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Abstract

Keywords

Reduced brittleness is a favorable refractory property for many applications, e.g. in the case of thermal shock. Fracture
mechanics and fractographic investigations have been performed in order to clarify some of the mechanisms of brittleness
reduction and the essential structure/property relations. Six different basic and nonbasic commercial refractories were considered. The results show that reduced brittleness is mainly achieved by a strength reduction while maintaining the specific fracture energy. This is associated with less transgranular crack propagation and a greater amount of the crack propagation along
the grain/matrix boundaries for reduced brittleness.

1 Introduction
For many applications it is desired that
refractory materials sustain considerable
strain without strength loss to maintain
with high residual strength. These strains
may originate from the thermal expansion
in the case of thermal shock. They may also
occur from mechanical loading. An example
for the latter is the elliptical deformation of
the lining and steel shell of cement rotary
kilns. Two different types of refractory ma
terial behaviour may help to achieve a high
strain bearing capacity. The first is a large
strain at crack initiation. In the case of pure
linear elastic behaviour this refers to a high
ratio of the tensile strength ft to Young’s elas
tic modulus E. Failure is avoided so long as
the imposed strain is lower than ft/E. By
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contrast the second type of material behav
iour may show crack initiation under severe
service conditions, but very limited amount
of crack propagation. This maintains a high
residual strength. Type one is favourable for
the case where crack initiation can definitely
be avoided. But if fracture initiation is not
avoided then a complete material failure will
frequently occur. Therefore type two mate
rial behaviour may be considered to be more
safely in many refractory applications. Such
materials will show a reduced brittleness,
and brittleness reduction therefore is a pre
dominant goal of most refractory develop
ment.
The definition of “brittleness” unfortunate
ly is not applied unambiguously in the many
different fields of materials science. In the
case of ordinary ceramic refractory materi
als it seems most appropriate to define it by
the ratio of the elastically stored strain en
ergy at crack initiation to the fracture sur
face energy necessary for total failure of the
material. If this ratio is high then the elastic
strain energy may be sufficient for complete
material failure without additional energy

fracture mechanics,
refractory brittleness,
fractography
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input. This is what is considered to be “brit
tle” in every day life: A glass window may fail
totally after impact as the ratio quoted above
is relatively high. Special measures are nec
essary to reduce this ratio e.g. in case of im
pact resistant glass. These explanations al
ready suggest that brittleness will depend on
the size of the specimen or the building ele
ment, respectively. The elastically stored
strain energy is proportional to the volume
of the material, but the fracture surface en
ergy to the fracture surface. Therefore the
ratio should depend on the first power of a
characteristic specimen dimension L.
It can easily be shown that it is proportional
to a brittleness number, B, according to the
following equation [1]:


(1)

Here GF is the specific fracture energy
which equals the total fracture energy di
vided by the area of the projection of the
fracture surface. For assessment of material
brittleness alone without taking specimen
size L into consideration a so called charac
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teristic length lch is frequently used which
is inversely proportional to brittleness
number B [1]:

structural characteristics reduce it. By this a
sound scientific basis for further product
development is provided.



2 Fracture mechanics test methods
Equation (2) defines the mechanical prop
erties necessary for brittleness assessment.
Several static and dynamic procedures are
available for Young’s elastic modulus deter
mination. For meaningful values at elevated
temperatures only the dynamic methods
should be applied. In static testing proce
dures material creep causes underestima
tion of Young’s elastic modulus. For the
present investigations a RFDA resonant fre
quency and damping analyzer device of the
company IMCE, Genk/Belgium as well as
determination from ultrasonic velocity and
bulk density measurement have been ap
plied. They showed satisfactory agreement.
For the determination of the specific frac
ture energy originally notched beam speci

(2)

Brittleness reduces with decreasing B and
increasing lch. The characteristic length is
proportional to the well known R´´´´ para
meter according to Hasselman [2]:


