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Abstract

The fatigue failure behavior of silica brick refractory materials was investigated at room
temperature and high temperature. It was found that the fatigue failure life of the silica bricks
increased significantly at temperatures over 1473K compared with that in the fatigue failure test
at room temperature. The reason for this improved fatigue fracture life at high temperatures
was examined in detail. It was deduced that longer fatigue fracture life of silica bricks at high
temperatures is related to the generation of a slight amount of liquid phase. The length of the
fatigue fracture life of the bricks was estimated to depend on the wettability between the solid
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phase and liquid phase, with poor wettability resulting in extended fatigue fracture life.
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1. Introduction

Silica brick is a refractory material which has
been used mainly in coke ovens, and long-term
durability is necessary in this refractory. One
property which is required in silica bricks for
coke ovens is high thermal shock resistance
(spalling resistance). In general, a huge amount
of heat is radiated from ironmaking and steel-
making equipment during charging or discharg-
ing of raw materials, including molten metal.

* Y. Hino and Y. Kiyota: ISIJ Int.,, 52 [6] 1045-1053 (2012) & Y 51/l Quoted from Y. Hino and Y. Kiyota: ISIJ Int., 52 [6] 1045-

1053 (2012).
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As these charging and discharging processes
are repeated, the wear refractories and safety
brick undergo repeated and varying thermal
stresses, which cause progressive cracking in
the refractory materials, in some cases resulting
in fracture. Refractories must possess adequate
mechanical properties to tolerate this periodical
thermal stress. These types of damage are not
short-term phenomena which occur instantane-
ously, but rather, are the phenomena which
develop progressively over an extended period
of time. Thus, in order to estimate the period
from crack initiation to fracture of refractories,
it is necessary to investigate the relationship
between cyclical inputs and discharges of heat
and fracture of refractories over a long-term
span. Moreover, in order to improve refractory
life, a detailed clarification of the mechanism
of crack growth under high temperature condi-
tions is also required.

Generally, longer life can be obtained if
materials which possess resistance to crack
initiation and growth are used as refractories
for ironmaking and steelmaking equipment.
Two approaches to improving refractory prop-
erties are conceivable, that is, improvement of
properties in order to reduce thermal stress,
and improvement of properties which affect
crack initiation and growth. The focus of most
past studies was on reduction of thermal stress.
Although improvement of refractories has been
achieved by controlling the elastic modulus and
coefficient of thermal expansion of the mate-
rial?® these studies did not examine the pos-
sibility that changes in properties such as the
thermal expansion ratio might affect mechani-
cal properties such as the modulus of rupture.
Consequently, adequate consideration was not
given to the effect of the thermal stresses gen-
erated by cyclical heating and cooling on the
modulus of rupture of refractory materials. As
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Table 1 Chemical composition, phase composition
and mechanical strength of materials

used in this study

Silica brick
(%Al:05) 0.9
Chemical composition (%65i02) %04
(%Ca0) 0.3
(%MgO) 2.4

SiOq (cristobalite)
Phase (from XRD) SiO: (tridymite)

SiO: (quartz)
Apparent porosity (%) 18.7
Bulk density (g/cm’) 1.88

Sample size (mm) 20X20X20
298K 458
Compressive stress 1273K 411
oc(MPa) 1473K 18.2
1673K 9.3

(Compressive load) o,: Compressive strength (MPa)

70% ~100% of o,

Brick sample:

20mm cubic
z

Load, F (N

=

Experimental apparatus for fatigue fracture
test and loading pattern.

20

20
Time, t (sec)

Fig.1
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a result, information on how many repetitions
of these thermal changes a refractory material
can withstand before fracture was inadequate.
Therefore, attention was focused on fatigue
failure as a means of evaluating the fracture of
materials under cyclical stress loading.

Many studies of ceramics and concrete” ™ '®
have investigated fatigue failure from the view-
point of fracture behavior under cyclical stress
loading, but there have been few studies on
refractory technology '? ™. Therefore, as a first
step, the author investigated the crack growth
behavior in refractory materials separately
from the thermal expansion ratio and elastic
modulus by conducting fatigue failure tests in
which cyclical stress was loaded directly on
the material, and evaluated the fatigue life of
refractories under cyclical stress. In previous
research, the author investigated the fatigue
failure behavior of MgO-C brick under cyclical
stress at room temperature and high tempera-
ture®. The relationship between fatigue failure
behavior and thermal spalling fracture has been
examined based on the results of the fatigue
failure test and discussion in terms of fracture
mechanics. It was found that a brick which had
strength against dynamic fatigue failure also
possessed excellent resistance against thermal
spalling”. Thus, it is important to investigate
the fatigue failure of refractory materials in
order to evaluate their thermal spalling resist-
ance. The present study investigates the fatigue
failure behavior of silica brick under cyclical
compressive stress in room temperature and
high temperature atmospheres, focusing on
fired bricks containing mainly SiO: but not
containing carbon.

