Engineering Fracture Mechanics 89 (2012) 65-74

Contents lists available at SciVerse ScienceDirect

Engineering Fracture Mechanics

journal homepage: www.elsevier.com/locate/engfracmech

Crack initiation and path selection in brittle specimens: A novel
experimental method and computations

0. Barkai ?, T. Menouillard ™!, J.-H. Song¢, T. Belytschko®, D. Sherman **

2 Department of Materials Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel
b Theoretical and Applied Mechanics, Northwestern University, Evanston, IL 60208-3111, USA
€ Department of Civil and Environmental Engineering, University of South Carolina, Columbia, SC 2920, USA

ARTICLE INFO ABSTRACT
Article history: We present a novel experimental method aiming at investigating aspects of dynamic crack
Received 17 July 2011 propagation in brittle materials under in-plane, quasi-static, mixed mode loading. The

Received in revised form 13 March 2012
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frame using thin layers of epoxy resin. The driving force for crack initiation and propaga-
tion lies in the mismatch between the coefficients of thermal expansion (CTE) of the alu-
minum frame and the specimen, following modest heating of the assembly on an
electrical heating stage. The main advantages of this method are in its avoidance of grip-
Mixed mode loading ping problems and of the need to employ a complicated loading device. An important ben-
Brittle isotropic materials efit of this method is the ability to analyze, numerically, the assembly containing the
Crack path selection specimen as a boundary value problem by means of finite element analysis without any
Numerical calculation prior assumptions regarding the boundary conditions.

The method enables investigation of various aspects of dynamic crack propagation in
brittle materials, including crack initiation, crack path selection criteria, and surface insta-
bilities under a relatively low energy-speed regime. To validate the method’s applicability,
we first evaluated the fracture toughness, Kic, of soda lime glass specimens. We then per-
formed fracture experiments of slow and fast crack propagation in these specimens under
combined tensile and shear stresses, which revealed the paths selected by the cracks. These
paths were calculated using quasi-static finite element analysis (FEA), code Franc2D, and
the dynamic eXtended FEA Method, using the criteria for crack path selection. It was found
that the crack paths obeyed the law of local symmetry (K = 0) for both the quasi-static and
dynamic crack propagation.
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1. Introduction

Brittle materials are currently gaining increasing attention due to their use as the main building blocks in high-tech
industries, such as in the production of solar cells, Micro-Optical-Electro-Mechanical-Systems (MOEMSs), Nano-Electro-
Mechanical-System (NEMS) industries, and in-bio inspired devices. The exact way in which cracks in brittle materials initiate
and propagate is considered relevant not only from a scientific point of view, but also for design and maintenance purposes,
which have considerable economic importance.

Investigating crack propagation in brittle specimens is challenging due to the need to generate controlled deformation of
only a few tens of microns on the boundary of the specimen in order to initiate and propagate the crack. Such boundary
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conditions must be well defined if they are to be implemented as a boundary value problem for numerical analysis. Any devi-
ations from the required deformation could lead to additional damaging mechanisms and energy dissipation that will be ig-
nored or badly interpreted in the calculations, due to the high sensitivity of brittle materials to the fine details of loading.

The most challenging issue is that of how to grip brittle specimens while preventing undesired deformation and unex-
plained failure. Several methods for gripping and loading of brittle specimens when investigating crack propagation under
quasi-static loading have been presented in the literature: fracture under bending [1,2], fracture of a compact specimen by
introducing a wedge in a wide notch [3], mounting the specimen in a steel frame [4], and double cleavage drilled compres-
sion (DCDC) test method [5]. Thermal stress has been employed as the driving force for crack initiation and propagation,
especially for MEMS devices [6].

The first objective of this study was to delineate and test a novel and simple method for gripping and loading precracked
brittle specimens under mixed mode loading. The mismatch of the coefficients of thermal expansion (CTE) was exploited as
the driving force for crack initiation and propagation. We fractured the soda lime glass specimens, representing a brittle and
isotropic material, under both slow and intermediate crack speed regimes.

