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The actual displacement field in a glass during an in-situ Vickers indentation experiment was deter-
mined by means of X-ray tomography, thanks to the addition of 4 vol % of X-ray absorbing particles,
which acted as a speckle to further proceed through digital volume correlation. This displacement was
found to agree well with the occurrence of densification beneath the contact area. The intensity of the
densification contribution (Blister field proposed by Yoffe) was characterized and provides evidence for
the significant contribution of densification to the mechanical fields. Densification accounts for 27% of
the volume of the imprint for the studied glass, that is expected to be less sensitive to densification than
amorphous silica or window glass. A major consequence is that indentation cracking methods for the
evaluation of the fracture toughness, when they are based on volume conservation, as in the case of Hill-
Eshelby plastic inclusion theory, are not suitable to glass. The onset for the formation of the subsurface
lateral crack was also detected. The corresponding stress isz 14 GPa and is in agreement with the
intrinsic glass strength.
1. Introduction

Damage caused by sharp contact loading at the surface of a glass
is a major scientific and industrial issue. However, despite
numerous studies, the mechanics and physics of the indentation
deformation and cracking process in brittle materials still raise
fundamental questions. For instance, glasses exhibit densification
due to their free volume content, so that the mechanical behavior is
not simply elasto-plastic (where “plasticity” refers to an isochoric
shear constitutive law). Densification accounts for over 80% of the
volume of the imprint in the case of vitreous silica and silica-rich
glasses [1]. Consequently, both the kinematics and the dynamics
of indentation remain inaccurately assessed [2-5]. Nevertheless, a
relatively successful description of the problem was found by
considering the displacement and stress fields as resulting from the
Rouxel).
combination of a point-contact field [6] and a so-called “Blister”
field, where the latter accounts for a permanent deformation
beneath the indenter [7,8]. This permanent deformation arises from
densification, thanks to the free volume content of the glass, and
from the isochoric shear flow, which is chiefly responsible for the
pile-up of matter at the border of the imprint [8]. In this study, a
glass matrix particulate composite was synthesized, using stron-
tium aluminate (SrAl2O4) particles. Interest in such particles is
three-fold: i) strontium is an alkaline earth element with a rela-
tively large atomic number (z¼ 38) so that particles provide an
excellent contrast with the glassy matrix and can be used as a
marker to investigate the displacement field using X-ray tomog-
raphy, ii) doped with Eu and Dy, SrAl2O4 (the monoclinic phase) is a
mechanoluminescent compound [9], and finally iii) particles are
expected to induce some strengthening and toughening effects.

The glass matrix particulate composite was characterized by
means of ultrasonic echography and Vickers indentation. The
indentation site topography was analyzed by Atomic Force Micro-
scopy (AFM) before and after annealing at the glass transition
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temperature (Tg) to evaluate the contribution of densification and
shear flow to the permanent imprint formation, following a clas-
sical experimental protocol [10-13].

X-ray tomography is a remarkable technique to get insight into
the mechanical behavior during a loading cycle by means of in-situ
experimental set-ups, and it was successfully applied to brittle
materials, and especially ceramics [14-16].

In this study, a specific indentation loading machine [17] was
used to perform the mechanical loading in-situ in an X-ray syn-
chrotron for tomographic microscopy. The formation and propa-
gation of the microcracks at the indentation site in a glass could
thus be followed live, and the displacement field was also assessed
thanks to a Digital Volume Correlation routine (DVC), taking
advantage of the particles, which act as a natural speckle. Hence,
the 3D displacement field was experimentally measured and could
be compared to available analytical solutions.