(3)

where g is the specific fracture energy rela
tive to the double area of the projection of
the fracture surface which causes the de
nominator of 2 in the above equation. It can
be shown that the R´´´´ parameter is signifi
cant for the thermal shock behaviour in
many loading cases, which confirms the rel
evance of a decreased brittleness for thermal
shock resistance.
Several methods are well known to be effec
tive for brittleness reduction at least for se
lected material groups. Members of the spi
nel group help to reduce material brittleness
at least for fired basic refractories, magnesia
alumina spinel, MgAl2O4 has been applied
for decades. Moreover it is well known that
pre-fabricated micro-cracks play an impor
tant role for brittleness reduction. In most
cases lower brittleness materials have been
developed following an empirical route. In
vestigations documented here aim to eluci
date methods influencing material behav
iour from a more scientific point of view.
Commercially produced refractories of dif
ferent brittleness have been investigated by
fracture mechanics methods and with a mi
croscopic fractographic technique. The
combination of both clarifies which mecha
nisms act to reduce brittleness. They indi
cate which structure/property relations de
termine the refractory brittleness and which
Luh Anzeig SW ENG v3
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Fig. 1 • Schematic representation of wedge splitting specimen and testing procedure. FV – vertical
load, FH – horizontal load, d – displacement,
1 – wedge, 2 – rolls, 3 – load transmission pieces,
4 – starter notch, 5 – side groove, 6 – linear support

12:11 Uhr
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mens have been used. Stable crack propaga
tion is a necessary precondition for a mean
ingful result. To facilitate this a chevron
notched specimen was designed. Nakayama
et al. investigated crack stability for this so
called work-of-fracture test [3]. Typical val
ues for the specific fracture energy γ WOF of
commercial refractories may e.g. be seen
from [4–5]. Although these investigations
provided most valuable contributions to re
fractory fracture mechanics results must not
be regarded to be independent from speci
men size. Deviations of the material behav
iour from pure linear elastic fracture me
chanics (LEFM) bring about a size effect
which means an increase of the apparent
specific fracture energy with rising fracture
surface area. Therefore testing facilities
which enable stable crack propagation for a
large specimen size are desirable. The wedge
splitting test according to Tschegg showed to
be convenient for this purpose [6–7]. It fa
vours stable crack propagation because of a
relatively low ratio of specimen volume to
fracture surface area and a reduction of the
testing force by the action of a wedge thus
decreasing the energy elastically stored in
the testing machine [8].
The principle of this test may be seen from
Fig. 1. Cubically shaped specimens are
equipped with a groove, a starter notch and
two side grooves. The groove hosts a load
transmission equipment consisting of a
wedge, two rolls and two load transmission
pieces. It transforms the vertical force of the
testing machine FV into a horizontal force FH
splitting the specimen. During this proce
dure the loadpoint displacement δ is meas
ured and registered. From the load/displace
ment diagram the specific fracture energy
can be determined by integration:


(4)
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Fig. 2 • Example of a micrograph showing evaluation of the crack path and the lineal analysis; details are explained in the text

where dult is the ultimate displacement and A
the area of the projection of the fracture
surface. From the maximum load FH,max a so
called nominal notch tensile strength δ NT
can also be determined:


(5)

In equation (5) b and h are the width and
height of the fracture surface area, respec
tively, and y is the vertical distance of the
centre of gravity of the fracture surface from
the horizontal force. For the further proce
dure this nominal notch tensile strength was
applied to replace the tensile strength ft in
equation (2).
3 A microscopic fractographic
procedure
Wedge splitting tests as shown in section 2
were performed prior to the microscopic
fractographic examination for two reasons.
On the one hand test results have been nec
essary for interpretation of fractographic
investigations. On the other, specimens af

