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D
isordered nanoparticle assemblies
represent one of themost important
classes of structures that enable the

utilization of functional nanomaterials in ad-
vanced applications such as energy conver-
sion and storage,1,2 electronics,3 photonics,4,5

optics and sensing.6 The photoanode in the
dye-sensitized solar cell (DSSC), for example, is
a disordered packing of TiO2 nanoparticles
that enable the utilization of solar energy.1

Displays based on the colloidal films of quan-
tum dots are another promising example of
novel devices that derive their function from
disordered nanoparticle assemblies (DNAs).5

Although these DNAs are becoming increas-
ingly important in the next generation of
nanomaterial-based devices, their poor da-
mage tolerance significantly limits their wide-
spread utilization. DNAs permanently deform
and fracture under small loads; that is, they
are brittle and their toughness is very low.
Conventionalmethodsof strengtheningDNAs,
unfortunately, tend to make them brittle.
Thus, a new strategy to generate tough and

durable DNAs thatwill enable the fabrication
of flexible energy, electronic, photonic and
sensing devices is highly desirable.
Unlike highly ordered structures such as

superlattices of nanoparticles,7 the assem-
blies of disordered nanoparticles do not
have long-range order nor do they have
well-defined structural defects. The disor-
dered structure of these nanoparticle as-
semblies complicates the fundamental
understanding of theirmechanical behavior
and poses a significant challenge in devel-
oping strategies to enhance their resistance
to permanent damage. A small number of
studies on themechanical behavior of DNAs
have mainly focused on the assemblies
made of spherical nanoparticles.8�10 Con-
sidering the recent advances in nanomater-
ials chemistry, shape anisotropy presents a
unique opportunity to tailor and enhance
the mechanical properties of DNAs. How-
ever, surprisingly little is known about the
mechanical properties of such packings,
despite the fact that packing behavior of
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ABSTRACT Assemblies of disordered nanoparticles constitute an

important class of materials that have numerous applications in energy

conversion and storage, electronics, photonics, and sensing. One major

roadblock that limits the widespread utilization of disordered nanopar-

ticle assemblies (DNAs) is their poor damage tolerance; they fracture

under small loads and, thus, have low toughness. The absence of

fundamental understanding on the mechanical behavior and failure

mechanism of disordered nanoparticle assemblies makes it even more

challenging to develop new strategies to toughen these structures

without compromising their mechanical strength. Here we show the formation of shear bands, highly localized regions of mechanical strain that prelude

fracture, in disordered assemblies of spherical nanoparticles, which bear striking resemblance to the deformation mechanism of a different class of

disordered materials, metallic glasses. We demonstrate that anisotropic nanoparticles greatly suppress shear band formation and toughen nanoparticle

packings without sacrificing their strength, implying that tuning constituent anisotropy can be used to enhance toughness in disordered packings of

nanoparticles.
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nonspherical particles has been extensively studied,
albeit mostly using computational methods.11

In this work, we investigate themechanical response
of DNAs and present the effect of particle shape
anisotropy on their packing andmechanical behaviors.
DNAs made of nanoscale prolate ellipsoids with differ-
ent aspect ratios (AR) are generated, and theirmechan-
ical properties are studied using nanoindentation. We
show that high aspect ratio nanoellipsoids toughen
DNAs and suppress the formation of shear bands,
which likely is associated with the brittleness of DNAs.
Our results indicate that particle shape anisotropy is a
novel design strategy to impart toughness to DNAs
without compromising their stiffness and hardness
and could potentially be used to generate tough and
ductile disordered systems of different length scales.

RESULTS AND DISCUSSION

We investigate the effect of particle shape aniso-
tropy on the mechanical behavior of DNAs by using
prolate nanoellipsoids with various aspect ratios. Each
DNA is prepared by spin coating a suspension of TiO2

nanoellipsoids onto a Si substrate. DNAs of nano-
ellipsoids with aspect ratio (AR) of about 1, 2, 4, and 6
are used and denoted as AR1, AR2, AR4 and AR6 DNA,
respectively. Figure 1a shows that the volume fraction of
these DNAs, determined using gravimetric analysis, de-
pendson theARof nanoellipsoids. Thevolume fractionof
DNAs changesnonmonotonically as a functionofAR; AR2

