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Aggregated nanoparticle films find application inmany fields such as gas sensing, solar cells and batteries. These
films are characterized by size distributions of polydisperse primary particles and sintered particle aggregates
that dictate both the response to external load and functional properties such as heat or charge transport.
Mechanical compaction of the films strongly affects these properties in a way that can be quantified by the
change of porosity and pore size distributions on the applied compacting pressure. The exact restructuringmech-
anisms of the aggregate architecture, however, remain unknown. Here, we apply Discrete Element Method
(DEM) simulations to gain access to such restructuring mechanisms in TiO2 nanoparticle films synthesized by
flame-spray pyrolysis. The ability of the sintered TiO2 aggregates to rearrange via mutual detachment, rolling
or sliding events dictated by non-covalent, humidity-dependent interactions are known to be crucial to predict
the correct response to compaction. In this work, the importance of elastic deformation of aggregates according
to a novel sinter bridge model is elucidated. The best match between DEM simulations and experiments is
obtained for bridges with a tensile and bending strengths substantially larger than bulk TiO2, consistently with
a low probability of critical fracture initiation in nanometer-scale structures.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nanoparticle films composed of aggregates of primary particles
deposited from the gas-phase inflame-based synthesismethodsfind at-
tractive applications in catalysis [1,2], gas sensors [3–6], dye sensitized
solar cells [7,8] and battery materials [9–11]. These films are often char-
acterized by a high porosity up to 98%, awell-defined pore size distribu-
tion and a percolating particle network [12]. Especially the pore size
distribution is important for applications involvingfluid flows. These in-
clude the film imbibition with a second phase, e.g. a polymer matrix
[13], and catalysis [5,14]. Here, the pores allow for the diffusion of fluids
and therefore enable chemical reactions to take place at the particles'
surface. In addition, charges can be conducted along the percolation
paths [15].

Such a high porosity of the particle films, however, often comeswith
a low mechanical resistance. Thermal stabilization processes, i.e. an-
nealing and sintering, can stabilize the films and enhance their electrical
conductivity [16]. The drawbacks of thermal particle sintering are the
resulting reduced porosity and specific surface area. Schopf et al. have
lty of Production Engineering,
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developed an alternative two-roll lamination process [12] in which
dry nanoparticle films were compacted at pressures up to 2.5 MPa.
The compaction led to a significant increase in the films compressive
Young's Modulus (from 0.8 MPa to 1.9 MPa) and a decrease in porosity
from 84% to 79% while preserving the film's specific surface area. The
electrical conductivity was enhanced due to an increased number of
percolation paths [4]. In a follow-up study, Schopf et al. showed that
compacted particle films maintain their structure against capillary
forces resulting from an air-liquid interface during liquid imbibition
[13]. This feature enables their utilization in many new applications.

The details of the restructuring during the compaction process, how-
ever, remain unclear. One challenge is to distinguish between the differ-
ent contributions and roles of the film's hierarchical building blocks:
primary particles, aggregates and agglomerates. In a series of recent
studies, we have clearly identified the nature and extent of the non-co-
valent particle-particle contact forces between aggregates [17–20].
However, the mechanical strength of the covalent sinter bridges be-
tween primary particles within aggregates remains hardly accessible.
Friedlander et al. reported elastic deformation and elongation of the
bridges which led to significant restructuring of aggregate chains [21].
Seipenbusch et al. [22] argue that the sinter bridges between the
primary particles are too strong to be broken during common film han-
dling procedures. A quantitative evaluation using atomic force
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microscopy (AFM) experiments on 1D-TiO2 strings was carried out by
Amin et al. [23]. They reported a decrease in the Young's Modulus and
an increase in the tensile strength compared to bulk TiO2, resulting
from a low amount of lattice defects in such small dimensions.

We note that precise information about the particle connectivity and
strength bothwithin and amongaggregates is crucial for themechanical
resistance and the electrical conductivity of the films. Regarding the lat-
ter, capillary bridges or van der Waals contacts between particles are
characterized by a significantly lower electrical conductivity compared
to sinter bridges [15]. A high number of broken sinter bridges during
mechanical compactionmight lead to a very different percolation struc-
ture and thus to different pathways for the transfer of charges across the
film. This, in turn, may detrimentally affect their activity in gas sensing
elements or their conductance when embedded in isolating matrices.