2. Materials and experimental techniques

2.1. The glass particulate composite

The studied glass matrix particulate composite
[NaPoLiþ SrAl2O4] with composition (1-x)(0.25Na2Oe 0.50 P2O5 e

0.25 Li2O), x(SrAl2O4:Eu, Dy), with x¼ 0.043 was synthesized by
the melt-quenching method, as reported by Dubernet et Al. [18]).
NaH2PO4 (Aldrich, 99%), LiH2PO4 (Aldrich, 99%), and SrAl2O4:Eu, Dy
(Aldrich, 99%) powders weremixed in a platinum crucible andwere
prefired at 320 �C for 3 h to remove water from the powder
mixture. Then, the crucible was placed for 2min into a furnace
preheated at 800 �C. The glass was then poured into a stainless-
steel mold, which was preheated at 250 �C, corresponding to the
glass transition temperature of the glassy matrix and further
annealed at this temperature for 2 h to reduce the residual stresses.
A bimodal particle size distribution was obtained, where the large
particles (Øz 40 mm) aim at reinforcing the material and provide
the mechanoluminescent property whereas the smaller ones
(Øz 5 mm) were homogeneously dispersed and showed up as a
remarkable natural speckle for DVC. The particles have a much
larger X-ray attenuation than the matrix and were thus easily
imaged by tomography. The indented surfaces of the sample were
polished down to 1 mm with a diamond suspension. The glass
matrix being slightly hydrophilic, the material was kept in a
desiccator, and the surface was washed with acetone prior to
testing.

2.2. Experimental techniques

2.2.1. Elastic properties
The moduli of elasticity of the composite, E (Young) and m

(shear), where measured by ultrasonic echography using 10MHz
piezoelectric transducers and the Poisson's ratio (n) was further
deduced. The reduced modulus (Er¼ E/(1-n2)) and hardness (H) of
the composite were measured by instrumented Vickers micro-
indentation (Fisher H100 XYP) at 100mN with a 5mN s�1

loading-unloading rate and a dwell time of 5 s.

2.2.2. Indentation behavior
The indentation process involves reversible and irreversible

deformation components. The quantity of matter which flowed
downward and gave birth to the residual stresses can be estimated
from the imprint left once unloading is completed after the
densification and isochoric shear flow contribution are deduced
(see Ref. [12] for details).
The elastic component can be estimated from the elastic re-
covery accompanying the unloading stage. The relationship be-
tween the recovered depth ur and the total penetration depth ut at
the maximum load is given by Ref. [19] (Fig. 1):

�
ur

ut

�2
¼1� 2

�
1� n2

�H
E
tanJ (1)

where J is the apical angle of the axisymmetrical indenter.
The equivalent cone for a Vickers indent (i.e. the cone that

would produce a circular imprint of radius a of the same projected
area and depth for a given load F as for the Vickers indent) corre-
sponds to J ¼ 73:5 �.

The geometrical relationship between the indentation volume
V�
ig where there is contact between the indenter and the glass and

the residual indentation volume V�
i is given by (Fig. 1):

V�
i ¼ gV�

ig
ur

ut
(2)

where V�
ig ¼ pa3

3 tan Jwith a ¼
ffiffiffiffiffi
F
pH

q
and H the material hardness, and

g ¼ ut=ug with ug defined as being the depth of the indenter
actually in contact with the glass (Fig. 1).

Thus, replacing ur =ut in Eq. (2) by Eq. (1) gives

g ¼ V�
i

V�
ig

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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�
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� H
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The best fit to data extracted from the displacement recovery
depth on mainly ceramic materials in Ref. [19] yields a value of 0.91
for g. Using volume recovery data obtained on glasses with
different composition, the best agreement was obtained with
g¼ 0.59 [4].

The indentation volume (permanent imprint) fractions attrib-
uted to densification and shear, namely VR and VP respectively, were
estimated using AFM (Bruker, Nanoscope V, Santa Barbara, CA). The
indentation volume that remained once the densified and piled-up
volumes were deduced and correlated with the intensity of the
residual stress field responsible for microcracking, so that

x¼1� VR � VP (4)

with VR ¼ ðV�
i �V�

a ÞþðVþ
a �Vþ

i Þ
V�

i
and VP ¼ Vþ

i �ðVþ
a �Vþ

i Þ
V�

i
(Fig. 1) can be

considered as driving force parameters for the indentation cracking
process.

The preliminary assessment of the indentation deformation
behavior (VR, VP and x) was conducted by combining indentation
experiments and AFM investigations.

