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A B S T R A C T

A wedge loaded testing methodology to determine the fracture energy and strength of (semi-)
brittle (metallo-)ceramics is presented. The methodology combines a tailored specimen geometry
and a comprehensive finite element analysis based on cohesive zone modelling. The use of a
simulation-based approach to extract both fracture strength and energy from experimental data
avoids the inherent inaccuracies found in closed-form expressions that rely on a priori assump-
tions about the deformation field. Results from wedge splitting tests on Ti3SiC2 and Ti2AlC (MAX
phase) materials are used to illustrate the procedure. The simulation-based approach is further
validated by comparing the fracture strength and fracture energies predicted by the proposed
method and those indicated by a conventional four-point bending fracture toughness test (ASTM
standard). The new protocol offers the possibility to measure not only the fracture properties of
brittle material in its pristine state but also in the healed state.

1. Introduction

Testing procedures to accurately quantify the fracture strength and fracture energy of materials typically depend on a variety of
factors such as the material’s elastic characteristics (compliant or stiff) and its fracture response (ductile or brittle). The absolute
values may also depend on loading rates, the measured primary response variables such as loads and displacements and the post-
processing of the recorded data. Ease of sample preparation, insensitivity to non-defined parameters and repeatability of the results
also plays a significant role in the design of a testing procedure.

For brittle materials, it is also known that the measured fracture properties depend on the ratio between the size of the critical
flaw(s) and the zone where the stress concentrates in the sample (e.g., the measured fracture strength in a tensile test would typically
be different from that in a bending test). Bending tests have been accepted as the simplest yet least precise test method to determine
fracture strength and fracture energy of brittle materials [1,2]. Bending tests commonly require controlled pre-cracks, which are
difficult to produce and measure in most (semi-) brittle materials [2,3]. Moreover, this test, assuming a machining induced pre-crack
in the material, may overestimate the fracture toughness and is highly sensitive to machining induced surface imperfections [3]. The
sensitivity to surface flaws furthermore creates the necessity for higher sampling sizes to compensate for measurement error. The
wedge splitting test was established by Tschegg [4]. Wedge-loading to determine fracture properties in concrete and concrete like
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materials has been performed by Bruhwiler et al. [5] but not yet modified and applied to the specific requirements of ceramic
materials. In addition to the aforementioned difficulties, the quantification of crack-healing efficiency in self-healing materials re-
quires methods to create stable cracks. Chevron-notched specimens can negate problems caused by pre-cracking attempts so in this
sense this sample geometry is generally viewed as an improvement compared to samples without chevrons [2]. Furthermore, when
setting the requirements for an optimally informative test method, it is clear that an ideal test should not only report the load-
displacement data but also the actual crack length at every stage of the cracking process. For the determination of the crack length
both optical [6] and acoustical methods [7] are available while in specific cases also X-ray tomographic methods [8] can be used.

Aside from the physical testing requirements defined above, an important aspect of a testing methodology is the interpretation of
the measured data. The quantities of interest, fracture strength and fracture (propagation) energy, are typically not measured directly
but rather need to be derived from the measured response variables such as loads and actual crack dimensions. For fracture prop-
erties, the traditional approach has relied on using the theory of Linear Elastic Fracture Mechanics (LEFM), which, often in com-
bination with analytical solutions for simple geometries or finite element simulations (FEM) for complex geometries, is used to derive
closed-form expressions from which the fracture strength and/or the fracture toughness can be computed (i.e., a critical value of the
stress intensity fracture at which a crack propagates) [9,10]. An alternative approach is to conduct finite element (FEM) numerical
simulations of the fracture test using a Cohesive Zone Modelling (CZM) approach [11,12]. In combination with the experimental
data, the simulations can be used to extract the fracture properties of the material taking into account the whole fracture process,
namely nucleation and propagation of a crack. CZM combines ingredients found in stress-based and energy-based formulations for
fracture mechanics. CZM has been implemented in conjunction with cohesive elements and, more recently, within the so-called
eXtended Finite Element Method (XFEM). This methodology overcomes some intrinsic limitations of the (traditional) LEFM approach
since it can model both nucleation and propagation of cracks. CZM, with either cohesive elements or XFEM, has been applied, for
example, in [13] to predict the fracture behaviour of adhesive joints, in [14] for the analysis of delamination in fiber-reinforced
polymer (FRP) beams, in [15] to simulate the crack propagation in wood, in [16] to predict the fatigue crack nucleation and
propagation in quasi-brittle materials, in [17] to estimate the fracture toughness of free standing 8 wt.% Y2O3-ZrO2 (8YSZ) coatings
and in [18] to analyze a specimen geometry to enhance crack stability for brittle materials and to improve closed-form formulas by
deriving the so-called geometrical factor for different specimen dimensions. Other relevant work includes [19], where simulations