Simulations based on the discrete element method (DEM), as origi-
nally proposed by Cundall and Strack [24], are capable of simulta-
neously predicting the dynamical or mechanical behavior of systems
composed of millions of particles. DEM is well established in a wide
range of applications and a variety of interparticle contact models are
available. Non-covalent interactions between primary particles in the
range of a few nanometers are predominantly determined by a super-
position of capillary forces at larger distances and solvation forces at
shorter distance [17,20]. Dissipation arises because of themutual sliding
and rolling of particles in contact and is heavily dependent on the
amount of solventmolecules in the contact region. In air, this is dictated
primarily by the relative humidity and the amount ofwater adsorbed on
theoxide surfaces [18]. In contrast, inertia and gravity are less important
for the interactions of nanoparticles. The number of studies governing
the interactions of nanoparticles is rather limited [25–28]. Only recently
we have applied a combination of AFM force spectroscopy andmolecu-
lar dynamic simulations to develop a new contact model suitable for
DEM simulations of TiO2 nanoparticle films [18,20]. The proposed
model can represent TiO2 primary particles below 20 nm considering
normal and friction forces, as well as adhesion resulting from capillary
and solvation forces. In doing so, however, we have assumed ideally
rigid sinter bridges within aggregates, neglecting their possible bending
or breaking. DEM simulations using these contact models were able to
reproduce with sufficient accuracy the experimentally measured force
response of the films upon tensile stress locally applied by means of
an approaching and retracting AFM tip [18]. However, an overestima-
tion of the simulatedmaximum forces was observed and tentatively as-
cribed to the simplistic description of rigid and unbreakable sinter
bridges. Also, the transferability of themodel to other loading situations
has not been tested yet.

In this work, we extend and improve our previously developed DEM
contact model with an additional covalent particle-particle bonding
term that reproduces the correct mechanical behavior of sinter bridges
in aggregates under mechanical stress. Particle bond models allowing
for the breakage of bonds have been implemented into DEM for a vari-
ety of applications. These include the modelling of rocks [29], of the ce-
mentation of particles [30], of particle bonded with PVP binders [31], of
maltodextrin agglomerates [32] and of a SiO2 aggregate comprised of
several thousand nanometer-sized primary particles [28]. However,
the simulation of the mechanical compaction of complex nanoparticle
films formed from polydisperse aggregates composed of non-rigid,
breakable agglomerates [33], has not been attempted so far.

2. Material and methods

2.1. Experimental

TiO2 aggregated nanoparticles were synthesized using flame spray
pyrolysis (FSP) as described in detail in [12,34]. After generation, the
particle films were laminated with pressures of 0.4, 1.2, 1.7, 2.3, 2.7
and 3.4 MPa. Primary particle and aggregate size distributions were de-
rived from TEM image analyses and CPS disc centrifuge measurements
2

as described in [18,35]. Porosity and pore size distributions were de-
rived from nitrogen adsorption isotherms as described in detail in
[12,13].

2.2. Simulations

2.2.1. Creation of particle film models
The deposition of nanoparticle aggregates was simulated as de-

scribed in detail in [18,33]. Films were constructed with 600,000 pri-
mary particles in a tetragonal simulation box with lateral dimension of
2.0 μm× 2.0 μm in the x-y plane and initial height of 6.1 μm along the
z axis. As also shown in [18], the primary particle sizes followed a log-
normal distribution, as derived from TEM image analyses (median di-
ameter of 9.0 nm and a geometrical standard deviation of 1.45). Aggre-
gates including between 13 and 128 primary particles were generated
randomly with a cluster-cluster aggregation algorithm as proposed by
Filippov et al. [36]. The aggregates had a fractal dimension Df = 1.8
with prefactor kf = 1.3 and a mass mobility exponent Dfm = 2.15 with
prefactor km = 1.11. Such parameters are commonly used to represent
particles synthesized in the gas phase [37].

