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ABSTRACT

Magnesia and magnesia spinel refractories show a completely
different fracture behavior. A typical magnesia spinel material
and a magnesia material were selected to investigate the
development of the fracture process. A wedge splitting test was
applied for the fracture-mechanical test. During the test, strains as
well as the crack propagation were detected by digital image
correlation. Afterwards fracture mechanical data were determined
from the load-displacement curves.

The mechanical properties indicate a reduction in strength and an
increase in fracture energy for the magnesia spinel material. The
microstructure characterized by pre-existing micro-cracks
increases the strain bearing capacity, which is very important for
improving the thermal shock resistance. For pure magnesia, no
pronounced fracture process zone could be detected by digital
image correlation. For magnesia spinel, the development of the
fracture process zone starts in the pre-peak region. The fracture
process of magnesia spinel is characterized by the development
of the fracture process zone and the subsequent development of
the macro-crack. The transition is indicated by a change of the
fracture process zone width. The onset of the macro-crack is in
the post-peak region when the load has already decreased to 66%
of its maximum value.
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INTRODUCTION

In most industrial applications of refractory materials, they
undergo severe thermal shocks during service. To improve
thermal shock resistance, the refractory materials need either a
high crack initiation resistance or a high crack propagation
resistance [1-2]. In many industrial applications, refractory
materials with high resistance to crack propagation are used.
These refractories usually show reduced brittleness, mainly due
to a decrease in tensile strength [3-4]. A parameter for the
quantification of the brittleness is the so called characteristic
length /cx» introduced by Hillerborg et al. [5]:
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Here, E is the Young's modulus, o is the tensile strength, and Gy

is the total specific fracture energy, i.e. the consumed fracture
energy divided by the single fractured cross sectional area. By
reducing the tensile strength and increasing the specific fracture
energy, a higher value for /.» can be achieved; this indicates lower
brittleness.

In magnesia spinel refractories, the addition of spinel (MgAl2O4)
to magnesia (MgO) decreases the brittleness [3-4]. Due to the
thermal misfit (amg0=13-10¢ K!, amear04<9-10° K1) a micro-
crack network is formed during the cooling stage of the firing
process (Fig. 1).

In this paper the fracture process during a wedge splitting test
(WST) and in particular, the development of the fracture process
zone (FPZ) is investigated for a magnesia and a magnesia spinel
material. A short overview for chemical composition and selected
physical properties is given in table 1.
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Fig. 1: Backscattered scanning electron microscopical image
showing (a) magnesia and (b) magnesia spinel

Tab. 1: Chemical composition and selected properties of
magnesia (M) and magnesia spinel (MA)
MgO[%] | ALOs[%] | Fe:05[%] | CaO[%] | SiOa[%]
M 97.0 0.1 0.2 1.9 0.6
MA 87.9 10.5 0.5 0.8 0.3
Bulk Open Young’s
density porosity | modulus E
[g/cm’] [vol. %] [GPa]
M 3.02 15 105.5
MA 2.95 16 20

LABORATORY EXPERIMENTS

The wedge splitting test (WST) according to Tschegg [6] has been
widely used to identify the fracture mechanical properties of a
variety of materials, e.g. refractories, concrete or wood. The main
advantages are the high ratio of crack surface to sample volume
and the reduction of the strain energy due to the action of the
wedge [7]. The experimental set-up applied for the investigations
with DIC is shown in Fig. 2.
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Fig. 2: Testing setu for the wedge splitting test with DIC

The specimen size used in this work is 100 mm>100 mmx75 mm.
The initial notch length ao equals to 12 mm and the wedge angle
pis 10°. The WST was performed displacement controlled with
a loading rate of 0.5 mm/min. The displacement in horizontal
direction was determined by a video extensometer measurement.
The vertical force (Fr) is measured and the horizontal force (Fr)
is calculated from Fv using Eq. (2):
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The fracture mechanical parameters of refractories, including the
specific fracture energy (Gy") and the nominal notch tensile
strength (ownr) can be determined from the measured load-
displacement curve:
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The specific fracture energy Gy’ equals to the area under the load-
displacement curve divided by the ligament area A during stable
crack propagation, dx is the horizontal displacement, and ¢ is the
horizontal displacement at 15% of the maximum load. In Eq. (4),
FHmax 1s the maximum horizontal load, b and h are the width and
the height of the ligament respectively and y is the vertical
distance from the load vector to the center of the ligament.