The second objective was to verify the ability of numerical methods and fracture laws to accurately predict the path se-
lected by a crack in brittle isotropic materials subjected to quasi-static tensile and shear stresses. The theories that predict
crack propagation are based on stress criteria or energy considerations: according to stress criteria, a crack will propagate so
that the tensile stresses at the crack tip are either maximal or, alternatively, vanishing shear stresses [7]; while the energy
criteria state that the crack will propagate so that the strain energy density is minimized, or the energy release rate is max-
imized [8]. The law of local symmetry states that a crack will propagate such that the shearing stress intensity factor (SIF)
vanishes, i.e. K = 0 [9]. These laws have proven adequate for the prediction of slow cracks, such as fatigue cracks in metals,
and static numerical simulations by the finite element analysis (FEA) have provided good predictions of the crack path ob-
tained experimentally [10-12]. The ability to predict crack path selection for dynamic cracks under mixed mode loading
with the appropriate criteria has also been shown [13-17].

We employed the quasi-static, linear elastic, and isotropic Franc2D FEA code, developed by Ingraffea and co-workers
[10,12] to calculate the path selected by a slow crack, as this code is capable of efficiently analyzing quasi-static cracked
bodies subjected to mixed mode loading with several crack path selection criteria under a single run. The eXtended FEA
Method developed by Krysl and Belytschko [14] and Song et al. [18] was used to compute the path selected by a dynamic
crack propagated in quasi-statically loaded specimens. This method allows the crack to propagate independently of the
structure of the mesh, due to the use of enrichment functions, and thereby avoids re-meshing during propagation of the dis-
continuity [16,18-20]. The variant of the method used [18] is based on the technique of Hansbo and Hansbo [21]. The law of
local symmetry, Kj; =0, was used for the simulations of the path selected by a fast crack with a cohesive law [18,22]. The
numerical analyzes showed an excellent agreement with the experimentally-observed crack path.

2. The coefficients of thermal expansion mismatch (CTEM) method
2.1. The assembly

This novel experimental method consists of gluing a precracked rectangular and thin brittle specimen inside a rectangular
hole in a 10 mm thick aluminum frame (Fig. 1a) using 150 pm thick layers of epoxy resin. Loading the specimen is achieved
by applying controlled heating to the assembly on top of a heating stage. The mismatch between the coefficients of thermal
expansion (CTE) of the aluminum and that of the brittle specimen generates tensile and shear deformation fields at the glued
edges of the specimen, which serve as the driving force for crack initiation and propagation, as shown in Fig. 1b. The shear
deformation field, like the tensile deformation, is generated by the mismatch of the CTE of the specimen and the loading
frame in the x direction along the glued edges of the specimen: it is zero in the mid span (x = 0), and linearly increases to-
wards the far edge points of the glued zone with opposite signs. This deformation is one of the unique advantages of our
novel loading device: while being small compared to the tensile deformation, it generates sufficient mixed mode loading
for investigating crack path selection in brittle materials.

We distinguish between two major types of precrack location that are responsible for two different modes: pure mode I is
achieved when the precrack is located at the midline, i.e. y = 0 (point A in Fig. 1b); while in-plane mixed mode is achieved
when the specimen is notched at y > 0 (point B, Fig. 1b), resulting in a curved crack path.

Atomistically-sharp precracks were introduced in the specimens by thermal shock. The specimens were first notched at
the required position to a length of ~2 mm using a 150 pm thick diamond saw, followed by heating the specimens to
100-150 °C and then their immersion in a shallow water reservoir. This ensured stress singularity at the precrack tip. For
those materials with relatively low fracture toughness, the assembly provides sufficient driving force for initiation and
propagation of the crack still under the elastic regime of the epoxy glue, and without any damage at the interface between
the epoxy glue and the other constituents of the assembly.

