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Abstract

Nacre-like ceramic composites are of importance in a wide range of applications,

because of their mechanical properties, combining high mechanical strength and high

fracture toughness. Those mechanical properties are the result of strongly aligned

platelets glued in a matrix. Different methods exist to shape such ’brick-and-mortar’

hierarchical structure. In this paper, it is proposed to use the phenomenon of het-

eroaggregation between silica nanoparticles and large alumina platelets. Experimental

and numerical results show that silica nanoparticles can adsorb on alumina platelets

with a good distribution. This adsorption promotes the deagglomeration of alumina

which can self-organize in layers by sedimentation. This phenomenon can be exploited

to shape alumina-silica nacre-like composites.
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Introduction

During the last years, a special attention has been paid to nacre because of its mechanical

properties combining both a high fracture strength and a high fracture toughness. This un-

usual combination of properties comes from the brick and mortar structure of nacre. Nacre

is indeed comprised of 95vol% of well-aligned aragonite platelets (a crystallographic form

of CaCO3) glued together by 5vol% of organic materials (proteins and polysaccharides).1

Different strategies are found in the literature to produce ceramic materials with such a

hierarchical structure: use of magnetic particles alignment,2 gluing of ceramic layers,3 sed-

imentation4 or more recently a series of filtration/compaction/sintering.5 Bouville et al.

have also used a method based on ice templating,6 allowing a multi-scale self-organization in

the final composite. After sintering, this final ceramic is composed of well-aligned alumina

platelets glued in a glass matrix. To reinforce mechanical properties alumina nanoparticles

are also introduced to create alumina bridges in between alumina platelets. For their shap-

ing process, a suspension is then prepared with alumina platelets, alumina nanoparticles and

with a silica-calcia suspension used as the glass precursor (nanoparticles of ∼ 20 nm). To

ensure the stability of this suspension, polymeric additives are added.7 The presence of the

polymers imposes then a phase of debinding during the sintering. And more generally, the

presence of carbon residues in this system can be detrimental to final properties of consoli-

dated parts.

To achieve the desired brick and mortar structure in the alumina-silica nacre-like ceramics,

alumina platelets need to be aligned but also small silica particles must be well distributed

in between to form an homogeneous intergranular phase (e.g. a vitreous phase) after sinter-

ing. In this paper, we propose to formulate suspensions composed of only alumina platelets

and silica nanoparticles without any carbonated components, by using heteroaggregation.

For that, we present a detailed study of the suspension behavior as a function of the mass

ratio between the silica nanoparticles and the alumina platelets. To better understand the

interactions between the components, both experimental characterizations and numerical
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simulations are used. The objective of this study is to understand how such simple suspen-

sions can be used as a base for shaping nacre-like ceramics.

Methodology

Experimental characterization

The alumina powder is a sapphire alumina named RonaFlairrWhite Sapphire from Merck,

Germany (platelets with d50 ∼7µm, thickness∼500 nm, purity ≥ 99%). Silica particles are

taken from a commercial, aqueous suspension of Ludox TM50 provided by Grace Davison,

United States (50 wt% SiO2, d50= 25 nm, purity 99.56%). An alkaline medium is used to

stabilize this suspension with Na+ as counterions. The mother suspension is diluted in os-

mosed water by 3 before use. Its pH is around 9. The mixed suspensions containing both

alumina and silica are prepared in osmosed water. First alumina powder is introduced and

then the dilute silica suspension is added. The whole suspension is then deagglomerated by

an ultrasonic treatment (300 W, 30 s (pulse on 3 s, pulse off 1 s)).

Zeta potential measurements are carried out with an Acoustosizer IIs from Colloidal Dy-

namics. Suspensions are prepared in osmosed water with a solid loading of 1wt%. pH is

adjusted manually with HCl 0.1 M and NaOH 0.1 M. The Smoluchowski model is used to

estimate the zeta potential.

Sedimentation tests are carried out to evaluate the kinds of arrangements alumina platelets

form. For that, 3 mL of alumina suspension prepared at 3vol% are allowed to settle in closed

tubes during 24 hours. At the end, clear supernatants are obtained and the height of sedi-

ments is measured.

