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Abstract

Fracture in nacre-like alumina is studied experimentally and numerically with alumina platelets
main alignment direction perpendicular (along-configuration) to the one commonly tested (across-
configuration) in the literature. In along-configuration, brittle failure is noted after crack initiation
with no macroscopic crack deviation, unlike what is observed in across-configuration. However,
NLA exhibits in along configuration initiation critical stress intensity factor K7, = 5.3 = 0.5 MPa.m'/2,
in the same order of magnitude as in across-configuration. The increase in K. compared to mono-
lithic alumina can be explained by a phenomenon of crack initiation containment at the interface
between platelets. Unstable crack propagation occurs just after initiation, mainly following the
platelet interfaces which results in crenelated fracture surfaces with crack decentering with respect
to the initial notch tip.

Keywords: Finite fracture mechanics, nacre-like alumina, crack initiation, anisotropy

1. Introduction

Ceramics usually show limited fracture toughness associated with a brittle behavior at ambient
temperature, which is a severe limitation to a wider use as structural materials. Increasing crack
resistance of ceramics has therefore been a major theme of research, mainly by the development of
extrinsic mechanisms, 7.e. mechanisms that act behind the crack tip, to hinder crack propagation
[1]. Some examples of extrinsic mechanisms in ceramic materials are phase transformation [2] [3],
crack bridging [4] or crack deflection [5] [6]. Nacre has been studied for more than thirty years [7]

[8] as it exhibits a toughness three orders of magnitude higher than the one of its constituents [9].
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Natural nacre is composed of 95 vol.% of staggered stiff calcium carbonate platelets (CaCOs)
embedded in 5 vol.% of a compliant secondary phase made of proteins [8] [10]. Consequently, its
structure is often referred to as 'brick-and-mortar’ by analogy with masonry. Toughening in nacre
is explained by several extrinsic mechanisms that act at different length scales, namely breaking of
mineral bridges that form between platelets [11], interlocking of platelets [12] [13], platelet pull-out,
and crack deflection in the secondary phase [13] [14] [15] [16].

Efforts have been made in the last two decades to manufacture artificial nacres that replicate the
brick-and-mortar microstructure of natural nacre. Such materials consist of micron-sized ceramic
platelets embedded in a secondary phase. The platelets are generally made of mono-crystalline alu-
mina [17] [18] [19] while the secondary phase can be for instance a metal [20] or a polymer [21] [22].
To avoid the decrease in fracture strength associated with the use of ductile secondary phases
and to envision using these materials at elevated temperatures, full mineral solutions have been
developed [17] [23]. Recent works focused on the manufacturing and on the mechanical charac-
terization of nacre-like alumina (NLA), made of alumina platelets embedded in an amorphous
glassy phase [24] [25] [26]. This configuration results in a material having, along across direction,
a strength typical of dense polycrystalline alumina (430 + 30 MPa), but with a crack initiation
stress intensity factor more than twice higher (5.8 & 0.2 MPa.m'/?). Using a mineral secondary

phase thus leads to a trade-off between toughness and strength for a ceramic material [26].

Heretofore the knowledge of the mechanical properties of NLA remains fragmentary, especially
when considering the anisotropic character of NLA. Indeed, resistance to crack propagation in these
materials has almost exclusively been characterized using Single Edge Notched Beam (SENB) in
bending in a configuration resulting in extensive crack deflection at the interfaces between platelets,
i.e. with alumina platelet c-axis being mainly collinear with the SENB height (z-axis) (both axes
are defined on Fig. (1) [17] [L8] [27]. This configuration is referred to as across-configuration [28]
in this paper (Fig. [1| - Top Left). Some attempts have been made to characterize the anisotropy
of mechanical properties in nacre-like materials, but they were mostly limited to compressive tests
on nacre-like with ductile secondary phase [29] [30]. Chan et al. [30] infiltrated alumina platelet

scaffolds with different platelet orientations with polydimethylsiloxane. They show that stiffness,



40

45

50

platelet
interface

basal
interface

transverse
interface

Figure 1: (Top): Schematic representation of a NLA SENB sample with platelets in (Left) across-configuration,
(Right) along-configuration. The crack is schematized by the blue lines. (Bottom) Schematic representation of
platelet local arrangement. Two kinds of interfaces can be depicted: green interfaces are labelled as basal interfaces

and yellow interfaces are labelled as transverse interfaces.

strength and toughness vary with the platelet orientation with respect to the loading direction.
Akurati et al. [29] tested NLA with epoxy as a secondary phase. They show that different deforma-
tion mechanisms can be triggered depending on the platelet orientation. In addition, indentation
tests on NLA with alumina platelet and amorphous glassy phase were performed to characterize
the anisotropy of the material [31]. Both anisotropy in Young’s modulus and hardness where as-
sessed for temperature ranging from room temperature to 550°C. All of these studies were focused
on NLA in across-configuration (see Fig— Top Left). However, none of these studies investigated
the behaviour of NLA with the platelet c-azis being collinear with the sample z-axis (i.e. obtained
by 90° rotation from across-configuration around the y-azis as illustrated in Fig. [I]- Top Right and

hereafter referred to as along-configuration [28]).