Nomenclature

(X)FEM (eXtended) Finite element analysis
CZM Cohesive Zone Modelling
Δ Effective cohesive opening displacement
E Young's modulus
EDM Electric discharge machining
f Coefficient of kinematic friction
Gc Fracture energy
K Cohesive stiffness

K1C Stress intensity factor in mode I
LEFM Linear Elastic Fracture Mechanics
lfpz Cohesive zone length
MAX Mn+1AXn

SCB Semi-circular bend test
T Effective traction
ν Poisson’s ratio
WLS Wedge loaded specimen
σc Critical traction & effective fracture strength

Fig. 1. Wedge splitting test specimen geometry with lengths in mm.
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were conducted to predict the fracture properties of asphalt using a semi-circular bend test (SCB), and [20] where simulations were
used to demonstrate the variability and anisotropy of fracture toughness of cortical bone tissue using the load-displacement curve
obtained from the three-point bending tests.

While the accurate determination of the fracture properties of pristine (brittle) materials is demanding as it is, with the recent
development of self-healing ceramic materials, a new requirement also has to be taken into account, namely that the sample is not
split into separate pieces in the determination of the fracture strength and the fracture energy. Only if the crack is contained within
the sample, the sample can be exposed to a simple (thermal) healing treatment not requiring uncontrolled manual realignment and
clamping of the two fracture surfaces. The test set-up as described here, meets this important requirement.

So the aim of the work is to develop a fracture test method and data analysis protocol to determine both the fracture strength and
the fracture toughness of a pristine brittle material in such a manner that after initial fracture testing the sample is in a state suitable
for subsequent thermal healing and determination of the fracture properties of the healed sample. The current approach is de-
monstrated for two semi-brittle MAX phase ceramics, which not only have attractive mechanical properties at ambient and high
temperatures [21] but also recover their mechanical strength upon high temperature annealing [8,22,23]. In the present analysis we
only focus on the determination of the fracture properties in the pristine state. The determination of the fracture properties of these
materials in a healed state is subject of a separate publication.

2. Experimental and modelling

2.1. Specimen design

The new chevron-notched, wedge-loaded specimen geometry (WLS) is shown in Fig. 1. The basal half-length is chosen as 0.48
times the longest height of the sample. A curvature with a radius of 52mm as the base allows sample self-alignment under loading
conditions. A chevron notch tip is located at a depth of 10mm. The contact edges of the notch opening are rounded with a radius of
1mm to minimize the friction with the loading-wedge.

A 90° guide-groove is machined into the side of the sample to reduce the thickness by half. The recommended thickness of 5mm is
within the limits set by the ASTM E647 standard for compact tension specimen [24]. In this study, samples with a basal half-length of
12mm, a height of 25mm and thickness of 5mm were used.

Fig. 2. Test setup of chevron-notched, wedge-loaded specimen (WLS) with microphone positions indicated (a) schematic and (b) actual test setup.
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2.2. Samples and test setup

Samples of Ti2AlC and Ti3SiC2 were synthesised by reactive sintering in a spark plasma sintering (SPS) furnace (HP D 25 SD, FCT
Systeme GmbH, Germany). Ti3SiC2 starting powders of Ti (100 µm,> 99.5%, TLS Technik GmbH &Co., Germany), Si
(45 µm,>99.99%, TLS Technik GmbH &Co., Germany) and TiC (< 10 µm, 99%, ChemPur, Germany) were mixed for 4 h using a
Turbula T2C Mixer (Willy A. Bachofer, Switzerland) with 5mm alumina balls. Powder mixtures with molar ratios of Ti : Si : TiC with
Ti and Si as 1 and varying TiC, viz.: 1.4 and 1.5, were sintered at 1500 °C for 4 h in 40mm graphite moulds under a uniaxial pressure
of 50MPa. Similarly, Ti2AlC was sintered from Ti, Al and graphite (> 99.5, 6 µm, Graphit Kropfmühl AG, Germany) in a ratio of 0.85:
1.05: 1.15 at 1400 °C for 30min. The phase purity of the samples was determined via X-ray diffraction using a Bruker D8 ADVANCE
diffractometer (Bruker, Germany) in the Bragg-Brentano geometry with a graphite monochromator and Co Kα radiation. The re-
corded X-ray diffractrograms were processed with Bruker software DIFFRAC.EVA 4.1 software. Elastic properties were determined by
Vickers indentation using a hardness tester (Zwick/Z2.5, Germany). Indents were created by loading the indenter with 5 N/s up to
50 N, holding for 12 s and unloading with 3.7 N/s. The density of the material was measured with the Archimedes method using an

a)

b) 