Microscopy observations are performed with a scanning electron microscope (SEM Quanta

FEG 450 allowing the environmental mode). To observe sediments, a droplet of suspen-

sion taken in the middle of the sediment is deposited on a sample stub and is thus directly

observed without any metallization in the environmental mode.
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Simulation methodology

In this paper, Brownian Dynamics simulations are performed to understand the interactions

between the silica nanoparticles and the alumina platelets. In these simulations, the fluid is

considered as a continuum medium and its effect on the particles is taken into account by

introducing a friction term and a random term in the equation of Langevin, which is the

equation of motion for a particle in suspension. By integrating this Langevin equation, the

evolution of the particle positions can be described by:8–10

ri(t+ δt) = ri(t) +
√

(2Diδt) Yi +
Di

kBT

∑
j

Fij{rij(t)}δt (1)

with ri the mass center of particle i, Di the diffusion coefficient of particle i, δt the time step

of simulation, rij the center-to-center distance between particles i and j, kB the Boltzmann’s

constant and T the temperature. Yi is an uncorrelated Gaussian distributed random number

with an average of 0 and a variance equal to 1. Fij{rij(t)} are the pair interaction forces

applied on particle i that will be derived from the pair interaction potentials (Fij = −∇Vij).

Because of the huge size ratio between the silica and the alumina particles (∼ 300 to 400),

taking into account both kinds of particles in a simulation is too cumbersome. Therefore two

kinds of simulations are used: the first one is used to study the behavior of silica particles

close to an alumina platelet and the second one to study the behavior of several alumina

platelets without considering explicitly the silica particles.

Silica particles in the vicinity of alumina To model the alumina surface, which is

in fact plane, it was chosen to use a wall of the simulation box, and interactions between

the silica nanoparticles and alumina are considered as sphere-plane interactions. Brownian

dynamics simulations are then performed with 1000 silica nanoparticles of 25 nm diameter
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using an Ermak algorithm8 (see Eq 1). The diffusion coefficient for a sphere is given by:

Dsphere =
kBT

6πηa
(2)

with η the solvent viscosity (here for water η = 10−3 Pa.s) and a = 12.5µm the radius of

silica particles. Simulations are carried out at T = 293 K with a time step of δt = 5.10−10 s.

A cubic simulation box is used with periodic conditions in ’x’ and ’y’ directions. The upper

wall in ’z’ direction is a repulsive wall, modelled by a linear repulsive interaction. The lower

wall in ’z’ direction represents the alumina surface. Interactions in this system are modelled

by a DLVO potential11,12 (Derjaguin, Landau, Verwey and Overbeek), which has already

been successfully used to describe interactions between alumina and silica particles.13,14

This potential is the sum of two different contributions: one due to the attractive van der

Waals interaction and the other due to the electrostatic interaction. To model the silica

nanoparticle interactions, the expression developed for spheres is used. The van der Waals

contribution is then expressed as:15

V sphere−sphere−vdW
ij = −Ass

6

[
2a2

r2ij − 4a2
+

2a2

r2ij
+ ln

(
r2ij − 4a2

r2ij

)]
(3)

where Ass is the Hamaker constant (for silica in water Ass = 4.6× 10−21 J16), a the particle

radius (here a = 12.5 nm) and rij the center-to-center distance between particles i and j.

For the interaction between silica particles and the bottom wall in ’z’ direction, representing

the alumina surface, the interaction developed for a sphere and an infinite plane is used:15

V sphere−plane−vdW
i = −Aas

6

[
a

hi
+

a

hi + 2a
+ ln

(
hi

hi + 2a

)]
(4)

where Aas is the Hamaker constant for alumina-silica interactions in water (here Aas =
√
AssAaa =

√
4.6× 10−21 × 4.76× 10−20 = 1.48 × 10−20 J16) and hi the surface-to-surface

distance between the particle i and the plane.
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For the electrostatic interactions between the silica particles, the Hogg-Healy-Fuerstenau

(HHF) potential developed for spheres is used:

V sphere−sphere−HHF
ij = πεaψ2

[
ln

(
1 + exp(−κhij)
1− exp(−κhij)

)
+ ln (1− exp(−2κhij))

