N
N

N

HAL

open science

In situ Elastic Strain Measurements-Diffraction and
Spectroscopy
R. Spolenak, Wolfgang Ludwig, Jean-Yves Buffiere, J. Michler

» To cite this version:

R. Spolenak, Wolfgang Ludwig, Jean-Yves Buffiere, J. Michler. In situ Elastic Strain Measurements-
Diffraction and Spectroscopy. MRS Bulletin, 2010, 35 (5), pp.368-374. hal-00517710

HAL Id: hal-00517710
https://hal.science/hal-00517710

Submitted on 15 Sep 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00517710
https://hal.archives-ouvertes.fr

MRS Bulletin Paper, Topic IV

In-situ elastic strain measurements - diffraction and spectroscopy
R. Spolenak, W. Ludwig, J. Y. Buffiere, J. Michler

1 Introduction

X-ray diffraction is a common tool to determine order in materials. Based on Bragg’s equation, the
average distance of nearest neighbors of atoms or molecules can be determined. In crystalline
materials, a high degree of ordering results in very sharp diffraction peaks. The sharpness of this
peaks allows for a highly accurate determination of atomic spacing and consequently of elastic
strains (deviations from the equilibrium lattice spacing) and the calculation of stress tensors. In
addition, any deviation of perfect periodicity, which exhibits itself in the broadening and asymmetry
of diffraction peaks, renders information of the imperfections in materials, namely their
microstructure. These imperfections range from grain-boundaries, stacking faults, implantation
defects over interfaces and dislocations to the degree of disorder in amorphous materials. The
following will demonstrate how, both aspects of X-ray diffraction can be combined with in-situ tests
to gain insight into the mechanisms of mechanical behavior of materials. In addition, a
complementary technique of Raman spectroscopy is addressed, where similar concepts apply. X-ray
diffraction concepts in principal also apply to electron and neutron diffraction. The latter are,
however, omitted here for the sake of brevity.

2 X-ray diffraction (2000 words)

2.1 Basic principles of X-ray diffraction
The basis for X-ray diffraction is Bragg’s equation:

nA=2dsiné (1.1)

Where d is the lattice spacing, 8the diffraction angle in a classical diffraction set-up and A the
wavelength of X-rays. Differentiation of Bragg’s equation yields

AH:—Ad—dtane (1.2)

Which shows that measurements at higher diffraction angle (usually high order diffraction lines), are
more accurate. In defect free polycrystals, grain size can be determined by Scherrer’s formula:

2180

A20° = ————
Dcos@ rx

(1.3)

Where A28 is the full width at half maximum of the diffraction peak in addition to the instrumental
broadening and D is the grain size. If dislocations are also present the shape of peaks and its change
with the order of reflection needs to be taken into account. This is elegantly done by obtaining the
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Fourier coefficients of each peak in the classical Warren-Averbach analysis [1]. The latter technique,
however, requires the possibility of measuring high order peaks, which is not always possible in an in-
situ set-up.

2.2 Non local measurements

Due to the spot size of laboratory X-ray sources, which is usually much bigger than the grain size in
typical polycrystalline materials, the diffracted signal originates from a polycrystalline ensemble and
powder-like spectra are acquired. The difficulty in the determination of elastic strains is that the
measured lattice distance needs to be related to the equilibrium lattice spacing. Accurate elastic
strain measurements require the equilibrium lattice parameter to be determined experimentally. The
usual pathway is explained in the following.

2.2.1 Sin2y - technique

The angle yis defined as the angle between the normal of the diffracting planes and the surface
normal of the material investigated (see Fig. 1). Surfaces are stress free in their normal direction and
the material underneath can be stressed in tension or compression. Consequently, if the elastic strain
is probed at different angles to the surface normal (different angles ), it has to go through zero at a
specific angle. Consequently, the reference is incorporated in the measurement. For an equibiaxial
stress state in an elastically isotropic material stress and elastic strain can be derived from the
following equation:

—d _do——1+va sin’ —Z—VJ (1.4)
E O |4 g b .

The angle for zero strain consequently depends on the elastic properties of the material investigated.
More complex stress states and elastically anisotropic materials are treated in an excellent book by
Noyan and Cohen [2].

Several examples of in-situ measurements can be found in [3-4] and [5]. However, the measurement
time required is significant. This can be overcome by using synchrotron sources and/or using the
following technique.

