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Abstract

High-temperature creep resistant steels for nuclear applications consist of a steel matrix reinforced with a dispersion of nano-sized refractory

ceramic oxide particles, e.g. yttria (Y2O3). In this study, the formulation and preparation of low-loaded (2, 3 and 4 vol.%) Y2O3 colloidal

dispersions for its possible application as suspension precursor in the production of high-temperature creep resistant steels is discussed. The final

end product is formulated as a low-concentrated and low-viscous colloidal suspension consisting of non-agglomerated Y2O3 nano-particles in the

(sub)-100 nm range.

The spherical as-received and submicron agglomerated powder necessitates ball-mill processing in order to reduce the as-received size

distribution down to nano-level. A comparative study on the desagglomeration of Y2O3 nano-powder using conventional planetary ball-milling or

nano-milling technology has been done. Formulation of stable colloidal suspensions by screening suitable dispersants has led to the selection of one

specific dispersant for this application, Calgon N. Suspension characterization by the determination of particle size distribution (PSD), z-potential

measurements, colloidal suspension visualization using transmission electron microscopy (TEM), rheology and suspension life-time is discussed

in this paper.
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1. Introduction

Nano-structured materials are considered of high interest in

many technical domains, as they exhibit interesting physical

and mechanical properties. Rare-earth oxide ceramics proof

their usefulness as refractory component in many industrial

domains such as high-energy permanent magnets, solid

electrolytes for fuel cells, photoluminescency and as catalyst

materials [1–6]. Another example are the advanced creep and

corrosion resistant steels, which are well-known for their high-

temperature creep resistance required for nuclear applications.
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They typically consist of a matrix structure reinforced by a

dispersion of nano-sized rare-earth metal oxides, such as

yttrium oxide (Y2O3) [7]. For this type of application, in which

the nano-particles dispersion in the matrix is crucial for the final

mechanical properties, the formulation of suspensions with a

non-agglomerated particle size distribution (PSD) is a key issue

[7,8]. To implement them as subcomponent in a steel structure,

ceramic powders are mostly processed in the ‘dry’ condition.

Typical dry pressing methods used in powder metallurgical

processing are hot and cold isostatic pressing (HIP and CIP), in

which refractory nano-powders are often pre-mixed with alloy

powders and consequently CIPped to form the steel alloy

[9,10]. Alternatively, a new route can be searched towards wet

forming methods, in which ceramic powders are processed as a

slurry (low to high viscous suspensions). Colloidal processing

has shown its potential in many high performance domains

allowing to facilitate the technical implementation of ceramics
d.
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Table 1

Main physical properties of the dispersing agents used.

Dispersant Lopon 890 Calgon N 9056 KV Dolapix CA Darvan C

Active pH area (20 8C) pH(original) = 8–9 pH(1%) = 7.3–7.9 pH(1%) = 2.5 8.5 8.5

Density (20 8C, g/cm3) 1.3 (–) 1.06 1 1.10–1.12

Appearance Liquid White hygroscopic powder Liquid Viscous solution Viscous solution

Optimal dosage

formulation (wt.%)

0.2–0.5 0.05–0.15 (–) (–) (–)

Nomenclature ionic groups Polyacrylate,

sodium salt

Alkaline sodium polyphosphate

of medium chain length,

P2O5-content 63.5–65%

Acid phosphate

ester

Synthetic polyelectrolyte;

alkali free

Polymethacrylate,

ammonium salt,

(COO�NH4
+)-content 25%

Note: (–), product information not received from manufacturer; pH(x), pH value at suspension concentration x.
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[11,12]. Various industrial applications of colloidal dispersions

in pharmaceutical industry, cosmetics, household products and

agrochemical science have proven the potential, workability

and reliability of implementing colloidal formulations in the

processing of nano-structured materials.