Fig. 3. . (a) Numerical model of wedge splitting test specimen with a bilinear cohesive relation implemented in cohesive elements to simulate the
fracture process during testing. The area under the curve corresponds to the fracture energy per unit area required to fully separate the cohesive
surface. (b) Finite element mesh of wedge splitting test specimen. The inset shows the elements in the chevron modelled with varying thicknesses.
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analytical balance (Mettler Toledo AG-204, Switzerland) according to ASTM B 962 [25]. All Ti2AlC and Ti3SiC2 samples were more
than 92% dense.

All machining was carried out by electric discharge machining (EDM) with wire diameters of 0.25 and 0.1 mm.
The test setup is shown schematically in Fig. 2. Tests were performed using a 100 kN electro-mechanical load frame (Series

5500R, Instron, USA) that was fitted with a 10 kN load cell to suit the recorded load levels. The sample was placed on a flat stainless
steel base-plate without further clamping. The quenched and tempered steel 10° wedge was lowered into the sample grove until it
reached a pre-load of approximately 10 N.

Tests were carried out under closed-loop displacement control, with a fixed crosshead displacement rate of 0.01 or 0.1mm/s.
Crosshead displacement signal was calibrated by compression tests with strain gauge control to correct for rig deformation under the
applied loads. The crosshead motion was stopped when a load drop of 50% from peak load was recorded. Upon termination, the
crosshead motion was reversed leading to retraction of the wedge. Unloading curves were not recorded.

The recording of the acoustic events during the fracturing was performed with a Physical Acoustics module (PCI-2, 2 channel
40MHz 18bit data-acquisition combined with ILS40 pre-amplifiers). Registration and post-processing were executed with the
Physical Acoustics AEWin 1.70 (2005) software module. Prior to testing, two microphones were attached with paraffin wax to the
right and left of the sample groove to allow registration of acoustic emission signals during the experiments. The sampling rate
employed was 2MHz with a 20 dB amplification factor. An acoustic event was recorded if the signal level of any microphone
exceeded 5mV. Every event was separately recorded as a waveform file containing 2048 points at 0.5 μs intervals. The energies
recorded varied in a wide range between 1 aJ to 1 nJ. A cumulative energy as a function of time, termed the “acoustic energy”, was
obtained through post-processing of the acoustic events. Here, the total acoustic energy is assumed to be proportional to the total
amount of fracture introduced in the specimen. Final crack lengths and microstructure were determined by optical microscopy using
a digital microscope (Keyence VHX-100, Osaka, Japan) and scanning electron microscopy (SEM), type JSM 6500F (JEOL Ltd., Tokyo,
Japan) equipped with an energy dispersive spectrometer (EDS, type: ThermoFisher UltraDry 30mm2 detector) for X-ray micro-
analysis (XMA) and with Noran System Seven software package for data acquisition and analysis. Surfaces and cross-sections, pre-
pared by cutting with a diamond wafering blade, were ground using SiC paper up to 4000 grit and polished with diamond suspension
up to 1 µm.