2.2.2 Sin2¢ - technique

The sin’— technique as described in Wanner et al. [6] is a relative technique and thus requires the
determination of the residual stress state at the beginning of the experiment. This can be
accomplished by the sin® i — technique. It is based on measuring the diameter of Debye-Scherrer
rings by an area or two crossed linear detectors. If a strain is applied in the sample plane, the Debye-
Scherrer rings are distorted into ellipses, whose ellipticity can be used to quantify the elastic strain.
No change in diffraction geometry is required during an in-situ experiment. If a textured material is
investigated the X-ray source needs to be tunable and thus experiments are limited to synchrotron
sources [7]. Details of the geometry can be found in Fig. 1.

Recently, this method has been applied extensively to the investigation of scaling in yield strength of

thin films [8-9] and arrays of metal nanowires [10]. Stress-strain curves of metallic structures with

features sizes down to 20 nm could be investigated, shedding new light on the materials deformation

mechanisms. Specifically, the significant temperature and strain-rate dependence of nanocrystalline
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Au nanostructures is worth mentioning. Strain-rate experiments by X-ray diffraction can only be
achieved by short measurement times (e.g. 5 s per strain step) offered by the sin2¢>— technique.

An interesting example of the application of several in-situ techniques, namely, the sinzgo—
technique, scanning electron microscopy and optical microscopy can be seen in Fig. 2. Here, the
fracture and delamination behavior of thin brittle metal films (i.e. Ta) are investigated [11]. The onset
of cracking can be determined as a stress drop in the stress-strain curve in tensile direction, a change
in slope in the stress-strain curve in transverse direction and the direct observation of first cracks.
Cracking results in the build-up of compressive stress in normal direction, due to the relaxation of
tensile stresses and consequently reduced Poisson contraction compared to the substrate. This in
turn leads to thin film delamination until finally most of the strain is carried by the substrate. Such
experiments are utilized to determine both the fracture toughness of the thin films and the energy
release rate of interfacial cracks. Further insights into the deformation mechanisms can be gained by
focusing X-rays and resolving elastic strains at a more local scale.

2.3 Local stress measurements in 2D

2.3.1 Monochromatic microdiffraction

When mapping of local stresses is required at a medium spatial resolution (a few tens of
micrometers), monochromatic synchrotron X-rays can simply be restricted by slits to produce 2D
maps of stress in transmission mode [12]. This is comparable to the sinz(p— technique, but allows for
the mapping of elastic strain states. Furthermore, this kind of diffraction experiment can be
efficiently combined with 3D tomographic imaging (see also below), to investigate the stress
redistribution induced by the development of damage in a material under various experimental
environments (applied load, temperature cycles). Such in-situ experiments were performed, for
instance, at beamlines ID15, ID11 and ID19 of ESRF, on Ti/SiC; metal matrix composites [13-14]. For
this last material, by combining 3D images of cracks in the SiC fibers and the diffraction profile
recorded along the same fibers and in the neighboring matrix, it was possible to show the effect of
elastic strain partitioning from the fibers to the matrix and to evaluate the interfacial shear strength
along the fibers, a key parameter for the modeling of the mechanical behavior of this kind of high
performance material.

When higher spatial resolution is needed, monochromatic X-rays can most easily be focused by
Fresnel zone plates or refractive X-ray optics, the latter being less efficient at higher X-ray energies.
In most cases the X-ray beam then becomes smaller than the grain size. Consequently, single crystal
diffraction has to be applied and sample tilting is required. Measurements at a length scale of
around one micrometer and less are however problematic due to the sphere of confusion of
currently available diffractometers. Consequently, successful in-situ work has been limited to highly
textured polycrystalline materials [15-17] for monitoring the stress and composition evolution during
electromigration, single crystals by microdiffraction topography [18] for indirect measurement of
stress in patterned thin films and small angle X-ray diffraction [19] for monitoring the structure
evolution in spider silk fabrication. All these experiments can be performed without sample tilt
during the in-situ experiment.