Understanding and characterizing fracture mechanisms for other material orientations than ‘across
configuration’ appears crucial to envision using NLA as structural materials. The objective of
this work is therefore to characterize crack initiation and propagation in NLA in another platelet

orientation than the commonly studied one. The experimental characterization of NLA in along-
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configuration both at macro- and micro-scale is presented in Section Section [3] is dedicated
to the modelling of crack initiation using the coupled criterion at both scales, a comparison with
experiments is then provided in section The results are finally discussed and compared to

those obtained in across-configuration.

2. Experimental characterization of NLA: along-configuration

2.1. Methods

2.1.1. Mechanical testing at the macro-scale

4-points bending tests (4PB) are carried out on SENB samples. The composition of these
samples is the same as in [24] [25], namely 95.0 vol% of a-AlsO3 monocrystalline platelets
and 5.0 vol% of glass phase (Si02-Al203-CaO (65:25:10 wt.%)). The manufacturing process is
the same as in [24], i.e. field assisted sintering of a freeze-dried powder. This results in a material
relative density after sintering of 98% (3.88 g.cm™3) [24]. Mechanical characterization being the
main standpoint of the present article, the reader is referred to the previously cited articles for
further details on the manufacturing process.
Macroscopic bending tests were carried out using a uniaxial testing machine (Instron 8562, High
Wycombe UK) with support span distance of 12 mm and a loading span distance of 3 mm (Fig.
- Top Right). Critical stress intensity factors K. values are computed according to [32].
Geometrical parameters of tested samples are illustrated in Fig. 2]and listed in Table[l] A diamond-
saw notch of approximately 200 pm width and 1.9 mm depth refined by a razor blade is machined
in each sample to act as crack promoter. The notch tip radius lies between 5 and 8 um depending

on the sample (see Table [1]).

Figure 2: Schematic representation of the samples and definition of geometrical parameters. Left: general view of
the specimen. Right: magnification of the notch tip. The crack is schematized in red. The dimension of the sample

along the z-azis (thickness) is depicted by the parameter B in Table
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Sample | L (mm) | W (mm) | B (mm) | ps (pm) | 7 (N)
Sy 14.9 5.3 1.9 8.0 224
S 14.8 5.3 1.9 5.7 231
Ss 15.1 4.9 2.0 5.0 273
S 15.4 5.0 2.0 5.1 221

Table 1: Samples geometrical dimensions, notch tip radius and experimental force at crack initiation F,. 7.

2.1.2. Imaging technique characterization

Fracture surfaces of tested samples are characterized by different imaging techniques to identify
the failure mechanisms. Scanning Electron Microscopy (SEM) observations are assessed to evaluate
the interaction of the crack with the microstructure of gold sputter coated samples. Gold coating is
applied on the surface of the samples to avoid charging effect, i.e. accumulation of electrons at the
surface of the sample that would dramatically affect the observation quality. They are conducted
on a VEGA 3 SEM (Tescan, Brno, Czech Republic) under an accelerating voltage of 10kV and
using secondary electrons. SEM allow for high quality observation but are rather limited to acquire
out-of-plane quantitative information. Micro-computed tomography (u-CT) is performed with a 2
pum voxel size using an EasyTom Nano tomography system (RX Solutions, Annecy, France). The
principle is the following. The sample under investigation is mounted on a rotor. An X-ray beam
is sent on the sample. 650 scans are acquired, each of them taken at a different angular position
of the sample. The transmitted X-ray beam signal is acquired by a charge coupled device camera.
Then, a reconstruction software gathers all scans to obtain a three dimensional-distribution of the
linear X-ray attenuation coefficient within the sample. This 3D distribution forms an image from
which one can extract 2D sections (see Fig. 6 - Left). The distribution of X-ray attenuation can
be related to a density variation, thus allowing for the identification of cracks inside a sample, pro-
viding their dimensions are larger than the spatial resolution, i.e. approximately 2 to 3 times the
voxel size. With the set-up used, the major cracks could be identified. However, the interaction
between a crack and its neighbouring platelets cannot be assessed as the platelet characteristic

dimensions are below the pu-CT resolution.

Therefore, confocal observations of the fracture surface are carried out using an NPS-NP1 con-
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focal sensor (Hirox, Tokyo, Japan) with a lateral resolution of 1 pm and a height resolution of
20 nm. Confocal microscopy allows for a 3-dimensional topological reconstruction of the surface
and for height profile measurement, only a fraction of the total fracture surface being observed
to limit the acquisition time at such high resolution. This surface reconstruction first enables to
determine the exact location of the notch tip as the junction between the razor-blade machined
notch and the crack surface. Then, 2-dimensional profiles are measured on the crack surface close

to the notch tip corresponding to the crack initiation site.

2.1.3. Bending tests on micro-cantilever beams

In addition to macroscale four-points bending tests, we also analyse a micro-cantilever test
carried out on NLA in along-configuration on samples processed using the same manufacturing
route as in [24] [25], resulting in similar composition and microstructure. The sample was prepared
using a Focalized Ion Beam (FIB) (NVision 40, Carl Zeiss, Oberkochen, Germany) with gallium
ions at an accelerating voltage of 30 kV. Ionic currents from 3 nA down to 300 pA were used for
the milling steps [25]. The obtained micro-cantilever has a pentagonal section. The force was
applied er situ using a nano-indenter under displacement control (G200, Keysight, Santa Rosa,

USA). Fig. [3|- Left is a schematic representation of the micro-cantilever beam before testing.

