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Boehmite nanoparticles show great potential in improving mechanical properties of fiber reinforced polymers. In order to predict
the properties of nanocomposites, knowledge about the material parameters of the constituent phases, including the boehmite
particles, is crucial. In this study, the mechanical behavior of boehmite is investigated using Atomic Force Microscopy (AFM)
experiments and Molecular Dynamic Finite Element Method (MDFEM) simulations. Young’s modulus of the perfect crystalline
boehmite nanoparticles is derived from numerical AFM simulations. Results of AFM experiments on boehmite nanoparticles
deviate significantly. Possible causes are identified by experiments on complementary types of boehmite, that is, geological and
hydrothermally synthesized samples, and further simulations of imperfect crystals and combined boehmite/epoxy models. Under
certain circumstances, the mechanical behavior of boehmite was found to be dominated by inelastic effects that are discussed in
detail in the present work. The studies are substantiated with accompanying X-ray diffraction and Raman experiments.

1. Introduction

Aluminum oxides exhibit a wide range of commercial appli-
cations and are commonly used as a material for the rein-
forcement phase of nanocomposites (e.g., Chen et al. [1],
Horch et al. [2], and Pradhan et al. [3]). Also, aluminum
oxyhydroxides, like boehmite, show promising results as
nanofillers (e.g., Arlt [4], Chen et al. [5], and Özdilek et al.
[6]). In particular, Arlt [4] showed that unmodified and
taurine modified boehmite nanoparticles are able to improve
matrix-dominated properties of carbon fiber/epoxy com-
posites, like shear strength, shear modulus, compressive
strength, or compression after impact resistance by 10 to
25%. In contrast, Shahid et al. [7] investigated boehmite
particles with different surface modifications (lysine and
para-hydroxybenzoate) in a carbon fiber/epoxy composite
and reported an increase of tensile and flexural properties for
very small particle fractions (<2wt.%). For fractions greater

than approximately 5 wt.%, the named properties decrease
compared to the unfilled composite.

Comparing the results of the aforementioned studies, it is
apparent that the composition ofmatrix, particle, and particle
surface modification is crucial for the resulting composite
properties.The long term goal of the presented investigations
is to optimize the mechanical properties of nanocomposites
and to understand the underlying mechanisms of the particle
reinforcement bymeans of numerical methods (virtual mate-
rial design). Therefore, knowledge about material properties
of boehmite, namely, Young’s modulus, Poisson’s ratio, and
density, are needed in order to model the material as realisti-
cally as possible and to calibrate the simulation models.

The structural properties of boehmite have been widely
studied: experimentally through X-ray diffraction by Bokh-
imi et al. [8] or by means of Raman spectroscopy by Kiss
et al. [9] and numerically through quantum mechanics
calculations by Tunega et al. [10] andNoel et al. [11]. However,
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Figure 1: Crystal structure of boehmite (unit cell and material
excerpt). Pictures of atomistic structures created with Jmol [14].

little literature on the mechanical properties of boehmite is
available, especially concerningYoung’smodulus. Streller [12]
reported a value of approximately 120GPa from nanoinden-
tation tests using a sample of APYRAL AOH20 (Nabaltec
AG) boehmite with a diameter of 1 𝜇m. However, the appli-
cability of nanoindentation of boehmite is questionable. As
discussed in Section 2, monocrystalline boehmite does not
appear to be stable in sufficient size to perform nanoinden-
tation measurements. The diameter of the boehmite crystal
should be at least in the higher 𝜇m range, since the maximum
indentation depth should not exceed 10%of the sample height
in order to get undisturbed results. Additionally, the sample
surface is assumed to be an infinite plane, which allows for a
region of inelastic deformation in the proximity of the indent.
To the authors’ best knowledge, there are no measurements
of the mechanical properties of verifiable monocrystalline
boehmite to be found in literature, which is apparently due to
the fact that macroscopic monocrystalline boehmite is very
hard to obtain.

Tunega et al. [10] calculated the bulk modulus of
boehmite using density functional theory and density func-
tional based tight binding method obtaining values of
93GPa and 82GPa, respectively. Assuming, for simplicity,
an isotropic behavior and a Poisson’s ratio of 0.22, Young’s
modulus can be estimated to fall within the range of 138 to
156GPa.

Due to the lack of literature, the goal of the present study is
the determination of the mechanical properties of boehmite.
Since both approaches, experimental and numerical, have
obstacles to overcome, a combination of these methods
appears most promising.

2. Boehmite

Boehmite is a mineral of aluminum with an orthorhombic
unit cell (𝑎 = 3.693 Å, 𝑏 = 12.221 Å, and 𝑐 = 2.865 Å),
classified as oxyhydroxide (𝛾-AlO(OH)). Its crystal structure,
shown in Figure 1, consists of double layers of oxygen octahe-
drons with a central aluminum atom. The outfacing oxygen
is bonded via hydrogen bonds to the hydroxyl group of the
adjacent layer of octahedrons [13].

Due to the weak bonds, boehmite is prone to intercala-
tion, that is, the inclusion of small molecules, usually water,
in between these layers. This causes a larger spacing in [010]

direction and a perfect cleavage perpendicular to the general
direction of the hydrogen bonding. Boehmite has a preferred
growing direction in the 𝑎-𝑐 plane, which corresponds to the
(010) plane [15] and is also prone to dissolving [16, 17].There-
fore, monocrystalline boehmite is not stable in mm range
and the boehmite crystal shows a high susceptibility to lattice
defects, typically slit-like cracks and domains of amorphous
boehmite. Boehmite with an increased spacing in the [010]
direction is referred to as pseudoboehmite and amorphous
boehmite, is usually referred to as gel. Boehmite can be
found in nature or precipitated and grown from solution of
aluminum salts and alumina under hydrothermal conditions.