In-silico particle film formation determined by thermophoresis is
computationally demanding, especially for low Peclet-numbers due to
the high diffusivity of the aggregates. The ballistic deposition of aggre-
gates reduces the computational time from weeks to seconds per CPU
core. Mädler et al. [33] have found that the initial particle film structure
depends on the Peclet number, which describes the ratio between con-
vective and diffusive transport. This dependency, however, strongly de-
creases with increasing number of particles. Here we consider a broad
aggregate size distribution (13–128 primary particles) in combination
with a polydisperse primary particle size distribution, which resulted
in the distribution of Peclet numbers shown in Fig. S1. Under these con-
ditions, it is possible to neglect the effect of diffusion and the aggregates
were deposited ballistically, which allowed us to generate sufficiently
large particle films with reasonable computational effort.

2.2.2. Elastic sinter bridge model
Elastic sinter bridges within aggregates were modelled according to

Potyondy and Cundall [29]. Bridges were defined at the beginning of
each simulation only between pairs of particles of the same aggregate
within a threshold distance 1.1*(Ri + Rj), with Ri being the nominal ra-
dius of the particle i. Normal and tangential forces (Fn and Ft) and
torques (Mn andMt) on the bridges were calculated with the following
set of equations [29]:

Fn ¼ Ln
EB
L0

AB ð1Þ

Ft ¼ Lt
EB

2L0 1þ νBð ÞAB ð2Þ

Mn ¼ δn
EB

2L0 1þ νBð Þ J ð3Þ

Mt ¼ δt
EB
L0

I ð4Þ

In Eqs. 1 and 2 the forces acting on a bridge with cross-section AB =
π∙RB2 and rest length L0 depend linearly on the normal and tangential dis-
placements Ln and Lt via the bridge Young's Modulus EB and Poisson's
ratio νB. In Eqs. 3 and 4 the torques are calculated from the relative tan-
gential angular displacements δn and δt via the moment of inertia I and
the polar moment of inertia J.

Brittle fracture occurred and the bridge was removed from the sim-
ulation if either the tensile or shear stress of the bridge exceeded the



threshold values σB and τB, according to:

−
Fn
AB

þ Mtj j
I

RB≥σB ð5Þ

j Ft j
AB

þ Mnj j
J

RB≥τB ð6Þ

Mixed stress and breakage models were neglected in accordance
with [29].

The bridge rest length L0 corresponded to the distance between the
centers of mass of each pair of bonded particles, and the bridge radius
was calculated as RB = λ ∙ Rmin, with Rmin being the minimum between
R1 and R2. (Table 1). The factor λ was determined from the measured
particle and bridge radii of 118 bound primary particles in TEM images
of flame-made TiO2 nanoparticle aggregates, leading to an average
value λ=0.48. Literature values for EB (56 GPa), σB and τB (4.2 GPa in
both cases) [23] were used as a starting point for the DEM simulations,
and were then varied to reproduce quantitatively the experimentally
observed behavior of films under compaction (vide infra, Fig. S2).

The sinter bridge model is superimposed to the normal contact and
adhesionmodel (vide infra). The effect of additional adhesion caused by
the capillary forces is negligible as visible from Fig. S3.

All employed DEM parameters are summarized in Table 1.

2.2.3. DEM simulations
Discrete Element Method (DEM) simulations were performed with

the open-source software LIGGGHTS, Version 3.5 [38]. The normal con-
tact model considers non-linear Hertzian stress in combination with a
viscous damping,which results from the viscosity of thewater adsorbed
at the particle surfaces within the contact area [18]. The energy dissipa-
tion by friction is modelled as constant torque (rolling friction) and a
stick-slip behavior (sliding friction). Adhesion between non-aggregated
primary particles is modelled as a superposition of capillary forces and
solvation forces, based on a relative humidity of 50%, as described in de-
tail in [18]. Gravity was neglected in all simulations. As in [18], a
timestep of Δtt = 5∙10−13 s was used, equal to half the maximum
timestep estimated from the Rayleigh time [39] Δtcrit = 1∙10−12 s.