Figure 3: (Left): Schematic of a micro-cantilever sample in along-configuration prepared by FIB. Some platelets
are illustrated in brown. The black arrow indicates the loading location. (Middle): Micro-cantilever fracture surface
after testing in along-configuration. (Right): Definition of geometric features and of the possible crack initiation

sites. The corresponding color code will be explained in Section



2.2. Results

us  2.2.1. 4-points bending tests

The force-displacement curves of the macroscopic NLA samples tested in along-configuration

are shown in Fig. [l All samples exhibit an elastic britt

le behavior. No stable crack propagation

was observed. The crack path observed on the specimen surface seems at first sight similar to

that of a homogeneous isotropic material - crack propagating parallel to the notch direction (see

Fig. E[) The forces at crack initiation are listed in Table 1. Critical stress intensity factor at

Figure 4: Macroscopic observation of the crack propagation direction on a sample tested in four-points bending.
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Figure 5: Force-displacement curves of NLA samples tested in 4-points bending in along-configuration.

120
initiation (Kp.) values were computed for each specimen
7

, resulting in K7, = 5.3 + 0.5 MPa.m"
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In across-configuration on samples of the same composition and process conditions, Saad et al.

obtained an apparent critical stress intensity factor at initiation equal to 5.8 + 0.2 MPa.m’® [24].

2.2.2. Micro-computed tomography

Fig. [6] - Left shows four tomography slices selected at different locations along the thickness
of a beam tested in 4-points bending, as illustrated in Fig. [6] - Right. We observe that the crack
is not always centered with respect to the notch bisector, resulting in some crack decentering as
illustrated by the parameter D; (Fig [2|- Right). This decentering is not constant for one sample,
but varies across the sample thickness (along the z-azis direction) (see Fig. . D; values at different
locations along the thickness cannot be accurately determined from the u-CT data since the spatial

resolution is not sufficient.

| L
i0.15 mm
»-#0.70 mm

1.35 mm
1.58 mm

Figure 6: p-CT slices at different locations along the thickness of a NLA sample tested in 4-points bending, showing
the deviation of the crack location with respect to the notch plane. The image on the right gives the distance of each

u-CT observation from the sample side.

2.2.3. SEM observations

The fracture surface roughness is evidenced in Fig. which can be explained by cracking
mainly occurring along the interfaces between the platelets. Platelet misalignment with respect
to their main orientation direction is also observed, as already characterized by Saad et al., i.e.
15° mean platelet misalignment with respect to the plane perpendicular to the pressing direction
during processing. Only two broken platelets are observed as shown inside white ellipses. Broken
platelets can be identified by the presence of spherical pores on the fractured surface (corresponding

to initially close porosity inside the platelets). Indeed, porosity is not observed on the surface of

unbroken platelet [25] [33].
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Figure 7: (Left): SEM image (bottom view) of a SENB sample after bending test showing interactions of the crack
with the microstructure. The razor blade notch lies in the foreground and the crack surface in the background.
(Right): SEM image view of a SENB sample after test showing the presence of two broken platelets (as shown with
white ellipses). The axis systems are defined in accordance with Fig.|l] On both images, the red dashed lines depict
the notch tip.

2.2.4. Confocal microscopy

As confocal microscopy has a better spatial resolution as compared to X-ray tomography, it
enables the quantification of surface roughness. Fig [§| shows a 3D reconstructed fracture surface
near the notch tip, evidencing the fracture surface roughness due to crack propagation along the
interface between platelets. A 2D profile is captured at the junction between the notch and the

Crack
surface

Notch

Figure 8: Partial confocal reconstruction of a SENB sample fracture surface.

145

fracture surface along the z-axis. It corresponds to the evolution of D; along the SENB thickness.
The profile is shown in Fig. [9] The arithmetical mean deviation of the profile equals 6.5 ym and
the maximum height variation of the profile equals 46.5 pum [34].

It can be concluded from the different imaging technique results (SEM, XRay tomography,

9
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Figure 9: D; evolution as a function of the position along the sample thickness.

profilometry) that crack initiates along the interface between platelets, with local deviations around
platelets. However, no macroscopic crack deviation is observed (see Fig. which is a major
difference with NLA tests in across-configuration where a crack deviation of typically 70° to 80°
from the notch plane can be observed at the macroscopic scale [35]. Two hypotheses on the crack

initiation location in along-configuration can thus be proposed:

e The crack initiates on a transverse interface at the scale of one platelet - i.e. approximately

0.5 pm in the z-direction (see the corresponding yellow interface in Fig. [1]).

e The crack initiates on a basal interface with a larger surface (see the corresponding green

interface in Fig. [I}bottom).

