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Abstract The dynamic fracture properties of porous
ceramics were studied using single bunch synchrotron
X-ray phase contrast imaging. The modified brazilian
geometry was used to initiate and propagate a pure
mode I crack. The specimen was compressed using
the Split Hopkinson bars at strain rates of the order of
102 s~!. Main cracks were isolated for four different
grades of Al» O3, one dense alumina, and three porous
grades with 20 % to 60 % porosity. The maximum mea-
sured crack velocities for three grades is of the order
of 0.6¢cg and 0.4cp for the most porous. The fracture
energy was estimated using a FE numerical simulation
to quantify the influence of inertial effects induced by
crack propagation. The results show that these iner-
tial effects are far from negligible (up to 80 % of the
stored energy) and that the dynamic correction factors
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known from the literature tend to overestimate the frac-
ture energy. The values obtained vary from 22 J/m? for
the densest to 5 J/m? for the most porous.

Keywords Porous alumina - Microstructural charac-
terisation - Fracture properties - Dynamic Brazilian
test - Ultra-fast X-ray radiography - ESRF

1 Introduction

Predicting the fracture behavior of ceramics under
high-speed impact conditions remains a challenge.
Ceramic materials are of significant interest for many
applications related to the protection of equipment
and personnel. Compared to metallic and polymeric
materials, ceramics exhibit improved fracture proper-
ties at very high strain rates, while maintaining these
properties at elevated temperatures. Diagrams show-
ing the evolution of maximum tensile stress indicate
an increase at very high strain rates. Analytical and
numerical models can predict this evolution. Micro-
mechanical models attempt to explain this increase in
maximum stress at very high speeds by considering
the interaction between damage development in het-
erogeneities and mechanical stress (Denoual and Hild
2000; Paliwal and Ramesh 2008; Longchamps 2024).
Experimentally, it is very complex to access the small
spatial and temporal scales necessary to describe the
damage mechanisms associated with the microstruc-
ture. Therefore, obtaining experimental evidence to
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validate the simulation results derived from micro-
mechanical models is difficult. At the very least, the
properties at fracture can be rigorously estimated.

It is generally accepted that the fracture properties
of ceramics depend on strain rate and/or crack veloc-
ity (Freund 1998). The evolution of fracture proper-
ties can be estimated from experiments on notched or
unnotched geometry. Without notching, the evolution
of the material’s stress at fracture as a function of the
loading regime can be used to explain the strain rate
sensitivity of fracture properties (Belenky and Rittel
2012). With notching and for a brittle material, the Lin-
ear Elastic Fracture Mechanics (LEFM) formalism can
be applied. Fracture energy (G.) (Vekinis et al. 1990)
and/or fracture toughness (K.) (De Aza et al. 2002;
Sawaki et al. 1993) are generally estimated experimen-
tally, usually in mode I. In order to study the sensitivity
to the loading regime, the crack velocity is generally
taken into account. The Rayleigh wave velocity is a key
indicator of the cracking regime. Theoretically, cg rep-
resents the maximum allowable crack velocity. How-
ever, Yoffe (1951) has shown that above 0.6¢ g the crack
can branch for inertial reasons. This has since been
confirmed experimentally for many materials (Ravi-
Chandar and Knauss 1984; Kopp et al. 2014).

Few geometries are available in the literature to
study the fracture properties (strip band specimen
(Popelar and Atkinson 1980), compact tension (Beguelin
et al. 1998), double cantilever beam (Robinson and
Song 1992)) of brittle materials such as ceramics under
dynamic loading. Compression tests using impact sys-
tems can be used to generate tensile stress in some
specimens and therefore mode I. The difficulty often
lies in locating and isolating a single crack in order
to apply the LEFM. The modified brazilian test has
been used for brittle materials such as rocks (Thiercelin
and Roegiers 1988; Tutluoglu and Keles 2012) or phar-
maceutical tablets (Croquelois et al. 2021). Due to its
cylindrical geometry, this test can be easily adapted to
dynamic test equipment such as split Hopkinson com-
pression bars (SHPB) (Scapin et al. 2017). Duplan et
al. developed the Rockspall test (Duplan 2020). The
spatio-temporal data of the crack tip was tracked using
a ultra high speed camera and the calculated velocities
are of the order of 0.8cg. However, due to the non-
symmetrical positioning of the notch and the so-called
tilting effect, a plausible explanation for the measured
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cracking velocity greater than 0.6cg may be the pres-
ence of a mixed failure mode I+I1.

For crack regimes @ > 0.1cg, the inertial effects
associated with rapid crack propagation must be taken
into account when estimating fracture properties. Some
of the available energy is converted to kinetic energy
and is therefore not consumed by the crack as it prop-
agates (Freund 1998; Anderson 2017; Nilsson 1972).
There are several approaches to take into account of this
phenomenon, but the most widely used recommends
applying a dynamic correction factor to the fracture
properties (G, and K.) which evolves linearly with the
crack velocity (Broberg 1960). However, it does not
take into account the geometry of the specimen and
therefore the associated wave reflections. A more rig-
orous method is to use numerical simulation to anal-
yse the experimental data. Generation phase simulation
method has been tested for a number of geometries
(Nishioka 1997). The analysis reveals that, with a strip
sample, Broberg’s solution overestimates the correc-
tion at 0.6cg, whereas with a modified Brazilian sam-
ple, it considerably underestimates it (Croquelois et al.
2021).