DNA has the highest packing fraction of 0.68, whereas
AR6DNAhas the lowest (0.54). Interestingly, AR1 andAR4
DNAs have an essentially identical volume fraction (0.65),
enabling us to study the effect of particle shape anisot-
ropy without the influence of different packing fractions.
The volume fraction of these DNAs is independent of
their thicknesses (Figure 1b), which suggests that,
within the range of thicknesses investigated here, the
packing of nanoellipsoids is not significantly influ-
enced by the presence of the film surface and the
film�substrate interface. The experimentally measured
packing fractions are in excellent agreement with pre-
vious theoretical results on the packings of prolate
spheroids (Figure 1a).12,13

The plan-view and cross-sectional scanning electron
microscopy (SEM) images of DNAs show the random
packings of nanoparticles in these films (Figure 1c�j).
In fact, some nanoellipsoids throughout the film
thickness in AR2, AR4, and AR6 DNAs have out-of-
plane, even perpendicular, orientations. The two-
dimensional order parameter P of AR2, AR4, and AR6
DNAs (P = ∑i = 1

N (cos 2θi)/N, where θi is the angle of
particle i relative to the local director, and N is the
number of ellipsoids in each SEM image), determined
from the top and cross-section surfaces,14 are 0.11, 0.15,
and 0.08, respectively. These results confirm that DNAs
are essentially randomly structured without preferred
orientation, compared to typical liquid crystal materials
(P ∼ 0.7�0.8).15

Figure 1. Structures of disordered TiO2 nanoparticle assemblies. (a) Volume fraction of TiO2 DNAs as a function of AR,
compared to theoretical results reported in refs 12 and 13. In panel (a), each point is a statistical average of 5 measurements.
The error bars represent the standard error of themeans. (b) Mass increment of AR4 DNAs as a function of film thickness. SEM
images of ellipsoidal DNAs of (c) and (g) AR1 DNA, (d) and (h) AR2 DNA, (e) and (i) AR4 DNA, and (f) and (j) AR6DNA. Top: plan-
view; bottom: cross-section view.
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We characterize the mechanical properties of these
DNAs as a function of AR using nanoindentation and
show (in Figure 2a,b) that the modulus E and hardness
H depend strongly on the volume fraction but not
significantly on AR, as explained below. Each point in
Figure 2a is a statistical average of 16 continuous stiffness
measurement (CSM) results in the region of h = 500�
1500 nm. H represents the material resistance to plastic
deformation during indentation and is proportional to
the yield strength of the material.16 The details of the
substrate effect correction method used to obtain E is
provided in the Supporting Information. We find that the
packing fraction, rather than the particle AR, is the
dominant factor that determines E and H of DNAs. AR2
DNA exhibits the highest E and H, whereas AR6 DNA has
the lowest values. Interestingly, AR1 and AR4 DNAs have
approximately the same E and H (Figure 2a), indicating
that the packing fraction, rather than theparticle AR, is the
dominant factor that determines modulus and hardness.
We use a semiempirical model eq 117 that has been

widely used to describe the modulus of porous solids
to reveal the porosity dependence of Young's modulus
of DNAs:

E ¼ E0(1 � ap)n (1)

where E and E0 are the Young's moduli at porosity p

and zero, respectively. a and n are parameters that
provide information about the morphology and pore
structure of the material. Within the porosity range of

our DNAs, the modulus-porosity data show an excel-
lent fit to eq 1 with a = 1 and n = 6.8 (Figure 2b). The
fitted value for E0 (190 GPa) is in good agreement with
the reported Young's modulus for bulk TiO2 (178 ( 1
GPa).18 The value for n (6.8) indicates that the pores in
DNAs are nonspherical and interconnected, consistent
with the morphology of the DNAs.17

While the modulus and hardness are important
material properties, they are insufficient to capture
the full mechanical behavior of DNAs. The resistance
of a material to fracture, quantified in terms of fracture
toughness Kc, is one of the most important physical
properties that determine the damage tolerance of a
material. We analyze the indentation-induced cracks in
DNAs (Supporting Information Figure S1) to calculate
the fracture toughness of DNAs using the following:19