2.3. FEM with cohesive zone modelling

The extraction of fracture material properties is based on simulating the actual experimental set up using a Finite Element
approach with cohesive zone modelling. Simulations are carried out using the commercial FEA package Abaqus (version 6.14). The
finite element model of the chevron-notched, wedge-loaded specimen (WLS) test set up is shown in Fig. 3. For computational
efficiency, the specimen is modelled as a two-dimensional domain under plane stress assumption. To simulate the three-dimensional
features of the specimen, the chevron notch and the groove in the specimen geometry are modelled using a variable thickness. The
fracture process is simulated using cohesive crack model, which describes fracture as a gradual process of formation of new surfaces.
It replaces the classical singular fields at the crack tip with a process zone (i.e., the cohesive zone). The behaviour in the cohesive zone
is described by a cohesive constitutive relation that relates the traction on the crack surface to the crack opening displacement.
Within the finite element framework, the cohesive relation was implemented using zero-thickness cohesive elements. These elements
were inserted along the inter-element boundaries to capture the onset and evolution of the fracture process (see, e.g., [26,27] for
more details). In the present analysis, cohesive elements are inserted at the interfaces of all bulk elements in the regions where crack
(s) are expected to initiate and propagate, in particular at the chevron and groove. A bilinear traction-separation relation [12] with
linear softening is used to describe the local nucleation and crack-opening process within the numerical sample as shown in Fig. 3a
and the corresponding finite element mesh is shown in Fig. 3b. The effect of the shape of the cohesive law on the overall response of
the specimen is normally negligible [28–30], although in some cases it may affect the onset of unstable crack growth [31]. In the
present quasi-static case a linear softening relation is sufficient. The critical traction σc corresponds the maximum effective traction
value that can be transmitted through the cohesive surface (fracture strength) and the area under the curve corresponds to the
fracture energy Gc required to fully separate the cohesive surface at a given location (i.e., per unit newly cracked area). The initial
response of the cohesive surface before fracture is characterized by a cohesive stiffness K whose value is chosen as large as possible to
avoid artificial compliance but still preventing a (numerically) singular response. After reaching the fracture strength, the progressive
degradation of the load-carrying capacity of the cohesive zone is captured by a linear softening relation until the load is zero, which is
interpreted as a fully-formed crack where no load can be transmitted for subsequent increases in the cohesive opening displacement.
The effective cohesive opening displacement Δ and the effective traction T combine contributions from components that are normal
and tangential to the cohesive surface. The cohesive relation is applicable for pure mode I (normal), pure mode II (tangential) or
mixed-mode openings depending on the deformation at a given location (see, e.g., [32,24] for details).

A fine mesh is used in the region of interest (groove and chevron) and a coarser mesh is used in other regions. The mesh in the
region of interest is chosen in accordance to the cohesive zone length lfpz, which is defined here as

=l EG σ/c cfpz
2 (1)

where E is taken as the Young’s modulus of the material. The lfpz refers to fracture process zone length (cohesive zone length) which is
the region where a crack cohesive crack appears and eventually becomes a fully-separated surface (i.e., a crack in the classical sense)
[11,33]. It can also be used as a measure of the brittleness of a material. Lower values of lfpz correspond to higher brittleness and vice
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versa. The characteristic element size is chosen such that the cohesive zone can be accurately resolved, i.e., the cohesive zone spreads
among several cohesive elements. The boundary conditions in the simulations are chosen such that they closely reproduce the testing
conditions. The displacement of the top of the wedge is prescribed as a function of time according to the loading rate whereas the
bottom of the support plate is modelled as simply-supported. The wedge and the support are included in the simulation as deformable
parts. The contact between the wedge and the specimen is modelled as (Coulomb) dry-friction with a surface-based penalty (iso-
tropic) formulation with a coefficient of kinematic friction f. The elastic responses of the wedge and the specimen are modelled using
isotropic and linear relations with Young’s modulus and Poisson’s ratio taken as =E 200w GPa, =ν 0.3w and, for the specimens, as
follows:

Specimen Es νs

Ti3SiC2 320 GPa 0.2
Ti2AlC 260 GPa 0.18

where the subscript refers to the wedge (w) or specimen (s). The elastic properties of the specimens are obtained from published data
[34–36] and verified with indentation tests whereas the wedge properties are taken from the wedge material’s specification. The
support is modelled as an elastic material that approximates a rigid body with frictionless contact used at the interface of the support
and the specimen. Preliminary simulations including plasticity in both the specimen and the wedge were carried out to determine its
likelihood of occurrence and its possible effect on the results. It was concluded that plastic behaviour is confined to a small region
close to the cracks and its effect cannot be separated from the cohesive relation (i.e., at the length scale of the simulation, it is possible
to model the bulk response of the material as elastic and use a cohesive relation to capture the inelastic behaviour).

Since the purpose of the simulations is to determine the fracture properties of the specimen, a parametric analysis was carried out
varying the effective fracture strength σc and the effective fracture energy Gc. In addition, it is known that for a wedge-splitting test,
friction can play a significant role [3]. Consequently, distinct values of the (kinematic) friction coefficient f used in Coulomb’s model
were considered.

2.4. Simulation setup

To simulate the test, a downward displacement of the top of the wedge is specified. Upon contact with the specimen, the specimen
undergoes a loading dominated by an opening mode (mode I), although the actual loads at the crack tip are obtained from the
simulation. The corresponding reaction force at the top of the wedge, which is obtained as a result of the simulation, is recorded
throughout the simulation.