ter wedge splitting test have been used for
fractographic investigation. The following
procedure was chosen: After the wedge
splitting tests specimen halves still show
some adherence and are not totally separat
ed from each other. This occurs because of
the tractions in the crack following wake re
gion behind the crack. They are embedded
in a synthetic resin and then cut perpendic
ular to the fracture surface several times. At
least three sections per specimen were in
vestigated. These are further ground on
abrasive wheels with a fineness down to
20 µm. Sections containing the whole frac
ture path with a length of approximately
60 mm were photographically documented
with a scanning electron microscope. On
these digital images the crack path after
wards is coloured to mark three different
regions: One is the crack propagation be
tween the grain and the matrix, another
crack propagation within the matrix and
the third crack propagation within the
grain (transgranular crack propagation).
On the same micrographs a lineal analysis
was performed. For this purpose several
straight lines parallel to the main direction
of crack propagation are superimposed to
the micrograph. Intercepts of these lines
within the grain and within the matrix are
coloured differently in order to determine
the volume percentage of grain and matrix.
Then the coloured pictures are digitally
evaluated to determine the lengths of the
three different regions. Their percentages
relative to the whole crack length or the
whole length of the straight lines, respec

tively, was then calculated. From this proce
dure the following characteristic figures are
determined:
•• Crack length along grain/matrix interface
lC,GM
•• Crack length within matrix lC,M
•• Transgranular crack length lC,G
•• Volume fracture of grains lL,G
•• The ratio of the crack length along the
grain/matrix interface to the transgranu
lar crack length lC,GM/lC,G
•• The ratio of the transgranular crack
length to the volume fraction of grains
lC,G/lL,G.
Figure 2 shows an example of a micrograph.
To facilitate reproduction the colours are re
placed by grey scale values.
4 Refractories investigated and
mechanical properties
Five basic and one non basic commercial
refractories have been tested. Among the
basic materials are two pure fired magnesia
bricks, two fired magnesia spinel bricks (one
with spinel MgAl2O4 and one with hercynite
FeAl2O4), and a pitch bonded magnesia car
bon brick. The other material is a burned
alumina brick with a high alumina content.
Some characteristics are shown in Table 1.
All materials were tested at room tempera
ture, additionally material B and C also were
investigated at 1100 °C. Refractory E was in
vestigated at room temperature in two ways,
in the as-delivered state (E1) and after tem
perature treatment at 1000 °C under reduc
ing conditions (E2). The most important
material properties are shown in Table 2.
Only the brittleness related figures are ad
dressed here. At room temperature the pure
magnesia materials show the most brittle
behaviour as can be seen by the lowest val
ues of lch. Brittleness reduction by spinel ad
dition is evident and at room temperature
more effective for material D compared
with material C. Refractories E and F appear
to be less brittle than A and B. The firing
process for refractory E reduced its brittle
ness. An even by far lower brittleness exhib
its at 1100 °C for materials B and C. The

Table 1 • Some characteristics of materials investigated
A

Pure burnt magnesia brick; 6 mass-% Fe2O3

B1

Pure burnt magnesia brick; 97 mass-% MgO

B2

As B1, at 1100 °C

C1

Burnt magnesia spinel brick; 10.5 mass-% Al2O3

C2

As C1, at 1100 °C

D

Burnt magnesia hercynite brick; 3.4 mass-% Al2O3

E1

Pitch bonded magnesia carbon brick; 15 mass-%
residual C

E2

As E1, after coking
at 1000 °C

F

Burnt alumina brick; 99.3 mass-% Al2O3

Table 2 • Results of mechanical and fracture mechanical investigations
E / GPa
GF / N/m

1)

sNT / MPa

A

B1

B2

C1

C2

D

E1

E2

F

105

110

80.4

33.8

43.3

33.7

42.8

7.45

88.1

189

168

308

147

435

187

162

257

184

11.8

9.97

3.97

3.91

1.94

3.41

4.54

1.87

7.85

lch / mm

143

186

1574

325

4982

544

337

546

263

GF/sNT / μm

16.0

16.9

77.7

37.7

224

55.0

35.7

137

23.5

sNT²/E / kPa

1.32

0.905

0.196

0.453

0.0872

0.345

0.482

0.471

0.700

1)

