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A B S T R A C T

As a figure-of-merit, the rising ratio of crack propagation resistance to fracture initiation resistance indicates a
reduction of the brittleness and enhances the thermal shock resistance of ordinary refractory ceramics. The
significant nonlinear fracture behaviour is related to the development of a fracture process zone (FPZ). The
universal dimensionless load–displacement diagram method is applied as a promising graphical method for the
determination of R-curves for magnesia refractories showing different brittleness. By applying digital image
correlation (DIC) together with the graphical method, the problems arisen with accurate determination of the
fracture initiation resistance and the crack length are overcome. Meanwhile, the R-curve is subdivided with
respect to the fracture processes, viz the fracture initiation, the development of FPZ and the onset of traction free
macro-crack. With the simultaneous crack lengths evaluated from DIC, the contribution of each fracture process
to the crack propagation resistance at certain loading stage is quantitatively presented.

1. Introduction

The fracture behaviour of ordinary refractory ceramics is rather
complicated due to its high heterogeneous porous grain/matrix struc-
ture. Most refractories do not strictly obey linear elastic fracture me-
chanics (LEFM) [1–3]. The thermal shock resistance, which is crucial
for refractory materials serving under mechanical and thermal stresses,
is closely related to the deviation from LEFM [4,5]. The R′′′′ parameter
proposed by Hasselman serves as one of the figures-of-merit for the
thermal shock resistance [6]:
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Here γ is the specific fracture surface energy, ft the tensile strength, E
the Young’s modulus and lch the characteristic length [7]. The lch can be
used to define the material brittleness. The denominator 2 in Eq. (1)
follows from the different definition of the fracture energy applied for
R′′′′ and lch. For R′′′′, the fracture energy is divided by the double
projection of the fractured cross section, while by the single one for lch.
According to the definition shown in Eq. (1), R′′′′ is proportional to the
ratio of the fracture energy for crack propagation to the stored elastic
energy for crack initiation. The pronounced deviation from LEFM is
favourable for achieving a refractory material with reduced brittleness

and high thermal shock resistance. During the manufacture of re-
fractory material, one of the most applied methods for reducing the
brittleness is to generate the pre-existing micro-crack networks in the
microstructure, e.g. via the addition of spinel grains into the matrix of a
magnesia refractory [8,9].

Refractories showing reduced brittleness exhibit remarkably in-
creasing crack propagation resistance with crack length, so-called rising
R-curve behaviour [4,10]. The deviation from LEFM is attributed to the
energy consuming processes occurring not only at the crack tip but also
in the fracture process zone (both the frontal process zone and the
process wake) [7,11–13]. As it is well known, the shape of R-curves
gives an indication of material brittleness [3]. For instance, a flat R-
curve refers to a perfect brittle linear elastic fracture, a rising R-curve
followed with a plateau is corresponding with nonlinear fracture be-
haviour with the formation of a constant FPZ, and a continuously rising
R-curve is related to a further increase of FPZ. The fracture initiation
resistance as well as the slope and the plateau value of the rising R-
curve are also essential information for understanding the fracture be-
haviour of refractory materials. The loading–unloading technique and
the multi-specimens method (various specimens with different initial
notch lengths) were commonly used for the evaluation of R-curve [14].
However, the results are significantly influenced by the friction in the
process wake for both methods.
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Comparatively speaking, the so-called universal dimensionless
load–displacement diagram technique, which was introduced by Sakai
et al. [14], seems to be a promising method for determining the R-
curves. It requires only one single specimen and no artificial unloading
procedure. The R-curve is derived from one load–displacement curve by
separating the elastic and the inelastic part of the total deformation.
This technique has already been applied with the wedge spitting test for
different materials [4,15,16]. There exist two difficulties for the exact
determination of R-curve by the universal dimensionless load–displa-
cement diagram technique. First of all, two main stages can be dis-
tinguished: development of the FPZ and further extension of the macro-
crack during the fracture process of quasi-brittle materials [17–19]. The
fracture initiates before reaching the maximum load for refractory
materials with reduced brittleness. However, according to its principle,
the universal dimensionless load–displacement diagram technique as-
sumes the fracture initiates at the maximum load and the specimen
fracture is caused by a single straight crack propagation without taking
into account the detailed fracture processes and the tortuous crack path.
As a result, the evaluated fracture initiation resistance and the R-curve
cannot completely represent the actual fracture behaviour of quasi-
brittle materials, particularly for those with sizable FPZ. The crack
propagation resistance before reaching the maximum load is unable to
be evaluated as well.