2.2.5. Bending test on microcantilever

We observed a linear elastic behavior up to brittle fracture. The force at crack initiation is
3.0 mN. The microcantilever tested in bending as shown in Fig. 3| exhibits a non-flat fracture
surface, with crenellations of one to four platelets thick. As compared to the macro-scale tests,
the fraction of broken platelets in the fracture surface is larger at the microscale (see surfaces
showing small spherical pores in Fig. [3)). However, these pores are mainly located on the beam
area loaded under compression. Therefore, this may indicate that crack initiation occurs at the
interface between platelets and subsequent unstable crack propagation causes platelets fracture.
Fig. [3|- Middle shows that 4 interfaces are possible crack initiation interfaces. They are shown on

Fig. [3]- Right.

10
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3. Simulation

3.1. Methods

3.1.1. The coupled criterion

The coupled criterion (CC) is a method developed by Leguillon [36] for the prediction of crack
initiation. It states that the stress must be larger than the tensile strength over the whole area cor-
responding to the crack before initiation, and that the potential energy released by crack initiation
must be larger than the energy required for the creation of the crack surfaces. These conditions

write:

Onn > 0

-AW > G.AS

(1)

with o,, the opening stress along the path of the newly created crack before initiation, o. the
tensile strength, AW the potential energy variation due to crack opening, AS the crack surface,
and G. the material critical energy release rate.

This can also be written as:

Onn > O,
AW (2)
—AS — Gine > Ge,
where G;,. is the incremental energy release rate.
Both conditions can be normalized:
o >1, 3)
N 3
ginc
o =h

Since the stress criterion is generally a decreasing function of the crack surface, it provides an
upper bound for the admissible range of crack initiation surface S.. On the contrary the energy
criterion is generally an increasing function of the crack surface [37]. Consequently, it yields a
lower bound for the admissible initiation crack surface range. For a too small imposed loading,
the upper bound obtained with the stress criterion is smaller than the lower bound obtained with
the energy criterion, which means there is no crack surface for which both criteria are fulfilled
(Fig. . Therefore, loading must be increased in order to increase the upper bound given by the

stress criterion while decreasing the lower bound given by the energy criterion until both bounds

11
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Figure 10: Schematic explanation of the CC: energy (light blue) and stress criteria (red) as a function of crack surface

for imposed loadings equal to (dotted lines) or lower (full lines) than the crack initiation loading.

match, which enables determining the imposed loading at crack initiation. As a consequence, the
criterion induces that a crack can only initiate for a finite length, contrary to infinitesimal crack
extensions obtained in LEFM [3§]. It is worth noting that in the particular case of a pre-existing
crack under displacement control, the coupled criterion is consistent with LEFM as it also admits

infinitesimal crack propagation [39] [40].

The above explanation is schematically illustrated in Fig. the two criteria from being
plotted as a function of the crack surface for two different loadings.

When the applied loading is high enough (i.e. F© = F,., dotted lines on Fig. , for crack
surfaces smaller than the one corresponding to the intersection of both curves, the stress criterion
is fulfilled but not enough energy would be released by the creation of such cracks. On the contrary,
a too large crack cannot initiate since the stress criterion would not be fulfilled on the whole crack
path before initiation. The intersection of the two curves represents the crack surface for which

the two criteria are fulfilled simultaneously.

NLA exhibits linear elastic behavior before crack initiation. Consequently, under the hypothe-
sis of small deformations, the proportionality between stress and applied displacement Uy and

between potential energy and square of applied displacement writes:

12
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onn(S) = k(S)Uy > og,
gmc(S) - A(S)Ug > ginca
With £(S) and A(S) the two proportionality functions.

(4)

The aim is thus to find, among all possible value for the applied displacement U, a critical dis-
placement U,, which corresponds to the smallest imposed displacement that fulfils both conditions

of the CC:

= max(

mm( (S))

()

As can been seen from all equations above, determining U, requires the knowledge of the stress
field - and thus the function k - and of the potential energy released as a function of the crack
length - and thus the function A. Then, the predicted initiation force is derived from the obtained
value of the critical displacement and can be compared to forces measured experimentally. The
stress and potential energy are obtained by FE calculations as explained in next section. Functions
A and k depend on the crack geometry. Assuming a given crack geometry, U, can be determined
using the above-mentioned method. If the crack path is unknown, it may be determined as the
one minimizing U, among all possible cracks, which may be computationally costly. In the sequel,

the possible crack configurations are based on experimental observations.

3.1.2. 2D implementation of the coupled criterion at the macroscale

A 2D model of SENB sample is shown in Fig. [2, The numerical sample dimensions are set to
the mean values of the 4 tested samples. NLA displays a transversely isotropic behavior at the
macroscopic scale and its elastic properties have been determined using ultrasonic contact tech-
nique. The shear and longitudinal wave speeds in the material are directly related to E and v and
are calculated using a transmitter /receiver sensor working at a frequency of 5 MHz. We obtained
E.. = By = 368 GPa Young’s modulus in the direction of the platelet plane, E.. = 320 GPa
Young’s modulus in the transverse direction (along platelet c-azis), v, = 0.24 and v, = 0.24

Poisson’s ratio in the platelet plane and transverse direction respectively [35].