Digital image correlation

The 2D digital image correlation technique (DIC), which was
introduced by Peters et al. [8] in 1982, is a non-contact full-field
measurement method. The surface displacement is obtained by
tracking homologous points on the specimen surface at different
loading stages. The successive digital images of the same
specimen at different mechanical states are taken by a CCD or
CMOS camera and are generated in a microchip segmented into
a certain number of individual light-sensitive cells, so-called
pixels. A random distribution of gray level, which could be the
nature texture of the material surface or an artificially paint, is
required for the DIC evaluation. Due to the random pattern at the
specimen surface, each pixel of the image stores a certain gray
level value ranging from 0 to 255. A single gray level value is not
a unique signature, so the neighbor pixels are involved. A
collection of pixels is called subset. The correlation algorithm
locates a subset in the reference image and searches the same
subset in the images of the deformed state. A step size, which is
the distance between the center points of two consecutive subsets,
refers to the density of the homologous points. The strain field
can be calculated from the displacement field based on the strain
window algorithm [9].

A CMOS camera with a resolution of 5184x3456 pixels?> was
used to acquire the images of the surface successively during the
entire WST. The scale factor is 0.03 mm/pixel. A speckle pattern
of white spots on a black opaque layer is applied on the specimen
surface to increase the contrast and to create a random distribution
of gray level. The image acquisition frequency was one image for
every two seconds. At least ten images in an unloaded state,
which are used to evaluate the scatter caused by the numerical
correlation and interpolation algorithms uncertainty and image
distortion, were taken for every test. The DIC evaluation was
performed with the MatchID DIC-2D software developed by the
University of Leuven [10]. A subset size of 32x32 pixels?, a step
size of 8 pixels, and a strain window size of 15x15 pixel®> were
chosen for the DIC evaluation.

RESULTS

The results part includes on the one hand the mechanical testing
results gained from the force and displacement measurement and
on the other hand, the evaluations based on the DIC to determine
the FPZ.

Mechanical testing

Fig. 3 shows a typical result from a wedge splitting test for both,
magnesia and magnesia spinel. The steeper initial slope for
magnesia is a consequence of the five times higher Young’s
modulus compared to magnesia spinel. Furthermore, the
maximum force is higher for magnesia while magnesia spinel
shows its maximum at a higher vertical displacement. Magnesia
spinel exhibits a longer post-peak region compared to pure
magnesia. Table 2 gives some important values determined from
the mechanical testing results. The tensile strength o; and the
specific fracture energy Grare not evaluated directly form the test
results but were determined from an inverse evaluation as
proposed by Jin et. al. [11]. As expected, the magnesia spinel

material exhibits a significantly reduced brittleness, indicated by
a significant increase of the characteristic length /. As can be
seen from table 2 the reduction in brittleness comes mainly from
a decrease in strength while the increase in fracture energy is a

minor contribution.
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Fig. 3: Typical results for a WST for magnesia and magnesia
spinel

Tab. 2: Relevant mechanical parameters for magnesia (M) and
magnesia spinel (MA

Fymax ONT Ot Gf len
[N] [MPa] | [MPa] | [N/m] | [mm]

M 1389 11.1 7.8 211 366
MA 499 4 2.1 253 1147

Determination of the fracture process zone

The strains determined from DIC are an indicator for the
definition of the fracture process zone (FPZ). Fig. 4 shows the
results for selected loading stages. It is seen on the first view that
for magnesia spinel a considerable process zone is formed while
the magnesia material shows no pronounced FPZ. Furthermore,
first occurrence of the FPZ for magnesia spinel is detected before
reaching the peak load in the WST, while maximum load and
initiation of the fracture process zone coincides for magnesia.
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Fig. 4: Results from the digital image correlation for magnesia
(a) and magnesia spinel (b)

The FPZ is defined as the area where the strain is between an
upper and a lower limit. The lower limit is defined from the
scatter of the DIC method. For this reason, ten pictures from an
unloaded sample were evaluated. Resulting strains are due to the
scatter of the method. From this scatter, a threshold of 4.5-10*
was obtained. The fracture process causes the strain values
exceeding this lower limit. Furthermore, it should be mentioned
that this lower limit is larger than the ultimate elastic strain
calculated by the ratio of ov/E (1.1:10* for magnesia spinel,
7.4-107 for magnesia). This means that pure elastic deformations
are not visible in the DIC results, but not all non-elastic
deformations are detected.