In this work, Split Hopkinson Pressure Bars (SHPB)
experiments were conducted using a modified Brazil-
ian test on several grades of porous Al, O3 ceramics
to localize crack initiation and study crack propaga-
tion. Ultra-high-speed X-ray phase contrast imaging,
empoying synchrotron radiation at the ID19 beam-
line of the European Synchrotron Radiation Facility
(ESRF), was used to capture the dynamic propaga-
tion of the crack. This technology enables through-
volume measurement of the initiation of a single crack
(Rubio Ruiz et al. 2024) at the level of the defect intro-
duced into the sample, ensuring that no secondary dam-
age occurs during the propagation of the crack of inter-
est. The in situ data analysis facilitated the identifica-
tion of the crack path and fracture energy, while inertial
effects were accounted for using a direct numerical sim-
ulation approach, validated against the analytical solu-
tion proposed by Broberg (1960). The materials studied
include several grades of porous Al>03 ceramics. The
results provide valuable insights into the influence of
porosity on the evolution of dynamic fracture proper-
ties, addressing a gap in the literature where data on
porous ceramics is limited.
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2 Materials and methods
2.1 Dense and porous alumina

Four different types of aluminas A/, O3 were manufac-
tured by the Galtenco Solution company using a gel-
casting process (Gaiizere et al. 2023): one dense and
three porous grades. Among the porous grades, two
exhibit 20% of porosity at either the micro (20micro) or
mesoscale (20meso), while the third porous grade has
60% porosity at the mesoscale (60meso). The main pro-
cess information regarding the different sample types
is summarized in the Table 1. The resulting structure
of the different sample is presented in Fig. 1. More
detailed information regarding the porous structure and
its link with the quasi-static compressive behaviour can
be found in a previous published work (Henry et al.
2024).

2.2 Dynamic fracture experiments

Studying the tensile mechanical properties of brittle
materials, such as concrete (Carneiro 1943; Garcia et al.

2017), rock (Belrhiti et al. 2017; Fairhurst 1964), phar-
maceutical tablets (Mazel et al. 2016; Croquelois et al.
2021) or even ceramics, Scapin et al. (2017) presents
several challenges. These challenges stem from diffi-
culties in sample preparation and alignment, as well as
early fracture occurring within the dies during direct
tensile testing (Chen et al. 2013). To overcome these
issues, indirect tests such as the Brazilian test (Wang
et al. 2004) or the modified Brazilian test (Thiercelin
and Roegiers 1988) are commonly used to estimate ten-
sile properties.

2.2.1 Modified Brazilian test

In the modified Brazilian test, a cylindrical sample
is subjected to compressive forces along its diame-
ter, which induces tensile stresses at the center of the
specimen through the Poisson effect. Because ceramic
materials exhibit an asymmetric tension-compression
response, the tensile stresses at the center are assumed
to cause fracture. The elastic theory in a 2D plane stress
framework shows that the maximum tensile stress
occurs at the center of the specimen under the assump-

Table 1 Manufacturing parameters and characteristics of alumina samples

Sample  Sintering temperature (75)  Sintering time (t;) Porosity Method to introduce porosity  Type of porosity

Dense 1530°C %h 0.01 + 0.01 - Interstitial

20 micro  1400°C 3h 0.21 £ 0.01 Under sintering Microporosity

20 meso  1530°C 3h 0.22 £+ 0.01 Polymer preforms Spherical mesoporosity
60 meso  1530°C 3h 0.61 + 0.01 Polymer preforms Spherical mesoporosity

20micro

20meso

60meso
P P,

Fig. 1 Scanning electronic microscopy (SEM) observation of the microstructure of dense (a), 20micro (b), 20meso (¢) and 60meso
alumina (d). The Figures in the second row (x20 000) is a magnification of the first row (x1000)
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Fig. 2 Geometry of (a) D
modified Brazilian N
specimen with platens and
hole in the center (a), crack
propagation in modified
Brazilian test (b)

L.

tion of elastic behavior (Belrhiti et al. 2017; Scapin
et al. 2017).

However, interpreting the results of the Brazilian
test can be complex. Previous studies have shown that
cylindrical geometries do not always guarantee cen-
tral fracture during diametral compression tests, due to
stress concentration near the poles of the sample (Mazel
et al. 2016; Chen et al. 2013; Wang et al. 2004). To
address this, a flattened geometry has been proposed to
ensure a more homogeneous and constant zone of ten-
sile stress at the center of the sample (Mazel etal. 2016).
However, this modification leads to an overestimation
of the stresses that needs to be taken into account.

Addiotionaly, Hiestand et al. (1977) proposed to
insert a circular hole of controlled size at the center
of the specimen to concentrate stress at the edge, as
shown in Fig.2(a). A primary crack is then initiated
at the edge of the hole and propagates toward the flat
poles of the sample, parallel to the loading axis (Fig. 2b)
(Croquelois et al. 2021). By varying the hole size, dif-
ferent crack initiation and propagation kinetics can be
obtained. Croquelois et al. (2017).

The tensile stress or is determined by the following
equation 1 developed by Hobbs (1965) and improved
by Wang et al. (2004) to take into account the effects
induced by the flat poles.

=k P 6 38d2 1
orT = (Ol)m + 2 ) (D

where ¢t is the thickness, D the outer diameter, d the
inner diameter and P the load. However, the use of
flat surface ensures a uniform tensile stress field at the
center of the specimen in a conventional Brazilian test.
The geometrical correction factor k(«) is applied to
take into account the effect of the flat surfaces and avoid
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(b)

an overestimation of the tensile stress. Samples with a
thickness 7 = 4 mm, diameter D = 20 mm and
angle « = 11.5 were used. According to Wang et al.
(2004), for an angle 2o = 239, k() is 0.945.

