
Granular Matter
DOI 10.1007/s10035-013-0478-9

ORIGINAL PAPER

Single particle contact versus particle packing behavior: model
based analysis of chemically modified glass particles

Katja Mader-Arndt · Zinaida Kutelova ·
Regina Fuchs · Jan Meyer · Thorsten Staedler ·
Werner Hintz · Jürgen Tomas

Received: 28 February 2013
© Springer-Verlag Berlin Heidelberg 2014

Abstract Smooth spherical micro glass particles are the
reference particle system to demonstrate the correlation
between single contacts and the particle packing properties.
To investigate the influence of the van der Waals attrac-
tion force, the particles will be functionalized to obtain
hydrophilic and hydrophobic surfaces. To remove the impu-
rities and hydrophilize the particle surfaces a very strong
oxidizing agent is used—the peroxymonosulfuric acid. In
order to generate a hydrophobic glass surface, the process of
silanization is applied. The comprehensive force displace-
ment model of elastic-plastic and adhesive contacts are dis-
cussed. Therefore the model ‘stiff particles with soft con-
tacts’ is used to quantify and compare the elastic-plastic con-
tact properties. In this work, the particle contacts are experi-
mentally investigated by means of atomic force microscopy
(AFM), nanoindentation and shear tests. While the AFM and
nanoindenter measurements are aimed to analyse single par-
ticle contacts, shear tests are used for particle packing stud-
ies. The fundamental challenge and question is addressed and
answered: How do the micro mechanical material properties
change when the glass surfaces are functionalized? Do we
obtain the same behavior for the used micro glass particles
when we compare the different methods?
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List of symbols

a0 Minimum molecular surface distance (nm)
CH Hamaker constant (J)
γ Surface energy (mJ/m2)

γD Surface energy dispersive fraction (mJ/m2)

γP Surface energy polar fraction (mJ/m2)

d Particle diameter (μm)

E Effective modulus of elasticity (kN/mm2)

ffc Flow function (−)
FG Gravitational force (nN)
FH Adhesion force (in general) (μN)

FH0 Adhesion force of contact point (nN)
FN Normal force (μN)

FN,Y Normal force at yield point (nN)
hK Displacement (nm)
hK,Y Displacement at yield point (nm)
kN,el−pl Elastic-plastic contact stiffness (N/m)
κ Contact consolidation coefficient (−)
κA Elastic-plastic contact surface ratio (−)
κp Plastic repulsion coefficient (−)
pf Micro-yield strength (MPa)
pVdW van der Waals bond stress (MPa)
r1,2 Effective particle radius (nm)
rK,el Elastic contact radius (nm)
Wdiss Energy absorption or dissipation (Nm)
ρ Density (g/cm3)

ρb Bulk density (g/cm3)

σ Normal stress (Pa)
σc Uniaxial compressive strength (Pa)
σ0 Isostatic tensile strength (Pa)
σ1 Major principal stress (Pa)
σpre Preshear stress (Pa)
τ Shear stress (Pa)
ϕi Angle of internal friction (◦)
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ϕe Effective angle of internal friction (◦)
ϕst Stationary angle of internal friction (◦)

1 Introduction

In the last years various nano- and microscale materials
have been interesting for many applications. In terms of the
flow properties of such bulk materials, one can find that
cohesive and compressible powders consist of fine (parti-
cle size d < 100 μm), ultrafine (d < 10 μm) or nanosized
(d < 1 μm) particles [1]. For applications e.g. in pharma-
ceutics and food industry, the flow properties are impor-
tant with regard to the product design, conveying, packing
or transport. Due to the higher specific surface areas and
the decreasing contact stiffness of nanodispersed particles,
the effect of adhesion becomes strong. In case of fine, dry
nanoparticles, the adhesion is the van der Waals attraction
force [2,3]. Most of the handling problems are caused by
undesired adhesion with sticking or cementing of the con-
veyed and stored products. On the other hand, adhesion can
be desirable, e.g. in pharmaceutics, to improve the product
quality by processes like agglomeration, formulation (tablet
press) or particle coatings [4]. These desirable effects are
because of the fact that the interparticular adhesion forces,
especially the van der Waals attraction forces FH0, exceed
the gravitational forces FG of the particles by several orders
of magnitude (see Table 1) [4,5]. One of the scientific and
industrial challenges is the trouble-free handling of cohesive
powders.

On the basis of the dimensionless elastic-plastic contact
consolidation coefficient κ, the approximated linear adhe-

sion force intensification FH(FN) of particles by contact flat-
tening, can be evaluated (see Table 2). This results from a
preloading with a normal load FN [6]. A stiff contact behav-
ior with pronounced low adhesion ability is characterized by
values of the contact consolidation coefficient

κ = 0 − 0.1 and consequently FH ≈ FH0. Respectively,
with increasing flattening the contact stiffness decreases κ

and the adhesion force FH increase. The contact point is
deformed to contact area with increasing adhesion poten-
tial. Macroscopically this effect is experienced by the load
dependent increase of the compressive strength and the
shear resistance of fine dispersed cohesive powders. This
process is known as pre-consolidation. Since this behav-
ior is typical for the consolidation of dry, fine, adhesive
particle systems, the crucial influence of the load depen-
dent adhesion force must be microscopically evaluated. The
respective description of this coefficient can be read in
Sect. 4.1.

The scope of the present work is to build a bridge between
the ‘microscopic’ particle properties and the ‘macroscopic’
mechanical behavior of cohesive bulk materials, on the basis
of an elastic-plastic contact model with variable adhesion.

As a model system in the present paper, cohesive micro
glass particles, whose surface properties were chemically
modified, are used. The chemical modification implies par-
ticle hydrophilization and hydrophobization. The creation
of a hydrophobic glass surface is possible by means of
the so-called silanization process, which has been used for
decades to modify the surface of silica and other materials
[7].