In Fig. PILeft, the red circles indicate a vertical imposed displacement along the z-azis and the

13



210

215

220

225

230

grey circles indicate a vertical displacement set to 0.0 mm along the z-axis to model the fixed
spans. Quadratic triangular elements are chosen with a minimum mesh size of 0.2 pym around the
crack, whose path is modelled as a segment. Such a configuration results in about 7 000 degrees
of freedom. Mesh convergence is ensured so that initiation force differences smaller than 1% are
obtained when using a finer mesh discretization.

From Section we know that solving the CC requires the knowledge of the functions k(S) and
A(S) defined in Eq {4 The function k(S), which links the imposed displacement and the stress
field, is obtained based on FE simulation without crack. Then, the nodes along the crack path are
successively released. For each crack surface, the elastic strain energy is computed which enables

calculating the function A(S).

Crack initiation and propagation in NLA in across-configuration is an interfacial process [17] [25].
Doitrand et al. [35] determined NLA interface tensile strength o, and critical energy release rate
G, for across-configuration from macro- and micro-scale bending tests. Additionally, strength and
toughness for a single alumina platelet was determined in [41] from microbending tests [33]. These

material parameters are listed in Table

Strength (MPa) | Toughness (J.m~2)

Al>O3 platelets [41] 1100 22

Interface [35] 438 1.9

Table 2: Fracture parameters used in the 2D model.

3.1.3. 3D implementation of the coupled criterion at the macroscale

Fig. shows a schematic illustration of the SENB 3D model. The upper cylinders illustrate
the roller location where displacement is imposed along the z-axis. The lower cylinders depict
the support location. Quadratic tetrahedron are used, with a 0.1 gm minimum mesh size around
the crack. This model contains about 700 000 degrees of freedom. The same mesh convergence
procedure than in Section [3.1.2]is applied.

Adding a third dimension to the model enables modelling a planar crack of finite thickness. The
crack is always assumed to initiate at mid-thickness of the crack plane. The possible crack shapes
are determined after a first FE simulation by assuming they coincide with the stress isocontours,

14
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Figure 11: Macroscopic 3-dimensional model. The material is considered homogeneous. A magnification of the
microstructure is represented on the front-left part of the sample. The yellow rectangle represents the crack shape
at initiation under transverse interface assumption. The green circular shape represents the crack shape at initiation

under basal interface assumption.

as proposed by Doitrand and Leguillon [42] [43]. The same elastic and fracture parameters as in
the 2D model are used. Since experimental observations lead to assumption of crack initiation
either at the basal or transverse interfaces, these two hypotheses can be tested. Fig. shows
a schematic representation of some platelets in along-configuration with some interfaces between

platelets represented in green and yellow for the basal - and transverse interfaces respectively.

Figure 12: Schematic representation of some platelets lying around the crack surface, with the basal and transverse

interfaces depicted in green and yellow respectively. The black arrows represent the loading direction during bending.

e Transverse interface
15
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Transverse interfaces have a normal collinear with the y-azis. Fig. [[T}a illustrates the crack
surface along with its characteristic dimensions ¢, and T,;. The solution of the CC gives the
crack initiation surface S.. In the 3D models we introduce the parameter T¢;, which represent
the crack dimension along the z-azxis (see Fig. . If T.; = B the crack initiates along the
whole sample thickness. On the contrary, T,; < B means the crack initiates only in a fraction
of the sample thickness (for instance a single interface between two platelets or the interface

between two stacks of platelets).

o Basal interface
Such interfaces are oriented with their normal collinear with the z-azis. Fig. [[I}b shows a
possible crack shape at initiation following a stress isocontour. The initiation crack front

shape can be described only by one parameter, namely the crack surface, S.

3.1.4. 8D micro-scale validation model

The micro-scale sample tested in along-configuration is modelled with the same features as
the three-dimensional macro-scale model, e.g. a minimum mesh size of 0.1 pm and quadratic
tetrahedron elements. The mesh contains 30.000 degrees of freedom. A negative displacement is
imposed along the x-aris on one side of the micro-cantilever on exactly one node (see Fig. |3| -
Left). Furthermore, the crack surface location can be varied using the parameter L; which defines
the position of the crack from the base of the cantilever, and the parameter T;, which defines the

position of the interface along the z-azis.

3.2. Results

3.2.1. 2D model

Fracture surface observations mainly indicate that crack propagates inside the platelet interface,
but also reveal a few broken platelets. The CC enables calculating the force corresponding to crack
initiation inside a platelet or at the platelet interface. The crack initiation force assuming that
crack initiates inside alumina platelets equals 470 N for a notch tip radius of 5 ym. In the case
of crack initiation at the interface, the corresponding crack initiation force determined using the
CC in 2D is an% = 60 N for the same notch tip radius. In the two previously mentioned cases,
the crack initiation happens at the notch apex, where the opening stress is maximum. Therefore,

crack initiation is more likely to occur at the platelet interface than inside a platelet. However, the

16
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crack initiation force at the interface predicted using the CC underestimates the initiation force

measured experimentally (237 £ 24 N), which may be explained by several reasons:

e The notch tip radius p; can have a non-negligible influence on the force at crack initiation.