2.3.2 Laue microdiffraction

Laue microdiffraction [20] solves the “tilt” problem described above for randomly oriented
polycrystalline specimen. In this technique a white or pink X-ray beam is focused by achromatic
Kirkpatrick-Baez mirrors to spots down to 500 nm diameter, which in turn renders this technique
applicable to grain sizes of minimal 200 nm. The locally single crystalline sample now acts as an
analyzer for the polychromatic beam resulting in a typical Laue pattern, where in contrast to
standard diffraction techniques the wavelength rather than the diffraction angle is altered. A
combination of well calibrated area detectors and a reference pattern allows for the determination
of the complete deviatoric strain tensor in a resolution of 10 [21]. The lattice parameter can in
principle be determined by using a monochromator and scanning the wavelength or by analyzing the
wavelength of the diffracted beam. The first approach is more accurate, but has not yet reached the
accuracy levels of the deviatoric strain determination. In addition to elastic strain also phases and
defect densities can be determined. Peak broadening in this technique is a direct measure of
geometrically necessary dislocations or small-angle grain boundaries [22], similarly but more
accurately than electron backscatter diffraction (EBSD). Classical peak broadening would be reflected
in a broadening in energy space.

Pioneered by the Advanced Photon Source (APS) at Argonne National Laboratory, several Laue
microdiffraction beamlines have been set-up world wide, e.g. at the Advanced Light Source (ALS),
Lawrence Berkeley Labs, the European Synchrotron Radiation Facility (ESRF), the Swiss Light Source
(SLS) and the Canadian Light Source (CLS). Broad beam in-situ Laue diffraction has been
demonstrated at the Karlsruhe synchrotron (ANKA) [23]. Most in-situ experiments have been carried
out at the ALS as there the first dedicated beamline was built, of which two examples will be
described in the following.

The easiest way of performing a mechanical in-situ experiment involving thin films is depositing them
on a substrate of strongly different coefficient of thermal expansion with regards to the thin film.
Stresses can then be induced by thermal cycling of the sample. Laue microdiffraction in such
experiments revealed strong variations of stress from grain to grain (ca. 100 MPa) and significant
stress gradients within a grain [24]. Recently, a novel mechanism for grain rotation, namely a
combination of dislocation and disclination motion has been elucidated [25].

The directional transport of mass due to an electric current (electromigration) poses a reliability
concern for microelectronic devices. In-situ Laue microdiffraction was able to show that hillocks at
the anode end of conductor lines are formed by dislocation climb [26-28].

2.4 3D stress measurements

2.4.1 Laue microdiffraction

The concept of Laue microdiffraction can be extended from 2D to 3D by selective absorption of the
diffracted beams. This can be achieved by scanning a highly absorbing wire (knife edge) over the
sample surface in a 45°-diffraction geometry [29]. This technique was used to study the deformation
of copper underneath a nanoindent [30], however, the timescale for measurement is prohibitively
long to allow for in-situ observations.



2.4.2 Three Dimensional Diffraction Microscopy (3DXRD)

3D elastic strain measurement techniques based on monochromatic X-ray beams can be subdivided
into macroscopic (multi grain average) and microscopic (individual grain) approaches, similarly to the
2D approaches.

In the first case the sampled 3D volume element contains a large number of grains giving rise to
diffraction into well defined directions, described by cones. The analysis of the position and intensity
distribution on the ring-like diffraction patterns observed on a two-dimensional detector for several
sample orientations gives access to components of the elastic strain state in the illuminated volume
element. The localization of the diffracting volume element in three-dimensions can be achieved by
insertion of pinholes and/or beam defining slits (e.g. conical slits for observation of simultaneous
observation of entire diffraction cones).

In the second case only a limited number of grains are contained in the illuminated sample volume.
One may now observe and analyze the position of individual diffraction spots on the detector. The
latter methodology is termed three-dimensional X-ray diffraction microscopy (3DXRD) and has been
reviewed in the book by Poulsen [31]. Note that in this condition the sample needs to be rotated
over an extended angular range in order to record several reflections from each of the grains. With a
suited combination of detector resolution and distance, the position, size, average orientation and
the full elastic strain tensor for each of the grains can be determined from such a set of diffraction
images [32]. The timescale for this kind of grain resolved strain measurement is of order of a few
minutes using synchrotron radiation.

Placing an additional high resolution detector system closely behind the sample one can analyze the
2D intensity distribution inside the diffraction spots. The latter can be assimilated as two-dimensional
projections of the grain volumes and the use of tomographic or stochastic reconstruction approaches
permit to reconstruct the three-dimensional grain shapes (see [31]).