F igures for specific fracture energy and quantities calculated form it (also in Table 4) have been erroneously reported in [9–10] and are corrected
hereby
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characteristic length is increased by more
then a factor of 10. It can be observed that
the ratio GF/σNT shows the same and the ra
tio σNT2/E the inverse trend as the character
istic length lch. The latter ratio is proportion
al to the elastic strain energy stored in the
specimen at crack initiation.
5 Results of microscopic
fractographic investigations
The main results of the microscopic fracto
graphic investigations may be seen from Ta
ble 3. The most brittle materials A and B1
exhibit the highest amount of transgranular
crack propagation. With decreasing brittle
ness the amount is reduced in favour of
crack propagation along the grain/matrix
interface. The amount of crack propagation
within the matrix shows no significant
trend. The relation between brittleness and
transgranular crack propagation for the ma
terials investigated here is the main result. It
is also clearly visible from the ratio lC,GM/lC,G
which shows its lowest values for the most
brittle materials A and B1. For the materials
investigated here this relation does not sig
nificantly depend on the volume fraction of
the grains, and the ratio lC,G/lL,G shows a pos
itive trend with brittleness and is mainly de
termined by the numerator.
6 Discussion of results
Table 4 is a correlation matrix for some of
the most important results. Only the room
temperature measurements of as delivered
materials have been evaluated. Of course
just a few parameters show a significant cor
relation (i.e. a value close to –1 or 1). This is
e.g. the case for the nominal notch tensile
strength and the Young’s elastic modulus.
Contrary to this, the nominal notch tensile
strength and the specific fracture energy
show no significant correlation, which is of
special importance and will be addressed
later.
It can be observed from Table 4 lch and
GF/σNT are equivalent brittleness measures.
Moreover GF/σNT shows a negative correla

3

Fig. 3 • Schematic representation of micro-processes in the vicinity of the crack tip; s – external
loading

tion with σNT and no significant correlation
with GF. From this it can be concluded that a
decrease of brittleness (increase of ratio
GF/σNT) is achieved by a reduction of
strength (decrease of σNT). Stronger is not
always better. Further the amount of trans
granular crack propagation lC,G shows a pos
itive correlation with σNT. These correlations
show that brittleness reduction, i.e. increase
of characteristic length lch, is for the materi
als investigated here typically achieved by a
strength decrease while maintaining the
specific fracture energy. This issue raises two
important questions. One concerns the
methods and mechanisms of strength de
crease. The other regards how it is possible
to maintain specific fracture energy, i.e. to
avoid its decrease, when the strength is re
duced. The first question will be further ad
dressed now. As shown by the results and
correlations above, lower strength is related
to a higher amount of crack propagation
along the grain/matrix boundary and a low
er amount of transgranular crack propaga
tion. This is reasonable as the grains usually
are the structural element with the highest
strength. Several reasons may cause the
crack to propagate predominantly not in a
transgranular manner. In the case of refrac
tory E, the interface strength of the carbon/
magnesia bond is supposed to be consider
ably lower than the strength of the magnesia
itself, and therefore failure along the grain/
matrix bond is favoured. After coking at

1000 °C pore rims around the magnesia
grains develop, thus largely reducing Young’s
elastic modulus as can be seen from Table 2,
and even more enhancing crack propaga
tion along the grain/matrix interface. In case
of spinel containing burnt refractories mi
cro-cracks are prefabricated during the
cooling period of the firing process. They
are caused by a mismatch between the ther
mal expansion of magnesia and spinel, the
latter being far lower. Micro-cracks are pri
marily formed along the grain/matrix
boundary and within the matrix and there
fore reduce the amount of transgranular
crack propagation.
The second question quoted above is
brought about by LEFM. According to Ir
win’s similarity relation the critical stress in
tensity factor and therefore the strength
would be proportional to the square root of
the specific fracture energy. Therefore a
strength decrease should be associated with
a decrease of specific fracture energy. This is
not the case for the materials investigated
here according to Table 4. Moreover, it can
be shown that under assumption of pure
linear elastic material behaviour the charac
teristic length lch would approximately be
equal to the flaw size multiplied with a con
stant of the order of magnitude of p/2. More
details may be seen from [11]. For ordinary
ceramic refractory materials this would re
sult in a characteristic length in the order of
magnitude of less than 10mm. As can be
seen from Table 2 this is at least one power
of ten lower than actually measured values.
Therefore, deviations from pure LEFM are
essential. These are from energy consuming
processes before (frontal process zone) and
behind (following wake) the crack tip. A
schematic representation is shown in Fig. 3.
Especially grain bridging and friction of
crack faces are able to consume energy in
the wake, micro-cracking may also occur
the frontal process zone. Moreover irrevers
ible inelastic deformation is expected to
contribute at elevated temperatures. Differ
ent methods may help to estimate length