]
(5)

where κ is the inverse Debye length (here no salt is added and κ = 108 m−1), ψ is the surface

potential of the particles (assimilated here to the zeta potential), hij the surface-to-surface

distance between particles i and j. For the interaction between the alumina and the silica,

the general HHF expression for two spheres is used by modifying it in such a way that one

of the radii approaches infinity:15

V sphere−plane−HHF
ij = πεa

(
ψ2
i + ψ2

j

) [ 2ψiψj

ψ2
i + ψ2

j

ln

(
1 + exp(−κhij)
1− exp(−κhij)

)
+ ln (1− exp(−2κhij))

]
(6)

Because DLVO potential becomes infinite at the contact, it is cut at −14kBT to avoid di-

vergence and a linear repulsive potential is added to avoid interpenetration. This value of

cut-off has been chosen because it has already allowed to reproduce the adsorption of silica

nanoparticles on α-alumina quasi spherical particles.13,17 At the beginning of the simulation,

silica particles are randomly placed in a cubic simulation box by avoiding overlapping with

the other ones and with the walls in z-direction.

Behavior of alumina platelets Brownian dynamics simulations are also used to study

the packing of alumina platelets during sedimentation. To take into account their specific

morphology, alumina platelets are modelled as a non-deformable assembly of 153 spheres of

diameter del = 500 nm (see Figure 1), which corresponds to the thickness of the sapphire

platelets. Brownian dynamics is performed as in References 10 and 18, taking into account
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7.5µm

5.8µm

Figure 1: Modelling of an alumina platelet by an assembly of 153 elementary spheres of
500 nm. For visibility the edges are represented by an other color.

both translation (equation 1) and rotation motions by following the angle variation:

∆θi = (2Drδt)
1/2Yi +

DrTi
kBT

δt (7)

Ti is the torque induced by the interactions on particle i and Dr is the rotational diffusion

coefficient of particle i. Alumina platelets are assimilated to a disk of radius ad = 3.325µm

(disk of equivalent surface). Thus the translational diffusion coefficient to is expressed as:19

Dtranslation =
kBT

12ηad
(8)

and the rotational diffusion coefficient as:

Drotation =
3kBT

32ηa3d
. (9)

In these simulations, silica nanoparticles are not explicitly represented. However, the pres-

ence of them obviously modify the interaction between the platelets. To understand this

effect, an effective Yukawa potential is used for the interactions between the elementary

spheres constituting the platelets, allowing to tune the degree of interaction by modifying
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both the sign (sign is + for repulsion or - for attraction) and the well-depth value U∗:

V Y ukawa = (sign)U∗
del
rkl

exp (−κ(rkl − del)) (10)

where rkl is the center-to-center distance between the elementary spheres k and l. At contact,

this potential is cut and linear repulsive interactions are introduced between elementary

spheres to avoid interpenetration. Interactions on an alumina particle are then obtained by

summing all the interactions applied on its beads and the torque induced by the bead-bead

interaction is obtained by:

Ti =
∑
k∈i

dk
∑
l /∈i

Fkl{rkl(t)} (11)

with dk the distance vector between the bead k belonging to the platelet i and the center of

the alumina platelet i.

To model sedimentation, gravity is applied to the platelet center as a force (central force):

F = (ρal − ρwater)Vplateletg (12)

with ρal the density of alumina (3980 kg.m−3), ρwater the density of water (1000 kg.m−3),

Vplatelet the platelet volume (1.73× 10−17 m3), and g the standard gravity.

A parallelepiped with square base, whose ’z’ dimension is 5 times larger than ’x’ or ’y’

dimensions, is used as simulation box. Periodic boundary conditions are considered in ’x’

and ’y’ directions and walls in ’z’ direction, using a repulsive interaction:

V rep = kBT

(
2ad

h+ ad

)12

(13)

Simulations are performed with 150 platelets. Because of the large amount of elementary

spheres, simulations are parallelized thanks to a home-made code developed for calculations

on GPU (Graphics Processing Unit).20 A time step of 10−7 s is used and analyses are done

at t = 20 s.
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Results and discussion