This has been extensively shown in the study of the influence of notch tip radius on stress
intensity factor considering a crack perfectly centered with respect to a U-notch [44] [45]
[46] [47] [48]. Fig. shows the influence of both the razor-blade notch radius and the

crack decentering on the crack initiation force for several configurations. The cyan-star

3400
:‘ . . .
3000 1 ‘\ : : - =%=Dj = 0.0 pm
q! : : :
- - - . -m- Dj = 4.0 pm
Z 2600 " ......... CSUUPRR - - Dj H
<] L \\‘l 5 5 5 -e- Di =5.0 pm L
2 200?;”......‘_‘; .......... SR -« Di=75um I
o - : : 5 : :
g 175{m i S S S S -
v A 10 : : : : :
BN 1\
% Y A . : : : :
c 150_ \ ...... |\ ..... ......... ....... ......... ....... .
© A U R : : : : :
- SN \ : : : : :
[¢°] 1254 - vl \..5 .......... R L L L
: v : : : : :
3 AN \: 5 : 5 5
~ : X : . . PR
uc_), 100 - ...... ‘\.E ........ \4.___*___ ;;:_‘;'__‘
5l heswem®TTT
L SO : : : : :
50 T T T T T T

5 10 15 20 25 30 35
Notch radius (um)

Figure 13: 2D-simulated force at crack initiation as a function of the razor-blade notch radius, for different crack

decentering.

curve represents the results for a crack centered relatively to the notch tip, 7.e. depicting
the influence of the notch radius only. The force at failure monotonically increases with
increasing notch radius. The force at failure corresponding to a 35 pm notch tip radius
remains below 100 N. As the experimental razor-blade notch tip radius range from 5 to 8
pm, the underestimation of the crack initiation force obtained numerically cannot only be

explained by uncertainties on the notch tip radius.

In NLA, since crack initiation occurs at the platelet interface, the crack may possibly be

shifted with respect to the notch center as shown on u-CT slices (see Fig. @ The blue-
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squares, green-pentagons and red-triangles curves in Fig. represent the crack initiation
force variation as a function of the notch radius for different crack decentering configurations.
It can be seen that the influence of the crack decentering characterized by the parameter D;
(see Fig. — Right) on the crack initiation force remains small for notches with large tip radius
- i.e. p; > 20 um. When decreasing the notch radius, the influence of the decentering becomes
more significant. For a notch tip radius lying in the range of experimentally observed notch
tip radii, Fﬁﬂ matches the experimental values for D; ~ 4.0 um. For D; equals to 7.5 um
the numerical crack initiation force is one order of magnitude higher than the experimental
force at crack initiation. Experimentally, the mean of the absolute D; value across the SENB

thickness (along the z-axis) equals 7.0 pm. Thus, D; has a considerable influence, and variates

across the sample thickness. This variation cannot be assessed with 2D models.

3.2.2. 3D model

e Crack initiation in transverse interface:

Fig. [14] shows the displacement to apply to the SENB sample to fulfill the CC as a function
of the crack surface for two different values of T,;, the crack initiation thickness. On the left
part of the figure, T,; = 0.5 pm, which is the thickness of one platelet. On the right part,
T,; is equal to 4 um, equivalent to the thickness of 8 platelets stacked together with no local
misalignment within the stack, resulting in a smooth 4 pm long interface.

For small crack T,;, only the energy part of the CC drives crack initiation since whatever
the crack surface, the required imposed displacement to fulfill the energy criterion is larger
than the one to fulfill the stress criterion. For larger T;, the imposed displacement to fulfill
the stress criterion is larger (respectively smaller) than the displacement to fulfill the energy
criterion for large (small) enough crack surfaces. Therefore, the minimum imposed displace-
ment for which both criteria are fulfilled is attained for the crack surface corresponding to
the intersection of both curves. The crack thickness at initiation for which we observe a

transition between both cases is equal to 2.5 pm.

The initiation force as a function of T,; is shown in Fig. The curve can be divided into

two distinct parts. For small T¢;, the crack initiation force obtained with the 3D model F%?t

increases as T,; decreases. When T; increases from 0.4 um to 30 pm, F,L?;fl)t decreases from

230 to 36 N. For T,; ranging from 30 to 1500 pgm, no notable variation is noted in the force,
18
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Figure 14: Displacement predicted for T; equal to (Left) 0.5 pm and (Right) 4.0 um by each criterion of the CC.
The black circle represents the smallest displacement and corresponding crack surface for which both criteria are

fulfilled.

reaching a plateau. Fgﬁ value obtained with the 2D model for the same razor-blade notch

radius is slightly higher than F32 in 3D for T,; in the plateau regime. This indicates an

init
overestimation of the 2D model FI%LZ as compared to the 3D model. This overestimation of

F?D has already been described on scarf adhesive joints [42] and on rhombus hole PMMA

init

specimens under compression [49].

e Crack initiation in basal interface:
3D FE calculations show that the maximum opening stress at the notch tip o, (the opening
stress for basal interfaces) is 4.4 times lower than oy, (the opening stress for transverse
interfaces, see Fig. . Fig. [16|- Left shows the distribution of o,, at mid-sample thickness,
corresponding to the basal interfaces opening stress distribution around the notch, which

decreases with increasing distance from the notch tip.

