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Université de Lyon, F-69622, Villeurbanne Cedex, France

Jérémie Teisseire

UMR 125 CNRS/Saint-Gobain, Laboratoire Surface du verre et interfaces, 39 Quai Lucien Lefranc,
F-93303, Aubervilliers, France

Guillaume Kermouche
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Micro-Raman spectroscopy was used to map the Vickers indentation-induced densification on a window glass (soda-lime
silicate glass), from the correlation between Raman spectrum and density. Both top surface and cross-section of the residual
imprints were investigated. It is shown that the sample preparation needed for the investigation of the in-depth densification

does not alter the results. The maximum densification ratio measured is about 3.8%, which is 60% of the maximum densifi-
cation measured after a high-pressure hydrostatic loading. Within the experimental errors, densification maps are self-similar
for the two indentation loads used 10 N and 20 N. A comparison with finite element results based on a constitutive model
developed for silica is discussed.

Introduction

The mechanical strength of the silicate glasses rep-
resents an important industrial issue. As it was recently

underlined,1,2 a lot of research effort has to be devoted
to understand their mechanical behavior and improve
their usable strength. Although primarily known as
brittle materials at the macroscopic scale, glass was
shown to undergo a plastic deformation under an
indentation when its size does not exceed few tens of
microns. The quantification and the mapping of the
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density of an indented glass at such a small scale is a
challenge. Recent technical developments in the nano
and micro-indentation field have led to significant
advances. For example, Infra-Red,3 micro-Raman spec-
troscopy,4 and atomic force microscopy5,6 were used to
characterize the local deformation. The challenge was
successfully taken up in the last years in the case of
pure silica.7–9 Perriot et al.7 characterized the plastic
deformation of amorphous silica after micro-indenta-
tion. Champagnon et al.8 studied in situ elastic and
plastic deformation of silica under a hydrostatic pres-
sure by micro-Raman scattering. Vandembroucq et al.9

discussed the elasto-plastic behavior of silica under pres-
sure from a structural point of view. These results have
led to the development of a constitutive model able to
reproduce the indentation-induced densification in sil-
ica.10 Extension of these experiments to the soda-lime
silicate glasses, window or float glasses, is not straight-
forward.11,12 The maximum densification ratio11 in
these glasses is much smaller than in silica (6.3%). A
sharp indenter loading, like a Vickers, generates, beside
densification, shear flows at the origin of shear bands.
Luminescence of the samples due to a low percentage
of trivalent chromium ions as impurities has been used
to characterize the densification13, but the broad lumi-
nescence of chromium is a severe drawback for Raman
characterization using the usual laser excitations wave-

lengths. However, it was recently shown that ex situ
Raman experiments can be performed on window glass
densified in a diamond anvil cell.14 The shift in the
centroid of the main band is associated with the densi-
fication of the soda-lime glass. From this, a calibration
curve was built and a top view mapping of the 10 or
20 N Vickers indentation was made.

In the present study, Vickers indentation experi-
ments were performed with different loads. The perma-
nent deformation is characterized by micro-Raman
spectroscopy and a mapping of this deformation is
done both from a top view and from a cross-section of
the indentation imprint. The results are analyzed and
discussed. They are then compared with results of finite
element simulations based on the constitutive model
previously developed for silica10 and adapted to soda
lime glasses.13

Experimental Procedure

Sample Preparation

The window glass (mainly components: 72% SiO2,
15% Na2O, 8% CaO, 4% MgO in mole%) is a stan-
dard float glass. On air face of the float glass plate (size
14 9 8 9 0.2 cm3) (Fig. 1a), two Vickers indentations
of 10 N and two of 20 N were made. Vickers indents