Kc ¼ R

ffiffiffiffi
E

H

r
Pmax

c3=2
(2)

where E and H are the nanoindentation-determined
modulus and hardness of the film, Pmax is the max-
imum indentation load, c is the radial crack length, and
R is a prefactor dependent on the indenter geometry
(0.016 for Berkovich indenter19). Eq 2 has been widely
used to determine the fracture toughness through
analyzing indentation-induced cracks for a wide range
of materials.20�22 Figure 2c shows that AR2 DNA has
the lowest Kc, which is expected as stiffer and harder
materials tend to be more brittle.23 Interestingly,

Figure 2. Mechanical properties of DNAs based on indentations using a Berkovich indenter. (a) Hardness (H) andmodulus (E)
as a function of AR, (b) Phani�Niyogi equation fit to the modulus-porosity data, and (c) fracture toughness (Kc) vs. AR. (d)
Fracture toughness (Kc) and (e) volume fraction andmodulus of AR4-doped AR1 DNAs as a function of volume fraction of AR4
ellipsoids in AR1 DNA (XAR4). The hardness, modulus, and fracture toughness are normalized with respect to the absolute
values of AR1 DNA (HAR1 = 0.23 ( 0.01 GPa, EAR1 = 11.01 ( 0.61 GPa, and KC,AR1 = 0.032 ( 0.002 MPa 3m

1/2). The error bars
shown represent the standard deviation of the arithmetic means. The thicknesses of the films used for the mechanical
characterization are ∼6 μm.
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however, AR4 DNA exhibits much higher, almost
2-fold, fracture toughness than AR1 DNA (Figure 2c),
despite the comparable hardness and modulus.
We test whether AR4 nanoellipsoids can be used as

“dopants” to toughenAR1DNAswithout sacrificing the
strength. Figure 2d clearly shows that the fracture
toughness of the AR1�AR4 “blend” DNAs increases
linearly, up to a factor of 2, with the concentration of
AR4 nanoellipsoids, while the volume fraction, thus E
and H, remain constant (Figure 2e and Supporting
Information Figure S10f). It is interesting to note that
our finding on the constant packing fraction of these
blend films is in excellent agreement with a recent
report based on granular packings of AR1 sphere and
AR4 spherocylinder (particles of mm scale), which
showed that the packing fraction of such mixtures is
compositionally independent.24 Remarkably, AR6 DNAs
show no cracks (Supporting Information Figure S1),
indicating high fracture toughness. These toughness
results clearly indicate that using high AR ellipsoids

can effectively enhance the resistance of DNAs to
fracture and, in turn, enhance the fracture toughness
of DNAs without sacrificing the stiffness and hardness
(i.e., strength). More importantly, these toughness re-
sults clearly indicate that DNAs are a unique class of
porous materials in the sense that there is no trade-off
between the strength and toughness, which is observed
in typical porous solids.
While nanoindentation using a Berkovich tip reveals

the effect of particle anisotropy on the mechanical
properties of the DNAs, we find that nanoindentation
using a cube-corner tip provides fundamental insights
into the origin of the brittleness of small AR DNAs and
also the enhanced fracture resistance of high AR DNAs.
The features associated with nanoindentation of AR1
DNAs using the cube-corner tip strikingly resemble the
shear bands that have been observed in nanoindented
metallic glasses (MGs), which are amorphous materials
made of “disordered packings” of atoms.25 Circular
patterns form around each indent (Figure 3a�c) and