Secondly, the micro-cracking, crack branching and other micro
processes causing deviations from LEFM often take place during the
damage process of ordinary refractory ceramics [20,21], which result in
the difficult determination of crack tip and crack length for R-curve
evaluation. Normally, the crack length evolution was evaluated from
the compliance function [22]. Furthermore, different techniques could
also be used for the determination of the crack lengths, such as the
ultrasonic [23], the electrical resistivity [24] and the digital image
correlation (DIC) [17,18,25]. The DIC is a non-contact optical mea-
surement technique, which evaluates the two-dimensional full-field
deformation [26] and has been proven to be an efficient approach for
locating the crack tip and monitoring the instantaneous crack length of
different quasi-brittle materials. By coupling the DIC technique together
with mechanical measurements, the fracture parameters, i.e. the stress
intensity factors and the crack propagation resistance, can be studied
[27–29].

In order to overcome the above-mentioned difficulties, some mod-
ifications of the universal dimensionless load–displacement diagram
technique and solutions are proposed in this study. Together with DIC
measurements, the determination of crack length and the influence of
the fracture processes on the R-curve are investigated for refractory
materials with different brittleness. This study helps to assess the

validity of R-curves as determined by the universal dimensionless
load–displacement diagram technique and gives new insight into the
fracture behaviour of refractory materials.

2. Testing and evaluation methods

2.1. Experimental investigation

In order to investigate the relationship between the fracture process
and R-curve behaviour, two typical refractory materials showing dif-
ferent brittleness were evaluated in this study: a magnesia material and
a magnesia spinel material. Due to the thermal misfit between magnesia
matrix and spinel grains, a micro-crack network is induced in the
magnesia spinel material during manufacture. Compared with a pure
magnesia material, the maximum load is thus reduced for magnesia
spinel material, but further crack propagation is hindered [17]. It shows
a pronounced deviation from LEFM. The wedge splitting test (WST),
patented in 1986 by Tschegg [30], ensures stable crack propagation for
quasi-brittle materials due to the wedge transmission and the favour-
able specimen shape. The load–displacement curve, specific fracture
energy and nominal notch tensile strength can be determined by WST.
The schematic representation and specimen geometry of WST are
shown in Fig. 1. Meanwhile, a CMOS camera with a resolution of 18
Megapixels was placed in front of the specimen to successively record
the digital images during the entire WST. The images were analysed by
using the post-processing software MatchID 2D to evaluate the in-
stantaneous crack length and the development of FPZ for magnesia
material and magnesia spinel material. The experimental data used in
this work are from the previous publication of the authors [17], where
more information about the studied materials and the experimental
method can been found as well.

2.2. Evaluation of the measurements

Fig. 2 exhibits the fundamental idea of the universal dimensionless
load–displacement technique, which provides the nonlinear fracture
parameters from one single measurement [14]. The solid curve, which
represents the experimental load–displacement curve of a refractory
ceramic material deviating from LEFM, is compared with that of a
perfectly linear elastic material. The linear elastic case shows the same
maximum load and Young’s Modulus as the experimentally investigated
material. In the case that crack initiation would take place at maximum
load for the refractory material, both cases would also show the same
critical stress intensity factor. The horizontal distance B′–B indicates the
irreversible displacement at point B and the reversible displacement is

Fig. 1. Schematic representation of wedge splitting test.
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shown by the linear elastic case. The inverse slope of line OB′ yields the
compliance which was used to calculate the nominal crack length. The
shaded area in Fig. 2 represents the irreversible energy consumption for
the crack extension Δa from B to C.

Once the irreversible energy ( πΔ R i, ) for each crack extension (ai+1-
ai) is obtained, the crack propagation resistance at each crack length
can be evaluated by using Eq. (2):
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Dimensionless quantities for load Fr and displacement ur are usually
applied and defined as follows:
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Here Fc is the respective load, uc the displacement, KIC the critical stress
intensity factor, B the specimen thickness and W the specimen width.