The macroscopic or continuum powder behavior of sur-
face modified glass beads were assessed with shear tests, and

Table 1 Adhesiveness of fine,
dry particles [4,5]

Particle size d (μm) Ratio FH0/FG Evaluation

10–100 1–102 Slightly adhesive

1–10 102–104 Adhesive

0.01–1 104–108 Very adhesive

Table 2 Evaluation of the
adhesion force intensification
FH(FN) [4]

Particle size Contact consolidation Evaluation of
d (μm) coefficient κ contact behavior

1–100 0.1–0.3 Soft

0.1–1 0.3–0.8 Very soft

0.01–0.1 >0.8 Extremely soft
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microscopic contact properties were measured by AFM and
nanoindentation.

2 Model for ‘stiff particles with soft contacts’

In the proposed model, the external forces and short-range
adhesion forces contribute towards a localized contact defor-
mation. The contact areas are small in comparison to the
particle size. Therefore only the contact forces and the direct
response behavior, i.e. the approach of the centers of two
contact partners, are considered. The model is characteristic
for the particle contact with variable adhesion and considers
the adhesive, elastic-plastic and viscous, elastic-plastic con-
tact deformation with the unloading and reloading hysteresis
as well as the energy absorption [1].

2.1 Normal force: displacement function with variable
adhesion

The first fundamental of the elastic contact compression
under normal loading was developed by Hertz [8]. With the
approach of the elliptical stress distribution across the con-
tact area, Hertz derived the nonlinear elastic normal force-
displacement law for isotropic smooth particles. The princi-
pal stresses within and outside the contact area were intro-
duced by Huber [9]. Examples for analytical and numerical
models of the spatial stress distribution within a sphere were
given by Lurje [10]. An additional contribution to the nor-
mal force by a constant adhesion of the elastic contact was
observed e.g. by Sperling [11], Derjaguin et al. [12,13], Dah-
neke [14,15], Johnson et al. [16,17], Greenwood [18] and
Götzinger [19], Zhou and Peukert [20] and Li et al. [21].

For the production and handling of fine particles it is nec-
essary to consider the fact of variable adhesion because of the
van der Waals attraction forces between particles. The inter-
actions between the plastic and viscoplastic contact defor-
mation and the increasing adhesion with plastic deformation
and not contact flattening are not investigated extensively
in the literature. Therefore, analytical functions of the nor-
mal force-displacement behavior are shown which consid-
ered step-wise transitions from the elastic, elastic-plastic and
fully plastic contact behavior with a constant flow pressure
(yield limit) and a variable adhesion force, which depends
on the contact flattening.

Figure 1 shows the normal force-displacement behavior
of a particle-particle contact, according to Tomas [1].

After the approach (1) from an infinite distance to a min-
imum separation the two spherical contact partners are in
direct contact with a molecular minimum distance a0. This
surface distance can be calculated for van der Waals attraction
and Born repulsion as first derivative of molecular Lennard-
Jones potential setting equivalent to zero. At this point a

Fig. 1 Characteristic normal force-displacement behavior of two
smooth isotropic particles

smooth sphere-sphere contact without any contact deforma-
tion (hK = 0) is formed by the negative short range attractive
adhesion force FH0 = (CH · r1,2)/(6 · a2

0) (2). This is the so
called jump-in [see Eq. (1)]

FN (hK)approach = − FH0 · a2
0

(a0 − hK)2 . (1)

It is worth here that this force is not equilibrated FN < 0.
But if the contact is loaded from the point (2) of the adhesion
force to the positive yield point (4), it is elastically deformed
(3) with an approximated circular contact area according to
Hertz [8] and Derjaguin [12] (with adhesion) [see Eq. (2)]

FN (hK)elastic = 2

3
· E∗ ·

√
r1,2 · h3

K − FH0. (2)

The effective radius r1,2 characterizes the average surface
curvature before contact flattening. The effective modulus
of elasticity E* results from the series connection of the
two elastic elements. When the Hertz curve intersects the
abscissa, the total force equilibrium within the self equili-
brating contact is obtained. By increasing the external nor-
mal load, the soft contact starts at the micro-yield strength
with plastic yielding at this point (4). There is the transition
from elastic to elastic-plastic deformation [1,22,23]. The dis-
placement at this point (4) is given by Eq. (3)

hK,Y = r1,2 ·
(

3 · π · pf · (
κA − κp

)

2 · E∗

)2

. (3)

The yield pressure pf (contact yielding) is due to stronger
solid (covalent, metallic or ionic) bonds within particle mat-
ter. The displacement dependent elastic-plastic contact area
ratio κA [Eq. (4)] describes the contribution of the circular
inner plastic contact area Apl to total contact area AK includ-
ing an annular elastic deformation and is based on the force
equilibrium [24].
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κA = 2

3
+ 1

3
· Apl

AK
. (4)

By inserting the surfaces of the contact circles in Eq. (4), we
obtain the relation for the contact area ratio, which affects
the loading in normal direction, see Eq. (5)

κA = 1 − 1

3
·
(

hK,Y

hK

) 1
3 = 2

3
· · · 1. (5)

For an ideal elastic deformation κA is equal to 2/3, for per-
fectly plastic deformation κA = 1. κP is the plastic repulsion
coefficient [Eq. (6)], which depends on the van der Waals
bond stress pVdW within the contact area and the yield pres-
sure at particle surface p f .

κP = pvdW

pf
= CH,sls

6 · π · a3
0 · pf

= 4 · γsls

a0 · pf
, (6)

with CH,sls values in a range from 0.2 to 40 · 10−20 J (index
sls: van der Waals interactions between two solid surfaces
with interstitial adsorbed water molecules), pvdW ≈ 3 −
600 MPa [1] and a surface energy of γsls ≈ 0.25−50 mJ/m2

from Eq. (6) for diverse particle matter. The effective normal
force for a particle-particle contact with adhesion (5) corre-
sponds to a microscopic characteristic stress limit function
[see Eq. (7)] [24]

FN (hK)elastic−plastic = π · r1,2 ·pf ·(κA − κp
) ·hK −FH0. (7)

The slope correlates to the elastic-plastic contact stiffness
kN,el−pl. Particles that show a soft and compliant contact
behavior have a low slope. A steep force-displacement behav-
ior symbolizes a stiff contact. The adhesion limit (8) with
negative normal or pull-off force FN < 0 characterizes also
a characteristic stress limit function and specifies all possi-
ble detachment points hK,A, see Eq. (8). The slope of this
function indicates the adhesive stiffness which depends on
the plastic stiffness consider pvdW = κP ·pf . A large negative
slope stands for a soft contact behavior. With a stiff contact in
addition to a low slope κP � 1 an almost constant adhesion
or pull-off force is characteristic FN ≈ −FH0. The elastic
domain is located between the elastic-plastic yield limit and
the adhesion limit

FN (hK)adh.limit = −π · r1,2 · pVdW · hK − FH0. (8)

Any normal loading yields an increasing displacement. But if
the contact would be unloaded (6), beginning at an arbitrary
point hK,U, the elastically deformed, annular contact zone
would be recovered along a parabolic curve [see Eq. (9)]

FNunload = 2

3
· E∗ ·

√
r1,2 · (

hK − hK,A
)3 − FHA, (9)

with the adhesion force FHA and the displacement hK,A at
the adhesion limit function.