The procedure to extract the fracture material properties is as follows:

1. A preliminary elastic simulation is carried out for different values of the coefficient of friction. The value of f for which the initial
slope of the simulation coincides with the initial slope of the experimental data to within a desired tolerance is then used for
subsequent steps. If the experimental and the simulation responses deviate from a linear curve, then it is recommended to match
the average slope until the onset of cracking as measured from the acoustic emission.

Fig. 4a. Wedge load (left axis) and normalized crack length (right axis) versus wedge displacement for Ti3SiC2 samples. The crack length is deduced
from the acoustic energy and it is normalized using a directly measured crack length, namely 9.6 mm, at the end of the test.
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2. With a chosen (fixed) coefficient of friction, a parametric analysis including fracture is carried out for different values of the
fracture strength and fracture energy.

3. For each pair of values of fracture strength and energy, the wedge load is obtained as a function of the wedge displacement. This
prediction is compared with the experimental response. The actual fracture material properties are taken as those for which the
simulation provides the best approximation to the experimental data. In accordance with the CZM approach, the best fit is
obtained by comparing the predicted and the experimentally-obtained maximum load and total energy dissipated. As a ver-
ification step, the crack length predicted in the simulation is also recorded as a function of the wedge displacement and compared
with the experimental data.

3. Results and discussion

3.1. Experimental results

XRD analysis of the Ti3SiC2 samples revealed only minor amounts (< 5wt.%) of TiC as a second phase in all samples. The
variance in precursor ratios had no effect on the final composition; an effect not fully understood at this point, but beyond the scope/
aim of this paper. According to XRD results spark plasma sintering of elemental powders resulted in pure Ti2AlC samples. Ti3SiC2

samples consists of slightly elongated grains with a length between 20 and 80 µm. Ti2AlC specimen have a similar morphology with
grains of 50 µm (± 20 µm) maximum length and a width of max. 25 µm.

The measured wedge load as a function of the wedge displacement for the samples tested is shown in Fig. 4a for Ti3SiC2 and in
Fig. 4b for Ti2AlC.

Figs. 4a and 4b also show the measured crack length and cumulative acoustic signal as a function of the wedge displacement for
one representative Ti3SiC2 sample and one Ti2AlC sample. The crack growth curve for the Ti3SiC2 sample shows a slow and controlled
crack propagation. For the Ti2AlC sample, the crack growth is mostly controlled except during the transition from the chevron to the
groove where the crack length increased abruptly. However, subsequent crack growth in the groove proceeded in a controlled
fashion. In general the following regions of crack growth can be identified:

1. Slow propagation that occurs in the chevron due to the gradual increase in thickness of the specimen.
2. Fast propagation observed in the transition region between the chevron and the groove due to the sudden decrease in the

thickness.
3. Subsequent slow propagation in the groove when the crack growth stabilizes because of the constant thickness in the groove.

Based on preliminary tests where the loading was interrupted at fixed intervals and the crack length was optically measured (not
reported here for conciseness), a reasonably good correlation is found between crack propagation and acoustic energy, which in-
dicates that this parameter can be used to estimate crack length. The use of acoustic emission data to measure onset of crack growth
in fatigue testing is further described by Bassim et al. [37], Moorthy et al. [38] and Roberts et al. [39].

Fig. 4b. Wedge load versus wedge displacement for Ti2AlC samples. The dashed blue line represents the average between the samples. The crack
length is deduced from the acoustic energy and it is normalized using a directly measured crack length, namely 11.36 mm, at the end of the test.
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The experimental results shown in Fig. 4 were conducted continuously so the acoustic energy was normalized using only the crack
length at the end of the experiment, which was measured by optical and scanning electron microscopy. The final crack length
recorded for the Ti3SiC2 sample was 9.6 mm and for Ti2AlC sample was 11.36mm, measured from the tip of the chevron notch.

According to the crack lengths, determined from acoustic emission data, shown in Figs. 4a and 4b, crack formation in the chevron
occurred before the peak load was reached. Crack development in the chevron notch starts in the early stages of testing, at relatively
low load levels. For Ti3SiC2 samples, as shown in Fig. 4a, the peak load appears to coincide with the instant when the crack front
moves from the chevron to the uniform groove. For Ti2AlC samples this transition apparently occurs during a fast propagation stage,
so it is not possible to uniquely correlate the peak load and a specific crack length.