The perfect linear elastic material strictly follows the LEFM where
the load is a function of KIC using the crack length (a) as the variable
[31]:

=F K BW
Y a W( / )c

IC
1/2

(5)

Here Y(a/W) is a dimensionless geometry function depending on crack
length. Moreover, the reversible elastic displacement can be calculated
from the fracture load using the specimen compliance (C) [32]:

= =u λ a W
BE

F CF( / ) .c c c (6)

Here λ(a/W) is the dimensionless compliance.
Using Eqs (3)–(6) the dimensionless fracture load and the di-

mensionless displacement of a linear elastic material could be expressed
by:
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According to the equations above, the dimensionless load–displa-
cement relationship for all linear elastic materials is a single universal
curve depending only on the geometry factors Y(a/W) and λ(a/W). To

evaluate these two geometry factors, a series of linear elastic finite
element simulations was performed using the WST geometry shown in
Fig. 1. The specimen thickness and width keep constant, while the crack
length varies. According to the Fc–uc relationship of linear elastic ma-
terial with different crack length, the dimensionless compliance λ(a/W)
is determined by using Eq. (6). As expected, the dimensionless com-
pliance λ(a/W) remarkably increases with the crack length.

According to Fett et al. [32], the dimensionless geometry factor Y
(a/W) can be calculated from the dimensionless compliance λ(a/W):

= ∂
∂

Y a W λ a W
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With the knowledge of these functions, the RC curve can be de-
termined successively based on the universal dimension less load–dis-
placement technique. Besides the crack length determined from the
compliance, the DIC technique was adopted simultaneously to evaluate
the crack length. The detailed evaluation of FPZ and crack length for
magnesia material and magnesia spinel material by DIC characteriza-
tion is published elsewhere [17]; the obtained crack length will be di-
rectly used here. The evaluation of R-curve and the clarification of the
influence of fracture process on the R-curve determination will be
shown in the follow section.

3. Results and discussion

3.1. Analysis of fracture initiation

Fig. 4 shows the dimensionless load–displacement curves of mag-
nesia spinel material (a) and magnesia material (b) as well as the cor-
responding linear elastic cases. Dimensionless quantities have been
calculated according to the Eqs. (3) and (4). Moreover, the di-
mensionless linear elastic curves are determined with the help of the
two functions obtained from the finite element simulation (Fig. 3). As
seen from Fig. 4, the deviations of experimentally measured curves of
refractory materials from linear elastic curves are significant.

The universal dimensionless load–displacement diagram technique
assumes that the fracture of quasi-brittle material initiates at the
maximum load. However, according to the DIC observation, for brit-
tleness reduced refractory materials the development of FPZ initiates
before reaching the maximum load. As for the investigated magnesia
spinel refractory specimen, the fracture starts at the 82% Fmax in the
pre-peak region [17]. Contrary, the fracture initiation of the brittle pure
magnesia material is detected at the maximum load. Fig. 4 exhibits
three linear elastic cases: case 1 and 3 refer to a linear elastic material
showing the same maximum load as the magnesia spinel material and
magnesia material, respectively; case 2 indicates that the fracture of the

Fig. 2. Schematic illustration of the universal dimensionless load–displacement
diagram technique.

Fig. 3. Dependence of the dimensionless functions λ(a/W) and Y(a/W) on the
crack length.
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linear elastic material commences at the 82% Fmax of magnesia spinel
material based on the DIC observation.

The critical stress intensity factor KIC for crack initiation can be
determined from the corresponding critical force Fcritical:

=K Y
BW

F(0)
IC critical1/2 (10)

With the assumption of plane stress, the critical energy release rate
could be calculated from the KIC according to Irwin [33]:

=G K
E

.C
IC

2

(11)

Eq. (11) holds for a perfectly linear elastic material only. In the
regime of nonlinear elastic fracture, a generalized Irwin’s similarity
relationship is derived [34]:

= +R K
E

η(1 2 ).c
IC

2

(12)

The term η, which can be considered as a measure of deviation from
pure LEFM, is derivative of the irreversible displacement with respect to
the elastic displacement:
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∂

η u
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This quantity can be approximated by
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u
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where

= −+u u uΔ c c i c i, 1 , (15)

is the total displacement difference of two consecutive instants chosen
for evaluation and the associated elastic displacement difference:

= −+ +u λ a W F λ a W F BEΔ ( ( / ) ( / ) )/ .el i c i i c i1 , 1 , (16)

When η equals to 0, the Eq. (12) becomes the Irwin expression.
The Young’s Modulus can be obtained by resonant frequency

damping analysis (RFDA) separately or calculated from the slope of the
load–displacement curve in its elastic region:

=E dF
du

λ
B
(0) .H

(17)

The initial dimensionless compliance λ(0) of the WST specimen
equals to 12.7 as shown in Fig. 3. All experiments have been performed
at ambient temperature. The Young’s Modulus of magnesia refractory
and magnesia spinel refractory are 96 GPa and 21 GPa, respectively.