The use of advanced data analysis routines permits extraction of local lattice orientation inside
individual grains and has been demonstrated recently for layer like (1D) illumination mode [33]. It
can be speculated that further refinement of the methodology will eventually give access to the local
deformation tensor (orientation and elastic strain) at the sub-grain level. The time scale for this kind
of measurements depends on the dimensions of the sampled volume and varies from a few minutes
to several hours for scanning a two-dimensional section and a three-dimensional sample volume,
respectively.

2.4.3 3D digital volume correlation and 3D particle tracking techniques

The presence of elastic strain in a material can be detected by measuring variations of the lattice
parameter, as explained above. The total strain, on the other hand, can also be assessed, in principle,
by measuring the displacement of elements of the microstructure between a reference and a
deformed volume. Two different methods, called particle tracking (PT) and digital volume correlation
(DVC) can be used. While the first one evaluates the displacements of microstructural features
through the movement of their centre of mass, the second one uses correlation techniques to match
the two volumes. Although the development of digital image correlation dates back to the eighties
[34], its application to 3D tomographic images is much more recent (see for example [35] for a list).
Both PT and DVC require the presence of markers within the images. Two different strategies have

5



been employed so far. One is to introduce artificially those markers in the studied material [36-37],
the other one is to directly use the material microstructure [35, 38-41]. The first method can in
principle be applied to a variety of materials, provided a suitable technique for distributing
homogeneously the markers is found. However, the question of how much the presence of those
features affect the deformation process remains an issue. From that point of view, natural markers
appear more attractive, but the number of materials presenting a relevant microstructure is
restricted. So far, the deformation of quite different «natural» materials has been studied: Al alloys,
cast iron, trabecular bone, polystyrene foam, stone wool and wood to name a few.

Both PT and DVC provide displacements at a sub voxel scale. In the case of DVC the displacement
uncertainty appears to be higher than that reported for 2D images [35], probably because of the
noise introduced in the images during the reconstruction process. This is likely to be also the case for
PT but to the author's knowledge , a comparison between 2D and 3D accuracy has not been reported
so far for PT. Values of uncertainties ranging between 10 to 10 voxels have been reported,
depending on the material and the method used [35]. In the case of DVC, the level of uncertainty can
be reduced by using larger elements for correlation. However this is done at the expense of the
spatial accuracy of the measurement. If very short range variations of the displacement field are to
be captured then a lower element size should be used resulting in a higher uncertainty (and vice
versa). For PT the accuracy with which the displacement field is captured is dictated by the typical
distance between markers.

One important application of kinematic measurements in the bulk of a material is the evaluation of
the displacement field at the tip of a crack. This technique then gives a direct evaluation of the crack
driving force via the extraction of the mixed mode stress intensity factor as explained for example by
Rannou et al. [42]. This has been done in Al alloys using the tracking technique [40] and also in cast
iron by using DVC [35]. Fig. 3 shows an example of the results that can be obtained with DVC
regarding the quantification of 3D opening of a fatigue crack under load.

2.4.4 Merging the concepts of Diffraction and Imaging

For some classes of polycrystalline materials, the concepts of 3D X-ray diffraction microscopy and
tomographic imaging can be merged: the combined methodology, termed X-ray diffraction contrast
tomography (DCT), provides simultaneous access to the three-dimensional distribution of the X-ray
attenuation coefficient as well as to the grain microstructure described in terms of shape, orientation
and elastic strain tensors for each grain [43]. Similar to outlined 3DXRD methodology, the three-
dimensional reconstruction of grain shapes is achieved via analysis of the shape of the diffraction
spots, observed on a high resolution X-ray imaging detector positioned a few millimeters down-
stream the sample. Efforts are underway to combine the concepts of DVC and DCT for total strain
evaluation during tensile deformation studies.

3 Raman spectroscopy

3.1 Basic principles
Fig. 4a shows the experimental set-up of a typical micro-Raman instrument [44-45]. Light from the
laser is focused onto a sample of interest, such as a micropillar under load, using microscope

objectives and sample micropositioners. The scattered light is collected and directed into a
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premonochromator and a spectrometer for detection by a Charge Coupled Device (CCD) system. If a
100x objective (numerical aperture of 0.9) is used, a probing spot with a diameter of 500 to 300 nm
can be obtained, depending on the optical system and on the wavelength of light. A further
reduction of spot size can conventionally only be achieved by the use of wavelength in the UV range
or the application of oil immersion objectives. The probe depth ranges from a few nm to mm
depending on the optical properties of the materials, and can be limited to the submicron range via a
confocal setup.