The point of origin for the studies presented in the
following was the investigation of commercially available
spray dried boehmite nanoparticles (HP14 Sasol, Germany)
[18] for their mechanical properties (the corresponding
measurements are shown in Section 3.3). The results indi-
cated a conspicuously lower stiffness than expected. Three
possible explanations for the low stiffness are considered and
discussed in the present work:

(1) Effects related to the crystal size
(2) Slippage of weakly linked boehmite sheets
(3) Presence of amorphous boehmite domains.

In order to distinguish between these effects, two additional
boehmite samples of different morphology were investigated.
These complementary samples feature substantial differences
in terms of crystallinity and sample size, thus, providing
evidence of the nature of each effect on the stiffness of
the particle samples. The first complementary sample is
a geological boehmite sample that comprises crystalline
domains in a 𝜇m range. In this case, effects related to the
sample size and influence of an amorphous phase can be ruled
out, leaving the slippage of weakly linked sheets. The second
complementary sample, a hydrothermally formed boehmite
film, which consists predominately of pseudoboehmite and
amorphous boehmite, was examined in order to investigate
the effect of presence of those phases.

2.1. Spray Dried Nanoparticles HP14. Commercially available
spray dried boehmite nanoparticles (HP14 Sasol, Germany)
were prepared in a polymer matrix (Epoxy Araldite� LY
3585). In order to determine the morphology of the nanos-
tructured boehmite, XRD and Raman spectroscopy were
used. Results are shown in Section 3.1 and discussed later.
Mechanical measurements are shown in Section 3.3.

2.2. Geological Boehmite. Boehmite crystals were prepared
from a geological sample (denoted as GeoB, on Nathrolith,
Saga Quarry, Tveidalen, Norway) and mounted on a glass
substrate. The crystal is roughly 80𝜇m in diameter. Since the
plane of the preferred crystal growth direction is the largest
flat area of the crystal, the double octahedral sheets are paral-
lel to the substrate surface and, therefore, the measurement is
taken approximately in [010] direction, that is, perpendicular
to the (010) plane. The boehmite structure was confirmed
by Raman spectroscopy, as shown in Section 3.2. Mechanical
measurements are shown in Section 3.3.
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2.3. Hydrothermally Synthesized Boehmite. Additional boeh-
mite samplesweremade via a hydrothermal route (denoted as
hyB). Boehmite was synthesized on aluminum disks (diam-
eter 20mm, thickness 2mm), which were cleaned (acetone
in ultrasonic bath for 10min), rinsed, and polished. Okada et
al. [17] established a correlation between temperature and pH
value of a hydrothermal process and the formation of either
bayerite, boehmite, or AlOOH gel. Based on these findings,
the discs were exposed to purified water at approximately
120∘C (approx. 2000mbar) for at least one hour, in order
to synthesize boehmite with a low degree of crystallinity. It
was found that after one hour boehmite could be detected
by Raman spectroscopy as shown in Section 3.2. Mechanical
measurements are shown in Section 3.3.

3. Experimental Part

3.1. XRD Measurements. In order to determine the size of
the boehmite crystals and also the crystallinity of HP14
nanoparticles, X-ray diffraction (XRD) measurements were
conducted. Results are shown in Figure 2. XRD patterns
were collected with Cu K𝛼 (𝜆 = 1.54056nm) radiation
on a D8 Discover diffractometer (Bruker AXS, Germany)
equipped with a Lynxeye detector. Samples were measured in
transmission geometry in a 2𝜃 range from5∘ to 80∘ with a step
size of 0.009∘. For structure solutions, the measurement time
per step was 1 s.

The crystal size of the nanoparticles was determined by
the Scherrer Formula [19] to be approximately 13 nm. Also in
Figure 2, the boehmite standardmeasurement available in the
Rruff database (ID# R120123) is shown [20]. As can be seen
in the inset of Figure 2, there is a shift of the (020) reflection
peak to lower values of 2𝜃, which is due to a larger spacing
between the octahedral double planes. This larger spacing is
the main characteristic of pseudoboehmite [16]. The XRD
measurement shows intensity besides the actual peaks. This
is due to a halo of an amorphous phase which is, therefore,
also present in the nanoparticles.

3.2. Raman Spectroscopy. Raman measurements of all boeh-
mite samples were performed on a custom-made WITec
Raman microscope utilizing 543 nm Nd:YAG-based laser
and Peltier-cooled CCD spectrometer (ANDOR, DV401-
BV-352). A connecting fiber with 100𝜇m core and 20x
objective were used for the presented measurements. All
Raman spectra were performed as qualitative measurements,
meaning that only the Raman shift was evaluated, in order
to identify chemical species and to determine morphologies
of boehmite. The Raman intensities are not normalized. The
main vibrational transitions were reported by Kiss et al. [9].
The most intense peak at 369 cm−1 is the dominant spec-
tral signature of boehmite. In the presented measurements,
this spectral signature was found at 368 cm−1, which is in
satisfactory agreement with the literature value. Doss and
Zallen [16] described this characteristic vibrational transition
as a fully symmetric mode, in which all aluminum and
oxygen atoms move parallel to the [010] direction. This
movement has an intralayer-shear bond-bending character.
A decrease in intralayer bond strength due to the presence of
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Figure 2: XRD measurement of HP14 (black). Also the Rruff
standard spectrum (grey) is shown.
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Figure 3: Raman intensity at 368 cm−1 Raman shift (filled markers)
with their Gaussian fit (black line): A and B show the residue of the
fit (grey markers).

pseudoboehmite, amorphous phases, and nanoscopic crystal
sizes causes a downshift of this characteristic peak.