Fig. 1. Steps of side view realization for the window glass indented zone. (a) window glass plate precracked and indented, (b) 20 N
indent top view image by optical microscopy, (c) cracked indent top view, (d) cracked indent side view.
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were performed on a previously subcritically grown
crack made with a double twist mechanism and outside
of this crack (Fig. 1a). As shown on Fig. 1b, to mini-
mize the mechanical perturbation due to the presence
of the crack, we performed a symmetrical loading. The
indenter was thus positioned so that one of the Vickers’
pyramid diagonals is superimposed with the crack. The
rupture of the indented sample on the crack is then
completed by opening the crack. Two symmetrical sec-
tions of the indented area (Fig. 1c) are obtained. Fig-
ure 1d shows a cross-section of the sample. This
procedure is detailed more accurately in Perriot et al.7

Experimental Setup

Raman spectra were obtained using a Raman
Thermo-Fischer DXR spectrometer equipped with a
microscopic attachment and a x, y, z stage. The laser
YAG (Nd3+) used for the 532 nm excitation delivers
10 mW on the sample. The signal is collected with a
CCD in the range 50–1800 cm�1 with an accumulation
time of 480 s, using a ULWD x 50 Olympus objective
(numerical aperture 0.55, working distance 8 mm). The
diameter of the laser spot and the z resolution are approx-
imately 2 lm and 9 lm, respectively.15

Results

Experiment Results

Figure 2 shows two Raman spectra obtained on a
window glass sample after a Vickers indentation with
20 N on his air face. One of the spectra (dotted line)
was measured away from the indent; the other was
measured in its center. Both spectra have several bands
that are characteristic of the window glass struc-
ture.14,16–18 In our work, we focused in the asymmetri-
cal band in the domain 500–730 cm�1 which is more
sensitive to densification. The position of its maximum
located around 560 cm�1 is attributed to the symmet-
ric vibration stretching mode of Si-O-Si Q3 species
(one nonbridging oxygen per SiO2 tetraedron).18 Its
asymmetry is due to the presence of another compo-
nent located at about 600 cm�1. It is attributed to the
vibration mode of Si-O-Si Q2 species (two nonbridging
oxygen tetraedron)19 or to the D2 silica band (three
membered rings).17 In addition, the figure shows that
the Raman bands in the indent center are wider than
in the nonindented part of the glass.

As shown in a previous paper14 a Raman parame-
ter Dr (cm�1) can be used to characterize ex-situ the
shift in the centroid of the band as a function of the
maximum hydrostatic pressure reached. It was shown
that Dr increases with maximum pressure reached
between 6.9 and 16.2 GPa where the maximum densi-
fication ratio, Dρ/ρ0, is reached. From the study of Ji
et al.11, the maximum densification ratio of 6.3% was
determined. In the frame of a linear approximation, it
is then possible to build a calibration curve valid for
maximum pressure reached between 6.9 and 16.2 GPa,
which relates the densification ratio and the Raman
parameter Dr (Fig. 3). From the slope of this curve,
the following equation is obtained:

Dq=q0 ¼ 0; 43Dr ð1Þ

It makes it possible to directly connect the shift of
the Raman band centroı̈d to the densification ratio Dρ/
ρ0. Dr error due to the apparatus was fixed
at ± 1 cm�1. Dρ/ρ0 error was then calculated for each
experimental point using Eq (1).

Figure 4 shows the top view mapping after 10 and
20 N indentations outside the precrack line region. On
Fig. 4a is reported the shift of the centroı̈d of the band
as function of the measured position from the indent
center (position 0) along a parallel line to the diagonal
of the indent (corresponding to the black line on
Fig. 1b). The Fig. 4b depicts the same mapping with
the Dr shift converted into densification ratio accord-
ing to Eq (1) and the abscissa corresponding to the
normalized distance to the center of the indent. The

Fig. 2. Raman spectra of window glass on nonindented domain
and at the center of an 20 N Vickers indent.
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normalized distance is obtained by dividing the posi-
tion by the half width of the Vickers impression
(30 lm for the 10 N load and 40 lm for the 20 N
load).

On the Fig. 5 is plotted the top view mapping of
the densification ratio as function of the normalized
distance to the indent center for 20 N indents outside
(black square) or on a precrack line (red circles).

From Raman measurements, it is possible to map
the iso-density curves for the 20 N load in side view
(Fig. 6a) and top view (Fig. 6b). These iso-density
curves are compared with the microscopic optical
observations showing the micro-cracking due to shear
bands.