Table 3 • Results of microscopic fractographic investigations
A

B1

B2

C1

C2

D

E1

E2

F

Crack
a) at grain/matrix interface / %

32.2

38.6

59.8

49.7

57.8

44.9

63.7

73.5

55.1

b) within matrix / %

38.0

38.4

29.8

42.1

32.2

43.9

31.6

23.1

32.7

c) within grain / %

29.8

23.0

10.5

8.2

10.0

11.2

4.7

3.42

12.2

Volume fraction of grains / vol.-%

58.9

62.8

64.9

50.6

53.6

51.5

53.0

55.8

62.7

Crack length grain/matrix: transgran. crack length

1.08

1.68

5.71

6.07

5.79

4.01

13.4

21.5

4.53

Transgran. crack length: volume
fraction of grains

0.507

0.366

0.161

0.162

0.186

0.217

0.0893

0.0612

0.194

10

Refractories Manual 2010

Review Papers

4

Table 4 • Correlation matrix for some of the results
E

GF

lch

sNT

E

1

GF

0.42

1

sNT

0.97

0.42

1

GF/sNT

sNT²/E

lC,G

lch

–0.84

0.02

–0.88

1

GF/sNT

–0.91

–0.10

–0.91

0.98

1

sNT²/E

0.88

0.40

0.97

–0.86

–0.86

lC,G

0.84

0.49

0.91

–0.68

–0.70

0.93

1

lC,G/lL,G

0.77

0.49

0.87

–0.62

–0.63

0.90

0.99

lC,G/lL,G

1
1

a)
interlocking in the following wake region.
Moreover in the case of reduced brittleness a
flaw structure present at the grain/matrix
boundary gives rise to micro-cracking, fur
ther propagation of micro-cracks and crack
branching. These processes and the associ
ated process zone contribute to the specific
fracture energy and support to maintain its
value when strength is reduced.

b)
Fig. 4 • Computer tomographic image of a vertical
a) and a horizontal b) section of material C1 after
wedge splitting test

and width of process zones. Length of proc
ess wake and frontal process zone may be es
timated from the ascending and descending
part of R-curves. Details about R-curve
measurement can be found in [12]. Estima
tion of process zone width by acoustic emis
sion measurements for the wedge splitting
test is shown in [13]. Here only a visual in
spection by computer tomography is ad
dressed. Figure 4 shows a vertical and a hor
izontal section through a wedge splitting
specimen of material C1 after the test. Both
show multiple crack branching, and espe
cially, the horizontal section exhibits some
micro-cracking.
How can the above considerations contrib
ute to clarify why specific fracture energy is
maintained while strength is reduced at the
same time? Strength and brittleness reduc
tion are related to a larger portion of the
crack path propagating along the grain/ma
trix interface. This causes a more “tortuous”
crack path. Crack tortuosity and its contri
bution to specific fracture energy was al
ready addressed earlier [4]. It brings about
friction of crack faces, grain bridging and

7 Outlook
Investigations presented here help to clarify
the microstructural processes enabling the
decrease of refractory brittleness. From
these findings of material development, it is
suggested one should concentrate on the de
sign of the grain/matrix interface strength
in order to tailor material brittleness. More
over the effectiveness of measures taken may
be assessed by both fracture mechanics and
fractographic methods.
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