As shown in Fig. 4a, the load displacement curves of the individual Ti3SiC2 samples are relatively close to each other, reaching a
peak load at approximately the same wedge displacement. The average peak load for Ti3SiC2 is approximately 180 N. In contrast, the
Ti2AlC samples showed more variability as observed in Fig. 4b. The peak load was reached at distinct values of the wedge dis-
placement. Consequently, the average peak load for Ti2AlC, which is approximately 210 N, does not exactly coincide with the peak
load of the average response, which is slightly lower as shown in Fig. 4b. Nonetheless, the average response is used for comparison
purposes with the simulation results as detailed in the next section.

3.2. Fracture properties

In accordance with the procedure outlined in Section 2.4, the first step is to determine the coefficient of friction between the
wedge and the sample. The wedge load as a function of the wedge displacement for distinct possible values of the coefficient of
friction f is shown in Fig. 5a for the Ti3SiC2 samples and in Fig. 5b for the Ti2AlC samples. The simulations also include the fracture
behaviour for reference purposes, although only the initial elastic response is required to determine the value of f . For the values
considered, the best match for the (average) initial response is attained with a coefficient of friction =f 0.1 for the Ti3SiC2 samples
and =f 0.07 for the Ti2AlC samples, which are within the range of published values [34].

With the chosen coefficients of friction, simulations were conducted for distinct values of the fracture strength and the fracture
energy. The wedge force as a function of the wedge displacement is shown in Figs. 6a and 6b for a fixed value of the fracture energy
and various values of the fracture strength of, respectively, the Ti3SiC2 and Ti2AlC samples. Similarly, Figs. 7a and 7b indicate the
load-displacement response for a fixed value of the fracture strength and various values of the fracture energy.

From Figs. 6a and 6b it can be observed that, as anticipated, the fracture strength mostly affects the peak load, but the rest of the
curve is somewhat similar for a fixed value of the fracture energy. In contrast, as shown in Figs. 7a and 7b, both the peak load and the
energy dissipated in the process increase with increasing fracture energy for a fixed fracture strength. A comparative analysis of the
results shown in Figs. 6a and 6b and 7a and 7b indicate that the peak load depends both on the fracture strength and the fracture
energy. The fracture strength controls the early stage (nucleation) of cracks in the chevron while the fracture energy controls its
subsequent propagation throughout the chevron and the groove. From the set of values considered in the simulations, the best fit for
the average response of the Ti3SiC2 and Ti2AlC samples are as follows:

Fig. 5a. Wedge load as a function of wedge displacement for three distinct values of the coefficient of friction between the wedge and the Ti3SiC2

specimens. In accordance with the geometry shown in Fig. 3, higher coefficients of friction effectively provide stiffer initial responses.
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Material Fracture strength σc Fracture energy Gc

Ti3SiC2 180MPa 0.725 N/mm
Ti2AlC 175MPa 1.2 N/mm

For Ti3SiC2, the predicted fracture energy value is within the range of values reported in literature [34,40,41] while for Ti2AlC the
predicted fracture energy is higher than the values reported in the literature [42,43].

To verify the capacity of the simulations to reproduce the experimental results, the predicted and measured crack length as a
function of wedge displacement are shown in Figs. 8a and 8b for the same values used in the results shown in Figs. 6a and 6b (i.e.,
variable strength) and in Figs. 9a and 9b for the same values used in the results shown in Figs. 7a and 9b (i.e., variable fracture
energy).

The simulations shown in Figs. 8a and 8b, and 9a and 9b indicate that the crack nucleates in the chevron and initially grows
linearly as a function of wedge displacement. As the crack front approaches the transition region from the chevron to the groove (see
Figs. 1–3), the rate of growth increases. Subsequently, the growth rate decreases as the crack front further advances into the uniform

Fig. 5b. Wedge load as a function of wedge displacement for three distinct values of the coefficient of friction between the wedge and the Ti2AlC
specimens. In accordance with the geometry shown in Fig. 3, higher coefficients of friction effectively provide stiffer initial responses.

Fig. 6a. Wedge load as a function of wedge displacement for three distinct values of the fracture strength and for a fixed fracture energy of 0.725 N/
mm of the Ti3SiC2 specimens. Within the range of values analysed (160 MPa to 200 MPa), the difference in response is mainly reflected in the peak
load.
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groove. For the Ti3SiC2 samples, as shown in Figs. 8a and 9a, it can be observed that the simulations are in good agreement with the
evolution of the crack length as deduced from the acoustic signal. For the Ti2AlC samples, as shown in Figs. 8b and 9b, the simulations
initially over-predict the crack length (as deduced from the acoustic signal) but, after a sudden crack propagation, the experimental
and simulated evolutions approximately coincide.

