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8.1

Introduction

In situ testing inside electron microscopes has been well developed since the

1990s. Heating tests inside Environmental Scanning Electron Microscope

(ESEM), tensile tests inside Scanning Electron Microscope (SEM) (dedicated to

nanowires and nanotubes), heating or tensile tests inside Transmission Electron

Microscope (TEM), and in situ nanoindentation in ESEM are increasingly

performed for the observation and analysis of the thermal, environmental,

or mechanical behavior of materials at the micro- or nanoscale. More than

1000 papers were published in the past 20 years, with the words “in situ” and

“microscopy” in materials science. Nanosolicitation of materials at the nanoscale

is one of the emerging methods. Andrew Minor and coauthors first published on

in situ nanoindentation experiments inside a transmission electron microscope

in 2001. This technique has since gained interest because it provides unique

information on the mechanical behavior of the materials at the nanoscale or on

nanoparticles. It can, indeed, be used either on thin sections of bulk materials or

on nanoparticle systems. The aim of this chapter is to focus on the nanoindenta-

tion of nanoparticles. However, the introduction also presents themost important

works performed on thin sections of bulk materials. Most of the in situ mechan-

ical experiments performed on nanoparticles are called ‘nanoindentation’. Such

tests can also be called ‘nanocompression’, because they consist of a load under

compression of the particles between two plateaus. We, however, continue to call

these tests “nano-indentation” with reference to the previous literature in the field.

There is great interest in the characterization of mechanical properties of

nanoparticles, which can reveal some key information, as far as the material per-

formance during processing or use is considered. Nanoparticles , for example, can

be used for the elaboration of materials with nanometer grain size, as reinforce-

ment in composites materials and as additives in lubricants. The characterization

of their mechanical properties and their behavior under compression is of great

interest. In the case of ceramic materials, materials with nanometer grain size are
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widely studied because they are expected to exhibit peculiar properties, which can

be different from the properties of the materials with a bigger grain size.The elab-

oration of such ceramics requires the use of nanopowder. Several aspects can be

optimized in the elaboration process of these nanoceramics: dispersion, grinding,

green body preparation, or sintering. Knowledge of the mechanical behavior of

ceramic nanoparticles during in situ experiments can, therefore, provide insight

into their ability to deform under pressure, that is, during compaction phases

(this applies to cold isostatic pressing, hot pressing, etc.), or to break/deform

during grinding. One important aspect is that the structure of the material can

change for nanometer-size powder, as observed in the case of alumina.Therefore,

testing the particles is the only way to obtain relevant mechanical behavior laws.

8.2

In situ TEM Nanoindentation Developments

8.2.1

Description of the Sample Holder

Nanoindentation experiments inside a transmission electron microscope have

been made possible through the development of specific sample holders. The

limited size of the sample holder and the vacuum environment inside the micro-

scope have led to specific requirements. Generally, such sample holders include

transducers in order to move not only the sample or the tip in the three directions

of space but also the sensors to measure the operating forces. An example of the

experimental setup is presented in Figure 8.1.

Since 1997 and the first publication on in situ nanoindentation [1, 2], several

groups have developed homemade sample holders [3, 4] that are compatible with

their own microscopes (Table 8.1). Commercial sample holders are now available

on the market. Two types of sample holders can be distinguished, depending on

themoving part (sample or tip).Moreover, single-tilt or double-tilt sample holders

are available. The latter can be very useful to perform experiments on crystalline

(a) (b)

Figure 8.1 Examples of in situ TEM nanoindentation sample holder front end designed for

(a) JEOL and (b) FEI microscopes. In these two configurations, the sample is fixed and the

movement is ensured by the tip. Courtesy of Hysitron, Inc.
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Table 8.1 Development of nanoindentation sample holder.

Year Authors Development References

1997 Wall, M.A., Dahmen U Sample holder for a 1.5MeV

electron microscope

[1]

1998 Wall, M.A., Dahmen U Sample holder for a JEOL 200CX [2]

2001 Stach, E.A. et al. Particular interest on the sample

geometry

[3]

2005 Bobji, M.S. et al. Sample holder for a JEOL 2010 [4]

materials on a specific zone axis. The most important requirement is accurate

positioning of the moving part. The use of piezoelectric materials leads to sub-

angstrom resolution in the x, y, and z positions. Nevertheless, aligning the tip and

the sample is not a trivial task because of the microscope depth of field. First, the

part that remains fixed is placed at the reference height, which usually is the eucen-

tric position. Further, the Z positioning of the moving part is performed by using

an image wobbler. Bragg fringes can be used to determine whether the moving

part is above or below the stationary part.