In the compaction simulations, two movable horizontal walls with
the width of the simulation box were placed above and below the par-
ticle film to represent the lamination rolls of the experiment [12]. Parti-
cle-wall interactions were calculated using a Hertz-Mindlin model with
a Young's Modulus of 56 GPa. Periodic boundary conditions were ap-
plied to the other film boundaries. The film porosity φ between the
walls was calculated from the particle volume Vp and the total volume

within the confined space between the walls Vtot: φ ¼ 1− Vp
V tot

. The as-
created particle films were first equilibrated until the total kinetic en-
ergy in the system reached a constant value (steady state) after about
5 μs of simulation time. This was necessary because the initial particle
configuration was formed without consideration of the long-range
Table 1
Material and simulation parameters for the DEM. Different models were used for aggregate-ag

Particle-Particle interaction models See [18]

Young's modulus sinter bridge, EB 56 GPa [23] (other values in Fig
Tensile strength sinter bridge, σB 4.2 GPa [23], 15.0 GPa (other va
Shear strength sinter bridge, τB 1.4 GPa, 4.2 GPa [23], 15.0 GPa (
Sinter bridge radius factor, λ 0.48
Poisson's ratio sinter bridge, νB 0.28 [23]

Viscosity (only during equilibration) 100 pN/(m/s)
Time step Δtt 5∙10−13 s
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interaction forces (adhesion forces) which are introduced during DEM.
Hence, a film might be initialized in an unstable configuration. During
this equilibration phase, a fictitious viscous force term of 100 pN/(m/
s) was used to dissipate the kinetic energy and drive the aggregates sta-
bly towards a local energy minimum. This viscous force, however, had
an insignificant effect on the following compaction of the film as re-
ported in Fig. S4. After the equilibration, the upper wall was moved to-
wards the lower wall with a constant velocity of 0.5 m/s, until a defined
targeted pressure was reached. Then, the wall movement was reversed
and the wall raised by 250 nm, which enabled a full expansion of the
film without any further interaction between the walls and the parti-
cles. During this expansion, the normal pressure due to repulsive parti-
cle-particle interactions and bent sinter bridges was fully released, as
indicated by a constant film porosity for at least 200 ns simulation
time, after which the system was considered equilibrated. Test simula-
tions were performed to ensure that the obtained variation of porosity
with respect to the compaction pressure was neither dependent on
the particular structure of the film (Fig. S5), nor influenced by boundary
effects due to limited film size (Fig. S6).

The porosity of expanded particle films was calculated using a
Monte Carlo approach as described in [40]. Random coordinates were
selected within the film and it was evaluated whether a particle or a
pore was selected. The ratio of the coordinates within pores to the
total selected coordinates equals the porosity. This analysis considered
1 million coordinates per 10 nm film height. Simulated particle films
are characterized by smaller dimensions than experimental films.
Hence, the ratio of the surface to the bulk region was larger than in
the experiments, which can result in overestimation of the calculated
porosity. Therefore, a bulk regionwas defined by calculating the particle
density profile along z integrated in x-y planes (Fig. S7). This density is
constant in the bulk region and decreases towards the surface. Only this
bulk region was considered for the analysis. This particle volume was
also used to calculate an equivalent film volume Veq for the
experiments.

The pore size distributions (PSD) were calculated within the afore-
mentioned bulk region using Monte Carlo simulations as presented by
Bhattacharya and Gubbins [41]. Random coordinates within the pores
of this region were selected and the largest spherical pore including
this coordinate was calculated. From these information, a pore size dis-
tributionwasderived. The authors showed, that these PSD are compara-
ble to PSD obtained from nitrogen adsorption isotherms. Every few
steps this PSD was compared to the previously determined PSD and a
deviation was calculated. This routine continued until the deviation
was lower than 0.1%. The shown cumulative distribution function Q2

(dpore) gives the fraction of the total pore area covered by pores with a
diameter smaller than dpore.

The breakage of sinter bridges was differentiated into normal and
tangential breakage according to Eqs. 5 and 6, respectively. At every
time step in the simulation, the aggregates containing a broken sinter
bridge were evaluated. If the bridge fracture resulted in two separate
gregate interactions and sinter bridges within aggregates, respectively.

Repulsive forces
Capillary bridges
Agglomerates

. S2,S8) Sinter bridges
Aggregateslues in Fig. S2,S8)

other values in Fig. S2,S8)

Unlabelled image


Fig. 2. a) Pressure-Distance curves for the compaction of the nanoparticle film. The
pressure increase is shown for simulations using rigid aggregates, the elastic sinter
bridge model and single particles. b) Porosities at given compaction pressure.
fragments (unconnected by other intact sinter bridges), each fragment
was hereafter defined as an individual aggregate.