This work aims to study the formulation of low-concentrated

and low-viscous (2, 3 and 4 vol.%) Y2O3 colloidal suspensions

in terms of powder characterization, suspension preparation

and characterization, with a special emphasis on powder size

reduction. A difficulty to take into account when using ceramic

oxides suspensions is the exothermal hydration reactivity of the

rare-earth oxides with environmental moisture and dihydrogen

oxide (H2O) [13–15]. It must be stressed that the most difficult

point in preparing aqueous Y2O3 nano-powder slurries, is the

formulation of stable non-agglomerated Y2O3 suspensions

because of the intrinsic fast aggregation of the nano-sized

particles [13,15–17]. In order to obtain the final ‘nano’-particle

size distribution (PSD), a new desagglomeration technology,

namely high tech nano-milling, is introduced within this work

and compared to conventional planetary ball-milling. Mill

speed, size and type of mill beads are evaluated. The

formulation of the Y2O3 suspensions is optimized by z-

potential measurements and rheology.

2. Materials and methods

2.1. Powder characterization

Spherical yttrium oxide (Y2O3) nano-powder (density

(rY2O3
) = 5.01 g/cm3, specific surface area (SSA) = 23 �

2 m2/g) was used as starting material.1 The particle size

distribution (PSD) of the as-received powder was determined

using a centrifugal particle sizing (CPS) disc centrifuge

DC24000 (CPS Instruments, Inc.). As standard, a glucose

gradient was injected at a rotation speed of 24.000 rpm. Spherical

morphology of the as-received Y2O3 powder was verified using a

field emission gun scanning electron microscopy (FEG-SEM)

type JEOL JSM-6340F (JEOL Instruments).
1 Data provided by the manufacturer. For reasons of confidentiality, producer

and production process of the powder are not given in this study.
2.2. Suspension preparation

2.2.1. Dispersant selection

Different electrosteric dispersants suitable for dispersing

rare-earth ceramics were screened. Table 1 summarizes the

main physical properties of the dispersants used as provided by

the manufacturer (Zschimmer & Schwarz GmbH and Co. KG,

Germany). In this work, the paradigm of Lange is considered;

no extra binders and plasticizers are added. Lange et al.

proposed a new paradigm for powder processing, namely using

powder with controlled particle size, morphology, purity,

dispersion control and no binder addition [18,19].

Standard 0.6 vol.% yttria (Y2O3) suspensions in the as-

received powder state were titrated with different dispersants

(diluted to 1 wt.% in water) using a ZetaProbeFlowThrough-

Sensor (Colloidal Dynamics, USA). In this study, suspension

stabilization and particle re-agglomeration was prevented with

the addition of functional dispersants inducing electrosteric

stabilization. Electrosteric stabilization offers the advantage of

a double stabilization compared to electrostatic stabilization,

implying that not only the electrostatic interactions at the solid/

liquid (S/L) interface are under control, but also steric repulsion

is induced caused by the molecular architecture. Another

reason to justify the addition of a functional dispersant is the

reactivity of alkaline oxides towards H2O and environmental

moisture. Furthermore, besides dispersion stability with time,

in our application, it is important to produce Y2O3 dispersions

with a maximum concentration of particles per volume.

Therefore, the most optimal dispersant was defined as the titrant

inducing minimal dilution of the system and consequently

restricting the level of organic matter added to the suspension.

2.2.2. Nano-milling versus conventional planetary milling

For ball-milling, yttria (Y2O3) suspensions with variation in

solid loads (2, 3 and 4 vol.%) were prepared. To implement a

particle break-up on the as-received powder, a comparative

study of high-tech nano-milling versus conventional planetary

ball-milling was done. Nano-milling was performed using the

new nano-mill equipment, the Fritsch P-7 (Fritsch GmbH,

Germany). Conventional planetary milling was performed with

a regular Fritsch Pulverisette (Fritsch GmbH, Germany). The

distinctive advantage of the nano-mill equipment compared to

conventional planetary ball-milling equipment is its possibility

to grind the material down to nano-level within reduced milling



Table 2

Process parameters used for planetary high-tech nano-milling and conventional planetary milling.