Several tip geometries, including Berkovich and Vickers tips and truncated

cones or wedges, can be considered depending on the type of samples studied.

Wedges are well adopted for experiments on thin sections because they can

avoid sample sliding under compression. The punch tip can rather be used for

nanoparticles because its large flat area large allows for the control of the sample

geometry in the nanoindentation experiment; thus, a pure compression test can

be performed. The use of a tip with a specific radius of curvature can lead to

modeling of a more complex system. However, it is difficult to provide more

precise recommendation, because the choice of the tip strongly depends on the

sample nature and geometry.

8.2.2

Sample Geometry

Threemain sample geometries can be envisaged for TEM in situ nanoindentation

experiments: nanopillars, thin sections, and nanoparticles. Nanopillars and

nanoparticles are geometries dedicated to the characterization of nanoscale

mechanical properties of materials, while thin sections are rather used to study

the grain evolution and interphase or dislocation movement. In the case of

nanopillars and thin sections, the samples need to be milled from bulk materials.

Focused ion beam (FIB) is obviously the key technique used for such sample

preparation. However, depending on the technique used, defects and deformation

or amorphization of the sample can be induced. This aspect needs to be taken

into account for the experiment and data processing interpretation. Table 8.2

summarizes several studies using several geometries.
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Table 8.2 Studies performed on different sample geometries using a nanoindentation sam-

ple holder.

Sample geometry Materials References Comments

Nanopillars Silicon [5] SEM

nanoindentation

experiments

Nanopillars Vanadium [6]

Nanopillars Molybdenum crystal [7] TEM experiments

Nanopillars Mg and Mg–Ce [12]

Nanopillars Metal glasses [8]

�in sections Iron–3% silicon crystal [14]

�in sections Metal [15]

�in sections Alumina–zirconia–

magnesia

[16]

�in sections Zirconia [9, 10, 14–20]

Silicon wedge substrate Aluminum [10]

Silicon wedge substrate Al–Mg [17]

Clusters of

nanoparticles

Si [11]

Isolated nanoparticles Alumina with 100 nm

diameter

[27–29]

Isolated nanoparticles Silicon with

200–250 nm diameter

[22, 23]

Isolated nanoparticles Silica [25]

Isolated nanoparticles CdS with 200–400 nm [26]

As far as nanopillars are concerned, they have been used for in situ nanoinden-

tation experiments not only in TEM but also in SEM or Atomic ForceMicroscope

(AFM). In SEM, for example, the brittle–ductile transition and the size effect in

silicon [5] and vanadium [6] have been investigated. Deformation mechanisms

and plasticity effects, such as the evolution of a defect-free molybdenum crystal,

have been considered in TEM [7] (see Figure 8.2a for a typical configuration). In

order to avoid any defects being induced by FIB milling, in situ TEM annealing

was preliminary performed. Deformation mechanisms by basal plane sliding or

extension twinningwere found to be size dependent in the case ofMg andMg–Ce

crystals [12]. The ability of metallic glasses to sustain large plastic strains can also

be considered during in situ compression of nanopillars [8].

Thin sections are well-known samples for TEM observations. One of the

major drawbacks of thin sections is their propensity to be bent during the in

situ nanoindentation experiment, which complicates the strain tensor and then

renders the interpretation of the observed contrast more difficult. One way

to hinder this undesired phenomenon is to use a “H-bar” geometry, which is

composed of a thick section with only a small electron-transparent region close

to the edge and is schematically represented in Figure 8.2b [9, 13]. One of the

main applications of the experiments on thin sections is, for example, the study
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Figure 8.2 Different sample geometries

for in situ TEM nanoindentation experi-

ments. (a) nanopillar [8], Reprinted figure

with permission from [8]. Copyright (2013)

by the American Physical Society; (b) thin

foil [9]; (c) thin film [10], with permission

from Elsevier; and (d) nanoparticles or clus-

ters [11], with permission from the American

Institute of Physics.

of dislocation movements and grain boundary activities in metals [14, 15] or

in ceramics [16]. To avoid the artifacts that can be induced by ion milling, thin

coatings can alternatively be deposited on a wedge-shaped silicon substrate [10,

17] (see Figure 8.2c). The in situ experiment interpretation is not an easy task

because the contrasts in the images need to be analyzed. Simulations can be

carried out to calculate the stress distribution on the entire thin section during

the indentation process [18]. Stresses can also be experimentally determined from

the convergent beam electron diffraction (CBED) patterns [19]. This technique

has recently been used to highlight the nanodomains that can act as embryos

during the phase transformation in zirconia [20].