Comparing Figs. 8a and 9a for the Ti3SiC2 samples and Figs. 8b and 9b for the Ti2AlC samples, it can be observed that for both
materials the initial crack length is more sensitive to variations in fracture strength and, conversely, the final crack length is more
sensitive to variations in fracture energy.

Using the best fit fracture parameters, it can be seen that the instant when the crack front moves from the chevron to the uniform
groove corresponds to a wedge displacement of 0.2 mm for the Ti3SiC2 samples and 0.25mm for the Ti2AlC samples (see Figs. 8a and
8b). Using these values in the horizontal axis in Figs. 6a and 6b, respectively, it can be seen that the simulation predicts that the peak
load occurs when the crack is still in the chevron (this effect is more pronounced for the Ti3SiC2 sample than for the Ti2AlC sample).

Fig. 6b. Wedge load as a function of wedge displacement for three distinct values of the fracture strength and for a fixed fracture energy of 1.2 N/mm
of the Ti2AlC specimens. Within the range of values analysed (150 MPa to 200 MPa), the difference in response is mainly reflected in the peak load.

Fig. 7a. Wedge load as a function of wedge displacement for three distinct values of the fracture energy and for a fixed fracture strength of 180 MPa
of the Ti3SiC2 specimens. As expected, the effective energy dissipated (measured as the area under the curves) increases for increasing values of the
fracture energy. The best fit in terms of energy as well as the peak load is obtained with a fracture strength of 180 MPa and a fracture energy of 0.725
N/mm.
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For the range of fracture strength analysed, the simulations predict a similar total crack length at the end of the loading, which
matches relatively well the experimental value. This finding suggests that crack length may be used to estimate the fracture properties,
but it may not be sufficiently sensitive to differentiate between distinct values. Differentiation between response curves are amplified
as the crack front moves from the chevron to the groove, but the inherent uncertainty of acoustic-based crack length measurement
suggests that it is better to extract material properties from the load-displacement curve as indicated above.

4. Comparison of simulation-based approach with a standardized procedure: four-point bending test with chevron-notched
specimen

The methodology described in the present work involves two novel aspects compared to existing (standardized) tests, namely the
geometry of the specimen and the simulation-based approach to extract material properties. To cross-validate the simulation-based
approach, the method was also applied to a standardized geometry for determining fracture toughness in brittle materials. To this

Fig. 7b. Wedge load as a function of wedge displacement for three distinct values of the fracture energy and for a fixed fracture strength of 175 MPa
of the Ti2AlC specimens. As expected, the effective energy dissipated (measured as the area under the curves) increases for increasing values of the
fracture energy. The best fit in terms of energy as well as the peak load is obtained with a fracture strength of 175 MPa and a fracture energy of 1.2
N/mm.

Fig. 8a. Crack length as a function of wedge displacement for three distinct values of the fracture strength and for a fixed fracture energy of 0.725
N/mm for the Ti3SiC2 samples.
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end, a ASTM four-point bending test with a chevron-notched specimen was used as benchmark (Standard C1421-16, see [2]). The
comparison is done at the level of the post-processing of the data by comparing the simulation-based procedure and a standardized
closed-form expression to extract fracture properties. Since the standardized four-point bending test is designed to extract the critical
value KIc of the stress intensity factor under nominal mode I conditions, it is necessary to relate this material property to the fracture
energy Gc. Assuming plane stress conditions and a small plastic zone, then the fracture energy can be related to the toughness as

=G
K
Ec

Ic

s

2

(2)

where Es is the Young’s modulus of the specimen. For a given geometry of the chevron-notched specimen used in the four-point
bending test, the ASTM standard provides a formula that uses the peak load recorded in the experiment to compute the critical stress
intensity factor [2]. The ASTM model is plotted as a solid line in Fig. 10. For the numerical simulations based on the cohesive zone,
the procedure is as follows: the fracture properties are given (fracture strength and fracture energy) and the test is simulated. The

Fig. 8b. Crack length as a function of wedge displacement for three distinct values of the fracture strength and for a fixed fracture energy of 1.2 N/
mm for the Ti2AlC samples.