3. Results and discussion

3.1. Simulations of particle film compaction

After creation and equilibration of a particle filmmodel, compaction
simulations are performed as described in theMethods section and rep-
resented in Fig. 1. Namely, due to the action of the movable upper wall
the film height and porosity decrease and the pressure acting on the
walls increases. Inversion of the wall's movement leads to pressure re-
lease with an associated film expansion and slight increase of porosity
up to a final equilibrium value that depend on the value of pressure at
which the compaction is stopped.

The evolution of the pressure p as a function of the film height h is
reported in Fig. 2a for simulations with elastic bridges with EB = 56
GPa and two values of the tensile and shear strengths. They are com-
pared to simulations performed with infinitely rigid, non-breakable ag-
gregates and with only single primary particles not sintered together in
aggregates (results for other choices ofwith EB,σB and τB are reported in
Fig. S2). In all simulations, three different stages are visible during the
compaction: (1) an initial quick increase of the pressure; (2) a plateau
region in which the film undergoes severe rearrangements while its
height is massively reduced, leading to strong pressure fluctuation
around a roughly constant value; (3) a further steep increase of the
pressure at larger compaction, with much decreasedmobility of the ag-
gregates in the film.

The film behavior depends strongly on the properties of the sinter
bridges, as it is also visible from the evolution of the transient film po-
rosity during continuous compaction reported in Fig. 2b. Rigid aggre-
gates result in the highest porosity and single particles in the lowest
porosity at a given compaction pressure. Simulations using our elastic
sinter bridge model result in intermediate porosities, although signifi-
cantly closer to the single particle simulations. Decreasing the tensile
and shear strength values from 15.0 GPa to 4.2 GPa leads to marginally
smaller transient porosities.

3.2. Equilibrium porosities after compaction

The final equilibrium porosities φ and the equivalent film volumes
Veq obtained after compaction to a certain pressure and release of the
Fig. 1. Snapshots of a compaction simulationwith EB = 56 GPa andσB and τB equal to 15.0
GPa. The corresponding values of porosity φ, pressure p and film height h are reported
under each snapshot. Particles belonging to the same aggregate are depicted with the
same color. The hard walls compacting the film are represented with grey bars.
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compression strain are shown in Fig. 3a and b, respectively, in compar-
ison with experimental values. These two properties are connected via

the relationship VeqðφÞ ¼ Vp
1−φ. The equivalent volume Veq(φ) is most

sensitive for large porosities, which makes it less suitable to detect
minor structural changes at elevated pressures.

The experimentally obtained porosities decrease from 83% after
compaction at 0.4 MPa to 76% at 3.4 MPa.

DEM simulations performed with infinitely rigid and non-breakable
aggregates largely overestimate the film porosity at all pressure values,
whereas simulations with single primary particles underestimate the
porosity except for the smallest pressure value. Instead, excellent agree-
ment with the experiments is obtained for simulations including the
new bendable and breakable sinter bridge model. Especially setting
the tensile and shear strengths to high values (σB,τB = 15.0 GPa) leads
to a perfectmatch of theφ and Veq data for all compaction pressures, ex-
cept for the smallest value. However, this single discrepancy can be ex-
plained by the fact that even before the lamination process the
experimental films were subjected to some degree of compaction by
Fig. 3. Variation of the equilibrium porosity φ (a) and the equivalent volume Veq (b) with
respect to the compaction pressure after compaction experiments and DEM simulations
(Fig. 1).

Image of Fig. 1
Image of Fig. 2
Image of Fig. 3


the action of the gas flow necessary to deposit the film from the gas
phase onto the solid substrate.

3.3. Pore size distribution

The porosity of a film results from a variety of different structural
features, including particle size, aggregate size, and pore structure. The
pore size distribution (PSD) is sensitive to the exact structure of the
pores and its correct prediction is therefore essential for a thorough val-
idation of the here proposed DEM model with sinter bridges. Fig. 4a
shows the cumulative distribution functionQ2(dpore) of the PSD derived
from both simulations (σB,τB = 15.0 GPa) and experiments at several
compaction pressures. All PSD are log-normal, with about 95% of the
pore sizes ranging between 10 nm and 100 nm.