The parameters of fracture initiation of magnesia spinel material
and magnesia material are shown in Table 1 which exhibits two cases

for magnesia spinel material (case 1 and 2): fracture initiation at
maximum load and at the 82% Fmax, respectively. The KIC and GC

evaluated from case 1 are higher than those obtained from case 2.
Magnesia material shows higher fracture initiation resistance than
magnesia spinel material. For magnesia spinel material, the critical
stress intensity factor is only 30% of magnesia material, and less than
half of the critical energy release rate is required for the fracture in-
itiation.

3.2. Determination of R-curves and deviation from LEFM

The definition and determination of the crack length has a sig-
nificant influence on the result of the crack propagation resistance
evaluation. Here four different crack lengths will be defined and used
for further investigation of the fracture behaviour of the magnesia
spinel material. According to the DIC results, the fracture process of this
material comprises two stages: the development of the FPZ and the
subsequent extension of the traction free macro-crack. The onset of
macro-crack, which takes place in the post-peak region, is indicated by
the variation of the localized zone size [17]. Fig. 5 illustrates the lo-
calized zone and the macro-crack evaluated from the strain field of
magnesia spinel material. With the application of DIC, the localized
zone tip and macro-crack tip can be precisely located. This procedure is
more detailed explained in [23]. Thus, the maximum length of localized
zone LM and the macro-crack length am at different loading stages are
successively achieved. The evolution of LM and am are shown in Fig. 6
with respect to the horizontal displacement measured at the loading
points.

The nominal crack length an in Fig. 6 is calculated from the com-
pliance. In the first stage of the fracture process, the energy is dissipated
for the free development of FPZ. Seen from Fig. 6, once the macro-crack
is onset, the extension of localized zone is limited and the rapid pro-
pagation of the macro-crack consumes large part of the energy in the
second stage. The difference between the localized zone length and
macro-crack length is denoted as the length of FPZ. The maximum
length of FPZ reaches approximately 55 mm, which is in the same scale
of the specimen geometry. This occurs at the onset of macro-crack
formation. As shown in Fig. 5, the crack lengths evaluated by DIC are
measured along the tortuous crack path, which is more precise than just

Fig. 4. Dimensionless load–displacement curves of magnesia spinel material (a) and of magnesia material (b) (solid curves: the dimensionless experimental curves
[17]; dotted and grey curves: the dimensionless curves for the linear elastic cases).

Table 1
Parameters KIC and GC of magnesia spinel material and magnesia material.

Fcritical (N) KIC (MPa m1/2) GC (N/m)

Linear elastic case 1 2842 0.69 22.8
Linear elastic case 2 2330 0.57 15.4
Linear elastic case 3 7934 1.93 38.9
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considering the linear distance between the notch and the crack tip. As
shown in Fig. 6, the onset of these crack length measures is different:
the localized zone initiates in the pre-peak region; the nominal crack
length is assumed to start at the maximum load and the macro-crack is
onset in the post-peak region.

According to Eq. (2), the crack propagation resistance can be cal-
culated as the dissipated energy over the crack length. Fig. 7(a)exhibits
the dependence of the cumulative dissipated energy on the different
crack length measures introduced above. At each loading stage of
magnesia spinel material, the dissipated energy is calculated as illu-
strated in Fig. 2 and the crack lengths are determined either from the
compliance or by DIC. For an and am, the slope calculated from the
origin and the first data point is very steep, which would result in ex-
tremely high crack propagation resistance at beginning. This is

misleading, caused by the energy already consumed before, and does
not represent a material property. The compliance method assumes the
crack initiates at the maximum load. The energy consumed by the FPZ
development in the pre-peak region is added and causes the relatively
large value at a low crack length. Similarly, when the macro crack
evolves, a large amount of the whole fracture energy was already
consumed for FPZ development. If the first data points of an and am are
ignored to avoid the unjustified sudden increase and followed decrease
in R-curves, the results will look like as in Fig. 7(b).