Indentationwas performed bymeans of an instrumentedmicro-
indenter (Fisher H100 XYP) with a 5mN s�1 loading and unloading
rate up to 100mN and a 5 s dwell time. Each imprint was then
imaged by AFM before and after annealing treatment at 250 �C for
30min (heating rate: 10� min�1, cooling rate: 2� min.�1). Indenta-
tion and pile-up volumes were estimated from AFM images using
the “find holes” and “find hills” tools ofWSxM [20] software (Fig. 2).

2.2.3. Synchrotron X-ray tomography in-situ indentation
The in situ indentation experiments were performed at the

TOMCAT beamline [21] of the Swiss Light Source in Villigen
(Switzerland). A 30 keV monochromatic parallel X-ray beam was
used and the lateral size of the voxels was set to 0.325 mm by the
optics of the camera. Series of 1500 projections (radiographs) were
recorded every 0.12-degree (for an overall rotation of 180-degree)
at the rate of 200ms per projection, on a Charge Couple Device



Fig. 1. Schematic drawing of the volume topological analysis by means of AFM [2].

Fig. 2. Indentation imprint topography: a.) AFM image (tapping); b.) profile across the center, normal to the edges; c.) indentation volume (1.981 mm3); and d.) pile-up volume
(0.328 mm3).
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Fig. 3. Indentation coordinates and Region Of Interest (ROI) used for the Digital Vol-
ume Correlation (DVC) protocol.
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(CCD) pco.edge™ camera with array of 2560� 2160 pixels. The
radiographic projections were reconstructed into 8-bit grey scale
3D images (2560� 2560 x 2160 pixels), with artifacts correction.

Samples were produced by fiber drawing from a 10mm diam-
eter preform (preform speed vp¼ 2mmin�1, drawing speed
vd¼ 0.02mmin�1, drawing temperature Td¼ 390 �C) to obtain
cylinders, 3mm in diameter [22]. A complete loading-unloading
cycle was applied to the samples, from 0 to 30 N by steps of 5 N,
with a loading-unloading speed of 0.3 mms�1. The load was main-
tained constant during the image recording lasting for 5min at
each load step.

The specific machine used for this experiment was designed to
perform high speed X-ray tomography during in situ experiment
[17]. The rotating connector and the fine balance of this set up
inhibit unwanted movements during rotation and thus inadvertent
offsets between two consecutive scans.

2.3. Numerical methods

2.3.1. Digital volume correlation
Digital Volume Correlation combined with X-ray tomography of

sample with microstructural detail is a well-known technique for
displacement field measurement by subvolume tracking [23]. The
DVC analysis was carried out, using the UFreckles software [24,27],
with 16 finite elements over a selected volume (Region Of Interest
“ROI”, cf. Fig. 3) of 1276� 1276 x 1248 pixels located beneath the
indentation site. A median filter taking into account the first
neighbors of each node was applied to reduce the noise.

The DVC provided the displacement field (Ux, Uy, Uz) in cartesian
coordinates inside the ROI for different loads both during loading
and unloading stages.

2.3.2. Comparison between the experimental and analytical
displacement field

The displacement field in an elastic material experiencing
densification (at stress typically larger than 1 GPa in the case of
glasses; i.e. near the sharp contact loading area) submitted to an
indentation test is obtained by superposing the Boussinesq's stress
field [6] (elastic part) and a field stemming from a strain nucleus
built on three force dipoles, referred to as the “Blister” field and
accounting for the densified region [7]. The blister is only an
approximate expression (based on the doublet force problem
analyzed by Love [28]) for the densification responsible for
microcracking. However, a good agreement was reached between
the experimental displacement field, obtained by DVC, and the one
described by considering the blister field (see x 3.2.3 and Fig. 9). In
spherical coordinates, the displacement vector is expressed as
(Fig. 3):

urðr; qÞ¼ F
4pmr

½4ð1�4nÞcosq� ð1�2nÞ� þ B
mr2

h
2ð1� nÞ

� ð5�4nÞcos2q
i

(5)

uqðr; qÞ¼
F

4pmr

	ð1� nÞsinq
1þ cosq

� ð3�4nÞsinq



þ B
mr2

2ð1�2nÞsinq cosq (6)

with B ¼ V�
i x

3E
4pð1þnÞð1�2nÞ [11] and V�

i ¼ gV�
igffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 2ð1� n2Þ HE tan J
q

from Eq. (3).