Considering the Raman spectrum of the hyB (C, triangle
in Figure 3), the dominant peak at 368 cm−1 is significantly
shifted to lower wavenumbers (358 cm−1). Doss and Zallen
[16] found a strong relationship between the crystalline size
of boehmite and such a shift, which was confirmed by Yang
and Frost [21]. Since this peak is associated with lattice
movements, the lack of long range order in the crystal can
lead to a shift in the vibrational mode. Therefore, it can be
assumed that the synthesized boehmite’s morphology has
indeed a very low degree of crystallinity.

Figure 3 shows also the Raman spectra of HP14 (A,
filled circles) and GeoB (B, filled squares). A Gaussian fit of
these peaks yields a Raman shift of 368 cm−1 in both cases.
The residue of the Gaussian fit of the HP14 spectrum (A
grey circles) shows a clear shoulder peak of low intensity
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Table 1: AFM probe properties and summary of experimental results.

Sample 𝑘𝑐 (N/m) 𝜔0 (kHz) 𝑅 (nm) 𝐸boehmite (GPa) Inelastic deformations
HP14 14 202 17 4 < 𝐸 < 70 Unknown
GeoB 50 320 40 4 < 𝐸 < 70 No
hyB 16 212 19 𝐸 < 4 Yes

at 350 cm−1. Such a peak is a strong indication for the
presence of pseudoboehmite or amorphous boehmite in
the nanoparticles. The Raman spectrum of GeoB shows a
symmetrical peak at 368 cm−1, which means that there is no
significant residue of the Gaussian fit of the GeoB spectrum
(B grey squares). Therefore, the lattice of GeoB can be
assumed to be free of any substantial amount of defects.

3.3. AFM Measurements. All Atomic Force Microscopy
(AFM) measurements were carried out with an MFP-3D
microscope (Asylum Research, Santa Barbara, CA). Three
different AFM modes were used: tapping mode (topog-
raphy), force-distance curves (FDC), and intermodulation
AFM (ImAFM) with the resulting amplitude-dependent
force spectroscopy (ADFS) for mechanical measurements.
ForADFSmeasurements, an additional intermodulation lock-
in analyzer by Intermodulation Products (Segersta, Sweden)
was used as part of the AFM setup.

In this study, FDCs were chosen as a well-established
method [22, 23] to determine the mechanical properties of
boehmite. FDCs have been shown to be a reliable tool to
obtain mechanical properties, by probing very little sample
volume. This is important, since monocrystalline boehmite
can only be obtained in small quantities, too little for other
methods, for example, nanoindentation.

In order to record a FDC, a microfabricated tip with a
radius 𝑅, which is mounted on a cantilever with a spring
constant 𝑘𝑐, is used as a probe. Since the cantilever is assumed
to behave linearly and elastically, Hook’s law relates the
applied force 𝐹 to the cantilever deflection 𝛿: 𝐹 = 𝑘𝑐 × 𝛿.

The sample deformation D can be calculated from the
deflection 𝛿 and the position of the sample 𝑍 in 𝑍-direction,
which is controlled by the AFM’s 𝑍-piezo: 𝐷 = 𝑍 − 𝛿.

From a fit of the Hertz equation (1), using the relation for
the reduced Young’s modulus 𝐸tot (2) with Poisson’s ratio ],
the tip radius 𝑅 can be determined, when Young’s modulus E
is known, and vice versa [24].

𝐷 = ( 𝐹√𝑅 × 𝐸tot)
2/3 , (1)

1𝐸tot =
34 (
1 − ]2tip𝐸tip +

1 − ]2𝐸 ) . (2)

Reference measurements on glass substrates were used for
this purpose since the mechanical properties of glass are well
known (𝐸 = 70GPa, ] = 0.3). Once the tip radius𝑅 is known,
the experimental parameters are set and Young’s modulus of
any sample can be estimated.

In order to probe even smaller sample volumes, dynamic
AFM methods can be implemented. The advantage of
dynamic methods, for example, tapping mode, is that they
yield mechanical information by applying very little force.
One further method is the ImAFM yielding amplitude-
dependent force spectroscopy (ADFS). By exciting the AFM
cantilever with two frequencies close to the resonance fre-
quency, the resulting oscillation of the cantilever is a beat.
The spectrum of amplitudes in a beat equals a force spectrum
which can be used to probe the sample, since the amplitude of
the cantilever oscillation is correlated to the force by Hooke’s
law. One image point is recorded per beat while the sample
surface is scanned with this method. The damping of the
beat’s amplitude at every image point gives rise to (a) the
sample height comparable to a tapping mode scan and (b) an
equivalent of a FDC, namely, the ADFS curve, which can be
derived from a model. This model is described in detail in
[25].