The median pore diameter in the experimentally obtained PSD is
about 50 nm at 0.4 MPa and decreases to about 30 nm at 3.4 MPa. Sim-
ulations using the elastic sinter bridge model with σB,τB = 15.0 GPa
predict PSD in striking agreement with the experiments for all compac-
tion pressures. The box plots in Fig. 4b show that themedian pore diam-
eters of the simulated films were only slightly lower (b3 nm) for all
compaction pressures. Also, the inner 50% of all pores (displayed by
the boxes) in the simulations agree with the respective experiments
with only very low deviations. The d97.5 value (97.5% of all pores are
smaller than this value) of all simulations, however, are significantly
smaller than in the experiments. This means that in the experiments a
significant fraction of the pore area (Q2) is covered by large pores
(dPore N 100 nm), although only a few of them are sufficient to provide
the necessary pore area. Since the simulated volume is much smaller
than the experimental film dimensions, the probability for such large
pores to appear is very low, which explains the apparent discrepancy.

Togetherwith the results presented in Fig. 3, it can be concluded that
at the lowest pressures the experimental films are characterized by less,
but slightly larger pores than in the simulations. With increasing com-
paction pressure, the agreement improves both regarding the the num-
ber and the size of pores. Notably, simulations using either wholly rigid
aggregates or single particles resulted in strong deviations from the ex-
perimental PSD. In both cases the resulting pores are larger, but the PSD
are narrower in the former and broader in the latter case (blue and vio-
let curves computed at 3.6 MPa in Fig. 4).

3.4. Sinter bridge breakage and aggregate size distribution

The applied sinter bridgemodel allows us to examinehowmany sin-
ter bridges break (dependent on the material properties) and at which
locations, an information that is not commonly accessible in experimen-
tal investigation. The fraction of the broken bridges with respect to the
Fig. 4. a) Pore size distributions for experimental and simulated particle films (σB,τB =
15.0 GPa). b) Box plots of the pore size distributions. The box represents the region of
probability between 25% and 75%. The whiskers denote 2.5% and 97.5% (inner 95%) of
the values and the horizontal lines show the median pore diameters.
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applied compaction pressure is shown in Fig. 5. Sinter bridges with
σB,τB = 15.0 GPa remained unbroken for all compaction pressures. A
decrease in tensile and shear strength to σB,τB = 4.2 GPa [23] caused a
small fraction of sinter bridges (1.5% at 3.4 MPa compaction pressure)
to break, as reported in Fig. 5.

The number of broken sinter bridges increases linearly with increas-
ing compaction pressure. Therefore, the sinter bridge breakage was in-
dependent of the (constantly decreasing) aggregate size in this
pressure range. The slope can be expected to slowly decrease after a
much larger fraction of bridges break and the aggregate size becomes
smaller. This is in fact observed in simulations using smaller tensile/
shear strengths (see Fig. S8).

From the analysis of the DEM simulations in Fig. 5 we can also infer
that almost the entirety of the sinter bridges break due to normal stress
(Eq. 5) rather than tangential stress (Eq. 6). Since the tensile and shear
strengths were assumed to be equal, the connectivity of the aggregates
in the films seems to dictatemuch larger tensile than shear components
on the sinter bridges. This might result from the fact that shear stress
can be readily dissipated by the mutual sliding of the aggregates [18].

The spatial distribution of the broken sinter bridges within a com-
pressed film (σB,τB = 4.2 GPa) is shown in Fig. 6. The breakage locations
are homogeneously distributed throughout the film, indicating a uni-
form distribution of stress.

Changes of the aggregate size distribution due to sinter bridge break-
age and aggregate fragmentation are shown in Fig. 7. Themedian aggre-
gate size decreases from 35 primary particles to 31 primary particles at
1.10 MPa and 27primary particles at 3.40MPa, in linewith the linear in-
crease of broken bridges (Fig. 5). The fragmentation proceeds with a
rapid increase of the number of single particles in the films (0% initially,
6% at 1.10MPa and 10% at 3.40 MPa). This suggests that the detachment
of single primary particles from the edges of stressed aggregates (as
shown in Fig. 7b) is a frequent mode of fragmentation during film
compaction.