Aiming at optimizing the parameters of the analytical expres-
sion to best fit the experimental data, B is the sole adjustable ma-
terial parameter. However, to access the actual displacement field
( u!), the indentation site coordinates (the loading axis xi, yi and the
surface zi locations) and the rigid body motion (translations X, Y, Z
and rotations RX, RY, RZ) must be determined first. In order to
achieve this goal, the indentation site location (coordinates xi, yi, zi,
as estimated from the reference tomographic image before loading
for F¼ 1N at the intersection of the indenter loading axis and the
sample surface) was defined as the origin of the cartesian system
(x(i)¼ x0(i)-xi, y(j)¼ y0(j)-yi and z(k)¼ z0(k)-zi, where x(i),y(j),z(k)
became the new coordinate of each point x0(i),y0(j),z0(k) of the
ROI). Then, the rigid body motion (X, Y, Z and RX, RY, RZ), resulting
from the displacement of the specimen during loading, were added
to the analytical displacement field. Because of its strong influence
on the optimization convergence, the position of the loading axis
(xi, yi) was hence adjusted. Lastly, the surface location (zi) and the
Blister magnitude (B) were tuned to best fit the experimental data
and the analytical expression and the numerical value of B was
further compared with the theoretical one.

Because of the large strain and displacement induced in the
vicinity of the contact area, the optimization is limited to points
located further than 2a from the origin (r � 2a), where the
analytical displacement field is defined (Eqs. (5) and (6)). To
minimize the difference between the experimental displacement
field and the theoretical one, namely U and u(P) with P¼ [B, xi, yi, zi,
X, Y, Z, RX, RY, RZ], an iterative least square minimization algorithm
expressed as in the following Eqs. (7) and (8) was used.

min
dP

U �uðP þ dPÞ2⇔ min
dP

U �
�
uðPÞ þ duðPÞ

dP
dP

�2

(7)
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With n: number of nodes x 3 (displacement components: x, y and z)
and m: number of parameters.

Moreover, some (limited) additional shear may be induced by
the geometrical imperfection of the specimen (angle between up-
per and lower surfaces) and by the occurrence of some device
misalignment. This additional shear must be considered prior to
optimization by adding a term to ux and uy depending linearly on z
(i.e. ux¼ ux þ kz, with k constant).

3. Results and discussion

3.1. Indentation behavior

The indentation parameters were determined by applying a
100mN load. This load was high enough to affect a volume larger
than the elementary representative volume (imprint volume
7e8 mm3, imprint diagonal 6e7 mm, particle size ~40 mm and
measured first neighbor distance ~60 mm). At the same time, it was
small enough to avoid the formation of visible cracks and to allow
for the imaging of the imprint by AFM in a “reasonable” time
(15min).

The measured indentation volumes (V�
i ; V

þ
i ; V

�
a ; V

þ
a ) yield

calculated values for g and x of 0.35 and 0.57 respectively (Table 1)
(Young's modulus E and hardness (H) of the composite material
(homogenized value) were used). Note that the volume affected by
the indentation during the in-situ experiments (V�

ig ¼ 4.104 mm3

and a¼ 47 mmat F¼ 30 N vs V�
ig ¼ 7.55 mm3 and a¼ 1.45 mmat

F¼ 100mN) was much larger than the one associated with the
determination of g and x so that the composite properties (Table 2)
were relevant to the analysis of the in-situ experiments.

3.2. In-situ tomography experiments

3.2.1. Indentation crack formation
Indentation induces stresses on loading as large as hardness, e.g.

in the GPa range. This stress field is sufficiently intense to initiate
radial/median cracks (driven by the sфф stress component Eq. (9))
from pre-existing flaws or from the edges of the imprint, which act
Table 1
Measured indentation volumes and calculated indentation parameters.