The reloading curve (7) [see Eq. (10)] would run along an
equivalent curve from the adhesion limit to the elastic-plastic
yield limit

FNreload = −2

3
· E∗ ·

√
r1,2 · (

hK,U − hK
)3

+π · pf · r1,2 · (κA − κP) · hK,U − FH0. (10)

This hysteresis follows from the energy absorption or dissi-
pation Wdiss of the elastic-plastic contact, which is assumed
as a lenticular area between unloading and reloading curve
(described by Antonyuk et al. [26] for granules) [see Eq. (11)]

Wdiss =
hK,U∫

hK,A

FN,reload(hK) dhK −
hK,U∫

hK,A

FN,unload(hK) dhK.

(11)

If the adhesion limit is reached, the contact planes detach with
an increasing surface distance (9). This particle separation
can be considered for the calculation by means of a short
range hyperbolic adhesion force curve [see Eq. (12)]

FN(hK)detach = − FH0 · a2
0(

a0 + hK,A − hK
)2

−π · r1,2 · κP · pf · hK,A(
a0 + hK,A − hK

)3 · a3
0. (12)

At a few nanometers surface distance −hK the normal force
approach nearly zero FN ≈ 0.

3 Experimental setup

In this section the surface treatment and functionalization of
the micro glass particles will be discussed. Subsequently, a
description of the determination of the microscopic particle
properties by atomic force microscopy (AFM) and nanoin-
dentation measurements is mentioned. For the measurements
of the macroscopic contact behavior of cohesive bulk mate-
rials the method of ring shear cell testing is used.

3.1 Functionalization and characterization

In aqueous medium, depending on the pH, the unmodified
glass particles have polar functional groups on their surfaces
(Si–O−, Si–OH and Si–OH+

2 ) [7]. These polar groups can
interact with water molecules, whereby the water–surface
interaction forces exceed the cohesive forces of bulk water
[27]. Those surfaces are called hydrophilic, because this
interaction causes the water to spread on the surface. The
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Fig. 2 SEM micrograph of
smooth surfaces of unmodified
glass particles

surface hydrophobization is possible by means of a so-called
silanization. In that case the hydrophobic surface is achieved
by replacing the polar groups with non-polar organic rests
[27]. Hereby the surface energy of the treated substrate is
lowered and the water–surface interaction forces are not
large enough to compensate the cohesion forces of bulk
water. In this case the water remains as droplet on the
surface.

The organosilanes are silicon chemicals that possess
reactive hydrolysable groups and inert organic rests [27].
The hydrolysable groups (usually hydroxy (∼OH), chlorine
(∼Cl), alkoxy (∼OCnH(n+3)) [28]) react with the hydroxyl
groups, present on the particles surface after a prior surface
cleaning and activation process [29]. The functional groups
are attached through stable covalent (siloxane) bonds to the
particle surface [30].

Smooth glass particles are used in the present study
(Spheriglass� 5000 CP00, Potters Europe GmbH) to mini-
mize the smear effect of surface asperities. Initially, the par-
ticles had the following volume fraction based size distri-
bution, measured with laser diffraction spectroscopy (Mas-
tersizer 2000, Malvern Instruments): d10 = 3.5 μm, d50 =
10.7 μm and d90 = 21.5 μm. However, prior to modifica-
tion the small particles were separated by sieving through a
10 μm micro-sieve with ALPINE Air Jet Sieve e200 LS, to
separate fine fraction and achieve a narrower size distribu-
tion. The median particle size after this sample preparation
was d50 = 17.3 μm. The used particles are nonporous, have
a smooth surface and contain approximately 73 % SiO2. In
Fig. 2 SEM-micrograph of the used glass particles is shown.
On the surface of the particles some small fragments and
contaminations can be observed. They are a result from the
stressing at industrial production process. Therefore, before
the modification process, the particles were cleaned and at
the same time also activated by a chemical cleaning process
with peroxymonosulfuric acid. This acid is a mixture of
concentrated (95–97 %) sulfuric acid (H2SO4) and concen-
trated (50 %) hydrogen peroxide (H2O2) in ratio 3:1. It is
a very strong oxidizing agent, which removes the organic

residues and activates (hydroxylates) the surface [31]. This
process was used to produce the hydrophilic particles. After
the pretreatment the particles were modified, using three dif-
ferent silanes: Chlorodimethylphenylsilane (CDMPS), 3,3,3-
Trifluoropropyltrimethoxysilane (FPTS) and 1H,1H,2H,2H-
Perfluorooctyltriethoxysilane (PFOTES), see Table 3.

Methanol was used as a solvent in the wet-chemical
silanization process. The amount of the modifying agent was
chosen to be sufficient to build a monolayer on the particle
surface. The reaction mixture was stirred for 5 h and then
heated up to evaporate the solvent and washed up several
times with the solvent, to remove any physisorbed mole-
cules. Finally, the particles were dried in an oven for 12 h at
a temperature of 70 ◦C.

The wettability of the modified and unmodified particles
was experimentally tested with water droplet and the result
comparison verified the effective surface modification. Fur-
ther, the surface modification was established by Fourier
transform infrared spectroscopy (FTIR) (Fig. 3). The FTIR
spectra clearly indicate the attachment of the organic rests to
the particles surface [32]. The spectra also show that not all
of the hydroxyl groups were changed during the modification
process. This can be due to the inhomogeneity of the amor-
phous glass and the irregular distribution of the OH-groups
on the surface. This means that the surface is not fully covered
with a monolayer.