Provided the incremental energy release rate is an increasing function of the crack area (Fig.
- Right), the crack surface can be determined based on the stress iso-contours. It gives a crack
initiation force obtained with a 3D model FZ?;L% of 221 N to initiate a basal interface crack. This
value is similar to the one found earlier for a transverse interface with T,; = 0.4 pm, and is close

to the initiation force measured experimentally (237 £ 24 N). The initiation crack surface for basal
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Figure 15: 3D-simulated force at crack initiation for a 4-pts bending sample with G. = 1.9 J.m~? and 0. = 438 MPa.

The dashed black line represents the value obtained with a 2-dimensional model.
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Figure 16: (Left) Macroscopic SENB basal interface stress field o.. around the razor-blade notch at z = B/2. The
coordinate system is the same as in Fig. (Right) incremental energy release rate associated with the initiation of

a crack in a basal interface as a function of the crack surface.

interfaces obtained with the CC is 18.8 ym?, which corresponds to a 2.8 um crack extension along

the z-azis and 7.5 pm crack extension along the y-axis.

3.8. Modelling of the micro-cantilever test

Similarly, to the macro-scale, we model two possible configurations for the micro-cantilever test

(see Section [2.2.5)).
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e Crack initiation in transverse interfaces

Assuming crack initiation occurs in one transverse interface only, in% is determined for each
possible zone 1, 2 and 8 as defined in Fig. The values obtained are respectively equals
to 1.5, 1.7, 1.6 mN for these three zones, around half of the experimental crack initiation
force (3.0 mN). Fig. [17|shows the influence of T,; on F32 for zone 3 (see Fig. [3)). The force
obtained increases as T,; decreases. However, the numerical force equals the experimental
one for a T,; equals to 0.1 pm, which is inconsistent with the experimental observation (e.g.
zone 3 has a thickness of 0.49 um). We can note that for T; values below 0.75 pum in Fig.

energy only has an influence on crack initiation, as could be observed at the macro-scale for

small values of T; (see Fig. [14]- Left).
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Figure 17: 3D-simulated force at crack initiation in a micro-cantilever beam under bending made of NLA in along-

configuration.

e Crack initiation in basal interfaces
Maximum values for o, are obtained in the specimen middle plane perpendicular to the z-axis
and close to the clamped zone (y &~ 0)(see the coordinate system in Fig. |3). Consequently,
among all the basal interfaces in Fig.|3| zone 4 depicted in green is the basal interface on which
0, is maximum. Fig. - Left shows the stress field on zone 4. In this configuration the

CC gives an initiation loading F22 of = 9.5 mN. The comparison of the experimental force

init
(3.0 mN - see Section [2.2.5)) to the F32, computed for the basal and transverse interfaces shows

crack initiation in transverse interfaces is more favorable than in basal interface. However,
both fail to predict accurately crack initiation as none of the crack initiation force values
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Figure 18: Micro-cantilever basal interface on zone 4 (see Fig. [3). (Left) Stress field o... The coordinate system is

the same as in Fig. [3] (Right) Incremental energy release rate as a function of the crack surface.

match the experimental force.

4. Discussion

355 K. obtained in nacre-like alumina tested in along-configuration is 5.3 £ 0.5 MPa.m’®. This
value is similar to the stress intensity factor at initiation in across-configuration on similar samples
(5.8 & 0.2 MPa.m®®) [24]. It is larger than the typical critical stress intensity factor of polycrys-
talline alumina (=~ 3.5 MPa.m’®). These results are listed in Table[3| It shows the efficiency of the
brick-and-mortar structure in improving the toughness of NLA in both across-configuration and

0 along-configuration. In these configurations, critical stress intensity factors at initiation are almost
equivalent. However, depending on the platelet orientation, the platelets influence the composite

crack initiation differently.

Material Ky,
NLA - across | 5.8 + 0.2 MPa.m">
NLA - along | 5.3 + 0.5 MPa.m%%

Table 3: Sum-up of the experimental results obtained for across- and along-configuration.

The reinforcement mechanism involved in across-configuration is based on crack deviation by

the microstructure at the macroscale. This deviation leads to a reinforcement for both crack initi-

s ation and propagation [25] [35] .
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In along-configuration, no crack deviation is observed at the macro-scale (Fig. 4). SENB ob-
servations at the micro-scale show local crack deviation at the interfaces between platelets, as
shown with p-CT tomography and confocal microscopy. The maximum amplitude of this crack
deviation is in the range of tens of micrometers, 7.e. within the same order of magnitude than
the platelet dimensions along the a or b azis (see Fig. . This behavior is further emphasized by
the fracture surface observation of micro-cantilever beam tested in bending (Fig. . The fracture

surface exhibits crenelations resulting from crack deviation by platelets.

The variation of crack decentering across the sample thickness observed experimentally (see Sec-
tion and Section indicates that 3-dimensional effects exist in crack initiation in NLA
in along-configuration. The load required to initiate a decentered crack has to be higher than for
a crack centered with respect to the notch tip as the stress field decreases when moving away from

the notch tip in the linear elastic regime.