For AFMmeasurements of HP14, the nanoparticles were
embedded in an epoxy matrix. The composite was cut,
polished, and cleaned with oxygen plasma, in order to
remove polymer residue from the particle surface. The AFM
probe used for this ADFS measurement was a Mikromasch
HQ:NSC35 (Wetzlar, Germany) (cf. Table 1). For comparison,
additional ADFS measurements on glass substrates were
conducted.

At each pixel of the image shown in the inset of Figure 4,
an ADFS curve was recorded, which provides information on
the mechanical properties of the sample. The particles can be
distinguished from the surrounding matrix by the local mor-
phology of the sample surface. ADFS curves corresponding
to the pixels of these distinguishable regions are summed up
in order to calculate an average curve. The average curves
corresponding to the particle (filled circles), the epoxymatrix
(blank circles), and the reference curve on glass (grey curve)
are shown in Figure 4.

Young’s modulus for glass is taken as 70GPa as described
before and the one for the epoxy matrix is known from
macroscopic mechanical measurements and FDCs to be
approximately 3.5GPa.

Since the slope of ADFS curves is inversely proportional
to the stiffness, the following can be understood from the plot
in Figure 4: the stiffness of HP14 is higher than the stiffness
of the matrix. However, boehmite unexpectedly appears to be
more compliant than glass:

3.5GPa < 𝐸boehmite < 70GPa, (3)

which is in stark disagreement with values from the literature
and numerical results which are discussed further down
in the text and predict 136GPa ≤ 𝐸boehmite ≤ 267GPa.
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Figure 5: Tapping mode topography of GeoB.

The measurement of embedded HP14 particles was repeated
successfully for at least 10 times and the stiffness of the particle
never exceeded the stiffness of glass.

In order to confirm this unexpected compliance of boeh-
mite, a macroscopic crystal GeoB wasmeasured by FDC.The
AFM probe used for this measurement was a Nanosensors
Pointprobe-Plus-NCHR (Nanosensors, Neuchatel, Switzer-
land) (cf. Table 1). For reference, FDC and ADFS measure-
ments on glass substrates and epoxy were conducted.

FDCmeasurements of GeoBwere conducted on a plateau
step, which means that forces were applied roughly perpen-
dicular to the octahedral double planes. This corresponds
to the simulated FDC of boehmite shown in Section 4. As
confirmed by Raman spectroscopy, the GeoB crystal shows
little to no defects. However, as can be seen in the topography
of GeoB, shown in Figure 5, the surface of the sample is
contaminated with amorphous material. It cannot be deter-
mined if this amorphous material is boehmite. Only curves
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modulus. For comparison, theADFS curves on glass and epoxywere
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on clean spots of the sample were accepted and averaged.
From averaged FDCs, the deformation was calculated from
the cantilever deflection and the sample position and plotted
versus the cantilever deflection which is proportional to the
applied force (GeoB curve in Figure 6). These experimental
curves can be fitted by Hertz, (1), yielding a reduced Young’s
modulus 𝐸tot. Applying (2), Young’s moduli 𝐸Epoxy and 𝐸GeoB
can be calculated, assuming Poisson’s ratios for epoxy and
boehmite to be ]Epoxy = 0.3 and ]GeoB = 0.25. The AFM tip’s
elastic constants are 𝐸tip = 245GPa and ]tip = 0.25.

The hysteresis of the approaching and the retracting part
of the FDC was considered to reveal inelastic deformations.

FDCs at two different spots (A and B in Figure 5) on
GeoB are shown in Figure 7. It should be noted that the
deformations at an uncontaminated spot (B) are solely elastic,
since there is no hysteresis apparent and only such hysteresis
free curves were accepted for generating the average curve
shown in Figure 6. It should be also noted that all curves
shown in Figure 6 are in agreement with the Hertz theory,
which also implies that only elastic deformations are induced,
since the Hertz theory only considers elastic deformations.

The curves shown in Figure 6 are also in very good
agreement, considering shape and relation to each other, with
the ADFS curves of the experiment concerning the HP14
shown in Figure 4.

Furthermore, boehmite with a very low degree of crys-
tallinity (hyB) was examined in order to determine if the
unexpected compliance of boehmite is due to the presence
of lattice defects and amorphous domains. The AFM probe
used for this measurement was a Mikromasch HQ:NSC35
(Wetzlar, Germany) (cf. Table 1). For reference, FDC mea-
surements on glass substrates were conducted.

The topography of hyB (Figure 8) shows partly crystalline
sheets on which FDC measurements can be conducted. Due
to the signal to noise ratio of single FDCs, it is preferable
to calculate an average curve from a number of FDCs.
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To collect enough curves, which were all recorded under
comparable conditions, curves were measured successively at
one point and an average was calculated from approximately
10 loading/unloading cycles. From these average curves, the
deformation was calculated from the cantilever deflection
and the sample position. The deformations from three dif-
ferent spots (A, B, and C) are shown in Figure 9 versus the
cantilever deflection. Since curves taken on different spots
vary a lot and we solely want to demonstrate a characteristic
behavior of curves, we do not show the standard deviation.
Also shown are the resulting curves of ameasurement of glass
and a calculated Hertz curve for epoxy. These deformation
curves cannot be fitted by theHertz relation (1) and, therefore,
indicate inelastic behavior. Especially at low applied forces
(up to 10 nm cantilever deflection), they show deformations
which even exceed the deformations measured on epoxy. At
higher forces, the slope of the deformation curve decreases,
which indicates stiffer properties.