The aluminum frame was machined such that a gap of 300 pum was left for the two thin epoxy resin (Epon 815C) layers
that glued the specimen. After gluing, the assembly was kept in a controlled temperature chamber at 23 + 0.1 °C for four days
for curing. After curing, the assembly was placed on a heating stage, and the temperature was increased at a moderate rate of
about 0.5 °C/min. This loading is slow enough to obtain an homogeneous temperature through the thickness of the glass
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Fig. 1. The novel experimental set-up: (a) optical photograph of the frame and a glass specimen, and (b) schematic presentation of the specimen, boundary
conditions, dimensions, and the location of the two typical precracks. The two strain gauges for the calibration procedure are also shown.

specimen and the aluminum frame. The maximum heating temperature is much below the glassy temperature of the epoxy
resin. The Young’s modulus of the epoxy resin is problematic to determine, as it strongly depends on the exact mixture of the
two-part epoxy resin, curing time, and temperature. Since the stresses at the crack tip are dictated by this property, it was
necessary to calibrate it by FEA based on measurements of the strains obtained by a strain gauge on each specimen during
loading. The stress intensity factor at the crack tip at initiation and during propagation, Kj(a), was calculated by means of FEA.

The specimens in the current investigation were made of commercially available 1 mm thick soda lime glass (Knittel
Glaser, Braunschweig, Germany), with typical composition by weight as follows: 72-73% SiO,, 0.5-0.7% Al,0s3, 0.1-0.13%
Fe,05, 12.7-13.1% Ca + MgO, 13.2-13.6% Na,O0 + K,0. The lateral dimensions of the specimen were 26 x 42 mm?.

2.2. Finite element analysis (FEA) of the assembly

We calibrated the assembly by FEA using Franc2D (Cornell University) [10]. The major obstacles in the analyses of our
assembly were its 3D nature and the presence of the two thin (~150 pm) epoxy resin layers. As the latter necessitate the
use of small 3D elements, this would require massive analyses (in particular when multi-step calculations of crack propaga-
tion are required). Therefore, an equivalent 2D geometry was first defined that replicates the 3D nature of our assembly. This
2D geometry is shown in Fig. 2a. The material properties, the thicknesses, and the overall geometry in the 2D model are the
same as those in the physical 3D assembly. Plane stress, linear elastic, quasi-static, and isotropic analyses were performed. The
typical mesh describing our assembly, e.g., the specimen, epoxy resin layers, and loading frame, consisted in over 10,000
8-node isoparametric elements (Fig. 2b), of which 1500 were consisted the uncracked glass specimen. The details of the mesh
at one corner of the assembly, including the thin epoxy glue layer, are shown in Fig. 2c. It is noted that Franc2D code auto-
matically refines the mesh at the crack tip vicinity, refinement that is controlled by the user. This controlled refinement also
provides the necessary information regarding convergence of the mesh, which was satisfactory achieved.

2.3. Experimental calibration

The properties of the aluminum plate were taken from the literature (see Table 1). The CTE of the epoxy glue is
26 x 1075 °C~'. The room temperature CTE of the soda lime glass, specified by the manufacturer, is 9 x 1076 °C~! for the
range of 50-350 °C, while our measurements showed that it is 7.8 x 1076 °C~! in the range of 20-30 °C. This value, however,
was not used in the FEA from two reasons: (i) during heating up of the assembly, the temperature of the aluminum loading
frame is higher than that of the glass specimen and (ii) Franc2D allows to use a single unified AT for the entire problem.