The next step of the characterization process was to quan-
tify the hydrophobicity degree in terms of static contact angle
measurements with the sessile drop technique [33]. It is an
optical method which measures the contact angle which is
formed on the three-phase contact of the liquid and solid
and the surrounding them vapor or gas phase (Fig. 4). Due
to the small particle size, it was not possible to measure
directly the contact angle on the particle surface. For this pur-
pose, as a model system, glass slides with the same chemical
composition as the glass particles were used. The contact
angles were measured with an OCA 15plus instrument (Data
Physics Instruments GmbH). The largest contact angle was
measured on the surface modified with PFOTES, which is
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Table 3 Chemical properties of the modifying agents

Compound Molecular structure Molar mass Density
(g/mol) [g/cm3] 25 ◦C

Chlorodimethylphenylsilane (CDMPS) 170.71 1.02

3,3,3-Trifluoropropyl trimethoxysilane (FPTS) 218.25 1.14

1H,1H,2H,2H-Perfluorooctyl triethoxysilane (PFOTES) 510.36 1.33

Fig. 3 Fourier transform infrared absorption spectra (FTIR) of the
glass particles

due to its long hydrophobic fluorocarbon chain. Due to the
hydroxyl groups present on the surface, the lowest contact
angle (lower than 10◦) was measured on the surface cleaned
with peroxymonosulfuric acid (Fig. 4).

With the help of these measurements a model-based cal-
culation of the free surface energy of the unmodified and
modified glass slides was accomplished. Although the sur-
face energy was calculated only for a model system, it shows
the tendency how it changes after the modification. The sur-
face energy of liquids and solids, γ, consists of polar γP and

dispersive molecule fraction γD of van der Waals interac-
tions. The polar component of the surface energy is due to
the dipole–dipole interactions, hydrogen bonds and acid-base
interactions [34]. The dispersive component γD results from
the non-polar molecule interactions [34]. To calculate the
surface energy, contact angle measurements with two refer-
ent liquids (with known polar and dispersive components),
water and α-bromnaphthalene, were conducted.

For the calculations the OWRK model [35] as the well
suited model for complex interactions was used. The results
clearly show a decrease of the surface energy for the
hydrophobic surface and an increased surface energy in case
of the hydrophilic surface (Fig. 5). The surface hydropho-
bization with PFOTES and FPTS did not cause only the
expected decrease of the polar surface energy component, but
has also lowered the dispersive one. The reason for that lies in
the fact, that due to the high electronegativity of fluorine, the
polarizability of the fluorocarbon molecules is reduced. That
results in decreased charge fluctuations (instantaneous dipole
inducing), responsible for the non-polar London dispersion
forces [36]. One can also see that the dispersive energy of
the surface modified with PFOTES is the lowest. This phe-
nomenon was also observed by Lindner and Ariast [37]. They
noticed that the dispersion surface energy of substrates modi-
fied with fluoroalkyl silanes decreases with increasing length
of fluorocarbon chain. The slight increase of the dispersive
energy component for the substrate modified with CDMPS
is most probably due to measurement errors and requires
further studies.
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Fig. 4 Static contact angle measurements of glass slides modified with: a peroxymonosulfuric acid; b unmodified; c Chlorodimethylphenylsilane;
d 3,3,3-Trifluoropropyltrimethoxysilane and e 1H,1H,2H,2H-Perfluorooctyltriethoxysilane

Fig. 5 Surface energy of the glass surface with its polar and dispersive
components prior and after the modification

Another interesting observation is that the hydrophilic
surface has almost the same polar surface energy as the
unmodified one, but the dispersive surface energy has been
increased. Therefore, we can expect higher van der Waals
forces between the hydrophilic particles and lower between
the hydrophobic surfaces.

Since theoretically the layer thickness is in nanometer
range, it was not possible to reveal its structure with scanning
electron microscopy due to the low resolution. Therefore, the
surface layers were measured with non-contact AFM (XE-
100, PSIA). Five 2.5 × 2.5 μm2 scans are taken at differ-
ent surface positions of each sample in order to derive the
root mean square (RMS) of layer thickness. Using a plane
and line-fit in XEI software (PSIA) the images (Fig. 6) were
processed.

Using laser diffraction spectroscopy (Mastersizer 2000)
the particle size distribution after modification was measured.
The results showed an increased size of particles modified

with CDMPS and PFOTES, which indicates an agglomerate
formation. The reason for this is the technique used for the
silanization. When the solvent was evaporated the unreacted
silane was deposited on the particle surface and agglomerates
were built.

3.2 Atomic force microscopy

One possibility to determine forces between two macro-
scopic bodies provides the spring balance method which
was already used by Bradley [38] and later by Derjaguin
et al. [39], Black et al. [40], Rouweler and Overbeek [41],
Israelachvili and Tabor [42,43], Israelachvili and Adams [44]
and Israelachvili [25]. This method is not suitable for too
small particle sizes [45]. For the determination of the adhe-
sion force of micro-scale particles in contact, the AFM is
used. The AFM was invented in 1986 by Binning et al.
[46] and is used on the one hand to image high-resolution
surface topographies, and on the other to record the force-
displacement behavior of particle-particle or particle-wall
contacts [47–51]. The measured force curves provide valu-
able informations about material properties such as adhesion,
elasticity and hardness. For this reason, the force-curve mea-
surements are increasingly used in advanced material science
and technology [52].

Figure 7 a shows schematically the experimental setup of
the used atomic force microscope.