This is confirmed by analyzing the approach and retrac-
tion curve, shown in Figures 9 and 10, for the spots A, B,
and C. At low forces, a high hysteresis indicates large inelastic
deformations. At higher forces, the material underneath the
tip is already compressed and behaves more elastically. This is
a characteristic behavior, when a thin compliant layer on top
of a stiff substrate or mechanical gradient (stiffness increases
with distance to the surface) is measured. In this case, the
Hertz theory does not apply, since Young’s modulus is not a
constant; it depends on the deformation D.

3.4. Summary of Experimental Part. These experiments were
conducted to decide on the cause for the low experimental
Young’s modulus, measured on boehmite nanoparticles: Is it
a defect of the crystal or is the crystal indeed that compliant?
Amorphous domains would be stable at the surface of the
boehmite crystal since lattice defects are expected to decrease
towards the center of a crystal and the nanoparticles have

been shown to be crystalline. Thus, amorphous boehmite
or pseudoboehmite would form a compliant layer on the
outside of the crystal. If an amorphous phase was present
in the measurement of HP14, shown in Section 3.3, it would
contribute to the mechanical measurements in the same way
as shown in measurements of hyB. That means that FDC or
ADFS curves would show amuch higher slope and hysteresis
at the very beginning of the curve. On the contrary, ADFS
curves taken on HP14 show very similar characteristics to
the FDCs taken on GeoB, which are in agreement with the
Hertz theory, by showing no gradient in Young’s modulus.
Therefore, slippage of the planes appears as a more likely
explanation for the low measured stiffness, which is not in
accordancewith themeasurements onGeoB,where deforma-
tions were found to be elastic. The authors hypothesize that in
the case of a macroscopic, monocrystalline boehmite (GeoB)
the induced deformation leads to local lattice distortions due
to plane slippage which will be equilibrated by the far-field
lattice structure after the applied force is removed. This is
only possible because (a) the (010) layers are rather stiff in
comparison with the weak bonds between the layers and (b)
the volume effected by the deformation is small compared
to the monocrystalline domain. The compression created
in the (010) layers due to the deformation is spread along
the whole plane and, acting like a spring, can restore the
lattice structure in the deformed volume. The deformations,
therefore, appear to be elastic. In case of the nanoparticles,
deformations are permanent since there is no unaffected
far-field lattice structure. However, for both the micro- and
macroscopic boehmite, the measured stiffness is much lower
than what is expected due to plane slippage.

In fact, ambivalent behavior of boehmite nanoparticles
are supported by literature. Halbach and Mülhaupt [26]
found a considerable increase of the elastic modulus of
boehmite-based polyethylene nanocomposites (which is a
strong indication for high Young’s modulus of boehmite)
but also observed no decrease in elongation break, which is
usually associated with brittle filler material. Also Khumalo
et al. [27] investigated the rheological properties of polyethy-
lene/boehmite nanocomposites and found an uncharacteris-
tic lack of increase in the melt viscosity of such materials. In
order to get a better understanding of these discrepancies, a
numerical study of the problem was pursued.

4. Numerical AFM Simulation

The results presented in the following are the outcome of
computational studies simulating an AFM FDC measure-
ment on a pure boehmite crystal structure and combined
boehmite-epoxy structures, respectively.

4.1. AFM Simulation Models. All simulations are carried
out using the Molecular Dynamic Finite Element Method
(MDFEM, for a detailed presentation see [28, 29]). The
MDFEM provides a framework for calculating classi-
cal molecular dynamics (MD) problems within the well-
established Finite Element Method (FEM) (see, e.g., Wack-
erfuss [29] for an overview of molecular dynamics in the
context of the FEM). The main motivation for this approach
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is the simplification of multiscale techniques, as in particular
the coupling of atomistic and continuum mechanics simu-
lations can be performed in a very efficient way within one
software package. Additionally, the need for special in-house
developed software for the MDFEM interaction is reduced,
since the highly efficient solvers as well as the pre- and
postprocessing tools of the FEM software can be used.

The MDFEM requires special FE-meshes that are gener-
ated with an in-house software package (using Open Babel
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spots A, B, and C in Figure 11.

[30] and Packmol [31]) based on the chemical structure of the
constituents. The boehmite is assumed to be of cmcm unit
cell (𝑎 = 2.8681 Å, 𝑏 = 12.2256 Å, and 𝑐 = 3.6941 Å), as
reported by Bokhimi et al. [8] and experimentally confirmed
through X-ray diffraction as discussed in Section 3.1. The
AFM tip material is silicon (Fd3m unit cell, 𝑎 = 3.5668 Å).
Starting fromunit cells, the model is generated by duplicating
the unit cells and extracting the desired geometry. In case of
the matrix material, Bisphenol-A-diglycidylether (DGEBPA)
prepolymer chains are packed randomly into the simulation
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box avoiding intersections with the particle. Subsequently,
the matrix is cured by randomly iterating over all hydroxyl
groups, searching for the closest epoxy group and connect-
ing both reactive sites using the Methyltetrahydrophthalic
Anhydride (MTHPA) hardener molecules. If all hardener
molecules have been placed or no more reaction partners
are found, the same process is executed for the etherification
reaction, connecting reactive sites with a slightly bigger
distance without a hardener molecule. Figure 11 shows a
schematic representation of the AFMmodels.