For each ceramic grade presented above, a minimum
of 4 to 5 specimens were tested to ensure reproducibil-
ity. The measurement dispersion, which reflects the
inherent variability of the material properties was com-
puted, as it has a more significant impact on the results
than the experimental uncertainty, given the probabilis-
tic nature of alumina fracture behaviour.

2.2.2 Split Hopkinson pressure bar (SHPB)
experimental setup

A Split Hopkinson Pressure Bar setup was used to
impose a dynamic loading conditions (Chen and Song
2010). Knowing the incident, reflected and transmitted
strains at their measurement points, it is possible to cal-
culate the force applied to the faces of the sample using
Koslky post-processing (Kolsky 1949; Chen and Song
2010).

Fi = SpEp(ei + €r) @)

Fy = SpEp(e)

where Sj is the section and Ej the Young’s mod-
ulus of bars (Fig. 3). Given the special geometry of
the sample, it will be difficult to obtain a balance of
forces. This is why, according to Asadi et al. (2022),
the average force is taken to be:

Fave = SpEpe; (3)

The bars and projectile are made of high-strength
42CD#4 steel. The mechanical properties and dimen-
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Modified brazilian

Air gun Striker Input bar

sample

Output bar

Gauge signals

— Input bar

Output bar

s
<

Ampiitude (V) - Input bar

Fy m—p 4= =i

(+)

Input bar Output bar

100 150
Time (i)

Fig. 3 Scheme of the split Hopkinson pressure bar for dynamic modified Brazilian test

Table 2 Dimensions and properties of the bars in the SHPB

device

Density (kg/m3) 8100
Young’s modulus (GPa) 210
Poisson’s ratio 0.3
Input bar length (mm) 1400
Striker length (mm) 150
Bars and striker diameter (mm) 12.7
Wave velocity co (m/s) 5172

sions are detailed in the Table 2. The specimens were
diametrically compressed by interposing small disks
of hardened steel to avoid indentation of bar faces. No
pulse shaper was used for tests.

Typically when the SHPB are used to determine uni-
axial compressive response of bulk material, strain rates
in the range 10? s~! to 10* s~ can be achieved. How-
ever, given the complex geometry of the sample, the
strain field is highly inhomogeneous, making it impos-
sible to calculate a strain rate. It is however possible
to estimate a constant loading rate & (MPa s~!). This
loading rate will be equal to the slope of the linear part
of the “stress vs time” curve (Li et al. 2016; Chen et al.
2014).

2.2.3 Single-bunch synchrotron X-ray phase contrast
radioscopy

Experiments were performed exploiting the single-
bunch imaging capabilities on ID19 beamline and a

SHPB setup available through the user experiment pro-
gram.

During the experiments, the ESRF operates with
16 bunch filling mode (Chapman et al. 2024) provid-
ing a continuous train of bunch electrons with 176 ns
time spacing and pulse width of about 60 ps (FWHM).
The X-ray pulses of equivalent time spacing are pro-
duced by two axially aligned long period undulators
(A = 32 mm) set to minimum gap (11.5 mm). The
experimental set-up is located in the beamline experi-
mental hutch approximately 145 m downstream from
the source having the detector placed at about 9 m
downstream from the sample (Fig. 4a). This ensures
that the recorded images are within the propagation-
based phase contrast regime (Olbinado et al. 2017).

The transmitted beam is encoded using an indirect
ultra-high speed detector assembly consisting of two
HPV-X2 (Shimazu, Japan) ultra-high speed cameras,
equiped with 1X tandem lens (50:50 mm AF-2 Nikkor
f/1.4) coupled to a 500 um LYSO:Ce fast-decay scin-
tillator (about 40 ns) (Lukié¢ et al. 2021). The cam-
era sensor has 400 x 250 effective pixels count with a
nominal pixel size of 32 © m and on-board memory
able to store 128 full frames in a single burst imaging
mode and each camera records images with a frame rate
equal to 1.8 Mfps (Fig. 4b). These two ultra-fast cam-
eras record images in staggered order, giving a total of
256 images and an frame rate of 3.6 Mfps. As a result
of the entire optical arrangement, a very large field of
view of 12.8 x 8 mm? (Fig. 4d) is captured within
each radiograph providing the ability to study various
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@ Experimental hutch |

> & [
Protectiv
box
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©
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sample

| X-ray image : 12.8 x 8 mm? ]

Fig. 4 Experimental SHPB setup at ID19: beamline hutch and optical arrangement of the ultra-high speed indirect detector system

transient dynamic phenomena within a representative
volume scale. As illustrated on the Fig.4d, the very
large field of view (12.8 x 8 mm?) allows observation
of the propagation of the first main crack from the edge
of the hole to the flat pole.

2.3 Dynamic fragmentation and post-mortem
fragment analysis

By taking advantage of the combination of ultra-fast
imaging and X-ray radiography, itis possible to observe
the initiation and propagation of cracks in the volume.
A main crack is observed to propagate first, followed
by secondary cracks as the main crack reaches the end
of the sample. The Fig. 5 illustrates the main initiation

@ Springer

crack propagated from the hole to the flattened pole
of the sample for all shades of alumina. Depending on
the density of the sample, the X-rays are more or less
attenuated by the sample, leading to images with vary-
ing degrees of contrast. In the case of dense alumina,
the images are very high contrast, making it easy to fol-
low the propagation of the crack (Fig 5a). Conversely,
for highly porous aluminas, image analysis steps will
be necessary to highlight the crack (Fig 5d).