One of the main advantages of the geometry of nanoparticles (see Figure 8.2d)

lies in their ability to easily model a nanoindentation system. Indeed, the move-

ment of the two homologues (substrate and tip) of the nanocompression system

can be monitored during the experiment, provided that they are perpendicular to

the electron beam.The second advantage is that preparation of the sample (cutting

and thinning) is not required before the experiment. Nevertheless, dispersion of

the nanoparticles in a solvent can lead to certain surface modification.
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In contrast to nanopillars and thin sections prepared from bulk materials,

nanoparticles need to be deposited on a substrate. The choice of the substrate, in

that case, is crucial. Its geometry needs to be optimized, and specific attention

needs to be paid to its thickness. In the case of a very thin sample, the nanoparti-

cles can easily slide along the substrate during the nanoindentation. In the case of

a very thick substrate, certain shadowing effect can occur (see Figure 8.3). It can

lead to certain problems during data processing, for example, determination

of the contact area between the particle and the substrate. Figure 8.4 shows

an example of such system, where the positions of the tip and the substrate

Z

Z

(a) (b)

Z

Z Shadowing
effect

Y

Y Y

Y

X X

Figure 8.3 Schematic representation of the

shadowing effect in the case of a thick sub-

strate (electron beam along the x direction

and nanoindentation along the z axis); (a)

the nanoparticle is well positioned, (b) the

nanoparticle slides on the substrate and is

not fully observed in the x direction.

20 nm

Figure 8.4 Example of a nanoparticle system and determination of the position of the tip

and the substrate.
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can be accurately determined in addition to the particle contour. The nature

of the substrate is also a key parameter. Its hardness should be higher than

that of the nanoparticles under study; otherwise, the substrate can deform

during compression. Finally, its surface needs to be as smooth as possible in

order to achieve good distribution of the force applied on the nanoparticle.

Finally, it can be mentioned that contamination of the tip can occur and is very

difficult to be removed. For small-diameter nanoparticles, this contamination

layer can also hinder good observation of the contact between the tip and the

nanoparticle.

The analysis of a single particle requires an initial very good dispersion of the

nanoparticles on the substrate. It is necessary to remove some of the particles

by slightly rubbing the surface of the substrate with the tip. Dispersion of the

nanoparticles in a solvent before deposition should be performed, if possible,

without the use of a dispersant. The dispersant can, indeed, remain on the

surface of the nanoparticles and, consequently, modify the nanoindentation

experiments. The nanoparticles can also be affixed to a metal wire by dry

dripping [21].

The behavior of single nanoparticles can be easily modeled in terms of the

mechanical system; however, it is difficult to perform experiments on them.

The nanoparticles can, indeed, slide or be ejected from the substrate during

the experiments. This difficulty increases with the decrease in their size. The

diameter of the nanoparticles generally studied is about 200 nm and can be as

large as 500 nm. Experiments on nanoparticles with diameters below 100 nm

require a very precise tip/nanoparticle/substrate alignment. Good orientation of

the nanoparticles toward the electron beam is also a very difficult task. It is rather

difficult to orientate a nanoparticle in the TEM, and the best way is to determine

a nanoparticle that is already well oriented. Furthermore, the nanoparticles can

easily be removed during the adjustment of the alignment due to vibrations or

irradiation of the electron beam.

8.3

Examples of In situ Nanoindentation Tests on Nanoparticles

8.3.1

Clusters

A few experiments have been reported so far on the characterization of clusters.

One study was on Si nanoparticle clusters [11]. It demonstrated the rotation of the

nanoparticles inside the cluster to relieve the stress during deformation. Further,

a fracture was observed at the junction between two Si nanoparticles, within the

amorphous Si layer. The propagation of the crack along the interface permits the

cluster to deform and relieve the applied strain, with each remaining fragment

deforming elastically to regain its initial morphology.
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8.3.2

Isolated Nanoparticles

Isolated nanoparticles are widely studied by in situ nanoindentation to observe

their behavior in real time and to determine their mechanical behavior. First,

experiments were performed on silicon nanoparticles with a diameter of

200–250 nm [22, 23]. Both elastic and plastic deformations were observed,

followed by a fracture. The fracture load was determined by scanning probe

microscopy (SPM) [24]. Nevertheless, the major advantage of transmission

electron microscopy is the possibility to observe the fracture in real time

to determine the mechanisms that trigger it. Furthermore, it is possible to

correlate the evolution of the microstructure and the load–displacement

curves.