All simulations presented in the following are performed
using the DREIDING force field [32]. It has been param-
eterized for a large subset of the periodic tables of the
chemical elements and was recently used successfully to
model anhydride-cured epoxy resin as well as alumina [33]
and boehmite nanoparticles [34] in an MDFEM context.
Even though it is possible to apply different cutoff radii for
the physical interactions (denoted as VdW-cutoff) within the
sample and between sample and tip, a spherical cutoff of
15 Å has proven to be suitable for both cases by parametric
studies.TheAFM tip ismodeled as an ideal hemisphere and is
considered to be rigid,meaning that all chemical and physical
interactions are eliminated within the tip by removing the
corresponding elements and introducing a rigid coupling to
a reference node. Preliminary investigations have shown that
this simplification has negligible influence on the resulting
elastic modulus. The first step in the simulations is, as usual
in molecular dynamics calculations, the determination of the
equilibrium state of the system. Therefore, the whole model
including theAFM tip is relaxed over a period of time ranging
from 50 to 100 ps, depending on the model size. The time
step for all calculations is determined dynamically using the
bond stiffness and lies in the range of 1-2 fs. In the relaxation
step, the equilibrium position of the tip (in the sense of the
tip lying on the sample surface without cantilever forces)
is obtained automatically. Subsequently, the load is applied
quasistatically in terms of an AFM tip displacement of 0.5 to

1.5 nm, depending on the sample and tip size. A simulation
time of 300 ps for the maximum displacement of 1.5 nm has
proven to be suitable by parametric studies. All samples are
constrained on all surfaces in a border region of 0.2 nm,
except for the top surface, where the tip indents the material.

Due to the comparatively high numerical effort of MD
simulations as well as MDFEM simulations, it is necessary to
reduce themodel size.Thus, in preliminary investigations, the
effect of the tip radius and the sample size on the calculated
modulus is analyzed.

4.2. Results of Preliminary Simulations. The indentation
direction is parallel to [010] in all simulations of this subsec-
tion. As a result of the simulations, force-deformation curves
are obtained. Young’s modulus is then calculated via a Hertz
fit in a manner similar to the AFM experiments. If a rigid
AFM tip is assumed, 𝐸tip becomes infinite and the first term
in the parenthesis in (2) vanishes. The reduced Hertz curve is
then fitted to the simulated curve with a least square fit using
MATLAB.

Firstly, the influence of the tip radius on the calculated
elastic modulus of the perfect boehmite structure is exam-
ined. Therefore, the tip radius is increased from 1 to 5 nm in
steps of 1 nm. The sample size is chosen to be four times as
big as the tip radius. This is shown to be large enough not to
impose any boundary effects on the measured modulus later
on. The results of this study are displayed in Figure 12. It is
apparent that with increasing tip radius the calculated moduli
converge. Small tip radii underestimate the moduli, but yet
for the 2 nm tip, the deviations from the results of bigger
tips are smaller than 4%. Therefore, the 2 nm tip has been
chosen for further investigations. Furthermore, it is apparent
that the calculated values (127–135GPa) lie slightly above
the shown reference value from experimental tests from the
literature (120GPa [12] difference approx. 13%). However, the
applicability of this source in the present context is discussed
in Section 1.
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Figure 12: Influence of the AFM tip size on the calculated elastic
modulus of the perfect boehmite crystal.

Secondly, the sample size is addressed with a similar
approach. Starting from 8 × 4.8 × 8 nm, the sample size is
gradually reduced to a minimum of 5 × 3 × 5 nm.The tip size
is fixed with 2 nm.The resulting force-deformation curves are
shown in Figure 13. The straight lines in Figure 13 indicate
the onset of a deviation between the fitted curve and the
simulated curves.This effect is caused by boundary effects (at
a certain penetration, the rigid boundaries start influencing
the curve), indicating that the sample size is chosen too small.
To avoid this, either the sample size has to be increased or the
range in which the Hertz fit is calculated has to be truncated
(here, the latter was already performed).

As expected, Figure 13 shows that the point where the
simulated curves start deviating from the Hertz curve is
shifted to a lower deformation with decreasing sample size.
Interestingly, reducing the model size from 8 to 6.5 nm and
from 6.5 to 5 nm leads to an almost equal deformation shift
of about 0.15 nm.The sample size of 8 × 4.8 × 8 nm is chosen
as the minimum required sample size in order to receive a
sufficiently large interval for the Hertz fit.

4.3. Simulation Results. As can be concluded from the previ-
ous section, the elastic modulus of boehmite is converging to
a value of approximately 136GPa and calculated with a value
of 127 GPa for a tip size of 2 nm, which is the reference model
for further investigations.

Until here, all simulations have been performed in the[010] direction perpendicular to the boehmite layers. In
the simulation coordinate system, this corresponds to the𝑏-direction (see Figure 1). To account for the anisotropy,
additional simulations were performed in [100] direction (𝑎-
direction) and [001] direction (𝑐-direction), resulting in a
Young’s modulus of 232GPa and 267GPa, respectively.

Themoduli obtained from the simulations strongly differ
from the experimentally obtained values (in the range of
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Figure 13: Effect of the sample size on the calculated elasticmodulus
of the perfect boehmite crystal. Only data left of the vertical line in
the respective color was considered in the fit.