The integral of RC with respect to the crack length over the whole
range of crack length has to be equal to total fracture energy per unit
specimen width and therefore should be equal for all the methods.
However, the integrals of obtained R-curves in Fig. 7(b) do not yield the
same value due to the omission of the first data points. According to the
DIC results, the dissipated energy in dependence of LM would represent
more realistically the fracture behaviour before the load peak than of an
and before the onset of macro-crack than of am. In order to solve this
problem, the redefinition of the crack lengths an and am are necessary:

= ⎧
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<
+ >
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The an' and am' are the redefined nominal crack length and macro-
crack length. Before reaching the maximum load and the onset of
macro-crack, the an' and am' equal to the LM, respectively. The RC de-
termined with these redefined crack lengths are shown in Fig. 8: the
former influence of the first data points on the results is eliminated by
this new crack length definition.

As shown in Fig. 7(b), the curve given by LM might give the im-
pression of a large rise of the R-curve at the final stage of fracture
process. Once the macro-crack is formed, RC dependent on LM increases
significantly as the further extension of localized zone is restricted by
the specimen geometry and the main energy is consumed for the macro-
crack propagation that takes place at the expense of the FPZ. This
means that am increases more than LM which causes the significant
increase of the RC over LM. A so-called composite crack length ac is
defined to investigate the influence of different fracture processes on
the crack propagation resistance:

= +a L a .c M m (20)

It is important to recognize that the composite crack length is not
the length of an actually occurring crack within the sample. The RC

determined by the ac represents the influence of all fracture processes
on the R-curve behaviour. In the first stage of fracture process, the
macro-crack is not onset yet. Thus, ac equals to LM and exhibits the FPZ
propagation resistance. Once the macro-crack starts, it is effective to
evaluate the propagation resistance of the FPZ together with the macro-
crack evolution in the second stage of fracture process. The difference
between RC determined by am' and ac refers to the contribution from the
LM to the crack propagation resistance at the second fracture stage.
According to the values, it is proven that in the second fracture stage,
the dominant process is the propagation of the macro-crack.

By depicting RC together with the load in dependence of the dis-
placement, the crack propagation resistance of magnesia spinel mate-
rial at different loading stages can be clearly represented. As shown in
Fig. 9, the R-curves determined by compliance and by DIC, respectively,
have been compared. For both methods, rising R-curves have been
observed. The application of DIC supports the combined consideration
of the observed fracture process together with the R-curve behaviour.
The fracture of magnesia spinel material initiates in the pre-peak re-
gion; the development of FPZ increases RC; since the onset of a macro-
crack, the plateau of R-curve is achieved and the macro-crack extension
dominates the resistance of crack propagation. This is shown by the
RC–am curve. As for RC determined by compliance (RC–an), the fracture

Fig. 5. Illustration of the localized zone and the macro-crack (colours represent
horizontal strains εxx) [23].

Fig. 6. Evolution of crack length for magnesia spinel material with respect to
the measured horizontal displacement (I: fracture initiation in pre-peak region;
II: maximum load; III: onset of macro-crack in post-peak region).
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initiation is at the load peak which deviates from the reality of the
fracture process for refractories showing reduced brittleness. The pla-
teau value of the RC–an curve, which is approximately 230 N/m, is
higher than that determined by DIC. The compliance method attributes
the energy consumption of all the fracture processes (i.e. crack
branching, deflection of crack path) to the extension of a straight crack.
However, the crack lengths measures by DIC represent a tortuous crack
length and different fracture processes (FPZ and macro crack) are dis-
tinguished.