Fig. 6 illustrates the damage kinetic of a modified
Brazilian sample. Secondary cracks initiate and prop-
agate once the main first crack has stopped near the
flat ends (Fig. 6¢, d). These secondary cracks start at
the end of flattened poles on either side of the sample
and propagate to the center of the sample where they
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Fig. 5 Raw in situ X-ray (a)
radiographs of rapid crack
propagation in dense (a),
20micro (b), 20meso (c)
and 60meso (d) alumina

Main crack

Fig. 6 Fragmentation phenomena during a dynamic modified Brazilian test on a dense alumina

coalesce and finally propagate to the hole (Fig. 6d, e,
f).

The recovered fragments were used to identify the
surface related to the main crack (Fig. 7a). The fracture
surfaces associated with the main initiation crack were
analyzed by scanning electron microscopy in order to
highlight the local fracture mechanisms (red square in
the Fig. 7a). In order to highlight the different frac-
ture mechanisms between initiation and propagation
at a constant crack velocity, fracture surfaces were
observed close to the hole (initiation zone) and at the
center of the surface (Fig. 7b). For all tested sample
configurations analysis was performed with 100X and

1000X magnification, outlying different scales of frac-
ture surface microstructural characteristics.

2.4 Finite element modeling of dynamic fracture

A numerical procedure for analysing the experimental
data is implemented. Finite element modeling (FEM)
was used to estimate the inertial correction of the
dynamic energy release rate (Gj4) induced by a rapid
crack propagation in the modified brazilian sample. The
numerical procedure consists in predicting the structure
behaviour during rapid crack propagation and analyz-
ing experimental data to estimate the dynamic frac-
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Secondary cracks

p—
2mm

Crack path

Fig. 7 Recovered fragments from a dense sample (a), Surface witnessing the propagation of the main crack (b)

ture energy (Gjp). By isolating a single crack, whose
loading and propagation conditions are known, it is
therefore possible to apply the LEFM formalism to esti-
mate the fracture energy Gp. The potential dynamic
effects associated with impact via the Hopkinson bars
were considered to be negligible compared with those
induced by the rapid crack propagation. The dynamic
fracture mechanism was computed thanks to a genera-
tion phase simulation and a node release technique was
implemented (Kopp 2013; Arthur Core et al. 2018).
The fracture criteria is the spatio-temporal data of the
crack tip a during dynamic propagation. This model
has been already validated using the analytical solu-
tion of Broberg (1960), for a crack propagation in a
semi-infinite plate in mode I at different crack velocities
(from 0.01 to 1cg) (Croquelois et al. 2021). The numer-
ical model allows to estimate the dynamic correction
factor by taking into account inertia effects induced by
the rapid crack propagation.

For the simulations, the different grades of porous
alumina ceramics were considered as isotropic elas-
tic materials. For each type, the value of the Young’s
modulus and the Poisson ratio were taken from pre-
ciously published results (Henry et al. 2024). Exploit-
ing the axisymmetry of the problem, only one eighth of
the modified brazilian numerical sample was modeled.
The 3D finite element mesh used 8-nodes hexahedron
elements, as can be seen in the Fig.8. This particular
mesh has already proved to be very reliable for sim-
ulating dynamic fractures (Kopp et al. 2014). For this
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Crack path

Fig. 8 Mesh used for modified Brazilian simulation

simulation, 60 elements are regularly spaced along the
crack path along the Y direction and 5 elements are
placed in the thickness. The numerical method used in
this simulation consists of solving a Newmark problem
with parameterse¢ = f = 1/2, which corresponds to
solving an implicit problem (Wilson and Bathe 1976).

The sample is loaded in compression by applying a
controlled displacement at the flat ends. The displace-
ment value was chosen to generate a force on the sam-
ple equal to the experimental mean fracture force. Only
the dynamic effects induced by rapid crack propagation

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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were taken into account in the numerical analysis of the
results. It has been shown that the stress fields between
the quasi-static regime and the dynamic regime are sim-
ilar in CT fracture tests (Beguelin et al. 1998), which
is why the dynamic effects induced by SHPB load-
ing have been considered negligible compared with the
fracture dynamics.

After a first static solving of the problem, the dis-
placement at the flat ends was fixed. Then an explicit
dynamic solver was used to propagate the node opening
along the vertical symmetry plane (Fig.8). The nodal
release velocity (in % of cg ) was imposed constant. As
the boundary condition at the crack path in this simu-
lation is a symmetry one, the nodal release is done by
cancelling this boundary condition at the nodes where
the crack appears.

3 Experimental results

3.1 Influence of the porosity on the dynamic
mechanical response

Typical raw signals measured by strain gauges placed
on the input 400 mm from the specimen and output
bars are shown in Fig. 9a for the case of dense alumina
sample. The variations of the incident, reflected and
transmitted signals are represented in Fig. 9b. Figure 9¢
shows the typical variations of input and output forces
calculated from the data of the Fig. 9b using equation 2.
The good overlap between the input and output forces
indicates that an equilibrium state in the specimens was
reached during the dynamic loading. Since dynamic
equilibrium was reached before the fracture, only the
output force is used in the rest of this work.