Behavior of the alumina suspensions

To understand the behavior of alumina suspensions, experimental characterizations are car-

ried out. The evolution of the zeta potential as a function of pH is reported in Figure 2

for the alumina platelets. Alumina platelets have an isoelectric point (IEP) around 9, simi-
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Figure 2: Zeta potentials of alumina and silica as a function of pH.

larly to α-alumina particles.13 In the literature, it is reported that sapphire has normally a

lower IEP around 6, which is generally explained by the different types of hydroxyl groups

found on the surface, especially on the (0001) plane.21 These groups dissociate at different

pKa forming an amphoteric particle with negatively charged basal planes. This behavior

is not observed for the commercial powder used in this study, which let us think that the

surface of this powder is more similar to the α-alumina one. It has indeed been reported

that (0001) sapphire plane can have an IEP similar to α-alumina after being treated with

oxygen plasma.21 That is why, in this study, below pH 9 edges and faces of platelets are

considered as positively charged and above pH 9 as negatively charged. Figure 3 shows the
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results of sedimentation tests performed at different pH for 3vol% alumina suspensions. The

Figure 3: Picture at 24 h of the closed tubes used for the sedimentation tests of alumina
suspensions prepared at different pH.

height of the sediment increases until pH 9 and then decreases at pH 10. This behavior is

similar to the α-alumina behavior and can be linked to the zeta potential measurements.

From pH 3 to pH 9, the zeta potential of particles decreases, the suspension becomes more

and more instable and the sediment height increases. At pH 10, the pH is higher than the

IEP, particles are thus negatively charged and suspension begins to be again more stable.

This behavior is in agreement with our hypothesis that edges and faces of alumina can be

considered as similarly charged. It should be noted that, at pH<9, the tubes are not clear

above the sediment. At these pH, particles tend to stick to the glass tube, which also reflects

the positive charge of the particles.

Silica adsorption onto alumina platelets

The evolution of the zeta potential as a function of pH for the silica nanoparticles is also

reported in Figure 2. On the whole pH range, silica is found negatively charged, there-

fore heteroaggregation between alumina and silica is expected over a wide range of pH [2

- 8]. To understand the effect of silica addition on the alumina particles, acoustophoresis

measurements are carried out on an alumina suspension in which silica nanoparticles are pro-

gressively added. Figure 4 shows the variation of both pH and zeta potential as a function
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of the amount of added silica R defined as R = mSiO2/mAl2O3 with mSiO2 the mass of silica

and mAl2O3 the mass of alumina. The natural pH of alumina suspension is found around 6.
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Figure 4: Evolution of the zeta potential and of the pH as a function of the silica content R
introduced in the alumina suspension.

It increases until 7.5 with the silica addition (Cf. silica suspension has a pH of 9), but in

all cases for these pH, alumina and silica are oppositely charged and heteroaggregation is

therefore expected. In parallel, the addition of silica leads to a decrease of the zeta potential

of alumina. For a ratio R & 0.4%, the zeta potential becomes even negative. The change

of zeta potential is explained by the adsorption of the silica nanoparticles on the alumina

platelets, because of their opposite charges. This adsorption is indeed observed by electron

microscopy as shown in Figure 5. In addition, the picture shows that the basal planes of

alumina are covered by the silica nanoparticles, confirming that these latest are positively

charged. Figure 4 shows also, that with R & 1.3%, the zeta potential does not vary anymore.

This concentration seems to correspond to a saturation of adsorption. Considering that for

this amount, all the nanoparticles are absorbed and that platelets can be modeled by 500 nm

thick and 6.65µm of diameter cylinder, it is found that around 630 silica nanoparticles are

adsorbed per µm2.
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(a) (b)

250 nm

Figure 5: SEM picture taken in environmental mode of a sediment obtained with alumina
platelets and silica nanoparticles (R=3%, pH∼ 8). (b) is an inset of (a). Alumina platelets
are homogeneously covered by silica nanoparticles.

In parallel, the adsorption of the nanoparticles on the alumina is studied by Brownian dy-

namics simulations. According to Figure 2, at pH 7 a surface potential of −21 mV is used for

the silica and of 7 mV for the alumina. The DLVO potentials obtained with these values are

shown in Figure 6. An attraction is obtained for the alumina-silica interaction, whereas silica

particles repulse each other. The barrier of this potential is low (around 3.5kBT ) however

repulsion is found over a long distance (5.5a). Figure 7 shows the results of simulations.