Milling characteristics Conventional ball-milling Nano-milling

Rotational speed max. (rpm) 626 1000

Sample volume (ml) 70 400

Sample vessel material Polyamide Stainless steel

Primary grinding media YSZ (Ø 10 mm; 6.05 g/cm3) SS (Ø 1 mm; 7.8 g/cm3)

YSZ (Ø 3 mm; 6.05 g/cm3)

Secondary grinding media T91 (Ø 0.1 mm; 7.9 g/cm3) T91 (Ø 0.1 mm; 7.9 g/cm3)

WC (Ø 0.79 mm; 14.7 g/cm3)
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times and this due to its higher rotation speed up to 1100 rpm.

Conventional planetary ball-milling is limited to 800 rpm. By

increased rotation speed, the kinetic energy of the grinding

bodies is consequently increased with 150%. The higher

rotation speed of the nano-premium line system is created by

the different way in which the grinding bowls clamp or sink on/

into the sun disk, respectively. In the case of a regular

conventional mill the bowls clamp onto the sun disk. In case of

the nano-mill device, the bowls sink into it, fastening the

grinding bowls onto the sun disk and counter rotating them

around its centre.

The milling process parameters are listed in Table 2. The

maximal rotational speeds achieved in practice were 626 and

1000 rpm, respectively. Suspension concentration, milling time

and grinding media were varied. The influence of the grinding

media (diameter and materials type) on the particle size

distribution (PSD) was investigated.

As primary grinding medium, spherical Y2O3 stabilized

zirconium oxide beads (YSZ, Gimex Technical Ceramics BV,

the Netherlands, diameter 3 and 10 mm) were used for

conventional planetary ball-milling. Stainless steel beads (SS,

Fritsch GmbH, Germany, 1 mm diameter) were used as primary

beads in the case of nano-milling. After the particle size was

reduced to submicron level using conventional as well as nano-

milling, secondary grinding beads were loaded in the system in

order to implement an extended particle break-up to nano-level.

High-chromium steel powder (T91,2 ArcelorMittal Research

Industry Gent, diameter 0.1 mm) and tungsten carbide beads

(Glen Mills, WC, USA, 0.79 mm) were used as secondary

grinding medium in the system. A Mastersizer X (Malvern

Instruments Ltd., United Kingdom) was used in order to

determine the PSD of the T91 powder before and after nano-

milling and to verify if the broken particles were not mixed with

the T91 powder. To verify progress in powder milling, PSD’s

before and after desagglomeration were determined using

particle size disc centrifuging or CPS. D10, D50 and D90 are the

statistical fractions determined basically on the cumulative

frequency curve.

After preparing a suspension concentration, the primary

grinding medium (400 g YSZ beads, sized 3 mm) was added to

the suspension. After, the suspension was milled at a rotation
2 enflaCERI 4812S0272-8842(11)00997-7.
speed of 626 rpm. Suspension pre-milling was done with yttria

stabilized zirconia (YSZ) for effective milling times of 6 h.

After pre-milling, the secondary grinding medium (60 g WC

beads, diameter 0.79 mm) was added. Additional effective

milling was done for another 155 min.

In order to be sure that the observed PSD is only determined

by the nano-yttrium oxides particles, as mixing of beads can

cause wear, the size of the T91 powder before and after nano-

milling has been verified using centrifugal particle sizing

(CPS). As the distribution of the T91 powder is measured to

be outside the CPS detection range of 2–100 nm, it can be

concluded that the detected PSD values can be ascribed to the

suspended nano-particles and that the remaining T91 powder is

still micron-sized. Therefore, for z-potential and viscosity

measurements the suspensions were used after eye-verification

of the sinking down of the T91 material.