The magnesia refractory material is relatively brittle. The fracture
initiates at the maximum load, which agrees with the assumption of
compliance method. Moreover, as shown in Fig. 10(a), compared to the
magnesia spinel material the difference between the localized zone
length and the macro-crack length is smaller. This indicates that only a
small FPZ is formed during the fracture process of magnesia material.
For the same cumulative dissipated energy, the DIC measured crack
lengths (am and LM) are longer than the crack length determined by
compliance. This results in higher RC value determined by compliance
as seen from Fig. 10(b). Once the crack tip reaches the bottom region of
the WST specimen, the dissipated energy increases with less crack
length extension, seen from the high slope at the final stage of the
curves in Fig. 10(a). In order to reduce the influence of the finite spe-
cimen size, RC is evaluated for am ≤ 50 mm, while an amounts to 35
mm only. Fig. 10(b) shows the dependence of RC on the horizontal
displacement and on the crack length (insert). Compared with magnesia
spinel material, the post-peak region of the load–displacement diagram
is narrower for magnesia material and the macro-crack length extends
already to 50 mm at a relatively small horizontal displacement. This
verifies that the reduction of brittleness increases the strain-to-rupture
of refractory materials [20].

According to Harmuth et al. [10,35], the stability of crack propa-
gation and the material brittleness are related to the R-curve behaviour.
The dependence of brittleness on the R-curve behaviour is given by:

∫= +
−

l πa K
K W a

ηda(1 4
2

)ch max
M

R a

W

, 0
2

2
0

2
0 (21)

where lch,max is the upper limit for characteristic length, KM the plateau
value of the resistance against crack propagation, and KR the resistance
against crack initiation for the initial crack length ao.

Fig. 7. Cumulative dissipated energy (a) and crack growth resistance RC (b) for magnesia spinel material.

Fig. 8. Evolution of cumulative dissipated energy (a) and crack growth resistance RC (b) with respect to crack lengths for magnesia spinel material.

Fig. 9. Comparison of RC behaviour determined by various methods (I: fracture
initiation.
II: maximum load; III: onset of macro-crack).
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According to Eqs. (13) and (21), a high KM/KR ratio and a high η
value contribute to the increase of the lch, which means a reduction of
brittleness and increase of thermal shock resistance. As shown in Figs. 9
and 10, the magnesia spinel material exhibits a lower fracture initiation
resistance while a higher crack propagation resistance compared with
magnesia material. This corresponds to a low KR(a0) value and a pro-
nounced deviation from LEFM in the case of the magnesia spinel ma-
terial. As expected, this higher deviation from LEFM is brought about
by a larger FPZ formed during the fracture process of magnesia spinel
material (indicated by the difference between localized zone length and
macro-crack length). Fig. 11 represents quantity η, which has been
evaluated according to Eqs. (13)–(16) for magnesia spinel material and
magnesia material. For the magnesia material it is slightly higher when
the horizontal displacement is smaller than 0.1 mm (before the load
peak of magnesia spinel material). Therefore, in this region, the crack
propagation of magnesia material and the FPZ development in mag-
nesia spinel material show similar contribution to the deviation from
LEFM. With the further enlarged FPZ and crack propagation, the
magnesia spinel material exhibits a higher deviation from elasticity. At
the final loading stage of both materials, η is more than twice for the
magnesia spinel material compared with that of the magnesia material.

3.3. Comparison of R-curves determined by continuous and discontinuous
loading

The loading–unloading technique is one of the most used

approaches to investigate deviations from linear elastic fracture beha-
viour [14,36]. In this section, the difference of the loading–unloading
technique and the universal dimensionless load–displacement diagram
technique for determining the R-curve is discussed. The data acquired
from loading–unloading technique used for comparison is published
elsewhere [11]. The loading type of the loading–unloading technique is
discontinuous as unloading steps are performed. Contrary, the universal
dimensionless load–displacement diagram technique applies the load
continuously. The crack propagation resistance is derived from the re-
lation between the dissipated energy and the crack length. The dis-
sipated energy is obtained respectively by using universal dimension-
less load–displacement diagram technique (as shown in Fig. 2) and by
loading–unloading technique. For both methods the composite crack
length evaluated by DIC, which is the summation of the macro-crack
length and localized zone length, is used to determine the crack pro-
pagation resistance. Seen from the Fig. 12(a), as the amount of loa-
ding–unloading cycles is limited, the number of data points of dis-
continuous loading technique is lower compared with that of the
continuous loading. For the latter one RC at each step of fracture process
(i.e. fracture initiation, maximum load and the onset of macro-crack) is
clearly shown in Fig. 12(b). For the loading–unloading technique the
first loop is more like an average crack propagation resistance before
the onset of macro-crack. Once the macro-crack is formed, RC remains
more or less constant and a plateau value is observed. It is higher for
discontinuous loading compared to continuous loading. This is due to
the friction of the crack faces causing some nonlinearity of the un-
loading and reloading path. Therefore, the dissipated energy for dis-
continuous loading method is higher for the same macro-crack exten-
sion (Fig. 12(a)). This implies the option of additional damage during
the unloading-reloading process of the specimen.