F (mN) a (mm) V�
ig (mm3) V�

i (mm
3) V�

a (mm
3)

100 2.72 7.55 2:05±0:09 1:45±0:16
as singularities. Permanent deformation occurs concomitantly
upon loading and its densification and pile-up components yield
some relaxation of the residual stress field, while the remaining
isochoric flow is responsible for a non-zero value of B (B is pro-
portional to 1-VR-VP). In order to visualize the crack shape in 3D and
to “remove” the particles, a simple thresholding was not efficient.
Hence, a median projection on the z (loading axis) direction was
used. Indeed, the cracks are large, straight and visibile over
numerous consecutive slices whereas the particles are small and
dispersed. The projection chosen to eliminate the particles (small
ones) was performed over 50 slices, with a two slice step in order to
reduce the computational time. An additional treatment based on
the object circularity analysis enabled to dissociate the cracks from
the remaining particles (Fig. 4).

The analytical form of the stress field associated with the
displacement field (Eqs. (5) and (6)) is expressed as:

sффðr;qÞ¼ ð1� 2nÞF
2pr2

	
cosq� 1

1þ cosq




þ 2B
r3

ð1�2nÞ
�
2�3cos2q

�
(9)

sqqðr; qÞ¼
F

2pr2
ð1� 2nÞcos2q

1þ cosq
� 2B

r3
ð1�2nÞcos2q (10)

srrðr; qÞ¼ F
2pr2

½1� 2n� 2ð2� nÞcosq� þ 4B
r3

h
ð5� nÞcos2q� 2

þ n
i

(11)

where F is the contact load (N). Due to the axisymmetrical loading
case, the stress components srфðr; qÞ and sqфðr; qÞ are nil. The
expression of the srqðr; qÞ component is not given here because srq
is not discussed in the present analysis (its expression can be found
in Ref. [4]).

During unloading, the elastic recovery tends to reduce the
Vþ
i (mm

3) Vþ
a (mm

3) g x

0:26±0:06 0:26±0:09 0:35±0:01 0:58±0:06



Table 2
Materials properties.

r (g.cm�3) E (GPa) n H (GPa) Er (GPa)

NaPoLi [18] 2.24 ± 0.01 53±1 0.29 ± 0.002 3.7 ± 0.36 54 ± 0.92
SrAl2O4 [29,30] 3.5 102 0.23 6.8
Composite (3% Vol.) 2.52 ± 0.01 55 ± 1.2 0.27 ± 0.005 4.2 ± 0.03 62.4 ± 0.6

Fig. 4. Radial-median cracks: a.) 3D visualization, in light grey, at maximum load (F¼ 30 N); and b.) idealized morphology (Cook and Pharr [5]).
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volume of the imprint (as the depth diminishes), while the densi-
fied volume opposes the eslastic springback. Eqs (9) and (10) pro-
vide a mathematical description of this phenomenon. As F is
deacreased, the Boussinesq's field weakens while the Blister field
remains constant, resulting in residual stresses which increase
upon unloading (especially srr(q¼ 0)); eventually generating new
cracks (such as the subsurface lateral ones responsible for the for-
mation of chips at indentation sites). In-situ indentation experi-
ments enable to determine the critical stress inducing subsurface
crack formation by following simultaneously the stress change
during unloading and the onset for crack formation on tomographic
images. For NaPOLi glass with SrAl2O4 particles, with a maximum
load Fmax¼ 30 N, subsurface lateral cracks that are driven by
srr(q¼ 0) (Eq. (11)) showupon unloading for a stress value between
13 and 14 GPa (Fig. 5).