Thanks to the presence of the hole in the center of the
samples, the crack propagated almost simultaneously
on either side of the hole towards the flat poles of the
sample. The variations in the tensile stress as a function
of time (Fig. 9d) show an increase in the tensile stress
up to a maximum corresponding to the initiation of
the main crack at time #y. The drop in tensile stress
following the maximum tensile stress represents the
propagation of the main crack. The variations of tensile
stress o7 versus time allow to determine the loading
rate, which corresponds to the slope of this straight
line, as shown in Fig. 9d.

Table 3 summerizes the average value of fracture
force, dynamic tensile strength and loading rate for the

four different materials. The dynamic tensile strength
determined experimentally using the modified brazil-
ian test is close to the values found in the literature
(around 350 MPa) (Scapin et al. 2017; Ji et al. 2022;
Zheng et al. 2023) in the case of dynamic loading.
However, the geometry of the sample does not allow a
constant deformation zone to be obtained, so it is not
possible to estimate the Young’s modulus.

The dynamic tensile strength decreased by increas-
ing the pore volume fraction. These results follow the
same variation as in a previous work (Henry et al.
2024) but it appears that the decrease in dynamic ten-
sile strength as a function of porosity rate can be rep-
resented by linear regression. Moreover, the relative
scatter of fracture force is quite dependent on the poros-
ity fraction of the ceramic. It seems to decrease as
the porosity fraction increases (Fig.10). The scatter
obtained for dense alumina is of the same magnitude
as in the work of Scapin et al. (2017). The large error
bars are due to the inherent nature of brittle materials
and their probabilistic behaviour. As the tensile stress
at failure is largely sensitive to intrinsic and extrinsic
defects, it is common to observe this variability in the
literature. Furthermore, at isodensity (P ~ 20%),
microporous alumina appears to be less resistant than
mesoporous alumina. However, given the wide scatter
of the results, it is difficult to conclude definitly on this
observation.

3.2 Influence of the porosity on the crack velocity

Several samples per grade were tested and observed
as shown in the Table 3. In order to remove the arte-
facts and highlight the crack that is propagating, a few
image processing steps are required to highlight the
crack. For each image of the crack propagation, the
crack tip is characterised by a change in greyscale as
in the Fig. 11. Indeed, the X-rays are partly attenuated
and refracted as they pass through the sample, which
allows the phase contrast method to highlight the crack.
The use of the colour map in the Fig.11 highlights
the contrast between the shades of grey observed in
Fig. 5, making it easier to observe the cracks and mea-
sure their length. The length of the crack is measured
for each image of the crack propagation knowing that
1 px =32 pum. The Fig. 11 represents the post-treated
pictures captured by ultra-fast radiography during the

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Q. Henry et al.

I T I
Input bar

——— Output bar

Signal (V)

L. | | | | | | ]
-50 0 50 100 150 200 250 300

Time (ps)

(a) Raw data vs. time

T
151 F‘raclture i
1
|
I . ]
Z 10| i
<
o)
2 I |
=
5 | ]
I Input force 1
——— Output force
0 ! ! I
0 20 40 60 80

Time (ps)
(¢) Input and output force vs. time

1074
8
6
<
= 4
<
20
12]
= 2
3
e}
n
0
Incident strain
-2 Reflected strain
I Transmitted strain
| | |
0 20 40 60 80
Time (us)
(b) Computed strain value vs. time
L L R A
I Experimental result 1
——— Linear regression
300 |- 1

or

200

100

Dynamic tensile stress (MPa)

Time (ps)
(d) Dynamic tensile stress vs. time

Fig. 9 Mechanical results for dense alumina obtained on SHPB apparatus

Table 3 Mean values of the fracture properties of porous alumina

Name porosity rate Fracture force (kN) Fracture stress (MPa) Loading rate (MPa.s™!) Number of sample
Dense 0.01 £0.01 11.5+34 304 + 83 45+ 19 4
20micro 0.21 £ 0.01 93422 221+ 78 36+ 18 5
20 meso 0.22 £ 0.01 12.1 £3.8 249+ 75 40 £ 14 5
60 meso 0.61 £ 0.01 5.6+0.8 137 £ 44 2345 5

rapid crack propagation in modified brazilian sample
tested under dynamic regime for all shades of alumina.

By using two separate cameras (Cam! and Cam?2 on
the Fig. 12a), the length of the crack can be accurately
determined. The time #( is chosen like reference point

@ Springer

where the crack begins to propagate in dynamic state
(Fig. 9d). Considering the frame rate of each camera
(1.8 Mfps) and the delay between the first camera and
the second (176 w s), it is possible to plot the evolution
of the crack tip location as a function of time. Initially,
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(a) Crack tip position.

Fig. 12 Rapid crack propagation in a dense alumina (dense)
brazilian sample observed with at 3.6 MHz. Time fy is the ref-
erence point where the crack begins to propagate. At time 7 the

the crack initiates from the hole and first accelerates
(points A and B), then propagates (points B to G) at
a relatively constant velocity a (Fig. 12b). Due to the
compression field near the flat surfaces (Scapin et al.
2017), the crack slows down and stops, as shown in the
Fig. 12b at point H. The propagation velocity measured
for the different grades of alumina are shown in the
Table 4.