Figure 3. Effect of strain rate on the shear band formation inAR1DNAsbasedon indentationsusing a cube-corner indenter. (a)
SEM image of an indent at a strain rate of 0.2 s�1. (b) SEM image of an indent at strain rate of 0.2 s�1. The image is taken at an
angle of 52�. (c) 3D image of AFM topography of an indent at a loading rate of 250 μNs�1. (d) P�h curve during a
nanoindentation at a strain rate of 0.2 s�1; the inset shows amagnified plot of a displacement burst. SEM images of indents at
(e) 0.01 s�1 and (f) 0.002 s�1. (g) P�h curves during indentations at strain rates of 0.2, 0.01, and 0.002 s�1. The origin of each
curve in (g) has been offset for clear viewing, and several pop-in events have been denoted by arrowheads. Also, see effects of
strain rate and loading rate on the shear band formation in AR1 and AR2 DNAs in Supporting Information Figures S2�S4. The
thicknesses of the films used for the mechanical characterization are ∼6 μm.
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protrude from the film surface with a step-like mor-
phology, as seen in the atomic forcemicroscopy image
(Figure 3c).26�28 Also, discrete displacement bursts are
observed in the load�displacement curves, which
indicate sudden penetrations of the indenter into the
DNAs at a fixed load (Figure 3d and Supporting In-
formation Figure S2). The extent of shear bands be-
comes less pronounced with decreasing strain rates as
seen in Figure 3a,e,f, and, accordingly, the serrations in
the load�displacement curves disappearwith decreas-
ing deformation rate (Figure 3g). These observations are
hallmarks of shear band formation in nanoindented
MGs. Nanoindentation of AR2 DNAs also shows similar
trends (Supporting Information Figures S3 and S4).
It is interesting to see such strong strain-rate depen-

dence in shear band formation, which indicates that
the deformation of DNAs, i.e., the rearrangement in
disordered DNAs, is rate-dependent. This rate-depen-
dent behavior suggests that the sliding between na-
noparticles under the applied stressmay be a thermally
activated process and needs time to overcome the weak
interaction energy barrier. Recent experiments involving
single-asperity friction have revealed rate dependency
and indicated that friction at the nanoscale is a thermally
activated process.29�31 It is plausible that this rate de-
pendence may diminish in disordered assemblies
composed of larger particles because of the reduced
surface-to-volume ratio. The particle size dependence
of the mechanical response of disordered assemblies
(e.g., rate dependence) warrants future investigation.
Shear bands are narrow zones of concentrated shear

strain, which are thought to be the precursors of brittle
fracture in amorphous materials such as MGs and

granular packings.25,32 To our best knowledge, our
results are the first observation of shear band forma-
tion in the assemblies of disordered nanoparticles.
More importantly, our results on shear band formation
in DNAs suggest a commonality between the deforma-
tion behaviors of the two disordered solids with differ-
ent constituent length scales: MGs and DNAs. It is
generally accepted that collective atomic rearrange-
ments called shear transformation zones (STZ), each of
which is highly localized within ∼20 atoms in width,
are the fundamental plasticity carriers inMGs, and their
spatiotemporal distribution under applied stress de-
termines the deformation mode. Shear bands form
when STZs spontaneously localize within a narrow
region and instantly propagate above a critical stress.33

The propagation of shear bands subsequently leads to
catastrophic failure such as brittle fracture in MGs. We
believe a similar mechanism is responsible for the
development of shear bands in DNAs. When a cube-
corner tip, which is known to generate a greater shear
stress than the Berkovich tip for a given load/displace-
ment,16,34 imposes severe stress that exceeds the yield
stress of a DNA, shear bands initiate and propagate
because of strain localization. Thus, we attribute the
brittleness of small ARDNAs to an analogousmechanism
that accounts for the brittleness of MGs.
We seek to understand the toughening mechanism

of high AR nanoellipsoid-containing DNAs by studying
shear band formation. Remarkably, at a given indenta-
tion rate, shear band severity indeed decreases with
increasing the AR of DNAs (Figure 4a�d, and Support-
ing Information Figures S5�S9). In fact, shear band
formation in AR6 DNAs is completely suppressed