To accomplish direct force-displacement measurements,
the method of colloidal probe technique [51] was applied.
The measurements were carried out with an atomic force
microscope (Asylum Research MFP 3DTM AFM). For all
the performed experiments, the ambient air temperature was
23.4 ± 0.3 ◦C and the encountered relative humidity was
15.9 ± 0.7 %. At the end of the AFM cantilever (Fig. 7b),
which was used as a force sensor, a micro-sized glass par-
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Fig. 6 AFM measurements of the surface topography of a a cleaned, hydrophilic glass slide (RMS = 0.8 nm); b glass slide modified with CDMPS
(RMS = 2.1 nm); c glass slide modified with FPTS (RMS = 4.2 nm); d glass slide modified with PFOTES (RMS = 11 nm)

Fig. 7 a Principle of the test of
atomic force microscopy; b
scanning electron micrograph of
an unmodified micro glass
particle, which was glued to the
end of a tipless cantilever

ticle was glued. The NSC35/tipless/AlBS cantilever, from
Schaefer Technology GmbH, had a length of about 90 μm
and a spring constant of 10.47 N/m. The determination of

the spring constants of the cantilevers was carried out by
the thermal noise method. The micro-glass particles were
found to have an average diameter of d50 = 17.3 μm and a
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surface roughness of 0.8 nm. The exact diameter was deter-
mined by a scanning electron microscope. The evaluation of
the surface roughness was performed by using a non-contact
AFM (XE-100, PSIA). To glue the particle and cantilever
together a two-component adhesive (Araldite, epoxy) was
used. To investigate the adhesion forces, silica plates were
functionalized as described in Sect. 3.1 and the related force-
displacement curves via particle-wall contacts were mea-
sured. Therefore 10 × 10 points were investigated at three
times in a 50 μm × 50 μm area. The velocity of the mea-
surement of the particle-wall contact was 1 μm/s.

3.3 Nanoindentation

Nanoindentation has been used to determine force-
displacement curves between two particles or particle and
wall to calculate model based the material properties such as
modulus of elasticity E and adhesion force FH0. By a cer-
tain adaption, the nanoindentation is suitable to characterize
the material data of micro-scaled particles [53]. The experi-

Fig. 8 Schematic representation of experimental setup used to perform
the indentation

ments at the microscopic scale by nanoindentation were per-
formed using TriboIndenter provided by Hysitron Inc. which
is shown schematically in Fig. 8.

The method of tip preparation was first published by Fuchs
et al. [54]. The following Fig. 9 illustrates the preparation of
the tip. A spherical, (cube corner diamond tip; Hysitron Inc.)
attached glass particle (d50 = 17.3 μm), see Fig. 9a, is used
on a three-sided pyramidal tip. In the first step a cavity is
cut into the diamond tip (Fig. 9b) by means of a focused
ion beam system (FEI Helios 600). The hole appropriated an
ideal locating surface for the particle because of its diameter
(dhole < d). Since the hole-diameter is smaller than the depth
of the hole, the contact area between the particle and tip is
only formed by a circular ring.

Therefore, the contact between tip and particle does not
affect the measurements negatively. Following this, the par-
ticle is attached to the tip with the help of an AFM (XE-
100, PSIA) and photosensitive acrylate-based adhesive (DIC
Europe GmbH). The AFM is used as a micromanipulator for
the positioning of the particle. The evaluation of the qual-
ity of prepared tips takes place by using SEM images (Zeiss
Ultra 55), see Fig. 9c).

The functionalization was differently accomplished
regarding the purification step, which was described in
Sect. 3.1. Because of the organic basis of the adhesive the par-
ticle was cleaned under oxygen plasma for 30 s. The particle-
wall contacts between the glass particle and glass slide were
measured displacement-controlled with a preload of 1 μN.
The measurements were carried out with unmodified parti-
cles on modified surfaces, as well as the contact of mutu-
ally functionalized contact partners. The maximum depth of
indentation was set to 32 nm. In an area of 50 μm × 50 μm
49 measurements were carried out for three times. For all
the performed nanoindentation experiments, the ambient air
temperature was 22.8 ± 0.3 ◦C and the encountered relative
humidity was 29.6 ± 0.4 %.

Fig. 9 Scanning electron micrographs; a three-sided pyramidal diamond cube corners tip (Hysitron Inc.) [55], b cut hole by means of focused ion
beam, c attached glass particle (adhesive glue: DIC Europe GmbH)
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3.4 Shear tester

The flowability of the modified and unmodified particles was
measured with a Schulze Ring shear cell apparatus RST-XS
in a standard shear cell XS-Mr with a specimen volume of
30 ml [56]. With the shear tester the stresses are measured
which lead to flow or irreversible plastic shear deformation
[57]. The yield stress as a function of the applied normal stress
is called yield locus and cannot be crossed. Two or more yield
loci measured at different stresses determine the consolida-
tion function of the powder [58]. According to Jenike [59],
the flow function ffc, is a correlation between the major prin-
cipal stress σ1, which is the maximum consolidation stress
at the yield locus, and the uniaxial compressive strength σc,
which represents the powder strength for a certain consoli-
dation stress. The classification of the powder flow behavior
according to Jenikes flow function is given by Jenike [59]
and Tomas [60].

The yield locus is measured in three steps: pre-
consolidation, preshear and shear [61]. At first the specimen
is compacted applying a pre-consolidation normal stress σ.
The second step implies powder shearing, at normal pres-
hear stress σpre, until reaching the steady state flow, which is
a flow under a constant shear stress and constant bulk density
at the applied normal force. Then the powder is released from
the load. Finally, the measurement continues under reduced
normal stress σ that results in smaller shear stress τ with
a peak (the last measurement step) when the consolidated
powder fails and expands (dilatancy), which is called incip-
ient flow. Beside the flow function and additional powder
flow and consolidation characteristics can also be measured
with shear tests and they are given in previous publications
[58,60,62].

The shear tests were conducted at four preshear stresses:
2, 4, 8 and 16 kPa.

4 Experimental results

To compare single-particle contacts with particle packings
the obtained results are presented in this section. While in
Sect. 4.1 a description is given of how the model equa-
tions are used in order to evaluate the contact properties,
in 4.2 the obtained AFM and nanoindentation results are
presented and Sect. 4.3 refers to the results of the shear
tests.

4.1 Methodology and approach

In the following section the usage of the contact model
‘stiff particles with soft contacts’ and the model based back-
calculation of the material properties are shown and dis-
cussed for the force-displacement curves.