During the simulation, the nanoparticles are attracted towards the bottom wall and after

0.0075 s there is no more evolution of the adsorption. Many nanoparticles remain in the bulk

and a saturation of the adsorption is obtained. It is observed that adsorbed silica nanopar-

ticles do not touch each other, which is in agreement with the SEM observations (Figure 5).

This can be explained by the repulsion existing between these nanoparticles. The number of

adsorbed nanoparticles has been evaluated as an average over 10 independent simulations.

It is found that around 690 nanoparticles/µm2 are adsorbed. This value is slightly higher

than the experimental one, however it corresponds in both cases to a low coverage of the alu-

mina surface. This difference can be explained on the one hand by different approximations

done to evaluate the amount of adsorbed silica particles in experiments (shape and size of

alumina platelets), and on the other hand by numerical approximations, such as the value
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Figure 6: DLVO potentials used for silica-silica interactions (sphere-sphere) and silica-
alumina interaction (sphere-plane) as a function of the dimensionless distance ((r/a) with
r the center-to-center distance between spheres or the center-to-surface distance between a
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(a)

(c) (d)

Figure 7: Snapshots of Brownian dynamics simulations used to analyze the adsorption of
silica nanoparticles onto alumina. Initial conditions: (a) picture of the box and (b) sliced
view of the bottom wall. Results of simulations at t = 0.0075 s: (c) picture of the box and
(d) sliced view of the bottom wall.
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of the cut-off or the infinite wall. However, these results confirm that, in order to explain

adsorption, on the one hand basal planes of alumina particles must have positive charges for

the silica nanoparticles to adsorb, and, on the other hand, repulsions between those silica

particles lead to a rather low but very homogeneous coverage of alumina platelets. Moreover,

using the zeta potential as surface potential seems to be a good approximation for the whole

alumina particles.

Sedimentation of silica covered alumina platelets

The effect of Ludox addition on the platelet arrangement is observed by sedimentation

tests. Figure 8 shows the picture of the tubes obtained after sedimentation in presence

of different amount of silica R. The values of the solid volume fraction in the sediments

Figure 8: Picture of the closed tubes used for the sedimentation tests taken 24 h after
preparation. R represents the silica amount added in the tube.

(φs = particle volume/sediment volume), are reported in Table 1.

It is observed that increasing the silica content increases the volume fraction of particles

in the sediment. When no silica is added, the solid volume fraction in the sediment is

measured at φs = 8%, but when R = 1.1%, this value is multiplied by 3.5 leading to a

volume fraction of φs = 28%. This value is greater than those obtained for suspensions of

alumina alone at any pH, for which the largest volume fraction in the sediment is obtained
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Table 1: Values of the sediment height (hs) and of the solid volume fraction in the sediments
φs measured in the sedimentation tests. The left hand side corresponds to Figure 8 and the
right hand side to Figure 3.

Alumina-Silica Alumina
R(%) hs ±0.5 (mm) φs±2.5 (%) pH hs ±0.5 (mm) φs±2.5 (%)

0 18 8 3 11 13
0.1 13 11 7 18 8
0.2 10 14 9 22 6
0.5 7 20 10 18 8
0.8 5 28
1.1 5 28

at pH 3 (φs = 13%), which corresponds to the highest value of alumina zeta potential.

Moreover, sedimentation tests also show that, for R < 0.5%, the tubes are not clear above

the sediment. This is due to particles that stick to the glass tube and can be explained by

the presence of positive charges on the alumina particles, in agreement with zeta potential

measurements (see Figure 4). For R ≥ 0.5%, the tube walls are clear. According to the

acoustophoresis measurements, for these ratios, alumina particles are sufficiently covered by

silica to appear as negatively charged.

Let us now discuss the effect of the adsorbed silica on the alumina interactions. Because

of its low surface potential (7 mV), electrostatic repulsions between alumina platelets are

weak and they should aggregate because of the van der Waals attraction. When silica

nanoparticles begin to adsorb on alumina, first they can counterbalance the van der Waals

attraction between platelets because of steric effects and then, because of their negative

charges, they can cause the alumina particles to progressively repel each other as a result of

electrostatic repulsion. Because silica nanoparticles adsorb on alumina, depletion effects are

unlikely. As the repulsion between silica-covered alumina platelets increases, it is observed

that the sediment packing density increases, which means that the platelets alignement in

the sediment increases as well.