The nanoparticles generally studied have a quite large diameter, for example,

500 nm for amorphous silica nanoparticles [25] or 200 to 400 nm for CdS hollow

spheres [26]. Smaller nanoparticles of 100 nm were recently studied [27]. The

transition alumina tested was plastically deformed during nanocompression.

This result is of great interest for the optimization of the compaction process

before sintering. This alumina is, indeed, used to obtain alumina bulk material

with nanometer-size grains.

Independently of their nature, the aforementioned studies indicate that large

nanoparticles break during the in situ experiment while the smallest ones

undergo large plastic deformation. An analysis of the nanoparticle behaviors as

a function of their diameters can be of interest to investigate a possible nano

effect and the corresponding critical nanoparticle size. It seems that the plastic

behavior can, indeed, be size dependent because, in the same transition alumina

nanoparticles with a diameter above 100 nm, failure was observed – either

before or after plastic deformation. This discrepancy in the behavior of

ceramic nanoparticles can explain the grinding limit observed for ceramic

nanopowder.

8.4

Data Processing

Two major results are obtained from an in situ nanoindentation experiment:

• Images or movies

• Load–displacement curves.

The entire data process involves interpretations of both the contrast of the

images and the interpretation of the curves. Nevertheless, the most important

aspect is the relationship between the phenomena observed on the images and

on the curves.
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8.4.1

Contrast Imaging

The contrast observed for nanoparticles during the experiments is difficult to

interpret. Indeed, the changes in the contrast can be due to the thickness changes,

bending of the sample, stress contours, or presence of dislocations. Nevertheless,

nanoindentation experiments on nanoparticles present several specificities, and

the contrast origin needs to be discussed further. Carlton et al. [21] well described

the problems and advantages of either diffraction contrast or phase contrast

during in situ TEM nanoindentation. In the case of diffraction contrast, the

alignment of the nanoparticle along a particular beam direction is not obvious

and becomes very difficult for small nanoparticles, because small vibrations

during tilting of the substrate can lead to their removal. Bending of the sample

does not seem to be possible in the case of a nanoparticle, because nanoparticles

can roll or slide along the support or be removed before bending. Deneen et al.

[22] described the bands of contrast in Si nanoparticles at the points of contact

between both the substrate and the tip. These bands are due to the local bending

of the lattice planes. They disappear when the tip is removed, which proves the

elastic type of the deformation. An increased diffraction contrast at the top and

bottom of the spheres was attributed to plastic deformation [28]. Interpretation

of the contrast is not obvious and can be completed either by other imaging

techniques or by simulations tools (see Section 8.4).

Among the other imaging techniques, dark field imaging can be considered. It

was used to monitor the grain size evolution during the compression test or cer-

tain changes in the nanoparticles. In the case of hollow CdS spheres, there were

no changes in the grain size observed in the nanoparticles before and after the

compression tests [26]. The area of plastic deformation was observed on silicon

nanospheres [22] after sufficient deformation. The use of an analytical tool such

as electron energy loss spectroscopy (EELS) can be envisaged.This technique can

be very useful to determine the structural changes in the nanoparticles during

the experiment. It has been, for example, used to monitor eventual crystallization

of amorphous silica during compression [25]. In the case of transition alumina,

EELS can allow for eventual phase transformation during the nanoindentation

experiments.

8.4.2

Load–Displacement Curve Processing

For a quantitative study with the calculation of forces and stresses applied on

nanoparticles, the main problems are the evaluation of the real contact area

between the tip and the nanoparticles and accurate determination of the 3D

geometries of both the tip and the sample. The data processing, thus, requires

specific attention in order to obtain accurate values.

The use of an image registration technique is crucial in order to obtain robust

and accurate estimates of the motion of the specimen holder and the tip. Indeed,
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as it is the case for most of the testing devices at the meter scale, the specimen

holder cannot be considered as infinitely stiff as compared to the tested particle.