10GPa for GeoB). To identify the cause of these differences,
in the following, the influence of several imperfections is
investigated. Since the indentation in [010] direction resulted
in the softest behavior so far, the following investigations are
performed perpendicular to the crystal layers only. Firstly, the
intercalation of water between the boehmite layers that was
reported by Bokhimi et al. [8] is addressed. Therefore, 10% of
the alumina atoms of the interlayer surface of the boehmite
sample are modeled being occupied with a water molecule
bonded by a hydrogen bond instead of just a hydroxyl group.
This leads to slightly increased interlayer distances and thus to
a weaker bonding between the layers. However, the reduction
obtained is in the range of 16%, resulting in an elasticmodulus
of approximately 113 GPa.

Furthermore, the influence of alumina and hydroxyl
group defects is examined. To consider defects, random Al-
atoms or OH-groups are deleted from the model, assuming
that the defects do not lead to fundamental changes in the
crystal structure. In both cases, the amount of defects is
varied from 0 to 20% in steps of 5%. For each variation,
the outcome of three calculations is averaged. The resulting
values are shown in Figure 14. It is apparent that hydroxyl
group defects lead to rather small reduction of the modulus
by a maximum of 18% for 20% deleted OH-groups.The cause
of the softer behavior is the decrease of hydrogen bonds
existing in the model that in turn lead to a weaker bonding
between the boehmite layers. In case of alumina defects,
the reduction is much more distinct. For the case of 20%
deleted Al-atoms, the reduction of the elastic modulus is
in the range of 47%, resulting in a value of about 72GPa.
This comparatively large reduction is caused by voids in
the octahedral boehmite crystal structure. However, both
imperfect models still result in much higher moduli than
the experimentally determined ones. However, the net-like
structure of the hydrothermally formed boehmite film, which
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Figure 14: Influence of alumina/hydroxyl group defects on the
calculated elastic modulus of boehmite.

was observed in the experiments, can induce additional
mechanisms that were not covered by the simulation. This
includes, for instance, cracking of layers or the tilting of bigger
structures like needles or plates. The explicated phenomena
can further reduce the resulting modulus.

The drastically reduced moduli obtained from experi-
mental AFM measurements have been interpreted to origi-
nate from inelastic phenomena. These include, in particular,
slippage of the crystal layers but also cracking of layers and
tilting of substructures. To provide evidence for this inelastic
behavior, an attempt is made by performing AFM simula-
tions on combined boehmite/epoxy samples. The crystal is
modeled with the real orthorhombic shape, different particle
orientations, and a particle size of 5 nm, as illustrated in
Figures 15(a)–15(c). This again requires a reduction of the
model size (the real primary particle size is in the range of
14 nm [18]) in order to limit the numerical effort. The box
size perpendicular to the loading direction is chosen based on
findings from preliminary investigations on the pure matrix
material as 15 nm.Thematrix is modeled in order to keep the
particle in its place and to allow for the simulation of inelastic
phenomena of the boehmite particle.

The size in loading direction is assigned according to the
orientation of the particle in such a way, that the bound-
ary region is located directly below the particle (see also
Figure 15(a)). This corresponds to a rigid surface supporting
the particle, as an idealization of the sample holder in the
real experiment. It should bementioned that, for stability and
performance reasons, the chemical bonds are modeled using
harmonic potentials, which cannot reproduce the failure of
bonds and hence the cracking of boehmite layers. Three
different configurations are simulated: Firstly, the load is
applied in [010] direction (perpendicular to the layers),
secondly, the layers are oriented diagonally and the particle

(a) Parallel to layers, plane to
plane support

(b) Inclined layers, plane to plane
support

(c) Inclined layers, edge to
plane support

(d) Deformed configuration of
(b) at peak load

(e) Deformed configuration of
(b) after unloading

Figure 15: (a)–(c) Investigated undeformed particle orientations.
(d) and (e) Deformed configurations corresponding to the initially
inclined layers with plane to plane support.

has a plane area of support (Figure 15(b)), and thirdly, the
layers are oriented diagonally and the particle rests on the
sample holder only by an edge; see Figure 15(c).

The three configurations have been exposed to a loading
and subsequently an unloading process. Figure 16 shows the
corresponding deflection versus force curves of the loading
and unloading process as well as the respective Hertz fit.

A huge difference between the configuration perpendicu-
lar to the layers and the other two configurations is apparent.
For loading in [010] direction, the loading and unloading
path are nearly identical, indicating a purely elastic problem
and resulting in a Young’s modulus of approximately 136GPa.
This result shows a good agreement with the simulations
performed on the pure boehmite sample. For the other
particle orientations, a drastically reduced slope of the curves
and a hysteretic behavior is observed. This indicates inelastic
behavior. The corresponding plots of the deformed structure
of the configurationwith plane to plane support, Figures 15(d)
and 15(e), provide insight in the inelastic mechanisms.
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The main mechanism leading to the reduced slope of the
resulting curves is a slippage of the crystal layers that can
clearly be seen in the deformed shape in Figure 15(d). The
sudden onset of crystal layer slippage can as well be seen from
the force jumps in the loading path in the deflection-force
curves in Figure 16. The roughness of the curve originates
from the jump from one equilibrium position of the inter-
layer hydrogen bonds to another. The crystal layer slippage
additionally induces a tilting of the single boehmite layers.
In case of the configuration with edge on plane support (see
Figure 15(c)), the particle can furthermore tilt as a whole,
resulting in an even more decreased slope of the curves.