2.3. Suspension characterization

2.3.1. Zeta potential titrations

Titrations in the basic region using 5 M KOH on as-received

yttria (Y2O3) powder suspensions were done in order to

evaluate the evolution of z-potential value of the colloidal

system in the basic pH, with and without the addition of the

dispersant Calgon N. For z-potential titrations, a standard

0.6 vol.% Y2O3 suspension was prepared for studying the

z-potential of the as-received powder suspension in the basic

region without dispersant addition using 5 M KOH solution. A

2 vol.% aqueous Y2O3 suspension was prepared using ball-

milling, in order to verify the evolution of z-potential after

dispersant addition. In both cases distilled water was used as

suspension medium.

2.3.2. Dispersant coated particles

Transmission electron microscopy (TEM) was used for

visualization of the dispersion after Calgon N addition for a

0.6 vol.% as-received yttria (Y2O3) powder suspension and a

2 vol.% suspension prepared using planetary ball-milling. TEM

samples were prepared by the suspension drop method with the

use of lacey carbon grids (Electron Microscopy Sciences,

United Kingdom): a drop has been taken after particle surface

modification and was dripped manually onto the carbon grid.

The particle observations were made using a TEM JEOL JEM

3010 equipment (JEOL).



Fig. 2. Scanning electron micrograph (SEM) of the yttria (Y2O3) powder in the

as-received state.
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2.3.3. Suspension rheology

In order to determine the optimal dispersant concentration,

the rheological properties were investigated at 25 8C using a

rotational rheometer (MARS II, Thermo Electron, Germany) at

shear rates ranging from 1 to 1000 s�1. All un-milled

suspensions contained 4 vol.% Y2O3 of solid loading. The

milled suspension was diluted to a 1 vol.% concentration, as the

undiluted system appeared too viscous to be workable. In all

cases Calgon N was added in order to stabilize the dispersion.

3. Results and discussion

3.1. Powder characterization

Fig. 1 shows the relative weight percentage (rel. wt.%) as a

function of particle size distribution (PSD) as well as the

cumulative frequency curve of the as-received yttria (Y2O3)

powder, characterized by its statistical fractions D10, D50 and

D90 with a value of 0.142, 0.402 and 0.734 mm, respectively.

From this data it can be concluded that the in-batch Y2O3

particle population is bimodal agglomerated containing an

agglomerate fraction in the submicron range (�500 nm) and a

fraction sized above 1 mm. A micrograph of the as-received

powder obtained using scanning electron microscopy (SEM) is

presented in Fig. 2, confirming the agglomeration state of the

individual nano-particles as well as their spherical morphology

in the as-received distribution.

3.2. Suspension preparation

3.2.1. Dispersant selection

Fig. 3 illustrates the z-potential value as a function of

dispersing agent’s volume added to a 0.6 vol.% yttria (Y2O3)

suspension. Fig. 3 illustrates that Y2O3 particles suspended in

water exhibit a positive surface charge of about +30 mV.

Depending on the consulted literature source, an absolute

surface charge value of approximately j30 mVj should be

sufficient to create a stable suspension based on inter-particle
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Fig. 1. Relative weight percentage (rel. wt.%) and cumulative frequency curve

as a function of particle diameter for the yttria (Y2O3) powder in the as-received

condition.
electrostatic repulsions. However, electrostatic repulsion is a

rather weak force, which will not avoid that in time particle re-

agglomeration will take place. Therefore, in order to prepare

stable Y2O3 nano-dispersions withstanding time, it is important

to keep the Y2O3 suspensions homogeneously dispersed after

particle break-up by preventing this re-agglomeration.

From Fig. 3, it is observed that Calgon N, being a negatively

charged dispersant, adsorbs on the surface of the yttria (Y2O3)

particles, rendering the z-potential negative. When added in

sufficient amounts, the surface of the Y2O3 is completely

covered with Calgon N, resulting in a z-potential of about

�30 mV. In order to keep the dilution of the colloidal

suspension minimal, the most efficient dispersing agent is that

for which the lowest volume of dispersant has to be added to

reach the point of stabilization of about �30 mV. As such, with

Calgon N a minimal loss in suspension concentration is

achieved which is required for its practical application

(cini = 0.6 vol.%; cend = 0.5 vol.%).