To test the cracks effect on the Raman bands, we
performed an experiment on an isolated crack in a non-
densified zone of the glass. The Raman signal is, in this
case, similar to the Raman signal of the normal “non
densified” glass.

Finite Element Analysis

In this section, the experimental maps are com-
pared with results of a finite element analysis of the
indentation test. These calculations are based on the
constitutive model previously developed for silica10 and
adapted to window glass.13 The yield limit is an elliptic
criterion in the shear-pressure diagram. It is character-
ized by a limit under pure shear and a limit under pure
hydrostatic pressure. The densification-induced harden-
ing is modeled by taking into account an increase in

hydrostatic limit with the permanent densification of
the material measured.11 The shear limit does not
depend on the permanent densification. Calculations
have been performed with the Finite Element Software
Systus20 using 3D elements and using a large displace-
ment/large strain option (updated Lagrangian formula-
tion, logarithmic strain). The boundary and loading
conditions are similar to those proposed by Giannako-
poulos et al.21 More details on this model can be found
in the studies of the authors.10,13

Two different densification maps are plotted in
Fig. 7. The first one is the densification computed tak-
ing into account both elastic and plastic deformations

(a)

(b)

Fig. 4. (a) Top view mapping of the Raman shift of the cen-
troid of the band outside a precrack domain for 10 N and 20 N
Vickers loads. (b) Top view mapping of the densification ratio as
function as the normalized distance from the indent center
outside a precrack domain for 10 N and 20 N Vickers loads.

Fig. 3. Evolution of the densification ratio (%) versus the shift
of the centroı̈d of the Raman band Dr (cm�1).
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(Fig. 7a). As shown in Fig. 1b, there are several cracks
in the contact region. It can thus be assumed that the
elastic energy stored is released during the propagation
of these cracks. Consequently, we have also computed
the densification by taking into account only the plastic
strain (Fig. 7b). In this case, the densification is two
times lower. It points out that contrary to silica, the
magnitude of the bulk plastic deformation and the bulk

elastic deformation are of the same order of size. A
quite good agreement with the densification computed
from the plastic strain only can be observed.

Discussion

Results in Fig. 2 show that the 500–730 cm�1

band is modified during the Vickers indentation. In par-
ticular, the relative intensity of the Raman bands sug-
gests a decrease in Q3 species at the expense of Q2

species.14 These structural changes are reflected at the
macroscopic scale by a permanent densification of the
window glass. Observe that the maximum ratio of densi-
fication of the window glass (6.3%) is much lower than
that of silica (20%). Despite the width of the Raman
band, it is possible to establish a calibration curve allow-
ing the direct determination of the densification ratio
from the Raman shift of the centroı̈d of the band.

On Fig. 4b, it is then shown that the maximum
densification ratio at the center of the indent is
approximately equal within the experimental errors for
the 10 N (3.6%) and for the 20 N (3.8%) loads. A
part of this experimental error is due to the z resolution
of the X50 objective (9 lm).It means that the Raman
analysis is performed with an integration of the Raman
signal over 9 lm for both 10N and 20 N loads,

Fig. 5. Top view mapping of the densification ratio as function
of the normalized distance from the indent center for 20 N
indent outside (black square) or on a precrack line (red circles).

(a) (b)

(a’)

(b’)

Fig. 6. Optical microscope and Raman mapping of the iso-density curves for a 20 N Vickers load in side view (a,a´) and top view (b,b´).
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whereas the half width of the Vickers indent are respec-
tively 30 lm and 40 lm. The densification determined
in these conditions is then averaged over a density gra-
dient larger for the 10 N load than for the 20 N load.
This leads to a lower apparent density at the center of
the indent. The normalization of the abscissa by the
width of the indent shows further that both curves
coincide within the experimental errors. This result is
in agreement with the well-known self-similarity of
sharp indentation.22 This principle states that if two
indentations are made by the same geometric shapes,
then, whatever their size, strain and stress fields around
indentation will be geometrically similar.10 Here, the
consequence of this self-similarity is that the indenta-
tion-induced cracks do not affect the densification pro-
cess for the range of load used (10 N and 20 N). It is
probably because the loads used are much higher than
the limit load under which no micro-cracks are created,
and thus there is enough micro-cracks in the region of
the contact to consider the material as macroscopically
homogeneous. This point is of primary importance for
the development of a constitutive model.