Fig. 13 shows the crack tip position as a function
of time for all alumina grades. The crack velocity is
determined by linear regression and listed in Table
4. The relative error associated with each velocity is
between 10 and 20% and increases as the porosity frac-
tion increases. There are likely more irregularities and
variations in the material structure.
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(b) Crack tip length vs time.

sample is completely fractured (a) and the crack position versus
time is plotted and fitted with a linear regression f(x) = ax + b
with a = 3.86 km/s (b)
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Table 4 Crack velocities for the different porous alumina

Name Crack velocity (km/s) Coefficient of variation (%) cg (km/s) ajcg (%)
dense 3.6£0.3 6.3 5.7+0.6 64 £ 10
20micro 32403 6.5 50405 64 £ 10
20meso 3.0+03 8.9 50405 60 + 10
60meso 1.7+£04 21.3 384+04 45+ 10
Fig. 13 Crack position [
versus time for all alumina —— dense
grades 8 [ | —— 20micro
—— 20meso
- | —— 60meso
El
g 6
o
.2 |
.‘é
a,
s 40
4
5 |
o
O
2 |
0 | | | |
0 0.5 1 1.5 2 2.5
Time (ps)

The crack velocity is commonly expressed as a func-
tion of the Rayleigh wave velocity cr. Rayleigh wave
velocity (m/s) is expressed as a function of density p,

Poisson’s ratio v, shear modulus pu = nd

— a
2(1+v)
transverse wave velocity cr (Kopp et al. 2014). These

parameters and the Young’s modulus E were deter-
mined in a previous work (Henry et al. 2024).

cr = (0.874032 + 0.200396v — 0.00756704v>)cr

with ep — \/E @)
0

The Rayleigh wave velocity (Eq.4) will therefore
be determined for each grade of alumina, by assuming
them, to a first approximation, to be homogeneously
isotropic. Given the random nature of the pores disper-
sion (Henry et al. 2024), these aluminas can be consid-
ered isotropic.

The a/cp ratio for the different grades of alumina
is given in the Table 4. The cracking velocity seems to
reach the upper limit of 60% of Rayleigh wave speed
cr with a scatter of 8% for dense, 20meso and 20micro

@ Springer

aluminas. For the most porous grade 60meso, the crack
velocity reaches only 45 £ 11 % of the Rayleigh wave
speed. No branching was observed during the main
propagation, which suggests that the cracking velocity
is effectively less than or equal to 0.6¢cg assuming that
all previous research considers this to be the maximum
velocity. It would appear that the maximum velocity is
reached in mode I for 3 grades of alumina.

In the end, it was observed that the artificial defect,
as desired, localised the crack initiation regardless of
the grade tested. During rapid propagation, a mode I
is revealed by the rectilinear trajectory and no macro-
scopic branching is observed despite the high propa-
gation speed. At the velocities reached, the porosities
could have acted as local field disruptors during the
rapid propagation, which could have affected the tra-
jectory of the crack and possibly caused it to branch off.
The influence of porosity on these aspects is therefore
minor. However, porosity has a significant influence on
crack velocity.
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Fig. 14 Numerical crack propagation: node release technique resulting displacement field along the X axis for @ = 0.6¢g. Crack tip

is highlighted by red circles

4 Estimation of the dynamic energy release rate
G ;4 using FEM simulation

4.1 Numerical rapid crack propagation

As mentionned, the propagation of the crack is rep-
resented by the cancellation of the Dirichlet bound-
ary conditions on the last row of blocked nodes. These
nodes are then free to move in the X direction to repre-
sent the crack opening. The Fig. 14 represents the dis-
placement field along the X direction induced by the
dynamic crack propagation at 0.6¢cg. 4 images repre-
sent the displacement fields along the X direction at dif-
ferent times. Dark blue represents zero displacement,
while red and yellow represent positive displacement.
The tip of the crack is defined by the dark blue end and
the crack propagates at constant velocity as expected.

4.2 Energy balance during crack propagation

A method to estimate the energy release rate during
a crack propagation regime is to perform an energy
balance on the whole structure (Griffith 1921). This
method can be used directly in a finite element simu-
lation to estimate the dynamic energy release rate G4
(Kopp 2013; Croquelois et al. 2021; Doitrand et al.
2022). Unlike the local contour integral method, this
method does not require any local refinement of the
mesh around the crack tip. A differential calculation is
made between two crack tip locations a and a + Aa
which correspond to two successive sets of nodes of
the finite element mesh along the crack path. This dif-
ferential calculation does not therefore require any spe-
cific treatment of the singularity. The dynamic energy

release rate G4 is calculated such as:

Wext — AEoq — AERin — AE
Gld _ ext elaBAa kin d (5)

where W,y; is the work of the externals forces equal to
zero during the crack propagation, AE,;, is the vari-
ation in elastic strain energy, AEy;, is the variation
in kinetic energy, AE, is the variation in numerical
dissipated energy and B is the thickness of the sam-
ple. The last dissipative term, A E4, is introduced as a
numerical damping parameter to stabilise the potential
oscillations due to the sudden opening of the nodes.
This dissipation has no physical meaning and is not
representative of the LEFM. It is therefore necessary
to check that this term is not an influential source of
energy dissipation. The total energy dissipated is, in
this case, negligible compared with the other energies,
as shown in Fig. 15(b), where the resulting energy bal-
ance for two cracks of 0.01cg and 0.6¢cp.

Figure 15a shows the variation of the incremen-
tal energies AE,,, AEr, and AE; as a function
of the crack length for a very slow crack velocities
(a = 0.01cg) where inertia effects are negligible. The
elastic energy AE,j, increases with the length of the
crack, reaching a maximum value between 60 and 80%
of the maximum crack length (L). After that maximum,
the elastic energy decreases significantly due to edge
effects.