Raman scattering arises from an inelastic interaction between photons (light of the incident laser)
and phonons (vibrations of the crystal lattice). Spectral analysis of the scattered light reveals distinct
peaks that are related to particular optical phonon modes (zone centre optical phonons, i.e. k=0
selection rule) in the crystal, providing a unique fingerprint of the latter. Spectra from amorphous
materials exhibit broad bands which can be rationalized by considering all possible phonon modes in
a crystal. Raman-active materials, in this sense, are many semiconductor and ceramic materials.
Raman active samples are also many types of molecules, nanotubes and polymers due to molecular
vibrations, where different selection rules apply [46]. The difference between the frequency of the
scattered and the incident light is called the Raman shift, expressed in wavenumbers (cm™). The
number of Raman peaks that can be observed depends on the crystal symmetry, the polarization
directions of the incident and detected light and the propagation directions of the incident and
detected beams with respect to the crystal axes. For instance silicon in the stable phase at ambient
conditions, e.g. the diamond structure, exhibits a single peak around 520 cm™ (one-phonon mode)
and additional weak two-phonon mode peaks. During an unloading from high hydrostatic pressure -
for instance during unloading of a nanoindentation experiment - a sequence of other crystal
structures and amorphous silicon can form below the contact area each exhibiting a characteristic
number of peaks at different wavenumbers [46]. Finite size of crystalline grains in the nanometer
range significantly alters the Raman spectrum; selection rules derived from the assumption of infinite
crystals relax, leading to an asymmetric peak broadening in most cases, as phonons with lower or
higher frequencies participate in the scattering process. Crystal defects, such as dislocations formed
during plastic deformation or interstitials formed during implantation, generate microstrains
resulting in a symmetric peak broading.

Elastic strain changes the frequency of lattice vibrations and, therefore, will shift the Raman peaks.

Peak shifts vary linear with stress components and the related coefficients are well documented for
many materials [47]. Some prior knowledge of the stress distribution is, however, required, since in
many cases the stress tensor leads to shifts and shape changes of a single peak only. In many cases

simple uniaxial or biaxial stress states are studied.

If Raman spectroscopy is combined with a micromechanical testing setup, phase transformations or
changes in the microstructure during loading would alter the spectrum or peak shapes, respectively.
The stress field can be probed with one micrometer resolution through monitoring the peak
positions. When the nature of stress state is known through the loading conditions, the observed
peak shifts can be converted easily into local stress values, i.e. the Raman spectrum serves as a
microscopic elastic strain gage on the sample. A frequency change of ~0.02 cm™ can be detected
using state-of-the-art equipment, which translates to a stress resolution of roughly 10 MPa for most
materials. An in-situ microcompression experiment on silicon <001> oriented pillars is shown
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schematically in Fig. 4b [48]. During the uniaxial compression, good agreement between the stress
measured by the micro-indenter load cell and the stress deduced by the Raman peak shift in the
elastic region was found. Small shoulders at lower peak frequencies are evidence of crack
propagation and corresponding stress relaxation prior to brittle fracture of the silicon pillars. In-situ
Raman micro-compression experiments on <001> GaAs pillars of similar size demonstrated the
capability of this technique in determining the onset of plastic deformation. While the Raman peak
undergoes monotonically positive shifts linearly proportional to the increase in elastic strain, the
onset of plasticity and the corresponding load drop is seen as a sudden negative shift. During plastic
deformation the peak is seen to broaden due to increased dislocation density and inhomogeneous
plastic deformation localized with well defined glide bands emanating from the contact edge
between flat punch and micro-pillar [49].