3.2.2. Particle size reduction

Particle size distributions (PSD’s) of yttria (Y2O3) nano-

powders in the as-received state are in reality often submicron

or even supermicron agglomerated. To date, production of
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powders is yet possible in bulk quantities but mostly still

consisting of significant and harsh agglomerated particle

populations [20]. For the Y2O3 powder used in our study, the

discrepancy between commercial offered size and the real

agglomerated particle size was confirmed with centrifugal

particle sizing (CPS), as demonstrated in Fig. 1. To reach the

desired PSD in terms of fine sized (<100 nm) and non-

agglomerated powder, it was necessary to implement a particle

break-up of the as-received Y2O3 powder.

3.2.2.1. Nano-milling. Fig. 4 illustrates the reduction in

particle size (D10, D50 and D90) achieved using nano-milling

for a 2 vol.% yttria (Y2O3) suspension as a function of ball-

milling time. As primary grinding medium, 1 mm diameter

spherical stainless steel beads were used. In order to verify the

effect of a secondary grinding media addition onto particle size

reduction, T91 powder was added at the start-run of milling as

well as after submicron break-up (i.e. after 6 min nano-milling).

Considering Fig. 4, it can be concluded that the addition of

finest secondary T91 powder at start-run has especially an

influence on the statistical fraction D10 in the beginning of the

milling process. It is well known that smaller grinding beads

have a lower impact on larger powder particles as they do not

have sufficient mass to grind larger powder lumps to smaller

sizes. The evolutional trend in D50 and D90 is mainly due to

particle size reduction caused by the bigger grinding beads. The

finest particle size distribution achieved within reduced milling

time, i.e. after 8 min high-energy nano-milling, is in case when

T91 was added at the start of the run and is characterized by a

D10, D50 and D90 of 10, 100 and 400 nm, respectively. Larger

milling times do not lead to further size reduction. In case when

T91 was added after 6 min of ball-milling the statistical

fractions D10, D50 and D90 are 70, 150 and 300 nm, respectively

after 8 min of ball-milling. Extended milling times will be

needed in order to reach the same sub-100 nm level in the
Table 3

Fraction values D10, D50 and D90 in nanometre (nm) at the most optimal ball-mill time

are based on the relative weight percentage (rel. wt.%) distribution and particle nu

Suspension

(vol.%)

Primary grinding

media

Secondary grinding

media

Milling

time (h)

2 YSZ, 3 mm T91, 0.1 mm 4.1 

2 YSZ, 3 mm WC, 0.79 mm 5.2 

3 YSZ, 3 mm WC, 0.79 mm 6.5 

4 YSZ, 3 mm WC, 0.79 mm 5.3 

2 YSZ, 10 mm T91, 0.1 mm 4.5 

2 YSZ, 10 mm WC, 0.79 mm 4.5 

3 YSZ, 10 mm WC, 0.79 mm 6.1 

4 YSZ, 10 mm WC, 0.79 mm 3.9 

2 YSZ, 3 mm T91, 0.1 mm 4.1 

2 YSZ, 3 mm WC, 0.79 mm 5.2 

3 YSZ, 3 mm WC, 0.79 mm 6.5 

4 YSZ, 3 mm WC, 0.79 mm 5.3 

2 YSZ, 10 mm T91, 0.1 mm 4.5 

2 YSZ, 10 mm WC, 0.79 mm 4.5 

3 YSZ, 10 mm WC, 0.79 mm 6.1 

4 YSZ, 10 mm WC, 0.79 mm 3.9 

Note: rel. p.n.%, relative particle number percentage; rel. wt.%, relative weight pe
second case compared to the situation when T91 was added at

start-run.

In order to be sure that the observed PSD only consists of the

nano-sized Y2O3 particles, as mixing of beads can cause wear,

the size of the T91 powder before and after nano-milling was

determined. As the distribution of the T91 powder was

measured to be outside the CPS detection range, it can be sure

that the PSD values detected can be ascribed to the nano-

particles suspension.