4.3 Influence of cracks velocities
The specific geometry of the specimen creates a zone

of compressive stress close to the poles, preventing
a stabilised cracking regime. The energy release rate

@ Springer
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Fig. 15 Energy balance during crack propagation for a/cg = 0.01 (a) and a/cg = 0.6 (b)
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Fig. 16 Variation of G4/ G 45 ratio as a function of a/L, with a the crack length and L the maximum crack length (a) and “Dynamic
correction factor” vs. crack velocity for a crack opening in a flattened Brazilian disk with a hole (b)

increases as the crack propagates until it reaches a max-
imum value, then decreases when the crack reaches the
zone of compressive stress (Thiercelin and Roegiers
1988). The fracture energy G 4 for a slow crack veloc-
ity (0.01cg) was estimated using the maximum of
the energy release rate curve. The variation of ratio
G1a/Grgs has been computed for several different

@ Springer

crack velocities (from 0.01 to lcg) and represented
in Fig. 16a. For all crack velocities, the energy release
rate increases with crack length until it reaches a max-
imum value between 50 and 70% of the maximum
crack length (depending on the crack velocity) and then
decreases significantly. The curves obtained are similar
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Table 5 Dynamic factor correction g(a) and dynamic fracture energy G ¢ for porous alumina

Name Gic Jm™2) ajeg () 8@ ) G1D pum Im™2) g(@pro () G1p bro AJm™2)
dense 149 0.64 + 0.08 0.15 22 0.4 60
20micro 63 0.64 + 0.08 0.15 0.4 25
20meso 40 0.60 + 0.08 0.15 0.4 16
60meso 17 045 +0.11 0.30 0.55 9

to those obtained by Thiercelin and Roegiers (1988) for
berea sandstone.

Atagiven crack length, theratio G4/ G 145 decreases
significantly with increasing crack velocities due to the
inertia effects of rapid crack propagation. A dynamic
correction factor is introduced to take into account
the dependence of the crack propagation velocity. The
dynamic correction factor g(a) is defined as

gla) = ——— (6)

with G4y = max(Gpq)fora = 0.01cg. The vari-
ation of g(a) as a function of crack velocities shown
in Fig. 16b does not follow the quasi-linear decrease in
11— % proposed by Broberg (1960). The dynamic cor-
rection fracture is higher than Broberg’s prediction for
0 < a/cgr < 0.3 and inversely for the @ /cgr > 0.3. For
the fracture velocities reached in this study, the dynamic
correction factor calculated by the numerical method is
always lower than that calculated by Broberg’s theory
(Tab. 5) that means the dynamic fracture energy is over-
estimated with this theory. In the case of dense alumina,
the measured crack velocities is equal to 0.6¢c corre-
sponding to g(a) = 0.15. It means only 15% of the
available energy is dissipated by the crack propagation
and that 85% of available energy is consumed by inertia
effects. The remaining energy available in the sample
can be used to initiate and propagate post-peak sec-
ondary cracks, as observed on the recovered fragments
(Fig. 7). The same numerical simulations were carried
out for all grades of porous alumina (Table 4) using the
material parameters of each grade as input data. The
same variation in the dynamic correction factor was
observed for all grades.

As shown in the literature (Freund 1998; Nils-
son 1972; Broberg 1960), we observe a decrease in
the dynamic correction factor as the crack velocity
increases. However, the trend observed thanks to the

results obtained by numerical simulation show a much
faster decrease in the correction factor compared with
the analytical solution.

4.4 Estimation of dynamic energy release rate Gp

G4s for dense ceramic is numerically estimated to
149.3 J/m? for a slow velocity (0.01cg) and this value
is assumed to be comparable to G;c upper values
described by Vekinis et al. (1990) where the values are
between 40 and 120 J/m? (Vekinis et al. 1990). Fracture
toughness (Kj¢) is much more widely studied in the
literature (De Aza et al. 2002; Singh and Shetty 1989;
Tomaszewski et al. 2000; Bouras et al. 2008; Casellas
et al. 2003). These values are used to estimate fracture
energy, in particular for a plane strain test where the
following relationship is verified:

Kic

Gic=(1-v)—

(N

where v is the Poisson ratio and E the Young’s modulus.
These values make it possible to enrich the comparison
with the data obtained in this work (see in Fig. 17).

Calculated G¢ for all porous alumina shades are
reported in the Table 5. These results demonstrate that
fracture energy Gc is dependent on the porosity rate
as highlighted in the literature (Hong et al. 2006; Jelitto
and Schneider 2019; Deng et al. 2001). Variations in
critical fracture energy G;c are represented by a geo-
metric model developed on the basis of Ashby’s work
and perfected by Jelitto and Schneider (Jelitto and
Schneider 2019, 2020). The model shown in Fig. 17
takes closed porosities into account and corresponds to
the following equation

Gi1c(P) = Grco(1 — P31 — P)" (8)
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Fig. 17 Variation of critical 150
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where Gjco is the critical fracture energy for dense
ceramic, P the porosity rate and n an adjusted expo-
nent. In the case of this study, n = 3.5. The model
reliably represents the evolution of the critical energy
for low porosity rates (dense, 20meso) but seems to
underestimate the fracture energy for high porosity
rates (60meso). For high porosity rates, it is inevitable
that interconnections appear between the pores until
they lead to completely open porosity. It is then neces-
sary to adjust or change the model accordingly. If the
effects of inertia are not taken into account, the frac-
ture energy Gc of the material is overestimated. The
dynamic correction factor g(a) should be used to esti-
mate the dynamic fracture energy G p as the following
equation:

Gip =ga) x Grgs )

Asdemonstrated previously, the value of the dynamic
correction factor g(a) depends on the crack propa-
gation velocity a/cg. The dynamic correction fac-
tors associated with each crack propagation velocity
are listed in Table 5. The dynamic correction factor
increases as the crack propagation velocity decreases.
This means that the proportion of energy dissipated
by inertial effects decreases as the crack propagation
velocity decreases. Similarly, the dynamic correction
factor calculated by the Broberg theory g(a)p,, and the
associated dynamic fracture energy G p pr, are shown
in Table 5.