The calibration process consisted of two 0.6 x 0.6 mm? CEA-00-062UW-350 Vishay Ltd., strain gauges that were glued to
an uncracked specimen: one at point (0; 0) that measures &y,; and the other at point (—12.5; 7.7) that measures &, as
schematically shown in Fig. 1b. The temperature in these experiments ranged from 22 °C to 29 °C, which covers the entire



68 O. Barkai et al. / Engineering Fracture Mechanics 89 (2012) 65-74

(@) 4 (b)

loading frame

thickness=10mm
specimen
100 thickness=1mm
Y
P 100 -

(c)

Rl
i NN TN
::f'j;a,‘\\ v ! V| . 3 :
jy ol R VAN N ANVANVANVG
~ f ] ~
.y T N ; s ~
[ | LN |
/ 7L ™ //
/, Iﬂ . s “ p
L ) |/

Fig. 2. The loading system as a 2D problem: (a) the equivalent 2D geometry substituting the 3D assembly, (b) the finite element mesh used by Franc2D
code, and (c) details of the zone containing the frame, the specimen and the epoxy.

Table 1

The materials involved and their mechanical and thermal properties.
Material/properties E (GPa) y Thickness (mm) o (1078°C1) p (kg/m?) k (W /m/K) ¢, (J/kg/K)
Al 7075-T6 75 0.33 10 26 2850 238 860
Soda-lime glass 73 0.22 1 7.8 (3%) 2440 0.8 837
Epon 815C 21 0.3 0.15 26 1130

¢ This value was used to compensate the difference between the temperature of the loading frame during the experiment and that in the FEA.

range of the thermal differences in our fracture experiments. Heating the specimen to the temperature range was carried out
in a slow and controlled manner by placing the assembly on top of a massive copper block that was inserted into a slowly
heated water reservoir. In this way, a slow and stable temperature change was achieved during the strain measurements.
The temperatures of the specimen and the loading frame were measured by means of two thermocouples.

It was first necessary to calibrate the response to temperature changes of the strain gauge glued to the glass specimen
without mechanical loading, since its strain is of the same order of magnitude as the strain of the loaded specimen. The
CTE of the soda lime glass at room temperature, as stated above, is ~7.8 x 1075 °C~!, while that of the strain gauge material
(copper) is 23 x 1076 °C~!. Consequently, negative strains were measured within the examined temperature range, which is
usually ignored when large strains are measured, which was not the case in our experiments. This is well demonstrated in
Fig. 3 for both ¢, and &,,. After this calibration, the specimen with the strain gauge was glued to the aluminum loading frame
and thermal loading was applied by heating the assembly. The resulting strains are also shown in Fig. 3.
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Fig. 3. The results of the calibration procedure: the strains measured by the strain gauges as a function of AT. The strains &, (closed circles), located at
(0; 0), and &, (closed squares), located at (—6; 10), were measured both when the specimen with the glued strain gauge was free of constraint, and when it
was mounted in the frame. The dotted lines represent curve fitting of the described strains. The solid lines describe the strains obtained by FEA using the
materials’ properties given in Table 1.

We set the CTE of the soda lime glass specimen to be 3 x 10-6°C~, as this value compensates the inability of the FEA
code to match the exact temperature of the aluminum frame resulted with reduced deformation of the loading frame. By
reducing the CTE of the glass specimen, we reduced the equivalent deformation of the specimen. Hence, we generated
the same deformation on the epoxy resin layer, and therefore applied the same forces on the specimen. In addition, the
Young's modulus of the epoxy glue was set to be 2.1 GPa.

Superposition of the strains in the free glass specimen and that of the specimen within the loading frame, using the re-
duced CTE and the elastic modulus of the epoxy resin yielded the mechanical strains in the glass specimen generated by the
thermal stresses only (Fig. 3). Note the linear behavior of the experimental strains at AT > 3 °C. In addition, excellent agree-
ment was achieved using these properties between the experimental and numerical crack path selection results (see below).
The agreement between the experimental and the numerical values of the strains validates the calibration procedure, and
indicates that the epoxy glue remained in the linear elastic regime during heating of the assembly in the temperature range
of our experiments.