If the elastic-plastic yield limit is also a bit curved like the
elastic deformation (see Fig. 10a) the abscissa is plotted with
the converted displacement hK 3/2 for a better visibility of
the yield point Y and the elastic compression range. Conse-
quently a straight line with the slope a1 can be achieved, see
Fig. 10b.

By means of a linear regression of the measured values
FN = f(h3/2

K ) and therefore a1, the effective modulus of elas-
ticity E* results in Eq. (13)

E∗ = 3 · a1 ·
√

2

r1,2
. (13)

The deformation in normal direction leads to a transverse
strain of the particle. By means of the Poisson ratio for glass
(ν = 0.25) [63] the modulus of elasticity E can be determined
as follows, see Eq. (14)

E2 = 1 − ν2
2

2
· E∗. (14)

Fig. 10 a Normal force-displacement function; b linearized normal force-displacement function
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Furthermore the force FN,Y and the contact flattening hK,Y =
(h3/2

K,Y)2/3 at the yield point Y can be estimated. Through
Eq. (15) the mean contact stiffness for loading kN,el,Sec in
the elastic range might be approached as secant contact
stiffness,

kN,el,Sec = FN,Y

hK,Y
. (15)

Because of the relatively wide elastic deformation range and
the obtained significantly high values of the yield limit [26,
64–66], the elastic-plastic yield limit will be determined by
Eq. (16)

FN(hK) = π

2
· r1,2 · pf · (

κA − κp
) · (

hK − hK,Y
)

+FN,Y − FH0

= a2 · (
hK − hK,Y

) + b2 (16)

Additionally the displacement at yield point hK,Y is used to
supplement Eq. (7). The linear regression of the experimen-
tally determined yield limit provides the slope a2 and the
y-intercept b2. This lead to the characteristic adhesion force
FH0 with [Eq. (17)]

FH0 = FN,Y − b2, (17)

to the characteristic micro-yield strength pf [Eq. (18)]

pf = E∗
π

√
hK,Y

2 · r1,2
, (18)

the elastic-plastic contact stiffness kN,el−pl, see Eq. (19)

kN,el−pl = a2 = π

2
· r1,2 · pf · (

κA − κp
)

(19)

and the plastic repulsion coefficient κP [Eq. (20)]

κp = κA − 2 · a2

π · r1,2 · pf
. (20)

Fig. 11 Force-displacement function of the elastic-plastic contact with
unloading

The unloading of the compression test leads to the elastic
recovery of the contact, see Fig. 11. The intercept of the
abscissa E for FN = 0 describes the residual plastic dis-
placement hK,E.

Another important parameter to characterize the increas-
ing adhesion by contact flattening is the contact consolida-
tion coefficient κ. It represents the contact softness at increas-
ing adhesion forces. The elastic-plastic contact consolidation
coefficient κ [see Eq. (22)] denotes the current contact stiff-
ness and the increase of the adhesion force FH [Eq. (21)] with
the exposure of a pre-consolidation force FN [1,24]

FH (FN) = (1 + κ) · FH0 + κ · FN (21)

and

κ = κp

κA − κp
. (22)

A large value of κ shows a soft contact behavior with a
high adhesion potential (see Table 2). On contrary a very stiff
contact with small adhesion potential is characterized by a
very small contact consolidation coefficient κ ≈ 0.

4.2 Single particle contact

4.2.1 Atomic force microscopy

Figure 12 represents the average pull-off forces obtained
from the AFM measurements. For each type of surface modi-
fication 300 measurements were performed at different areas
of the glass slides. The adhesion force was determined by
an unmodified glass particle, glued to the cantilever, and the
modified or functionalized glass slides.

The largest adhesion force was found for the hydrophilic
contact. It amounts to 1.93 μN with a standard deviation

Fig. 12 Results of the adhesion forces determined with AFM for a
glass particle (d50 = 17.3 μm) and functionalized glass slide surfaces.
10 × 10 points were investigated at three times in a 50 μm × 50 μm
area on each surface
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of 0.34 μN. The reason for this is based on the polarity
of the surface groups which accumulate during the purifica-
tion process with peroxymonosulfuric acid. This means that
the attachment of the hydroxyl groups on the glass surfaces
increases the van der Waals attraction forces because of the
hydrophilicity.

With an increasing non-polarity of the silane groups, the
hydrophobicity of the contact increases which results in a
decreased measured adhesion force. The large standard devi-
ation for the hydrophilic contact results from the decreas-
ing of reactivity, because of the ambient atmosphere dur-
ing the measurements. Contrary the large standard deviation
for the unmodified substrates follows due to the production
process of glass. Thus, for example contaminations or abra-
sions are attached to the surfaces. The silanes with the flu-
oroalkyl, e.g. the FPTS, show the lowest adhesion forces
with FH0 = 0.11;μN and PFOTES with FH0 = 0.16 μN.
At the contact angle measurements of the different func-
tionalizations we obtained a contact angle of 88.7 ± 2.2◦
for FPTS and 106.8 ± 0.8◦ for PFOTES. They represent
the most hydrophobic behavior, hence smallest adhesion
forces.

4.2.2 Nanoindentation

The comparison of the normal force-displacement behavior
of the averaged values of the three different functionalities
is shown in Fig. 13. Unmodified particles were in contact
with unmodified, hydrophilic and hydrophobic wall contacts.
Exemplary Chlorodimethylphenylsilane (CDMPS) was cho-
sen as a hydrophobic surface.

According to Hertz [8] the elastic contact radius for a
displacement hK ≤ hK,Y is given by Eq. (23):

rK,el = √
hK · r1,2. (23)

This elastic contact radius rK,el characterizes the elastically
deformed contact area. For particle-wall contacts, the effec-
tive radius r1,2 is equal to the particle radius. For the max-
imum deformation of 32 nm, the elastic contact radius is
0.53 μm. The stiffest particle behavior was found for the
unmodified particle-wall contact with a maximum normal
force of 750 μN. The hydrophilic contact deformation is
similar to the unmodified contact with a maximum force
of 600 μN. With observing the unloading curve (zoom-in
view in Fig. 13), it can be observed that the plastic defor-
mation of the surface purification with peroxymonosulfuric
acid is smaller. The plastic deformation was characterized
by the intercept of the unloading curve with the abscissa (see
Fig. 11, point E). Permanent plastic deformations of 2.93
and 1.15 nm were found for the unmodified and hydrophilic
contacts, respectively.