4. Conclusion

In this work, DEM simulations were successfully applied to investi-
gate the compaction of films composed of polydisperse nanoparticle ag-
gregates. A ballistically deposited particle film with the dimensions of
2.0 μm× 2.0 μm× 6.1 μmcontaining600,000polydisperse primary par-
ticles (approx. 10 nm in diameter) was suitable to represent structural
properties of experimental films such as porosity and pore size
distribution.

The changes of these properties after compaction at different pres-
sures, whichwas experimentally realized in a previously described lam-
ination process [12], could be predicted with great accuracy in DEM
simulations only if the presence of elastic sinter bridges between pri-
mary particles in aggregates was taken into account. In particular, sim-
ulations of films composed of either single particles interacting only via
Fig. 5. The fraction of broken sinter bridges in total and caused by normal and tangential
stress for simulations with σB,τB = 4.2 GPa.

Image of Fig. 4
Image of Fig. 5


Fig. 6. Snapshots of a DEM compaction simulation (σB,τB = 4.2 GPa) along with their
respective porosity φ, compaction pressure p and ratio of broken sinter bridges b/b0 (the
compacting walls are not shown). The red spots highlight locations of broken sinter
bridges. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
non-covalent adhesion terms or infinitely rigid and non-breakable ag-
gregates resulted in dependencies of the porosity and pore size distribu-
tion upon the applied pressure significantly different than in the
experiments (Figs. 3 and 4).

We found that the best match to experimentally measured porosi-
ties and pore size distributions after lamination was achieved consider-
ing elastic sinter bridges with a Young's Modulus of 56 GPa and with
tensile and shear strengths of 15.0 GPa. These strength values are larger
than those used to characterize extended TiO2 systems (4.2 GPa [23]),
which resulted in a slight underestimation of the porosity with respect
to the compaction pressure (Fig. 3) and about 1.5% of broken sinter brid-
ges. In fact, it can be expected that sinter bridges of dimensions of the
order of 10 nm are characterized by a low probability of containing crit-
ical defects from which brittle fracture can originate. It is thus reason-
able to assume that stable sinter bridges at this size scale prevent
fragmentation of the aggregates even during harsh film handling such
as compaction at pressures of several MPa.

Crucial, though, is the ability of the aggregates to elastically deform
according to the here-proposed sinter bridge model. This is additional
to mutual detachment, rolling or sliding events dictated by the non-co-
valent, humidity-dependent interactions investigated in our earlier
works [17–20]. The implementation of the sinter bridge model
Fig. 7.The cumulative distribution functionQ0 of the aggregate size distribution for several
compaction pressures (simulations with σB,τB = 4.2 GPa). An increase of the compaction
pressures results in a larger number of small aggregates due to fragmentation (b). Note
that not every bridge breakage leads to fragmentation (c).
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completes the constitutive model to represent aggregated TiO2 nano-
particles smaller than 20 nm in diameter. Until today, the model is
only validated for this material and size range. We assume, however,
that the model can be valid for all hydrophilic materials in this size
range, because the interactions are mainly determined by the adsorbed
water layer. This includes a large variety of particles. The extension of
the model towards larger particles, can easily be achieved because the
capillary forcemodel converges towards classical theory, valid for parti-
cle diameters larger than 20 nm. Interactions at this large particle size
can also be calculated without solvation forces, which simplifies the
model further. It has to be noted, however, that a significant increase
in diameter of the sinter bridges also increases the probability for lattice
defects and, therefore, decreases the tensile/shear strength. We highly
recommend additional validation in this case.

We consider this newmodel as a key step to understand how struc-
tural and functional film properties including percolation, pore struc-
ture, heat transfer and electric conductivity are affected by various
mechanical load scenarios associated with post-synthesis handling
steps. Using this understanding, it may be possible to tailor the film
properties to match the needs of a broad class of applications, e.g. in ca-
talysis [1,2], gas sensing [4,6], and energy storage [9–11] or production
[3,34].
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