3.2.2.2. Conventional planetary milling. After four hours

planetary ball-milling with YSZ as primary grinding medium,

the yttria (Y2O3) powder is broken down to submicron level,

�0.3 mm. T91 powder as well as tungsten carbide (WC) beads
 in hours (h) for 2, 3 and 4 volume percentage (vol.%) suspensions. Calculations

mber (rel. p.n.%) versus particle size.

Calculation based on

rel. wt.% or rel. p.n.%

D10 (nm) D50 (nm) D90 (nm)

wt.% 32 104 384

wt.% 39 221 517

wt.% 25 115 287

wt.% 55 176 416

p.n.% 39 212 497

p.n.% 44 252 484

p.n.% 45 235 446

p.n.% 58 225 552

wt.% 11 17 41

wt.% 12 14 28

wt.% 10 13 26

wt.% 14 27 64

p.n.% 11 17 36

p.n.% 12 17 34

p.n.% 12 17 34

p.n.% 13 19 45

rcentage.
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were added to the Y2O3 suspension after pre-reduction to

submicron level, i.e. exactly after 4 h pre-milling with Y2O3

stabilized ZrO2 (YSZ) beads.

Table 3 depicts the fraction values D10, D50 and D90 in

nanometre (nm) at the most optimal ball-mill time in hours (h)

for 2, 3 and 4 volume percentage (vol.%) suspensions.

Calculations are based on the relative weight percentage (rel.

wt.%) distribution and particle number (p.n.) versus particle

size. Primary grinding media used are 3 and 10 mm YSZ beads,

secondary grinding beads used are 100 mm T91 powder and

0.79 mm WC beads.

From Table 3 it can be concluded that in case secondary

grinding medium (T91 powder) was added, the most efficient

size reduction to values �104 nm is achieved after 4.1 h of ball-

mill time. In the case WC beads were added, a size of 115 nm is

reached after 6.5 h of grinding. Furthermore, it can be

concluded that in the case 10 mm primary beads were used,

the final particle size cannot be reduced below 200 nm.

Consequently, the most optimal size reduction is achieved when

3 mm beads were used as primary grinding medium.

The same reduction to approximately 100 nm was achieved

during nano-milling, leading to the conclusion that this is

probably the maximum agglomeration reduction capacity

intrinsic for this specific Y2O3 powder, independently of the

grinding medium used.

When observing the statistical fractions in relative particle

number percentage (rel. p.n.%) as a function of size, it has to be

considered that most probably only a minority of Y2O3

agglomerated lumps make the curve of the relative weight

fraction as a function of particle size move to higher average

size values, and that the smallest particles (<50 nm) are

statistical representative for the majority of particle population.

The biggest advantage of nano-milling compared to conven-

tional planetary milling is definitely its reduced operation time

in order to obtain similar particle sizes.

Further size reduction down to (sub)-100 nm level could be

tried by adding smaller sized grinding media. Density, material

type and size of the grinding medium could be used to

implement further reduction. The advantage or disadvantage in

using one grinding medium compared to another can be found

in its size reduction (submicron particles can only be reduced in

size with smaller grinding media), extra milling processing time

and in the wear properties of the grinding beads being

detrimental for the elemental contamination of the nano-sized

suspension [21].

3.2.3. Suspension characterization

In the previous paragraphs particle size reduction was

demonstrated using nano-milling and conventional planetary

ball-milling. In both cases the final size reduction of the yttria

(Y2O3) powder investigated in this study appears to be 100 nm.

In the following paragraphs and according to the results

presented in Figs. 5–11, final particle size reduction is

performed using conventional ball-milling. The most optimal

conditions concerning milling time and milling media observed

in previous paragraphs are used. In all cases distilled water was

used as suspension medium. After preparing a suspension
concentration of 3 vol.%, the primary grinding medium (400 g

YSZ beads, sized 3 mm) was added to the suspension. After, the

suspension is milled at a rotation speed of 626 rpm. Suspension

pre-milling is done with yttria stabilized zirconia (YSZ) for

effective milling times of 6 h. After pre-milling, the secondary

grinding medium (60 g WC beads, diameter 0.79 mm) is added.