The hydrophobic contact shows a clear different behavior.
The maximum normal force amounts to only 110 μN but a
plastic deformation of 18.33 nm was measured. The normal
force-displacement curve is characterized by a small slope,
indicating a soft contact behavior. The behavior is probably
caused by the multi-layer formation on the functionalized
glass surface. During the process of silanization a multi-layer
formation on the surface is formed which is too thick in com-
parison to the contact flattening, i.e. the nanoindenter only
measures the deformation of the silanized multi-layer.

To compare the nanoindentation measurements with the
powder shear tests, single particle measurements must be car-
ried out within the same stress level as the particles experi-
ence in bulk tests. The shear tests were performed for four dif-
ferent normal stresses (σ = 2, 4, 8, 16 kPa). It was measured,
that for the shear tests the major principal stress σ1 varies
between 3.5 and 40 kPa. To approximate a macro-micro tran-
sition the relevant range of normal forces at nanoindentation
is calculated by FN ≈ σ1 · d2

50 [4,24,58]. In order to per-
form nanoindentation measurements with particles (median
size d50 = 17.3 μm) and σ1 = 3.5−40 kPa, FN is 1−12 μN.
Based on this result the following measurements were car-
ried out in a range of 10 − 20 μN. This range is due to the
variability of the nanoindenter.

Figures 14 and 15 show the results for both-sided function-
alized contact partners. For Fig. 14 a cyclic loading exper-
iment with the CDMPS modification was investigated. Ten
cycles of loading and unloading at the same contact point
were measured. The measurements were investigated dis-
placement controlled with a maximum contact deformation

Fig. 13 Comparison of the force-displacement behavior of different
modified particles and surfaces (unmodified: untreated glass particle
and slide; hydrophilic: treated with oxygen plasma; hydrophobic: func-
tionalized with CDMPS) while measuring a particle-wall contact with
nanoindentation. Zoom-in view shows the intercept of abscissa, which
describes the area of plastic deformation (displacement controlled:
hK = 32 nm, preload: 1 μN)
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Fig. 14 Fitting of the force-displacement data for a cyclic loading dis-
placement controlled particle-wall contact. Due to clarity only cycle 1
and 10 are shown. Particle and surface were modified with CDMPS.
The stiffness increases with the number of cycles. (Cyclic loading: 10
cycles, preload: 1μN)

Fig. 15 Comparison of the adhesion forces for 10 cycles of dis-
placement controlled cyclic loading for a hydrophilic and hydropho-
bic particle-wall contact. (Hydrophilic: treated with oxygen plasma;
hydrophobic: treated with CDMPS)

of 11 nm equivalent to an elastic contact radius of 0.31 μm.
To simplify Fig. 14, the first and the tenth cycle of the force-
displacement curve are shown. It can be observed that an
increasing maximum normal force increases with number of
cycles. The plastic stiffness, kN,el−pl [Eq. (19)], is the slope
of the elastic-plastic yield limit [see straight line (5) in Fig. 1].
We obtained plastic stiffness values of 2.25 and 5.29 N/m for
the first and tenth loadings, respectively.

The reason for stiffening behavior is the contact consoli-
dation effect by surface layer yielding and hardening within
the contact zone. The contact was deformed more and more
plastically to a maximum value was reached. At the first cycle
of the measurement the plastic deformation (intercept of the

abscissa) was 2.64 nm. In the tenth cycle is an intersection
between the loading and unloading curve. This is based on
the existing contact flattening at the moment of the 10th mea-
surement. Due to the plastic deformation the contact between
the two particles starts later (the starting position of the inden-
ter is for every cycle the same), but no further plastic contact
deformation is measurable and so the two curves intersect.

In Fig. 15 the adhesion force-changes of the hydrophobic
and hydrophilic particle-wall contacts are shown. The surface
purification with oxygen plasma was realized as described in
Sect. 3.3. Observing the adhesion forces as a function of the
number of cycles no pattern is visible for the hydrophobic
contact. On the contrary, we observed the decreasing of the
adhesion force after the third cycle by the hydrophilic contact.
The reason for this behavior can be attributed to the squeezing
of water adsorption layers at ambient atmosphere.

The determination of the adhesion force was considered
by the contact model for adhesive particles with the investi-
gated yield limit [see Eq. (17)].

Considering this equation, the adhesion force can be cal-
culated by the intercept of the elastic-plastic yield limit and
the appeared force at the yield point. The mean adhesion
force was determined versus the ten cycles. The hydrophilic
contact showed an adhesion of 65.51 μN in contrast to the
mean adhesion force of 18.27 μN for hydrophobic contact
(Fig. 15).

Another parameter that was characterized is the contact
consolidation coefficient κ [see Eq. (22)]. With a charac-
teristic plastic repulsion coefficient of κp = 0.51 [see Eq.
(20)] we got a contact consolidation coefficient of 1.58 for
the hydrophobic contact. This indicates an extremely soft
contact according to Table 2. For the sake of simplicity the
elastic-plastic contact surface ratio κA was set constant to
5/6 for the elastic-plastic contact behavior [1,4,24]. The κ

for the hydrophilic contact was evaluated to be 0.4 with a
plastic repulsion coefficient of 0.22. The particle contact is
stiffer for purified particles in comparison to the modified
and functionalized surfaces.

4.3 Bulk powder analysis

Figure 16 clearly shows a decreased flowability of the modi-
fied glass particles, relative to unmodified glass beads. These
results are surprising as theoretically with lower surface
energy the bulk powder should be more free flowing. The
reason for this lies in the used silanization technique. The
silanes are extremely moisture sensitive and tend to partially
polymerize and form multi-layers by working with non-water
free solvents. Especially for long chain silanes, irregular clus-
ters (like micelles) are formed on the surface. Consequently,
a certain non-uniform surfaces coating is produced. During
loading process, the silane clusters dominate the first contact
and hinder to flow due to shear induced interlock and mutu-
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Fig. 16 Macroscopic consolidation function of powders with modified and unmodified glass particles, measured at ambient conditions

ally penetration and association of hydro-carbon chains. This
leads to an increased compressive strength and a decreased
flowability [62]. Therefore the modification process has to
be continued and optimized.