Fig. 9a. Crack length as a function of wedge displacement for three distinct values of the fracture energy and for a fixed fracture strength of 180 MPa
for the Ti3SiC2 samples. The initial crack growth, starting around a wedge displacement of 0.07 mm in the simulations, occurs in the chevron. The
crack growth rate as a function of the wedge displacement is initially approximately linear. The subsequent change in slope corresponds to the
transition from the chevron to the groove, which approximately coincides with the peak load.
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fracture energy is computed from the critical stress intensity factor and given elastic properties (in this case with a Young’s modulus
of 280 GPa) while representative values of the fracture strength are chosen. The outcome of the simulation is the peak load, which is
indicated in Fig. 10 (discrete data points) for five values of the fracture strength, ranging from 100MPa to 500MPa. For each value of
the fracture strength, a fitted curve is indicated to better visualize the predictions of the simulations. Observe that the same peak load
may be obtained with distinct combinations of fracture strength and fracture energy. In contrast, the approach used to establish the
ASTM formula is based on linear elastic fracture mechanics and cannot distinguish between different combinations of these two
parameters. From Fig. 10 it can be observed that if the material is sufficiently brittle (i.e., relatively low fracture energy to strength
ratio), the ASTM formula and the cohesive-zone simulation-based results provide comparable predictions, albeit for a limited range of
fracture strengths. However, for higher values of the fracture energy, typically found in semi-brittle materials, the simulations predict
a higher peak load. Note that this is only a qualitative comparison as it is not possible to ascribe a better accuracy to either procedure
without access to a third reference approach deemed more precise. However, it can be concluded that for brittle materials (as
intended in the ASTM analysis), the two procedures are somewhat similar while for semi-brittle and more ductile materials, the two
methodologies provide different results.

Fig. 9b. Crack length as a function of wedge displacement for three distinct values of the fracture energy and for a fixed fracture strength of 175
MPa for the Ti2AlC samples. The initial crack growth, starting around a wedge displacement of 0.07 mm in the simulations, occurs in the chevron.
The crack growth rate as a function of the wedge displacement is initially approximately linear. The subsequent change in slope corresponds to the
transition from the chevron to the groove, which approximately coincides with the peak load.

Fig. 10. Critical stress intensity factor (fracture toughness) in a chevron-notched, four-point bending specimen. The black line is obtained based on
ASTM C1421-16 [2] using the peak load as independent variable. The circles represent peak loads predicted from cohesive zone-based simulations
for given fracture strengths and fracture energies, from which the corresponding critical stress intensity factors are estimated assuming plane stress
conditions. The corresponding lines are interpolations of the simulation points.
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The chevron-notched, four-point bending test (ASTM E399 [44]) was applied to five samples of Ti3SiC2 and five samples of Ti2AlC
from the same batches as the ones used in the wedge splitting test. The samples were machined from the bulk specimen by spark
erosion and ground to a surface finish of 3 µm polish. However, it was not possible to achieve stable crack propagation in any sample
even for relatively low loading rates. The ASTM standard considers a test to be valid only if stable crack growth can be achieved,
hence these (invalid) tests are not reported in detail here. However, it is interesting to mention that the peak loads recorded would
have predicted a significantly lower fracture energy compared to the values obtained from the wedge splitting test. It is also relevant
to mention that the peak loads for the Ti3SiC2 samples were consistently lower than those of the Ti2AlC samples, showing a similar
relative ranking as the wedge splitting test (i.e., Ti2AlC samples are tougher than the Ti3SiC2 samples). The most important ob-
servation, however, is that the wedge-splitting test allowed for a controlled crack growth whereas this was not possible to achieve
with the four-point bending test. This demonstrates the significant benefit of the new proposed geometry for the purpose of testing
healing efficiency in self-healing materials.

5. Summary and conclusions

A new chevron-notched, wedge-loaded specimen and testing method are proposed to retrieve the intrinsic fracture properties
from semi-brittle materials using matching finite element calculations based on cohesive zone elements. The combination of simple
test setup and advanced simulations allows unique and accurate determination of both the crack initiation and the crack propagation
properties of (semi-) brittle materials while minimizing commonly necessary simplifications and assumptions. The addition of
acoustic emission recording proves to be a strong tool to determine crack initiation and for tracking of crack length extension.

One important advantage of the proposed testing geometry and loading is that it allows to control crack growth and prevents full
separation of the specimen. This is a critical requirement for testing self-healing materials in order to facilitate healing of the cracked
surfaces. This approach was applied in Ti2AlC samples that were cracked using a wedge-splitting test, healed and re-tested twice.
Results of the self-healing testing will be presented elsewhere.

The simulations can be used to establish a simple closed-form formula for this geometry based on curve fitting. However, this
would require extensive validation before it can be established as a standardized method, which is beyond the scope of the present
work.
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