioned slip and the slip conditioned 
at pH 8 were found to be similar, and the lowest 
viscosity was achieved with an addition of 0.5 
wt% LS. The viscosity of the S&N,-Y,03 slip con- 
ditioned at pH 10-l 1 was markedly lower. Also, 
the viscosity behaviour of this slip was different: 
the lowest viscosity was achieved with an addition 
of 0.05-0.2 wt% LS. This is in good accordance 
with the results for silicon nitride powders with a 
specific surface area of 11 m* g-’ reported by 
Rabinovich et. al. I3 
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Since the optimal slip casting properties are 
achieved by using proper conditioning with mini- 
mum amount of dispersing agent, to ensure the 
best slip casting properties an LS addition of - 0.2 
wt% is required for the Si,N,-Y,O, slip. 

Unfortunately we were unable to record the vis- 
cosity for the slips without LS addition due to 
problems with dispersability of the powders. 

Fig. 5. Viscosity of Si,N,-LS slip at native pH. 



Si,N, Y,O, Suspensions Containing Lignosulphonate 611 

S&N, + Y,O, 

viscosity at native pH, k23.2 l/s 

0 0.2 0.4 0.6 0.6 

lignosulphonate wt-% 

(a) 
S&N, + Y*O, 

1 

P-1 viscosity at about pH 7.0~23.2 l/s 

30-\ 

25- I 

20-n I 

0 0.2 0.4 0.6 0.6 

lignosulphonate W-X 

(b) 

1 

S&N, + Y,O, 

IPa4 viscosity at about pH 10, Dz23.2 l/s 
0.4 

0.35 /- 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

- - 26 wt.% 

- - 3owt-% 

04 4 

0 0.2 0.4 0.6 0.6 1 

lignosulphonate wt-% 

@I 

Fig. 6. Viscosity of (a) Si,N,Y,O,-LS slip at native pH; 
(b) Si,N4-LS slip conditioned at pH 7-8; (c) Si,N,LS slip 

conditioned at pH 10-l 1. 

Concluding Remarks 

The results presented in Parts l2 and 2 of this 
study enable the following conclusions to be made. 

Dispersion mechanism 
According to the results from X-ray photoelectron Applicability of methods 
spectroscopy (ESCA), particle size and carbon Great care must be taken when the results from 

analyses, the dispersion mechanism of LS is 
dependent on the pH of the slip. 

At pH 7 the dispersability of the S&N,-Y,03 
powders increased with increasing amount of LS 
added to the solution, as indicated by the viscosity 
measurements and particle size analyses. In this 
case the carbon content of the dried Si,N,Y,O, - 
LS powder dispersion was also increased and LS 
was found to adsorb on the S&N, and Y,03 parti- 
cle surfaces (ESCA). These results indicate that at 
pH 7 LS acts as an adsorbing dispersant, suggest- 
ing steric stabilization of the suspension. 

At pH 10, the viscosity of the S&N,--Y,03-LS 
powder dispersion was drastically lower than that 
at pH 7, indicating an enhanced dispersability of 
the powders. However, now the viscosity of the 
suspension increased with increasing amount of 
LS added to the solution, indicating a decrease in 
dispersability of the powders. ESCA, particle size 
and carbon analyses indicated that LS was not 
adsorbed on the S&N, and Y,O, powder particles, 
although the carbon content of the matrix still 
increased slightly with increasing amount of LS 
added to the solution. According to these results, 
at pH 10 LS acts as a non-adsorbing, free polymer 
dispersant in the solution. Thus we propose that 
the dispersion mechanism of LS at pH 10 is of 
depletion stabilization. 

Colloidal/specific adsorption 
The addition order of the powders in water, ie. 
LS, Y,03 and S&N,, supports the colloidal 
adsorption of LS on the powder particles espe- 
cially at pH 7 due to the formation of counter- 
charged LS and yttria particles. This was 
confirmed by ESCA results. 

Leaching of ions from the matrix in the disper- 
sion was confirmed by the surface charge mea- 
surements and specific adsorption of cations at pH 
7 is suggested. 

Processability 
In the colloidal processing of silicon nitride based 
ceramics, an addition of sintering agents typically 
in the range of 0.05-2 wt% is required. The typical 
pH used in processing is pH 9-10. Treatment in 
the alkaline environment at pH 10 ensures the 
lowest viscosity values and the smallest particle 
sizes for the powder dispersion, indicating a good 
dispersability in water. The dispersion stability 
found for S&N,-Y,O, powder dispersion treated 
at pH 10 indicates that the stability is enhanced 
by small additions of LS although no adsorption 
of LS was confirmed. 
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‘dry’ characterization techniques are related to the 
surface conditions present in a real slurry. Tradi- 
tional ‘wet’ methods, such as viscosity, surface 
charge, electrophoretic mobility and particle size 
analyses, are considered to represent the prevailing 
process conditions of (for example) high-perfor- 
mance ceramics in a realistic way. Dry methods, 
such as ESCA, scanning electron microscopy and 
carbon analysis, yield information on chemical or 
structural composition of the dried samples. 

In this study we have applied both wet and dry 
methods in order to understand the observed pro- 
cessing behaviour of silicon nitride based ceramics. 
Results gained from different methods were found 
to be in accordance with each other, verifying that 
dry analyses can be related to the characteristics of 
the slurry. Due to the complexity of the system 
studied, the use of several independent characteri- 
zation techniques proved to be a proper way to 
extract reliable and complementary information. 
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