Figure 4. HighAR ellipsoids are effective in suppressing shear band formation inDNAs. SEM images of cube-corner indents in
(a) AR1 DNA, (b) AR2 DNA, (c) AR4 DNA, and (d) AR6 DNA at a strain rate of 0.2 s�1. Also, see shear band suppression in AR6
DNA upon indentation at various strain and loading rates in Supporting Information Figures S7�S9. (e) 3D AFM topography
of an indent by a cube-corner tip in AR4 DNA at a loading rate of 250 μNs�1. (f) Deformation state diagram illustrating the
effect of deformation rate and particle AR on the formation/suppression of shear bands. The area under the gray band
represents the condition under which shear band formation is completely suppressed. Scale bars in the inset SEM images are
5 μm. The thicknesses of the films used for mechanical characterization are ∼6 μm.
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(Figure 4d and Supporting Information Figures S7�S9),
and, correspondingly, the serrations are not observed
in the load�displacement curves (Supporting Informa-
tion Figures S8 and S9). Figure 4e shows the indent
topography in AR4 DNA with smooth pile-ups, a hall-
mark of ductile materials.35 Consistent with the tough-
ening observed in AR4 nanoellipsoid-dopedAR1DNAs,
adding a small amount of AR4 nanoellipsoids into AR1
DNA significantly suppresses shear band formation
(Supporting Information Figure S10a,b). With a further
increase in the fraction of AR4 nanoellipsoids, we see
the complete suppression of shear bands (Supporting
Information Figure S10c,d) and hence smooth loading
curves (Supporting Information Figure S10e).
We also find that DNAs with higher AR nanoellip-

soids are able to suppress shear bands at higher
deformation rates, as indicated in Figure 3a,e�g, and
Supporting Information Figures S2�S5. The effect of
particle AR and deformation rate on shear band for-
mation/suppression in the DNAs is summarized as a
state diagram (Figure 4f), providing a new design
principle for the fabrication of mechanically robust
and durable colloidal films for specific applications.
The suppression of shear bands, which leads to the

toughening of DNAs with high AR nanoellipsoids,
indicates that anisotropic particles are able to hinder
and deflect strain localization, resulting in homoge-
neous deformation, as clearly evidenced by the pile-up
formation around an indented region in the AR4 DNA
(Figure 4e). The physical mechanism by which high AR
ellipsoids suppress shear banding is not known, but
the nature of the normal modes of vibration of ellip-
soids may provide some insights. In jammed packings
of spheres, extended and disordered vibrational
modes extend all the way down to zero frequency.36

The addition of an attractive interaction between the
spheres shifts these modes to higher frequency,37 intro-
ducing a small fraction of quasilocalized low frequency

modes that are strongly anharmonic,38 with unusually
low energy barriers to rearrangements. As a result,
rearrangements are localized.39 In packings of ellipsoids
of high aspect ratio, extendedanddisorderedmodes also
extend down to zero frequency at the jamming
transition.40 However, since the contact number at the
transition is below the isostatic number,12,41 there are
also an extensive number of zero-frequency modes.
Attractive interactions, which are present in our nano-
particle packings, shift the modes in this “pressure
band”42 upward in frequency. Because of this band, there
are many more strongly anharmonic low-frequency
modes compared to the case for sphere packings. As a
result, most of these are not quasilocalized. It is therefore
plausible that localized failure may be suppressed in
packings of high AR ellipsoids, compared to spheres.

CONCLUSION

Mechanical failure such as brittle fracture has sig-
nificantly restricted the utilization of colloidal films as
well as other disordered materials such as MGs and
granular solids in applications requiring high durability
and reliability. In this work, we have shown that shear
band formation in assemblies of disordered nanopar-
ticles can be significantly suppressed by exploiting the
shape anisotropy of the constituent nanoparticles. The
high AR ellipsoids (e.g., AR4) make tough DNAs on their
own and also are effective in enhancing the fracture
toughness of AR1 DNAs (up to a factor of 2) without
degrading their stiffness and hardness when these par-
ticles are added as dopants. Shape anisotropy provides a
strategy to toughen DNAs for a variety of applications
that requiremechanically durablenanoparticlefilms such
as flexible electronics and biomedical devices. Our results
also suggest that tailoring anisotropy in interparticle
interactions (e.g., directional bonding) could lead to the
enhancement of fracture resistance in other amorphous
systems such as MGs and granular solids.

METHODS
TiO2 Ellipsoidal Particles Synthesis. TiO2 ellipsoidal particles with

aspect ratios (AR) of 1, 2, 4, and 6 are synthesized using a
previously reported hydrothermal method.43 Dimensions for
AR1 particles: the minor axis is 2a = 23( 3 nm, the major axis is
2b = 29 ( 4 nm, AR = 1.26 ( 0.22; for AR2 particles: 2a = 29 (
4 nm; 2b = 62 ( 10 nm, AR = 2.16 ( 0.35; for AR4 particles:
2a = 32 ( 6 nm, 2b = 122 ( 6 nm, AR = 3.94 ( 0.86; for AR6
particles: 2a = 32 ( 5 nm, 2b = 181 ( 33 nm, AR = 5.73 ( 0.98.