Brownian dynamics simulations performed on platelets with interactions that vary from

attractive to repulsive allow to well understand this phenomenon. At the beginning particles
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are first dispersed in the simulation box and then they are allowed to settle under gravity

during the simulation (see Figure 9). The volume fraction of particles is fixed at 2.2vol%,

the maximum fraction avoiding preferential orientations during the generation of the initial

random positions. It takes around 10 s to obtain a sediment composed of all particles at

 0s        5s      10s    15s    20s 

Figure 9: Snapshots of Brownian dynamics simulations used to analyze the sedimentation
of alumina platelets.

the bottom of the box. Then, small reorganization occur in the sediment. At t = 20 s,

the sediment height does not evolve significantly and analysis is then performed. Even if

hydrodynamic interactions are not taken into account, numerical results allow to qualitatively

understand the suspension behavior. Simulations are carried out with Yukawa potential for

(sign)U∗= -160, -30 and 30kBT (Cf. Equation 10) to mimic a progressive addition of silica.

Results are shown in Figure 10.

The sediment height decreases when alumina particles are less and less attractive, in

agreement with the sedimentation tests. For strongly attractive particles, the volume fraction

of solid in sediments is of 18%, but it arrives to around 40% for the case where particles

are repulsive. This increase is due to the compactness of the particle set, which is linked to

their orientation in the sediment. The evaluation of the platelet orientations, performed by
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-160 kBT -30 kBT 30 kBT

Figure 10: Snapshots of Brownian dynamics simulations at 20 s for (sign)U∗= -160, -30 and
30kBT .

measuring the angles formed by the platelets and the bottom plane, is reported in Figure 11.
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Figure 11: Angle distribution of platelets in sediments at t = 20 s for the different values of
(sign)U∗ used in the Yukawa potential: -160, -30 and 30kBT . Distribution is obtained from
histograms constructed with an angle range of 5o. An angle of 0 means that the platelet is
aligned with the bottom wall of the simulation box. Results are averaged over 5 independent
simulations.

For strongly attractive particles, a wider angle distribution is observed. When particles

encounter each other, they indeed strongly stick together, whatever their mutual orientation.

In this case, an ’house-of-card’ structure is obtained. When attraction is decreased, the re-

organization between particles is easier, which gives a higher packing density. And when

particles become repulsive, particles do not stick to each other and are thus better aligned
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in the bottom plane by gravity.

The very good platelet alignment achieved both experimentally and in simulations let us

think that this kind of system might be very interesting to form artificial nacre, and there-

fore that adding silica nanoparticles to alumina could be a good strategy. Moreover, as

observed previously, since silica nanoparticles are attracted towards platelets and repel each

other, a good distribution of silica on the alumina platelets can be achieved, which should

lead to a good homogeneity of the final body composition.

Conclusion

In this paper, a detailed study of the behavior of aqueous suspensions composed of

RonaFlairrWhite Sapphire (alumina platelets) and Ludox TM50 (silica nanoparticles) is

presented. Because of the surface properties of the alumina platelets, heteroaggregation with

silica is possible for a pH around 7. At this pH, the negatively charged silica nanoparticles

adsorb on the positively charged alumina platelets. The saturation of adsorption appears

for a low concentration of silica (R ∼ 1.3%), which is due to the repulsion between the silica

nanoparticles. The alumina platelets are not fully covered, however a good distribution of

silica nanoparticles on them is obtained. Moreover, the presence of these adsorbed silica

nanoparticles leads to the dispersion of the initially flocculated alumina suspension due to

their size and their surface potentials. The sedimentation of such mixed suspensions, where

silica nanoparticles are fixed onto the large platelets, is quite fast, and gives sediments where

particles can be very well aligned. To conclude, this study opens perspectives to shape well

structured alumina-silica nacre-like composites without using carbonated additives such as

dispersing agents that would have to be removed through debinding afterwards, resulting in

some potential detrimental residues.
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