Thus, during mechanical testing of the holder and the tip experience motion,

as the displacement motion is evaluated by the piezoelectric actuator that is far

from the contact area between the holder and the particle, the displacement

measurement from the actuator is inaccurate for a quantitative description of

the load–displacement curves. To circumvent this difficulty, the images acquired

during the test are analyzed using an image registration technique. The motion

of the area delimited by the yellow lines in Figure 8.4, in the direction normal

to the contact planes, is evaluated. For each solid (specimen holder and tip),

only a global translation normal to the contact plane is considered; thus, the

algorithm reveals extreme robustness. From the image registration, the relative

displacement (in pixel) between the specimen holder and the tip is converted into

nanometer using the scale bar of the images.The actual solicitation applied to the

nanospecimen is thus evaluated; see Figure 8.5 for a comparison with the data

provided by the piezoelectric actuator. This relative displacement is then used in

the finite element (FE) simulation (see Section 8.4) as the boundary conditions

and the response of the model in terms of the load–displacement curve are

compared to the experiments.

8.4.3

Effect of the Electron Beam

One important aspect regarding the determination of the mechanical properties

of the materials at the nanoscale by in situ TEM nanoindentation is probably the

effect of the electron beam. The irradiation effect can, indeed, occur and modify

not only the chemical and/or crystallographic structure of the material but also

its mechanical behavior. This phenomenon was evidenced by Zheng et al. [25]

during in situ compression of silica nanoparticles with 100 nm diameter. Plastic

deformation of the nanoparticles was observed, and a much easier plastic flow
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Figure 8.5 Comparison of the load–displacement curves before and after correction.
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was observed when the electron beam was on compared to the experiment when

the beam was off as shown in (Figure 8.6).

As far as crystalline materials are concerned, a plastic behavior has

been observed in alumina nanoparticles during in situ TEM compression

(Figure 8.6a,b). The observation of a thin section obtained from alumina

compressed at room temperature in a high-pressure cell confirms the plastic

deformation of nanoparticles (Figure 8.7). These results prove that the plastic

behavior can occur even without the effect of electron beam on materials that

are known to exhibit a brittle behavior at the macroscopic scale [29]. From

these two studies, we can assume that the electron beam have an effect on the

values obtained for the mechanical properties; however, the mechanical behavior

(plastic behavior) cannot be attributed only to the effect of the electron beam.
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Figure 8.6 TEM dark field images of silica

nanoparticles [25]: (a) before nanocom-

pression and after compression (b) with-

out electron beam, (c) with electron beam;

(d) corresponding load–compression

curve (points a, b, and c correspond to

the images). With permission from Nature

Publishing group.
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Figure 8.7 TEM images of transition alumina nanoparticles (a) before; (b) during nanocom-

pression experiment; (c) TEM image of a thin section obtained from the same alumina pow-

der compacted at ambient temperature under a pressure of 5 GPa.

8.5

Interest of Simulation on the Data Processing

Analysis of the load–displacement curves once processed can be first performed

using certain analytical models. The well-known Hertz model for the elastic con-

tact between two surfaces is used in nanoindentation with spherical tips. It can be

applied to the case where a compression load is applied to a spherical nanoparticle

in order to determine the reduced modulus, by combining the elastic properties

of the particles and the compression platens. Once the properties of the loading

platens are known, the Young’s modulus of the particle can be estimated.

Numerical simulation can be used to complete and interpret the results

obtained during in situ testing.

Models can be developed to explain either the fracture or the plasticity of the

nanoparticles. In the case of CdS nanoparticles (Figure 8.8), the fracture occurs

perpendicular to the compression planes as encountered in the case of Brazilian

test [26]. This test is well known in the case of characterizing the tensile strength

of ceramic materials. In the case of these hollow nanoparticles, the model used

can be different. To understand the fracture mode, it is necessary to assess the

stress state within the spheres during deformation and at the point of fracture. FE

simulations were used along with a pure elastic behavior.

Zheng et al. [25] also used FE simulations in the case of amorphous silica

nanoparticles, along with a purely elastic model. The model used is, in fact, of

much importance and is well defined. Shan used FE analyses to determine the
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Figure 8.8 Compression experiments on a hollow CdS nanosphere: (a) initial state and (b)

after failure [26] With permission from Nature Publishing group.

stress state within the spheres during deformation and at the point of fracture,

with a purely elastic model.

To explain the plasticity of nanoparticles, the models describing the movement

of dislocation are the most appropriate. Gerberich et al. [30] developed a model

describing the dislocation movement in a cylinder (Figure 8.9). During the

loading–unloading experiment, the dislocations movement inside the cylinder

can be induced or annihilated. After several cycles, it is noticed that the plasticity

is mainly due to the movement of the existing dislocations, as described on

Figure 8.5b.