Nanoparticle Assembly Fabrication. TiO2 nanoparticle assemblies
are prepared by a spin coating using a WS-400BZ-6NPP/Lite spin
coater from Laurell Technologies Corporation. A TiO2 aqueous
suspension isdispensedonanacetone-cleanedSiwaferheld tightly
on the rotary platformof the spin coater by a vacuumand rotates at
a speedof 3000 rpmfor 3min togenerate ahomogeneous film. The
suspension concentration is 40 wt % for AR1 and AR2 DNAs; in the
caseofAR4andAR6DNAs, the suspensionconcentration is 30wt%.
As for AR1 and AR4 blend films, the suspension concentration is
40wt%. The concentrationof AR4ellipsoidal particles is adjusted to
5, 20, 35, and 50% of the total volume of AR1 and AR4 particles.

Volume Fraction Measurement. The volume fraction of TiO2

DNAs (VDNA) is determined using gravimetric analysis. The mass
of film (MDNA) is determined by measuring the mass difference
between a bare Si wafer and the same Si wafer after film
deposition; then the volume of the porous film (VDNA,P) is
obtained using the known density of TiO2 (FTiO2) (VDNA,P =
MDNA/FTiO2). Because the film deposited around the edges of
a Si wafer is inhomogeneous, the edges of the film are cut to
obtain the homogeneous part for measurement. Bymeasuring
the film width, length, and thickness, the bulk volume of the
film is determined (VDNA,B). The film volume fraction is ob-
tained by VDNA = VDNA,P/VDNA,B. At least four measurements are
performed for each film to obtain the statistical average of
volume fraction.

Characterization. Thickness of DNAs is measured using a Zygo
3100 Interferometer. At least five measurements are performed
for each sample to obtain the statistical average value. Scanning
electron microscopy is performed using a Hitachi S�4800 to
examine the morphology of surface, indentation, and shear
bands of DNAs. The topology and height profiles of shear bands
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in DNAs are characterized using Agilent 5500 Atomic Force
Microscope under contact mode.

Themechanical properties of TiO2DNAs (∼ 6μmin thickness)
are characterized through nanoindentation technique using a
Nano Indenter G200 from Agilent Technologies, Inc., with con-
tinuous stiffness measurement (CSM). The indenter tip area
function is calibrated using fused silica, and a constant modulus
E is achieved in the depth range of 5�1500 nm. The indenter is
stabilized to achieve a thermal drift rate less than 0.05 nm/s
before performing any indentation. A Berkovich indenter tip is
used to perform to the indentation depth of 2.5 μm for determin-
ing the hardness, Young's modulus, and fracture toughness, and
the loading of constant strain rate of 0.04 s�1 is used. The CSM
option allows the depth profiles of the mechanical properties to
be obtained, and the CSM harmonic displacement (amplitude) is
set as 1.5 nm. For each sample, a 4� 4 array (i.e., 16 indentations)
is performed, and the result of each 4� 4 array is analyzed using
Agilent Analyst software to determine the statistical averages of
hardness and modulus in the indentation depth range of
500�1500 nm. Themodulus measured here is Young's modulus,
and the value of Poisson's ratio v (0.18) is assumed. To correct for
the substrate effect on the indentation modulus, a previously
reported method44 is used to calculate the modulus, which is
valid for indentation depth <50% of the film thickness. The
substrate effect is generally insignificant if the indentation depth
is less than 30% of the film thickness,35 therefore, the hardness is
calculateddirectly using theOliver�Pharrmethod.35 The fracture
toughness is determined using the reported method via the
characterization of indentation�induced radial cracks.19 A
cube-corner indenter tip is used to perform indentations to the
indentation depth of 4.5 μm for the characterization of shear
band formation. The indentations are performed at constant
strain rates of 0.2, 0.1, 0.01, and 0.002 s�1 and constant loading
rates of 250, 50, 7, and 0.5 μNs�1. For each sample, a 3� 3 array is
performed.
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