2. Experimental Procedure

2. 1 Fatigue failure test
Table 1 shows the chemical composition,
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mineral phase composition, apparent porosity
ratio, bulk density and mechanical strength
of the silica brick used in this study. Cubic
specimens (20mmX20mmX20mm) were used.
A schematic diagram of the experimental pro-
cedure is shown in Fig.l. Cyclical compressive
loading was applied to the specimens through
the cylinder of the testing machine using the
waveform shown in this figure. Compressive
strength, defined as the static modulus of rup-
ture under compressive loading, was measured
in each brick at room temperature and high
temperature before the fatigue failure test.
Table 1 also shows the compressive strength
of each brick at the experimental temperatures,
which were 298K (room temperature), 1473K and
1673K. Compressive strength was evaluated by
the following method. A static compressive load
was given to each sample at a constant loading
speed (0.bmm/min), and compressive strength
was obtained by calculation by dividing the load
when the sample was crushed by the loading
area. Fatigue failure tests were conducted by
applying cyclical compressive loading under an
air atmosphere. The lower limit of compressive
loading was a constant value of 10% of compres-
sive strength (oc), while the upper limit of load-
ing was changed from 70% to 100% of compres-
sive strength (oc) with the loading frequency
of 0.05Hz. The ambient temperature was room
temperature (298K), 1473K or 1673K.
2. 2 Observation by laser-scanning
microscope

Direct observation of the high temperature
phases in the refractory was performed by
using a laser-scanning microscope. The sample
brick was crushed to under 100um, and a
powdered sample of 0.1g was inserted into an
alumina crucible in which a Pt plate was laid
on the bottom. The size of the alumina crucible
was ¢8mm-bmm. After the crucible was set



Vol. 59 2016

Silica brick

@ Room temperature (298K)
@ 1473K
©1673K

__100%¢ —TT r

Totelil e

B *

o 90% G

® ¢ o

= *» | 2 <

£ 80% i

(%]

s

%

L 70% L

o

&

o

O

60%
1 10 100 1000 10000

Number of cycles to fracture, N (-)

Fig.2 Relationship between compressive stress
ratio and number of cycles to fracture for

silica brick at room temperature, 1473K

and 1673K.

— 0.40 Silica brick 90% of o,
0.3

w Fracture at 13 cycles

. 0.30

-
‘© 0.26
s 0.20 ”
§ 0.15

3 0.10

o
< 0.05 j N AVATRAY VAVAV Unvnvf\vf\u

0 0 100 200 300 400
Time (sec)

Fig.3 Trend of apparent strain in vertical
direction of sample during fatigue failure
test at room temperature.
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Fig.4 Trend of apparent strain in vertical
direction of sample during fatigue failure
test at high temperature.

in the heating stage, the sample was observed
during heating. The temperature elevating rate
was set to 1000K/min from room temperature
to 1273K and to 20K /min from 1273K to 1773K.

The atmosphere in the stage was nitrogen.
3. Experimental Results

Fig.2 shows the relationship between the
compressive stress ratio (¢/oc) and the number
of repetitions, that is, the S-N curve, at room
temperature and high temperature. From this
figure, it is obvious that the life of the sample
becomes significantly longer with increasing
temperature. Fig.3 shows the trend of apparent
strain in the vertical direction of the sample
in the room temperature fatigue failure test.
Apparent strain ¢ was defined as shown in the
following equation, where %, is sample height
and / is stroke length.

E=

Apparent strain increased slightly in the silica
brick. Fig4 shows the same trend at the high
temperature, indicating a large increase under
the cyclical compressive stress. This result
suggests the possibility that, in addition to
crack generation or crack growth, partial creep
deformation takes place inside the brick at high
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temperatures over 1473K.
4. Discussion

4. 1 Fracture dynamical discussion of
refractory material

Based on the observed relationship between
o/oc and N, the fatigue fracture behavior of
the silica brick was examined using fracture
mechanics in order to compare the fracture
1 The
samples which were examined after fatigue

behaviors under various conditions”

fracture showed that cracks had mainly pro-
gressed in the direction perpendicular to the
loading phase. Although not shown in a figure,
the dynamic elastic modulus during the fatigue
failure test was found to decrease gradually.
From these results, the fracture mode was
regarded as mode I, according to Irwin’s lin-
ear elastics theory'. It was assumed that an
existing crack will progress gradually and in a
stable manner under cyclical compressive load-
ing, and Paris’s law can be applied to the crack
progress behavior. The rate of crack growth
can be expressed by Eq. (2)'""¥.

(]

where, @ is crack length, N is number of cycles,

da

dN

AK
Kic

K¢ is fracture toughness, C and » are char-
acteristic constants dependent on the material
and AK is the difference of the stress intensity
factor expressed by Eq. (3).