The cleaned (hydrophilic) particles also have a lower
flowability than the unmodified particles. This is related to the
increased surface energy (Fig. 5) and therefore the increased
adhesion forces (Fig. 12) by water adsorption layers.

By a suitable micro–macro transition for normal/
tangential contact forces and normal/shear stresses [4,24,58]
using the model ‘stiff particles with soft contacts’ the micro
mechanical particle properties, i.e. the characteristic mean
adhesion force between two particles of unconsolidated pow-
der FH0, the elastic-plastic contact consolidation coefficient
κ, the plastic repulsion coefficient κp and the characteristic
load dependent total adhesion force between two particles in
contact FH were back-calculated.

The pressure dependent adhesion force between two par-
ticles in contact FH (Fig. 17) is calculated as a linearized
function of the contact normal force FN (calculated as shown
in [4]), the adhesion force without any contact deformation
FH0 and the elastic-plastic contact consolidation coefficient
κ [Eq. (21)] [58].

The slope of the adhesion force characterizes the con-
tact consolidation coefficient κ [1] (Table 2) e.g. the higher
the slope, the more compliant is the contact and vice versa
the lower the slope the stiffer is the contact. The particles
modified with CDMPS show the largest adhesion force FH

increase with an increasing normal force FN, i.e. the largest
slope κ.

Fig. 17 Microscopic characteristic adhesion force versus normal force
of the studied micro glass particles back-calculated from shear tests

On Fig. 18a, the attractive adhesion force FH0 (the adhe-
sion force without any contact flattening) is shown. The
results for the unmodified, hydrophilic and hydrophobic par-
ticles modified with FPTS are in good agreement with the
AFM results (Fig. 12). In case of the modification with
CDMPS and PFOTES cannot be determined for sure if the
higher adhesion forces are due to the surface structure or due
to the agglomerate formation. Figure 18b shows the elastic-
plastic consolidation coefficient κ back-calculated from the
shear tests.
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Fig. 18 a Characteristic mean adhesion force between two particles of unconsolidated powder FH0; b elastic-plastic contact consolidation coefficient
κ of the unmodified and the modified particles

Table 4 Comparison of the results from single particle contacts and particle packing measurements

Nanoindentation Shear tests

CDMPS Un modified Hydrophilic CDMPS Un modified Hydrophilic

Adhesion force FH0 in μN 18.27 3.80 65.51 0.13 0.055 0.089

Contact consolidation coefficient κ 1.58 0.03 0.37 1.26 0.15 0.20

One can see that the hydrophilic particles show softer con-
tacts as the hydrophobic FPTS particles (Fig. 18b). This is
very likely due to the fact that the measurements were carried
out under ambient conditions and there are, for sure, water
molecules adsorbed on the activated surface, which results
in softer contacts and larger adhesion potential.

The particles modified with CDMPS have the softest con-
tact. The reason is probably because of the regular struc-
ture of these surface layers after the modification. When the
particles are consolidated, the aromatic rings (Table 3) can
interlock with each other, which results in higher adhesion
forces. That is most likely the reason why these particles have
lower attractive adhesion forces then the PFOTES particles,
but after contact deformation their adhesion increases.

The calculation of the bulk density of the modified parti-
cles shows, that among all the modified particles, the ones
modified with FTPS have the largest bulk density. That is
because by reducing the adhesion force the rearrangement of
the particles into a denser packing encouraged. Contrary, the
particles treated with CDMPS, have the lowest bulk density
due to the highest adhesion force [62].

5 Conclusion

An extensive analysis of the micro and macro mechanical
properties of smooth unmodified, hydrophilic and hydropho-
bic micro glass particles was accomplished on the basis of the
model ‘stiff particles with soft contacts’. For the production

of the hydrophilic particles a chemical cleaning process and
for the hydrophobic—a wet chemical silanization process
were used. The micro mechanical contact properties for
single particle contacts were measured directly by means
of nanoindentation and AFM, and for bulk powder back-
calculated from the shear tests. The nanoindentation mea-
surements were conducted at cyclic loading at stress ranges
similar to those from the shear tests, in order to compare
microscopically between single particle and powder contin-
uum (particle packing).

Table 4 shows a comparison of the model-based back-
calculated attractive adhesion force FH0 and the elastic-
plastic contact consolidation coefficient κ for nanoindenta-
tion and shear tests. Due to the utilized silanization technique,
which resulted as a non-uniform surface coating, a cluster for-
mation was observed in case of modification with CDMPS.
Thus, although the particles treated with these silanes have
a lower surface energy after modification, they have an
increased adhesion forces and the highest adhesion force cal-
culated from the shear tests lies between the CDMPS modi-
fied particles. The highest adhesion forces were measured for
hydrophobic particles by nanoindentation. The nanoindenter
experiments are conducted for particle-wall contact, which
results in a larger contact area after deformation. That is most
probably the reason for the higher adhesion forces measured
in this case.

The contact stiffnesses determined for one representative
contact between two particles from the bulk solid and single
particles are in the same stiffness ranges. In both cases the
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most compliant contact is measured for the CDMPS and the
stiffest for the unmodified particles. Since the van der Waals
attraction force is the main reason for adhesion of fine, dry,
micro scale particles, we can observe the same tendency for
adhesion force change from AFM and surface energy mea-
surements. But the adhesion forces FH0 between two par-
ticles, measured directly and model based back-calculated
from shear tests differ significantly from each other (Table 4)
and the comparison between them is still a challenge. There-
fore, an optimization of the modification process is needed
in order to avoid over dosage and cluster formation of sur-
factants and coatings.

Generally, it can be concluded, that comparing the two
methods, single particle contacts and particle packings are
obtained the same contact behavior for the unmodified,
hydrophilic and hydrophobic particles.

This study will continue with further nanoindenter investi-
gations at cyclic loading for the hydrophobic particles, mod-
ified with PFOTES and FPTS.
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