FE simulations can be used to determine the constitutive law for nanosolici-

tation tests. Calvie et al. [29] proposed a method by which the constitutive law is
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Figure 8.9 (a) Model of the compression of

a nanoparticle. The plasticity of the nanopar-

ticle can be explained by the movement of

the dislocation inside the cylinder; (b) frac-

tion of plasticity for dislocations nucleated

or annihilated. It indicates that, after several

cycles, the residual plasticity is associated

with the moving pre-existing dislocations

[30]. With permission from Elsevier.
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Table 8.3 Young’s modulus and yield stress obtained from the data processing by FE and

analytical method on alumina nanoparticles.

Finite element simulation loading curve Analytical method

Loading curve Unloading curve

E (GPa) 𝝈y (GPa) E (GPa) 𝝈y (GPa) E (GPa)

115 10 113 8 113

determined by fitting of the loading–unloading curves obtained during the exper-

iment.The results obtained by FE are confirmed by an analytical method based on

fitting of the elastic part of the loading curve with a Hertzian model and fitting of

the unloading curve by a power-law function through the classical Oliver–Pharr

model (Table 8.3). Both the methods allow for the determination of the elastic

modulus; furthermore, the elastic limit has also been estimated analytically as the

mean pressure at the end of the elastic domain of the loading curve. The main

aspect of the experiment performed on the transition alumina is that it is only

stable at the nanometer scale. The bulk material of this alumina, thus, does not

exist. The values obtained for Young’s modulus can be compared with another

nanometer-size stable alumina phase: γ-alumina compacted under high pressure.

A value of 253GPa was obtained, which is twice the value obtained during in situ

nanoindentation in TEM [31]. This discrepancy can be explained by the effect

of the electron beam, as measured by Zheng et al. [25]. However, other param-

eters such as particle orientation, the different features of the starting powder,

and difficulties in obtaining Young’s modulus of the powder compacts from high-

pressure vessel experiments limit the possibility to compare the two types of values

obtained.

Furthermore, it is possible to calculate the map of the total equivalent plastic

strain of the nanoparticle using the determined constitutive law. In the case of alu-

mina particles, the calculated map perfectly matches with the contrast observed

on the TEM image (Figure 8.10). The observed Bragg fringes can be attributed to

plastic deformation and not to elastic lattice compression, as it has already been

theoretically calculated [21].

Simulation by FE can also be used to determine a Tresca shear–strain map

(Figure 8.11). Good correlation can be observed between the map and the

cracks in an alumina nanoparticle. It also indicates that the crack occurs by

shearing.

Molecular dynamics (MDs) simulations can provide valuable pieces of infor-

mation regarding the deformation mechanisms at the nanoscale. They are used

to better understand the response of amorphous silica theoretically [32, 33] or to

better analyze the results obtained during in situ testing and the effect of the elec-

tron beam on the results [25]. In the case of crystalline materials, the formation

and movement of dislocations are studied [34–36].
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of the total equivalent plastic strain calcu-

lated by DIC-FE. A good agreement between

the experimental image and the calculated

map is observed. (The contours of the max-

imum equivalent plastic strain are high-

lighted with dotted lines.) It indicates that

the observed Bragg fringes are caused by

plastic deformation.
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Figure 8.11 Superposition of an experimen-

tal image with the corresponding map of

the Tresca shear–strain calculated by FE in

the case of an alumina nanoparticle. A good

agreement between the experimental image

and the calculated map indicates that the

crack occurs by shearing (the crack is indi-

cated by a dashed line).

8.6

Conclusion

In this chapter, we emphasized on in situ nanoindentation of particles inside

a TEM. A methodology to test isolated particles and to obtain relevant

load–displacement curves in order to capture the real nanoparticle behavior
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needs to be developed to fully interpret the results obtained. Simulation tools

are widely used to complete the imaging and obtain the load–displacement

curves results. By a careful follow-up of the load versus real displacement

curves, the mechanical behavior law of a given nanoparticle can be obtained.

It is demonstrated, for example, that the elastic–plastic behavior of ceramic

nanoparticles that behave as truly brittle at the macroscale can be recorded, with

access to not only their Young’s modulus but also their elastic limit and plastic

behavior law. By in situ experiments of this type, plastic deformation of powder

compacts can be conducted at room or moderate temperature, which opens the

door to new strategies for the processing of materials, for example, compaction

of ceramics before sintering. The critical size above which the particles can fail

and below which the particles are deformed plastically without failure even after

large deformation can be determined. This critical size can explain the grinding

limit often reported in ceramic science.

The example provided on the aforementioned ceramic particles showed that

in situTEM testing provides new insights on themechanical behavior of themate-

rials at the nanoscale, with impacts their process and their use.
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