The contour levels of the quasi-static stress fields for the uncracked specimen, calculated by Franc2D, of gy, 0x and oy,
assuming the epoxy resin Young’s modulus is 2 GPa, are shown in Fig. 4a, b and c, respectively, for AT =5 °C. Note the anti-
symmetric double saddle behavior of the shear stresses: they are zero at lines x = 0 and y = 0 and increase in magnitude along
the glued edges of the specimen. The former o, stresses are responsible for the tensile (K;) mode, and the latter oy, stresses
for the shear (Kj;) mode, provided that the crack tip is located off axis. The complex behavior of the shear stress in cracked
specimens generated a complex ratio of Kj/K; at the crack tip before initiation. This ratio is strongly dependent on the crack
tip location and the angle of the precrack.

3. Calculating Kjc of soda lime glass

The SIF in tension, Kj, vs. crack length, a, along line y = 0 (type A crack, Fig. 1c), was first calculated as a prerequisite for
evaluation of Kj¢, the material property that is crucial for dynamic analysis of fast cracks. The Kj(a) calibration function was
first calculated by the J-Integral method using Franc2D with the mesh shown in Fig. 2b. The results are shown in Fig. 5. K;
monotonically increases as the crack length increases in a nearly bilinear shape. For up to 9 mm long precracks, K; is low and
increasing temperature differences, AT, are required in order to fracture the specimen. It is noted that the presence of the
thin epoxy resin layers at the specimen’s edges generated load-controlled condition for crack propagation, but the rate of
increase of K; was low for specimens containing long precracks in particular.

The fracture toughness of the soda lime glass was evaluated by measuring the precrack length and the temperature at
crack initiation and by using the Kj(a) relationship (Fig. 5). Experiments with two different precrack lengths of the A type
crack (Fig. 1b) were performed at room relative humidity of ~50%: in the specimen with a precrack of 6.5 mm, initiation
was observed at AT=5.5%0.1°C; and in the specimen with a precrack of 10.5 mm, initiation was observed at
AT =4+0.1 °C. Kjc was evaluated to be 0.47 + 0.04 and 0.49 + 0.06 MPa+/m, respectively. While this value of K¢ is low com-
pared to the data found in the literature for soda lime glass, it was shown recently [23] that K¢ of this glass, evaluated by
Vickers indentation toughness technique and calculated by crack opening displacement using AFM scans, is 0.48 MPay/m
which is in excellent agreement with our results.
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Fig. 4. The calculated contour levels of stress fields: (a) oy, (b) ox, and (c) o, in an unnotched specimen. Note the even distribution and the dominance of
Gyy OVEr Oy and ayy.

4. Calculating crack paths
4.1. Analysis of slow crack propagation

When a long precrack is introduced into a specimen, only a small increase of K; occurs during propagation, the excessive
kinetic energy is relatively small, and the crack is expected to propagate at a low speed. Indeed, we describe here the path
selected by a slow crack in a soda lime glass specimen. The specimen was precracked along line y = 5.9 mm above the center
line (type B crack, see Fig. 1b), to a length of 16 mm. The crack initiated at 26 + 0.1 °C and propagated at a velocity of a few mm/s
for the first 10 mm. Thereafter, the crack accelerated to a somewhat higher speed until complete fracture. Optical photograph
of the fractured specimen is shown in Fig. 6a. Both sides of the specimen were replicated using a high density scanner to obtain
the path numerically.