Additional effective milling was done for another 155 min.

3.2.3.1. Zeta-potential titrations. Basic titrations with 5 M

KOH were carried out in order to evaluate the evolution in z-

potential of the colloidal system [nano-particles/dispersant/

dispersing medium] compared to the system without dispersant.

Fig. 5 presents the z-potential as a function of pH for a

0.6 vol.% yttria (Y2O3) colloidal system with and without

Calgon N addition.

Fig. 5 leads to the conclusion that for the system without

dispersant added, the z-potential of the as-received Y2O3

suspension remains positive over the complete pH range, i.e.

from 6.5 to 10. Due to the absence of an IEP for the system in

the basic pH region when no dispersant is added, no pH shift in
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Fig. 9. Dynamic viscosity (h0) as a function of shear rate (s�1) for a 0.7 vol.%

solid load in the ball-milled powder condition and under the addition of 0.5–

3 wt.% dispersant Calgon N.

Fig. 7. Transmission electron micrograph (TEM) of coated yttria (Y2O3) nano-

particles, with indication of a coated Y2O3 particle on image.
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the IEP is detected after dispersant addition. After addition of

the negatively charge dispersant, the z-potential is shifted to

�20 mV in the pH range of 6–10, confirming the adsorption and

stability of the dispersant adsorption in that pH region.

In conclusion of this section, it can be stated that it is possible

to achieve a stable suspension in the pH range from 6 to 10.

3.2.3.2. Dispersant coated particles. The z-potential value as

a function of total titrant volume added was determined for a

0.6 vol.% yttria (Y2O3) powder suspension in the un-milled as

well as in the milled condition and is presented in Fig. 6.

Fig. 6 reveals that the ratio of dispersant/powder (g/g) is

higher after ball-milling compared to a suspension prepared

with as-received powder. This can be understood by the fact

that more dispersant is needed after ball-milling as the available

area highly increases after particle size reduction. Based on the

experimental results obtained, the amount of dispersant needed
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Fig. 8. Dynamic viscosity (h0) as a function of shear rate (s�1) for a 4 vol.%

solid loads in the un-milled powder condition and under the addition of

0.5–3 wt.% of dispersant Calgon N.
to stabilize the colloidal dispersions can be deduced in grams

per gram Y2O3 powder to be dispersed.

Fig. 7 represents a transmission electron micrograph (TEM)

of the Y2O3 powder dispersed with Calgon N dispersant, under

excess addition of dispersant.

From the TEM image presented in Fig. 7 it can be concluded

that coating of the Y2O3 particles based on electrosteric

stabilization appears to be possible.

3.2.3.3. Suspension rheology. The dynamic viscosity (h) as a

function of shear rate (s�1) under different dispersant additions

for 4 and 0.7 vol.% yttria (Y2O3) solid loads in the un-milled

and milled condition are plotted in Figs. 8 and 9, respectively.

Depending on the suspension composition and stability,

different flow types can be distinguished under steady shear

regime. When viscosity behaves independent of the shear rate,

the flow behaviour is denominated Newtonian flow. Shear-

thinning response is observed for all Y2O3 suspensions studied.

Fig. 10 presents the suspension’s dynamic viscosity as a

function of dispersant concentration added at a constant shear

rate of 4 s�1 for the as-received Y2O3 powder (4 vol.%) as well

as after ball-milling a 1 vol.% suspension.
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Fig. 10. Viscosity (h0) as a function of added dispersant concentration (wt.%) at

constant shear rate of 4 s�1 for a 4 vol.% un-milled yttria (Y2O3) powder

suspension as well as under milling conditions (1 vol.%).
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From Fig. 10, it can be concluded that the amount of

dispersant addition has an influence on the viscosity and that the

optimal dispersant concentration to achieve low-viscous

suspensions increases from 1 to 1.5 wt.% for as-received powder

and ball-milled suspensions, respectively. Decreased particle

size increases the particles specific surface area (SSA), leading

to increased dispersant addition needed after milling in order to

obtain minimal suspension viscosity.