3.2.2. DVC: displacement field and discontinuities
The displacement field under the indenter could be obtained

with a remarkable resolution thanks to the finely dispersed ceramic
particles. Some displacement discontinuities were identified (cor-
relation error), which stem from the occurrence of microcracks. The
loading situation being axisymmetrical, Ux and Uy are expected to
exhibit clear changes across any (Oz) containing plane. The Ux
displacement and the correlation error are investigated over half of
the ROI, cut by the (Oxz) plan (Fig. 6a and b). Ux displacement
profiles are then extracted from the (Oxz) plan to follow the evo-
lution of the transversal displacement with respect to the loading
axis (Fig. 6 c). Due to the Vickers indenter geometry and the pres-
ence of cracks, the same results can be obtained in the (Oyz) plan.

After removing the rigid body motion, the displacement
magnitude due to the indentation does not exceed 6.3 voxels or
2.05 mm (Fig. 6 a) and is symmetrical with respect to the indenter
axis (Fig. 6 c). The jump of displacement under the indent is too
smooth to provide information about crack presence and crack
opening. To this extent, the correlation error provides additional
information regarding crack location, shape and length (Fig. 6 b).
3.2.3. Confrontation of the experimental displacement field to the
analytical one e determination of the blister magnitude

As a preliminary remark, it is noteworthy that transposing the
analysis discussed in x III.1 and stemming from experiments at
100mN to indentation experiments performed at loads as large as
30 N raises serious questions. In particular, the indentation size
effect (ISE) [31], tip radius effect (concerning the Vickers diamond
tip as well as the AFM probe tip) and the occurrence of cracking
may have some incidence on the measured indentation volumes
and thus on the value of g (Table 1). In addition, the presence of
cracks is not accounted for in the analytical model. As this is dis-
cussed below, this is a source of error when comparing the
analytical and the experimental displacement fields.

The analytical expression of the displacement field (ux, uy, uz) is
compared to the experimental one (Ux, Uy, Uz) and parameter B
(Eqs. (5) and (6)) is adjusted to minimize the discrepancy.

The obtained value for B is then compared to the analytical one.
A good agreement was found upon loading with less than 9% error:
Banalytic¼ 13.8� 10�5 Nm vs Bexp¼ 12.5� 10�5 Nm for the third
experiment at Fmax¼ 30 N. Although the analytical value for B re-
mains constant upon unloading, the adjusted value decreases until
it reaches only 70% of the expected value: Bexp¼ 9.6� 10�5 Nm for
F¼ 2.5 N (Fig. 7). It is hypothesized that the presence of cracks re-
duces the apparent stiffness of the material and thus enhance the
elastic spring back effect, further resulting in a decrease of B.

Nevertheless, the gap between the experimental and the
analytical (fitted) displacement fields, as quantified by analyzing
the minimization residue U-u, does reaches 0.85 mm (~40% of the
experimental displacement (Fig. 8)).

The analysis of the displacement along the x axis reveals that the
Boussinesq's contribution (Fig. 8 a) is effective over a larger dis-
tance than the Blister field, which incidence is limited to the vi-
cinity of the indentation area and the masked region (Fig. 8 b).
Moreover, a comparison between the experimental displacement
field Ux (Fig. 8 c) and the residue Ux-ux (Fig. 8 d), clearly shows that
the displacement due to the Blister field along the x axis coincides



Fig. 6. Displacement along the x axis (a.) and correlation error (b.) in voxel (1 voxel¼ 0.325 mm) over half of the ROI halved by the plane (yi, z) and evolution of Ux along the z axis in
the plane (yi, z) in mm (c.) at a maximum load of Fmax¼ 30 N.

Fig. 5. a.) Evolution of the indentation stress components during unloading together with the in-situ tomographic images of the lateral crack formation and propagation at loads of
(1) F¼ 10 N, (2) F¼ 5N and (3) F¼ 1 N.
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to the experimental displacement field, with a residue approaching
zero near the surface. In a region away from the contact area, where
the Boussinesq's contribution prevails, the residual displacement
Ux-ux reaches an absolute value of 2.6 voxels (¼ 0.845 mm).
Regarding the vertical component of the displacement (Fig. 9)
and the corresponding residue Uz-uz (Fig. 9 d), the identification of
the relative influence of the Boussinesq's (Fig. 9 a) and of the Blister
(Fig. 9 b) fields is not straightforward. The Boussinesq's component,



Fig. 7. Evolution of the Blister B in function of the load normalized by the maximum
load Fmax¼ 30 N.
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uz(Boussinesq), and the experimental displacement, Uz (Fig. 9 c),
look similar with a residual difference of 1.5 voxels far away from
the imprint. This difference is due to a residual displacement in the
Boussinesq's far field (u(r, W)f 1/r). It is only in a small region
located under the masked area, where the Blister is the most sig-
nificant, that a positive residue of 1.4 voxels, at most, is obtained.