2D FE models show that the opening stress tens of micrometers away from the notch tip is signifi-
cantly lower than at the notch tip. Consequently, the numerical crack initiation force obtained by
applying the CC on decentered configuration show that this micro-scale crack deviation cannot be
neglected. Moreover, 2D models enable accounting only for crack decentering with respect to the
notch center. However, the crack tortuosity in z-direction is not considered in 2D. Consequently,

3D models must be considered.

CC results from the 3D macroscopic FE models show a competition between two crack open-
ing configurations at the interface between platelets. The results are summarized in Table A

crack can initiate from the opening of:

o a transverse interface (see Fig. bottom). Relative location of the transverse interface to
the notch tip is critical. When the interface is perfectly centered with respect to the notch
tip, it is submitted to the largest opening stress. Consequently, if the interface is decentered,
the opening stress is lower and crack initiation is less favored. The thinner the interface (i.e.
the thinner the platelet), the larger the crack initiation force. We found that the transverse

interface thickness for which the numerical crack initiation force matches the experimental
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failure force under 4PB, d?i is equal to 0.4 ym (see Table. At such scale, the CC predicts

char

that crack initiation is only driven by energy. Indeed, the applied displacement for which

stress criterion is fulfilled is always lower than the displacement to fulfill the energy criterion.

o a basal interface (see Fig. [l}bottom). It must be long enough (at least 7.5 ym along the
y-axis, see Fig. to store enough energy for crack creation. Replacing the platelets in
the composite by similar monocrystalline alumina platelets, with the same thickness, but
with different dimensions would result in a difference in crack initiation force. This 7.5 pym

length is called dzc’;gr It is the characteristic numerical microstructure length for which crack
exrp

har» Which is the characteristic dimension of

initiation happens. It has to be compared with d

the interface, induced by the platelet dimensions (see Table . As long as d5/7 > d7" | the

char char’
microstructure does not constrain crack initiation. The two quantities being approximately

erp

equal means that a change in d .,

e.g. by changing the platelets dimensions, would lead to

a change in fracture mechanism.

Scale | Interface type FoP dit (pm) | doP  (pm)
macro transverse 237 £ 24 N 0.4 0.5
macro basal 237 £ 24 N 7.5 10.0
micro transverse 3 mN 0.1 0.5
micro basal 3 mN 1.8 10.0

Table 4: Numerical and experimental characteristic lengths for each interface at the micro- and macro-scale, along

with the experimental force at failure.

Numerically, we find that crack initiation force for transverse interface and basal interface are
equals when the platelet ¢ dimension (7.e. thickness, see Fig. bottom) equals 0.4 pm (providing
sufficiently large basal surface). Thus, using platelets with larger ¢ dimension, crack should initiate
for smaller experimental load, resulting in smaller K7. and be located on transverse interface. On
the contrary, decreasing ¢ dimension below 0.4 um should not have an effect on crack initiation
force. In that case, crack initiation will be located on basal interface. This clearly emphasized the
competition between basal and transverse interfaces for crack initiation, which primarily depends
on the platelet ¢ dimension. It should be noted that the platelet thickness of the SENB samples and

micro-cantilever beam is evaluated to approximately 0.5 um (d5,? | see Table , which is closed

char’
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to the above-defined optimum thickness. It should be kept in mind that these findings are based
on the study of model that does not consider defects or imperfections in the material, e.g. platelet
misalignment [50]. These imperfections in the microstructure also play a role, thus modifying the

extent to which the platelet dimensions play a role in the composite reinforcement.

Both SENB and micro-cantilever beam 3D model emphasize the importance of describing crack
initiation using an approach relying on both stress and energy considerations such as the CC. The
crack initiation containment reduces strongly the influence of the stress level on crack initiation
which ultimately reduces here to an energetic phenomenon. Consequently, it would make the
determination of the tensile strength uncertain in an inverse identification procedure, as previously

shown by Jimenez and Leguillon [51] and Doitrand et al. [41] on micro-samples.

In macroscopic SENB samples, the z-direction (i.e. along sample thickness) dimension encom-
pass thousands of platelets. Consequently, it is likely that at least one transverse interface is well
positioned with respect to the notch tip. However, for the micro-cantilever beam, less than 10
platelets are encompassed in the z-direction. Consequently, both basal and transverse interfaces
might not be positioned near the beam maximum opening stress zones. This might explain the
differences between numerical and experimental crack initiation force for both basal and transverse

interfaces.

5. Conclusion

Crack initiation in NLA has been studied experimentally and numerically on bending sam-
ples (SENB samples and micro-cantilever beam) with a platelet orientation, denoted as along-
configuration, that differs from the literature most-studied configuration [24] [25] [26], denoted as
across-configuration. NLA exhibits an elastic brittle behavior in along-configuration with no sta-
ble crack propagation after initiation. The brick-and-mortar microstructure induces a micro-scale
interaction with the crack as shown by local crack deviation at the interfaces, but no macroscopic
crack deviation from the notch plane. 3D models using the coupled criterion show the crack is
contained at initiation at the interface between two platelets. Crack initiation containment leads

to a reinforcement of the NLA critical stress intensity factor in along-configuration at initiation

25



450

455

460

465

470

475

when compared to polycrystalline alumina up to values closes to those reported for NLA in across-

configuration [24].
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