In both cases, the Hertz curve is fitted to the unload-
ing curve, since this curve is in the presence of inelastic
effects expected to exhibit the elastic behavior. This leads
to calculated moduli of approximately 40GPa for plane
to plane support and 32.5GPa for edge to plane support.
However, the unloading path is not considered to be purely
elastic. The deformed structure after the unloading process
in Figure 15(e) shows that the layer slippage is reversed by
the unloading. This reversal is assumed to be introduced by
restoring forces of the compressed matrix material as well
as through the tip-particle adhesion. The unloading curve
thus also exhibits small jumps. The calculated moduli from
the unloading curve show a significant reduction compared
to the simulation of the pure boehmite samples; that is, a
significant approach to the experimental dimensions (around
values of 10GPa) is observed.

5. Results and Discussion

Results from literature suggested that the Young’s modulus
of boehmite falls in the range from 120 to 160GPa. MDFEM
simulations on bulk boehmite presented in Section 4.3
yielded anisotropic Young’s moduli of 232GPa, 136GPa, and
267GPa in the directions [100], [010], and [001], respectively.
While these results are at least of similar magnitude to the
results from the cited literature, experimental investigations
indicated far lower stiffness. For the macroscopic GeoB
sample, the stiffness obtained frommeasurements was found
to be on the order of 10GPa for a test roughly aligned
with the [010] direction (cf. Section 3.4). For the particle
sample, the stiffness was determined to fall somewhere in
between epoxy (3.5GPa) and glass (70GPa) in Section 3.3.
Three hypotheses for this conspicuous discrepancy were
put forth and discussed: sample size related effects, inelas-
tic slippage of crystal layers, and possible distortion of
the experimental results by the presence of amorphous
boehmite.

The third hypothesis was refuted in Section 3.3 by
experiments on boehmite samples known to feature low
crystallinity which resulted in even lower stiffness. This
led to the conclusion that the experiments on particle and
GeoB samples are not critically affected by the presence
of amorphous boehmite. This interpretation is consistent
with results from simulations on bulk boehmite including
defects in Section 4.3. A number of particle imperfections
were considered, such as alumina or hydroxyl defects or
intercalated water molecules. In particular, the latter one is
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Figure 16: Loading curve, unloading curve, and Hertz fit of the
investigated configurations from Figure 15.

observed in the real crystalline material. However, none of
the considered defects could account for a sufficient drop in
stiffness.

The second hypothesis, on the other hand, is corroborated
by simulations emulating the actual AFM test conditions of
a particle embedded in epoxy resin. The simulated measure-
ments resulted in substantially lower stiffness, 32.5 to 40GPa,
comparable to the experiments on GeoB, when the loading
direction did not coincide with [010]. It seems likely that
to some extent the stiffness mismatch can be attributed to
inevitable load-misalignments in the experiments. Inelastic
layer slippage triggered by misalignment of the loading
direction is, therefore, identified as the probable cause of the
very low stiffness in certain situations. Furthermore, the effect
of imperfect contact of the particle on the sample holder
was considered, also resulting in somewhat reduced apparent
stiffness.

In the simulations on the particle, inelasticity is also
clearly indicated by the presence of hysteresis in the load-
ing/unloading curves. No hysteresis is apparent in the FDCs
of the GeoB, though. It is presumed that in macroscopic
crystal samples the slippage is reversed by conformation
of the deformed areas to the far-field lattice structure after
unloading. In microscopic samples, however, the entire
crystal is affected by the deformation and it is, therefore,
permanent. Hence, the hypothesis of a sample size dependent
effect is accepted as well.

Moreover, the model size of the simulation might have
an effect on the results too. Since the number of atoms had
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to be reduced for the simulation, the simulation box repre-
sents a downscaled model of the actual AFM measurement.
Although the box size was selected from a series leading
to convergent results, it cannot be ruled out that for a
significant enlargement of the box additional phenomena like
layer buckling become relevant. Further inaccuracies of the
simulation model arise from the choice of the interatomic
force field or the rigid representation of the AFM tip. These
effects might contribute to the remaining discrepancies, that
is, stiffness as low as 32.5GPa in the simulations versus
stiffness as low as 10 GPa in themeasurements.The remaining
uncertainties motivate further investigations and will be
addressed in future work.

6. Conclusion

The anisotropic Young moduli of the single crystalline boeh-
mite were determined by means of MDFEM simulations,
yielding values of 232, 136, and 267GPa in the directions[100], [010], and [001], respectively. Results of AFM exper-
iments on boehmite nanoparticles, in contrast, showed dras-
tically reduced but seemingly elastic moduli in the range of
10GPa. Three hypothesized causes of the significantly lower
values were examined by experiments on complementary
types of boehmite, that is, geological and hydrothermally
synthesized samples and further simulations of imperfect
crystals and combined boehmite/epoxy models. It is con-
cluded from these investigations that the mechanical behav-
ior of boehmite nanoparticles and geological boehmite is
dominated by the slippage of weakly linked boehmite layers.
The approaching and retracting part of the experimentally
determined FDC of the geological sample exhibit no visible
hysteresis and hence the behavior appears to be purely elastic.
However, further simulations indicated that the inelastic
process of layer slippage can be reversed by certain effects.
For the geological sample, in which the deformations were
small compared to the size of the crystal, we hypothesize the
conformation of the deformed areas to the far-field lattice
structure.
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