As it was said earlier, the large displacement and the decrease of
the specimen stiffness that are induced by the occurrence of
microcracks make the confrontation of the theory (limited to the
deformation process) to the experiment difficult. For instance,
the residual strain εxx(U-u) (Fig. 10 a) (and εyy(U-u) by symmetry),
is small (εxx(U-u)¼ 0 ± 0.005), but when microcracks form
εxx(U-u)> 0.01. The residual displacement magnitude (max(Ux-ux)
Fig. 8. Displacement fields along the x axis, in voxels, over half the ROI at maximum load (F
and (6); c.) experimental displacement field; and d.) confrontation residue.
- min(Ux-ux)¼ 4.1 pixels¼ 1.33 mm) along the x direction is there-
fore stemming from the presence of microcracks and corresponds
to the maximum radial/median crack opening. Likewise, the strain
εzz(U-u) (Fig. 10 b) is extremely small over most of the ROI, εzz(U-
u)¼ 0 ± 0.005, but for a small volume under the masked region,
where εzz(U-u)<�0.01.

In spite of the various experimental and theoretical problems
met on the way to compare experimental and analytical fields, the
actual displacement field is found in agreement with the one pre-
dicted on the basis of a relatively simple approach due to Boussi-
nesq and Yoffe although it was developed for crack-free systems
(i.e. for a smaller contact load). Besides, the confrontation provides
information about the crack localization and geometry. For
example, plotting the contour of εxx(U-u) þ εyy(U-u)¼ 0.01 allows
to access the crack morphology in 3D (Fig. 10 c), in addition to the
2D traces observed in the tomographic images.
4. Conclusion

The application of X-ray tomography to study the indentation
behavior of a glass was found very fruitful. Thanks to digital volume
correlation, the full displacement field could be determined, in 3D,
during the loading and unloading stages as well. An important
result is that the actual displacement field agrees well with the one
predicted by the simple Boussinesq-Yoffe analytical model, hence
providing evidence for a significant contribution of densification to
the mechanical fields. Densification was found experimentally to
account for 27% of the volume of the imprint (twice as much as for
the shear flow). A major consequence is that indentation cracking
methods for the evaluation of the fracture toughness, when they
are based on volume conservation, as in the case of Hill-Eshelby
plastic inclusion theory, are not suitable to glass. A numerical
value for the intensity of the “blister” field governing the densifi-
cation was obtained (B ~ 13�10�5 Nm). Besides, some displace-
ment jumps were detected, that allow to trace the formation of
max¼ 30 N): a.) Boussinesq; and b.) Blister displacement field, as derived from Eqs. (5)



Fig. 10. Strain residues along: a.) x; and b.) z axes; c.) 3D crack visualization (εxx(U-
u) þ εyy(U-u)¼ 0.01) in association with tomographic slice and εxx þ εyy residue in
voxel at maximum load (Fmax¼ 30 N).

Fig. 9. Displacement fields along the z axis, in voxels, over half the ROI at maximum load (Fmax¼ 30 N): a.) Boussinesq; and b.) Blister field (analytical); c.) experimental
displacement field; and d.) confrontation residue.
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microcracks at the indentation site. In particular, the formation of a
subsurface lateral crack (almost parallel to the surface) beneath the
indentation site on unloading was observed, consistently with the
theoretical prediction. A major finding is that the stress (srr(q¼ 0))
associated with the onset of this crack is about 14 GPa, that is in
good agreement with the intrinsic glass strength or with Orowan's
expression for the theoretical strength.
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