3.2 Resolution beyond the diffraction limit

Elastic strain is very important in the semiconductor industry because it boosts the speed and
reduces the power consumption of electronic devices. Focusing the exciting laser on the sample
surface gives, at best, probing spots in the order of ~1 um. Developments in near-field Raman
spectroscopy have produced novel measurement techniques that allow nanoscale lateral resolution.
One approach is to guide laser light onto a tip with a very small aperture of diameter 50-200 nm. The
tip is held at a distance of ~10 nm above the sample (near-field scanning optical microscopy —
NSOM). NSOM has been used to analyse elastic strain in crystalline samples [50]. The spatial
resolution is restricted to about 150 nm due to significant power losses in small apertures. An
alternative approach to circumvent the optical diffraction barrier was proposed by Wessel [51] based
on a discovery by Fleischmann [52]. The Raman scattering cross-section is enhanced by many orders
of magnitude by placing a metal in contact with the sample surface [53]. This so-called surface-
enhanced Raman scattering (SERS) effect is mainly due to an electromagnetic field-enhancement
occurring near surface irregularities through the excitation of localized surface plasmons by light [54-
55]. By replacing the metal grains with a metallic nanometer sized tip (see Fig. 4c), the enhancement
can be localized [56-58]. Provided that the scattering comes predominantly from the contact area, a
resolution of several tens of nanometers can be achieved. The resulting tip-enhanced Raman
spectroscopy (TERS) is capable of measuring Raman spectra with high spatial resolution, effectively
overcoming the diffraction limit. A successful TERS experiment depends heavily on the ability to
fabricate tips of a definite metal with the appropriate shape and size, which is still a challenging
process [59-61]. The ultimate goal would be to try to integrate the TERS experiment, i.e. nanoscale
mapping capabilities, into an in-situ micromechanical testing setup like a tensile or compression test
on a microscopic sample.

4 Stress and microstructure

An addition to the determination of stress during an in-situ experiment is also the monitoring of
microstructural changes. Peak broadening was found to be reversible in nanocrystalline Al below a
grain size of 80 nm indicating the absence of dislocation storage mechanisms [5]. Maass et al. [62-63]
were able to correlate the peak broadening and peak shift in in-situ Laue microdiffraction
compression experiments to the glide systems present. Consequently, in the metal pillar dimension



the mechanical behavior of small volumes is mostly determined by the microstructure rather than

the absolute value of pillar dimension.

Complementary application of transmission electron microscopy and micro-Raman spectroscopy on

the same sample area allows for direct imaging of the residual stress field of lattice defects like

dislocations and disclinations [55] and of crystal structures formed due to phase transformations

during a nanoindentation experiment [64-65].

Future challenges of in-situ elastic strain measurements will involve:

Improved spatial resolution: Focusing of probes down to the ten nanometer length scale will
also pose challenges for spatial stability as measurement time will increase.

Quantification of defect structures: Direct correlation between atomistic modeling and
complementary experimental techniques is required to quantify character and magnitude of
defects and their changes during deformation.

Reduction in measurement time for dynamical experiments: Here a compromise will have to
be found between time scale and spatial resolution.

Solving space constraints of in-situ experimental set-ups: A quantitative analysis of defect
structures requires large scattering angles or sample tilts. This would require a miniaturized
design of in-situ test equipment.

The interpretation of coherency effects in small scale diffraction: see [66].
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Figure 1. Comparison of diffraction geometries of the siny — technique and the sin’p —
technique. The (111) reflection is chosen for fcc metal thin films as the X-ray intensity needed to
be maximized. For higher accuracy in strain higher order peaks are usually advisable.
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Figure 2. Fracture and delamination behavior of a 100 nm Ta film on a 125 mm polyimide
substrate investigated by X-ray diffraction (without residual stress), optical microscopy and
AFM. The different phases of deformation are the elastic regime (I), the onset of cracking (ll),
the steady-state cracking regime (lll), the onset of delamination (IV) and the regime of
predominant substrate deformation (V).



Figure 3. 2D map of the opening of a crack (mode | opening) in the interior of a cast iron
sample obtained by DVC of tomographic images. The load is applied along the X axis (normal
to the figure). The white line indicates the crack front (cracked surface above the line). For an
applied load of 44N large black areas behind the crack tip (i.e. above the white line on the
figure) indicates crack closure. When the load is increased, the crack gradually opens (adapted

from ref. [35]).
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Figure 4. a) Principle of Raman spectroscopy: the laser is focused onto the sample for
excitation (diffraction-limited spot ~ 1 um), then the scattered light is collected through the same
objective and dispersed into a spectrum by the spectrometer. b) in-situ p-Raman for dynamic
stress sensing: spectra are collected simultaneously during compression. ¢) TERS for
nanoscale residual stress analysis: the metal tip localizes the excitation beyond the diffraction
limit.
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