The overlay of the curves (Fig. 5) for indentations
outside or on a precrack line shows that this line does
not influence the indentation. The results obtained
in this way for the side-view measurements are
representative of the indentation without any modifica-
tion due to the precracking of the sample. It points out
that the sample preparation does not alter the result.
Hence, the side-view mapping is more easily compared
with the Finite Element simulations.

In agreement with this observation, the iso-density
mapping has different aspects. The side view corresponds

to a “bowl” shape aspect, whereas the top view corre-
sponds more to a “star” aspect. The bowl shape on the
cross-section is also observed with the finite element anal-
ysis as well as a good agreement in terms of densification
gradient. However, the density variation over the top sur-
face is badly reproduced, which points out that the con-
stitutive model is not really appropriated. It is worth
observing the correlation between the iso-density curves
and the distribution of cracks (shear bands) for both
loads. On the one hand, it could suggest that the densifi-
cation of the window glass is strongly affected by the
shear flow and consequently, the development of a con-
stitutive model for the window glass should take into
account this feature. On the other hand, it may also be
considered as a weakness of the above results that the
occurrence of these cracks can modify the Raman bands,
and thus the distribution could be considered as nonrep-
resentative of what happened at a lower scale. According
to some authors, the minimum indentation load induc-
ing cracks is about 100 mN for window glass. However,
the size of the indented zone is then too small to allow a
precise mapping of the density (lateral resolution of the
Raman analysis cannot be set below 1 lm with a normal
9100 objective). The validity of our approach is checked
by the fact that the cracks do not modify significantly the
Raman spectra. One complementary question addressed
by the finite element analysis is the quantitative analysis
of the maximum densification. From Fig. 7, the densifi-
cation at the center of the indent is only the half of the
maximum densification of the window glass if we con-
sider that the elastic stresses are released by the micro-
cracks. This is in agreement with our experiments where
only 60% of the maximum of the densification is mea-

Fig. 7. Densification maps calculated from the finite element simulations, (a) densification computed taking into account the total
volumic strain (elastic + plastic), (b) densification computed in taking into account only the plastic volumic strain (we consider here that
the elastic energy is released by crack initiations and propagations).
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sured at the indent center. Here again, the mapping of
low load indents could help clarify this point. This will
be discussed in future investigations.

Conclusion

The Raman micro-spectroscopy is an efficient
tool to map the local density distribution on Vickers
imprints in a window glass. It is shown that the
densification map was self-similar for the two loads
used, and that the densification distribution was not
altered by the sample preparation: the validity of
side-view measurements on indents performed on a
precrack line was demonstrated. Hence, the maps
measured may be considered as representative of the
plastic flow of the window glass under Vickers inden-
tation. Due to the limitation of the spatial resolution
of the Raman excitation, such mapping is, however,
significant only on indents performed on large loads,
which are unfortunately responsible of shear bands
and micro-cracks. It was observed that these cracks
develop along the iso-density curves. To check the
role of the interaction between the densification pro-
cess and the shear bands, measurements on 100 mN
and 500 mN indents are in progress. The compari-
son with finite element results based on a constitutive
model developed for silica reveals a good agreement
over the cross-section, but this agreement is less satis-
fying over the top surface. Let us note here that it
has been assumed that the bulk elastic deformation
has been released by the micro-cracks and conse-
quently, the densification has been computed taking
only into account the bulk plastic deformation. A
better agreement over the top surface is expected
from the development of a specific constitutive model
to reproduce the plastic flow of the window glass,
and especially shear bands failure phenomena. The
shape of the densification area and the quantitative
gradient determined from these experiments is a rich
set of data to develop such a new constitutive model.
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