The Table 5 and Fig. 17 show the evolution of the
fracture energy Gp calculated with FEM simulation
and Broberg theory (Broberg 1960) as a function of
the porosity rate. In the case of dense alumina with
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a crack velocity measured at 0.6¢cg, the value of the
dynamic fracture energy G;p obtained by Broberg’s
theory (60 J/m?) is much higher than that obtained by
the numerical method presented in this study (22 J/m?).
The same trends have been highlighted for porous
ceramics and represented in the Fig.17. In addition,
the dynamic fracture energy is also dependent on the
porosity rate, and an increase in the porosity rate leads
to a decrease in the latter. Given the high velocity of the
cracks, the dynamic correction factor obtained by the
simulation is always lower than that calculated by the
Broberg’s theory. The same model as presented before
was used in the case of the dynamic fracture energy
G 1¢.num determined by the numerical method to rep-
resent these variations with the porosity rate.

This highlights the necessity to take into account
inertia effects in the estimate of a fracture parameter
with the modified brazilian test applied to alumina sam-
ple and to use a rigorous numerical procedure to pre-
cisely estimate the dynamic correction factor g(a) and
therefore the dynamic fracture energy G;p (Fig. 18).

5 Effect of porosity rate on local fracture
mechanism

SEM observations of the dense (Fig. 18al, a2), 20micro
(Fig. 18bl, b2) and 20meso (Fig. 18cl, c2) show a
rough surface near the hole. This roughness is due
to micro-damage by initiation of micro-cracks. Given
the very heterogeneous microstructure of 60meso
(Fig. 18d1, d2), SEM observations at a high magni-
fication do not reveal this damaged zone. This micro-
damaged area reveals the size of the crack initiation
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Fig. 18 SEM observations of fracture surface of dynamic mod- second column (X10 000) are a magnification of the Figures in
ified brazilian sample near the hole: dense (al, a2), 20micro (b1, the first column (X100)
b2), 20meso (cl, ¢2) and 60meso (d1, d2). The Figures in the
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Fig. 19 SEM observations of fracture surface of dynamic mod- The Figures in the second column (X10 000) are a magnification
ified brazilian sample in the center of the observed face: dense of the Figures in the first column (X100)
(al, a2), 20micro (b1, b2), 20meso (cl, ¢2) and 60meso (d1, d2).
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zone. Beyond this damaged zone, the fracture surfaces
are smoother, or even flat in the case of dense alumina
(Fig. 18al). At a higher magnification, fracture surface
show cleavage zone and large flat grains expected for
20micro interganular patterns are observable. More-
over, Figs. 18a2 and c2 highlight micro-cracks propa-
gating from pore to pore and splitting the grains trans-
granularly. These SEM observations reveal that the
crack propagates in a transgranular way (Fig. 18a2,
c2, d2) expect for 20micro where a mixed (trans- and
intergranular) mode is observed (Fig. 18b2).

Observation of the fracture surface at a greater dis-
tance from the hole shows a rather smooth surface
for all grades. At a higher magnification, as previ-
ous, a transgranular mode (cleavage zone, flat grains)
is observed for dense, 20meso and 60meso grades
(Fig. 18a2, c2 and d2). In addition, micro-damage
between the pores is observed for the 60meso grade
(Figs. 18d2, 19).

6 Conclusions

In order to gain access to relatively small spatial and
temporal scales, in situ mode I fracture tests were
performed under a synchrotron source. The modified
brazilian geometry was used to ensure mode I fracture
in the center of the specimen. A Split Pressure Hopkin-
son bar system was used to dynamically load the spec-
imen. This allowed the dynamic tensile strength and
fracture energy to be estimated under dynamic load-
ing. Dynamic tensile strength decreases with increas-
ing pore volume fraction. The brittle nature of ceramics
leads to a wide scatter in the results, but this scatter
decreases with increasing pore volume fraction. Fur-
thermore, at isodensity, the dynamic tensile strength
seems to depend on the microstructure of the alumina.
Indeed, interconnected micropores should be more crit-
ical than isolated spherical mesopores.

The geometry used proved to be highly suitable for
initiating and isolating a single crack in the dynamic
propagation regime, regardless of the ceramic grade
studied. For three grades, the maximum theoretical
velocity seems to have been reached (0.6cg), and less
(0.4cR) for the most porous. Finally, the fracture energy
was estimated by numerical simulation. The inertial
effects induced by rapid propagation were taken into
account. The results obtained highlight the importance
of using such a procedure to estimate the fracture

energy, otherwise the dynamic effects will be signifi-
cantly underestimated. To conclude, the dynamic frac-
ture energy Gyp is strongly dependent on porosity,
decreasing from 22 J/m? for a dense material to 5 J/m?
for alumina with 60% of porosity.
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