Further a so-called superposition method is also an option to in-
vestigate the RC behaviour of quasi-brittle material [14,37]. This ap-
proach has been adopted to investigate the R-curve behaviour of
magnesia spinel material and magnesia material. Here, only a short
discussion will be presented. A series of load–displacement curves of
various specimens with different initial notch lengths was registered for
further evaluation. The results have been considered to be not suitable
to give representative results for brittleness reduced refractories and
cannot be compared with the methods quoted above. This is due to the
significance of the FPZ for the fracture behavior. If a crack of length
a> a0 has emerged a FPZ occurs behind (wake region) and in front of
the crack tip (frontal process zone). This is not the case for an artifi-
cially introduced notch of same length a0. Here the wake region is to-
tally missing, and also the frontal process zone will only develop after
further loading and crack propagation.

Fig. 10. Variation of the cumulative dissipated energy (a) and of the RC (b) with respect to the crack lengths for magnesia material.

Fig. 11. Deviation from LEFM for magnesia spinel material and magnesia
material as expressed by the quantity η (◼ refers to load peak for magnesia
material; ●refers to load peak for magnesia spinel material).
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4. Conclusions

Due to the pre-existing micro-crack network in the virgin magnesia
spinel material, the resistance for fracture initiation decreases com-
pared with magnesia material. The crack propagation resistance of
magnesia spinel material is higher than that of the magnesia material
because of the formation of a sizable FPZ during the fracture process.
Energy consuming processes occurring in the FPZ, such as the friction
and grain bridging, avoid the decrease of the fracture energy for crack
propagation by the low fracture energy for crack initiation.
Furthermore, the ascending ratio of the crack propagation resistance to
the fracture initiation resistance is favourable for the brittleness re-
duction and the good thermal shock resistance. The refractory material
with reduced brittleness exhibits a significant deviation from LEFM.

Various methods for the determination of R-curves have been
compared in this work. The universal dimensionless load–displacement
diagram technique is particularly emphasized as an effective technique
for evaluating of the R-curve behaviour of ordinary refractory ceramics.
It requires a single specimen only and no artificial unloading step which
may consume additional energy due to friction and imperfect match of
the cracked faces. As the universal dimensionless load–displacement
diagram method applies continuous loading, the irreversible energy
dissipated at each loading stage can be evaluated and more data points
are acquired. According to the state of the art, a nominal crack length
was determined as function of compliance. However, with the appli-
cation of the nominal crack length and the assumption of the crack
initiation at peak load, the R-curve determined by the universal di-
mensionless load–displacement diagram technique may deviate from
the actual material behaviour. Complementally, the DIC technique
proved to show favourable applicability together with the universal
dimensionless load–displacement diagram technique. With the appli-
cation of DIC, the crack branching phenomenon and the development of
micro-cracks were observed instantaneously. Thus, the crack tip can be
precisely located. Instead of a straight crack path, the crack length is
measured considering the crack tortuosity. For quasi-brittle materials,
the fracture process consists of two main stages: the formation and
propagation of FPZ and the following development of a macro-crack.
The combination of DIC with the universal dimensionless load–displa-
cement diagram technique allows to determine R-curves which better
represent the actual fracture process occurring at different loading
stages. The fracture starts in the pre-peak region for refractory material
showing reduced brittleness according to the DIC observation.
However, according to the state of the art, fracture initiation is assumed
at maximum load for the universal dimensionless load–displacement
diagram technique and the nominal crack length is defined by the
compliance method. Then the determined fracture initiation resistance

is actually representing the resistance of the FPZ extension. Once the
macro-crack within the localized zone is onset, the further extension of
FPZ is limited and the macro-crack is steadily propagating. The plateau
of R-curve is corresponding with the fracture process at this fracture
stage. Furthermore, the defined composite crack length allows to dis-
tinguish quantitatively the contribution of the extension of FPZ and of
the propagation of macro-crack to the crack propagation resistance at
second fracture stage.
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