The linear elastic and quasi-static analysis of the crack path was performed using Franc2D [10,12], as this code is able to
calculate crack path selection under mixed mode conditions of isotropic materials using various criteria in an accurate and
time-effective manner. Franc2D utilizes three different crack path selection criteria: maximum tensile stresses at the crack
tip (049 max), maximum energy release rate (G(0) max), and minimum strain energy density (S(0) min). Rice J-Integral was
used, by separating the tensile and shear elastic fields which yielding J; and Jj, to calculate K; and Kj;. The resulting path pre-
dicted by the analysis is shown in Fig. 6b. All three crack path selection criteria evaluated the same path. The natural precrack
is neither exactly perpendicular nor a perfectly straight crack; a fact that, although not considered in the analysis, presum-
ably affects the path, at least at the beginning of propagation. We therefore dictated the numerical crack path for the first
3 mm (see arrow in Fig. 6b). It was found that after 3 mm the effect of the nonideal precrack surface vanished. The exper-
imental crack velocity at this stage was low, the kinetic energy and the associated effects vanished and, therefore, the numer-
ical solution well matched the experimental crack path. At point 27: 10, the crack started to accelerate, thereby confirming
the prediction. This is further supported by the evolution of K; with the x-coordinate, shown in Fig. 6b for AT = 3 °C; the crack
initiated at K; = 0.48 MPa m'/? and, until it had propagated for about 11 mm, K; remained nearly constant, with no additional
kinetic energy being generated. As the crack continued to propagate, K; increased, the kinetic energy became significant, and
the quasi-static analysis could no longer predict the crack path. Crack path selection using the three criteria and smaller
crack intervals yielded the same path.
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Fig. 5. The SIF K; as a function of the crack length, a, and the normalized crack length, ajw, of a single edge, type A crack (see Fig. 1c) for the assembly
materials described in Table 1.
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Fig. 6. The experimental and numerical crack path of a slow crack: (a) optical photograph of the fractured soda lime glass specimen, and (b) the
experimental and numerical path (Franc2D) selected by a slow crack.
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4.2. Analysis of fast crack propagation under mixed mode

The direction of crack propagation is determined by the law of local symmetry, i.e. Kj; = 0 [9]. Nishioka and Stan [24] de-
scribed this criterion as implicit, and its implementation was explained by Tilbrook and Hoffman [25,26]. The crack direction
is first defined by the direction of the maximum hoop stresses. Thereafter, the direction for which Kj; = 0 was calculated using
iterative procedure. A method based on the formulation of the J-Integral was used to determine both K; and Kj; [28,29]. The
glass specimen used for the dynamic analyses was modeled by 26 x 42 and 52 x 84 four-node element meshes, corresponds
to a coarse and fine mesh [18,30]. The analyses were performed in two steps: first, the quasi-static thermal load was applied
until the critical stress intensity factor was reached while the temperature increased from 23 °C to almost 28 °C. During the
quasi-static simulation, the stress intensity factors, K; and Kj;, were computed (where Kj;/K; < 0.15 during crack propagation).
Once K; had reached the critical value, Kj., the dynamic simulation by the explicit method began with the final constant tem-
perature. The temperature was chosen to be constant during the dynamic simulation as the temperature increase during
crack propagation (which lasted ~50 ps) is negligible. This assumption is reasonable because the temperature increased
by 0.5 °C per min.

A cohesive law was used on the crack faces. This law was fitted so that the energy dissipation matched that expected from
the stress intensity factor of the material. The energy dissipated during the propagation, assuming plane stress state, was
determined by:

K?
Gy :f (1)

where E is the Young modulus of the soda lime glass and K. the critical stress intensity factor, evaluated in Section 4.1. This
yielded G¢=3.16 Pa m, which was the value used to fit the cohesive law. The cohesive law was necessitated since energy dis-
sipation mechanism other than bond breaking energy exists during crack propagation. Therefore a linear decay, as shown in
Fig. 7, was used in the cohesive law, where the energy dissipated, Eq. (1), is given by:

1
Gf = j 5f0f (2)
where Jr is the maximum crack opening over which the cohesive law acts (Fig. 7) and oy is the fracture stress. These two
parameters are determined during the computation by the fracture criterion. Their values are 0.003 mm and 2 MPa. The
velocity V of the crack was prescribed using Freund equation of motion [27]:

Kic\*
V= CR 1- K— for I{()(; > I{]C (3)

00

where Cg = 3200 m/s is the Rayleigh free surface wave speed and Ky, is the equivalent quasi-static stress intensity factor, de-
fined by the dynamic stress intensity factors and the direction of the propagation 0.:

Ky = cos® (%) K; — cos <%> sin(0,)Ky (4)

The analyzed specimen contained a 6 mm long precrack, located at y = 3 mm. The crack initiated at 28 + 0.1 °C. The short
precrack caused sufficient kinetic energy to propagate dynamically. The fractured specimen showing the path selected by the
dynamic crack is presented in Fig. 8a. The crack paths obtained by the experiment and by the numerical simulations with
the two different meshes are shown in Fig. 8b. The law of local symmetry (Kj; = 0) well matched the experimental path along
the entire propagation, albeit with a certain deviation at the initial stage, presumably due to the imperfectly straight

G =2MPa

Cohesive traction

C':‘f 8; =0.003mm

»
b

Crack opening

Fig. 7. Linear cohesive law; the area under the cohesive law curve is the same as the fracture energy Gy.



O. Barkai et al./Engineering Fracture Mechanics 89 (2012) 65-74 73

(a)

( b) T T T T T
XFEM-Coarse Mesh 26x42  ===nee-
10 XFEM.-Fine Mesh 52384 ~ — —
Experimental —

Y Coordinate [mm|
<= n
T
1

'
n
T
1

Il
0 5 10 15 20 25 30 35 40
X Coordinate [mm]

Fig. 8. Optical photograph of the fractured soda lime glass specimen revealing the crack path: (a) the short precrack ensured dynamic crack propagation
with moderate crack velocity, and (b) the experimental (full black line) and numerical crack paths (red and blue dashed lines) in the specimen. The
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Fig. 9. Crack velocity as a function of time during fast crack propagation calculated by eXtended FEA Method using the coarse and fine meshes.

precrack. It started almost as a horizontal crack but then the shear stress field introduced an upward curvature. The pre-
dicted crack turned downward at almost the same point as in the experiment. The paths for the coarse and fine meshes
agreed almost perfectly with the experimental results until the last quarter of the path. At that point, the computed path
deviated slightly downward from the observed path. The agreement indicated that the boundary conditions in the numerical
model closely matched those of the experiment. The results also substantiated the widely accepted law of local symmetry,
Ky = 0, for dynamic crack propagation. The difference between the experimental and the numerical paths at the last stage of
crack propagation may indicate on physical phenomenon, such as reflected stress wave from the far right boundary of the
specimen. This behavior, however, is beyond the scope of this investigation.
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The crack tip velocity as a function of time is shown in Fig. 9. Negligible difference between the prediction of the coarse
and fine meshes is evident. The calculated maximum crack velocity is below 1250 m/s, which is below the onset of surface
instabilities in soda lime glass [31]. This is consistent with the experimental findings of a mirror-like fracture surface. The
steep crack velocity reduction at the end of crack propagation well fits the reduction of the quasi-static SIF at this zone,
as shown in Fig. 5.

5. Summary and conclusions

We have presented here a novel experimental method by which to study crack initiation and propagation in a brittle
material. The method exploits the mismatch between the coefficients of thermal expansion of the specimen and that of
the aluminum loading frame in order to generate the driving force for crack initiation and propagation.

The fracture toughness of soda lime glass was evaluated in two fracture experiments; and the results, 0.47 and 0.49 MPa /m,
are with excellent agreement with that obtained employing a more complicated procedure. The paths selected by a slow and a
fast crack in soda lime glass were analyzed by numerical simulations. Quasi-static analysis, performed using Franc2D, was able
to predict the experimental path selected by a slow crack for most of the crack path, using stress and energy criteria and the law
of local symmetry. This analysis revealed that a deviation from the experimental path occurred when crack velocity reached a
certain speed, which is not considered in the quasi-static FEA. The experimental fast crack was analyzed using the dynamic
eXtended Finite Element Method, and the findings shows excellent agreement with the law of local symmetry (Kj; = 0). The
calculated maximum crack speed of about 1250 m/s well agrees with the mirror like fracture surface observed in the
experiment.
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