3.2.3.4. Suspension life-time. For practical manipulations,

suspension stability in terms of time to sink down to the

bottom of the vial is of interest. According to the law of

Stokes, the rate of creaming (v) or sedimentation of individual

particles < 100 mm follows Eq. (1) [22]. The parameters a,

rp, rl, g and h0, represent particle size, particle density,

density of the dispersion medium and dynamic viscosity of

the dispersion medium, respectively. The parameter g is the

constant of gravity. The particles density, density and

dynamic viscosity of the dispersion medium with and without

dispersant addition Calgon N are rY2O3
¼ 5:01 g=cm3,

rH2O ¼ 1 g=cm3, hH2O ¼ 1 mPa s and hH2OþDISP ¼ 122 mPa s

respectively. The h0-value (122 mPa s) of the system after

Calgon N addition was based on the viscosity curve minimum

observed in Section 3.2.3.3.

n ¼ 2a2 r p � rl

�
�

�
�g

9

h0

(1)

Following the law of Stokes, the rate of sedimentation or

creaming may be diminished by reduction in particle size

(nano-sized suspensions) and by increasing the viscosity using

a dispersant. Sedimentation time as a function of particle size is

presented in Fig. 11. The values presented in Fig. 11 are

singular points calculated from the law of Stokes.

From Fig. 11, it can be concluded that the system with

dispersant addition increases in stability compared to the

colloidal system consisting of only the dispersion medium

water. After 1.5 wt.% Calgon N addition, colloidal stability

increases with approximately 102 h. After 48 h, 100 nm sized

particles will flocculate to the bottom of the vial.
4. Conclusion

A formulation for the preparation of low-viscous and low-

loaded (2, 3 and 4 vol.%) nano-sized yttria (Y2O3) colloidal

suspensions is proposed within this work. This study enlightens

the path for simple and robust preparing of such colloidal

systems: powder characterization, suspension preparation and

low-load slurry characterization.

The Y2O3 powder in its as-received state appears to be

submicron agglomerated and needs ball-milling in order to

reduce the as-received particle distribution down to the nano-

level. After screening several electrosteric dispersants, Calgon

N appears to be a potential dispersant applied in this study,

inducing minimal suspension dilution.

In this study, particle size reduction was achieved using

conventional planetary ball-milling and compared to advanced

high energetic nano-milling systems. The nano-mill Pulveri-

sette 7 was presented here as an excellent possibility to produce

particle suspensions in the nanometre range within reasonably

low milling times. The new planetary ball-mill generation

Fritsch Pulverisette 7, 6 and 5 premium line is demonstrated by

the producer to be the new standard for the creation of nano-

powders on a lab-scale: faster, simpler and safer communica-

tion to nano-level. With the Fritsch P-7 Pulverisette, (sub)-

100 nm distributions are procured considerably faster com-

pared to conventional planetary milling, in case of appropriate

dispersant selection and low-solid loads preparation, which also

prevents strong agglomeration. Using nano-milling, a powder

suspension can be milled down to nano-level within reduced

reaction time compared to conventional planetary ball-milling.

The z-potential of as-received Y2O3 nano-sized suspensions

remains positive and in the absence of an isoelectrical point

(IEP) over the complete pH range of 6.5–10. There is no IEP

detection for as-received Y2O3 nano-powders in the basic pH

region. The minimum in the curve dynamic viscosity as a

function of concentration of dispersant increases significantly

from 1 to 1.5 wt.% dispersant addition in the case of the as-

received Y2O3 powder suspension and the ball-milled suspen-

sion, respectively. Colloidal life-time was approached using the

law of Stokes. It can be concluded that after dispersant addition

Calgon N (1.5 wt.%), colloidal life-time increases with 102 h.
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