The upper limit of strain defines the transition between FPZ and
macro-crack, i.e. the minimum strain where no interaction



between the crack faces is expected. This value was determined
from the development of the FPZ. Therefore, the length Lm and
width W of the FPZ are evaluated. An example for magnesia
spinel is given in Fig. 5.
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Fig. 5: Definition of width Wm and length Lm of the localized zone

The Lm and Wi were determined for several loading stages and
plotted over the crack mouth opening displacement (CMOD) (Fig.
6).
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Fig. 6: L and Wm over the crack mouth displacement (CMOD)
for magnesia spinel

The highest slope and the development of the main part of the
FPZ are happening until the CMOD reaches 0.07 mm. This
CMOD is marked with a dashed line and a “1” in Fig. 6. Above
0.07 mm the increase is small and Wi reaches a maximum at a
CMOD of 0.144 mm. This maximum at 0.144 mm indicates the
onset of the macro-crack and is also marked with dashed line and
a “2” in Fig. 6. The propagation of the macro-crack unloads the
surrounding material and results in a decrease in Wm. The CMOD
of 0.144 mm is reached in the post peak region at a load that
equals 66% of the peak load. This means that the critical strain

component € in X-direction of magnesia spinel is 0.05. In
literature, this quantity is called the tensile strain capacity [12].
Now it is possible do define the FPZ which is between 4.5-10*
and 5107 for magnesia spinel. Strains higher than 5-10? indicate
the macro-crack. According to the data shown in Fig. 6, the
fracture process consists of two stages. The first stage includes
the initiation and development of new micro-cracks, and the
propagation of already existing micro-cracks in the virgin
material i.e. the formation of a large part of the FPZ. This is
already consuming a great share of the work of fracture. The
second stage is characterised by the initiation and propagation of
the macro-crack. More details about evaluation method and
results are shown elsewhere [13].

For pure magnesia, it was assumed that the macro-crack
initializes at the peak load. At the peak load a critical strain & of
31073 was observed. The black areas in Fig. 4 show the macro-
crack where the strain is higher than 5-10 for magnesia spinel
and higher than 31073 for magnesia.

Development of the fracture process zone

Figure 7 illustrates the development of the FPZ for both materials.
Therefor the localized zone length L and the macro-crack length
a are plotted over the CMOD.
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Fig. 7: Localized length Lm and crack length a over CMOD for
magnesia (a) and magnesia spinel (b). (¢ maximum load, B
onset of macro-crack)

The difference between them is the length of the FPZ. In general,
the magnesia material develops a much smaller FPZ compared to
the magnesia spinel. For magnesia Lm and a increase at low
CMOD values. Magnesia spinel shows the formation of the FPZ
only until a CMOD from 0.144 mm, but no macro-crack. At this
CMOD of 0.144 mm magnesia shows already a macro-crack
length of more than 55 mm.

Furthermore, the maximum CMOD is much higher for magnesia
spinel. With the propagation of the macro-crack the size of the
FPZ decreases. At the end of the test, the FPZ tip reaches the



compressive zone at the bottom of the testing sample. The crack
propagation slows down and the FPZ decreases.

SUMMARY

The fracture mechanical behavior of industrially produced
magnesia and magnesia spinel refractories was studied by wedge
splitting testing and recording the fracture process with digital
image correlation. In contrast to the magnesia material, magnesia
spinel exhibits already in the virgin state micro-cracks initiated at
the cooling stage at the end of the production process. The micro-
cracks support crack branching and the formation of a fracture
process zone (FPZ), and consequently, increase the energy
consuming volume. The mechanical properties determined from
the wedge splitting test indicate a reduction in tensile strength and
an increase in fracture energy. The development of the fracture
process zone in the magnesia spinel material is rather energy
consuming due to effects like friction between the crack faces and
grain bridging. The microstructure of magnesia spinel
characterized by pre-existing micro-cracks increases the strain
bearing capacity, which improves the thermal shock resistance.
For magnesia, a pronounced fracture process zone could not be
detected. Macro-crack propagation occurs when reaching the
maximum load. For magnesia spinel, the FPZ development starts
in the pre-peak region.

The fracture process for magnesia spinel can be split in two parts.
First, a FPZ develops. Afterwards, a macro-crack initiates. The
transition is indicated by a decrease of the FPZ width caused by
the closure of the micro-cracks and propagation of the macro-
crack. The initiation of the macro-crack is in the post-peak region
for magnesia spinel when the load has already decreased to 66%
of the maximum value. The fracture process zone of magnesia
spinel contributes to the large post-peak region, stable crack
propagation and high strain tolerance before failure.
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