AK =Ky =K i oeeeeemeeeeemmmnnaeeeeannnns (3)

where, K... and K.. are expressed as shown
in Eq. 4), which was determined from the
crack length and dimensions of the material,
a geometrical factor Y and the maximum and

minimum applied stresses, Omx and o min.

KmaXZYGmax\ln'a Kmin:YO-minVn'a <4>
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Table 2 Values of index n at test temperatures

Temperature n
298K 20.0
1473K 26.7
1673K 105.3

*+—— Partial
softening vy
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By substituting Eq. (4) into Eq. (3), substitut-
ing the result into Eq. (2) and further integrat-
ing the result of substitution, Eq. (5) was finally
obtained.

logAa=—%logN+
n _n-2 _72
%log{ 2Kie  [%-g" }] 6)
CY"n2Ac"(n—2)

When the results of the fatigue failure test,

that is to say, the difference of the maximum
and minimum stresses, Ao, and the number
of cycles to rupture, N, were substituted in Eq.
(5), and a linear relationship between Ac and
N was assumed, the numerical constant » could
be obtained.

It is considered that the numerical index #

4

Particle

Partial
softening

{ o

Particle

< Liquid phase ratio (area ratio) :

Softening
Liquid phase

Particle

10.4% >

Fig.b Photographs and schematic images of particles (pieces of fragment of brick) of silica brick
observed by using laser-scanning microscope at high temperature.
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Fig.6 Calculated equilibrium phase component

obtained by thermodynamic simulation
based on chemical composition of bricks.
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depends on factors such as the composition of
the material, the experimental temperature
and the test environment and situation. The
physical implication of the index 7 is the degree
of sensitivity to changes in the progress of the
crack and in the stress intensity factor. It has
been reported that smaller values of 7 indicate
In this study,
the values of # were compared for each experi-

a decrease in fatigue strength.”

mental condition. Table 2 shows the values
of n obtained from the results of the fatigue
failure test of the silica brick at the various test
temperatures. The values of # of the silica brick
showed large increases at high temperature. In
particular, at 1673K, the » value of the silica
brick was about five times larger than that at
room temperature.

4. 2 Fatigue fracture behavior of

refractories at high temperature

Fig.5 shows photographs of particles of the
silica brick (fragments of the brick) taken with a
laser-scanning microscope at high temperature.
The particle shape did not change from room
temperature to 1273K, but at temperatures over
1273K, softening occurred from the particle
edge, and at 1673K, a slight amount of liquid
phase partially formed.

Fig.6 shows the calculated equilibrium phase
composition as obtained by thermodynamic
simulation (calculations by FACTSAGE) based
on the chemical composition of the brick. Actual
bricks consist of particles of various sizes with
a probable heterogeneous distribution. In par-
ticular, segregation of minor components such
as lime or periclace is a possibility. However,
based on the following facts, the equilibrium
state can be assumed in terms of the chemical
composition.

- The chemical composition of each brick was
analyzed after random sampling. Analyses of
several portions proved that the compositions
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Fig.7 Calculated composition of liquid phase in
each brick at high temperature obtained
by thermodynamic simulation.

Table 3 Contact angle between a SiO; solid and a

SiO;-rich liquid
Liquid | Solid [ Contact angle (deg.) | Adhesive force (N/m)
Si0:rich | o) 140-150° 0.05-0.09 N/m
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were substantially the same in each random

portion.

- High temperature XRD identified the same
solid phases as those calculated by assuming
equilibrium.

- The liquid phase ratio of 10.4 area% at 1673K,
visually measured from Fig.h, was in good
agreement with the calculated value of 10.5
mass% realized in Fig.6, considering the fact
that the area% is convertible to mass%.

A liquid phase of as much as 10% was gener-
ated at temperatures over 1458K. The calculated
liquid phase ratio was 6.7-11.7% in the silica
brick. This small amount of liquid phase which
is generated in the bricks at high temperature
may play an important role in improved high
temperature fatigue fracture life. Fig.7 shows
the calculated composition of the liquid phase
in the brick at high temperature. In the silica
brick, the liquid phase was calculated as being
a SiO; rich melt with a SiO content over 60%.
Table 3 shows the contact angles between a
SiO; solid and a SiO,-rich liquid®-*". It has been
reported that the contact angle between a SiO,
rich liquid and SiO. solid is 140-150° implying
poor wettability.

From the results of the above discussion,
the mechanism of improved high temperature
fatigue fracture life in the silica brick was
deduced to be as follows. Acknowledging the
qualitative nature of these conjectures, Fig.8
shows a schematic diagram of the behavior of
the refractory particles at high temperature
when cyclical compressive stress is applied to
the silica bricks having poor wettability between
liquid and solid phase. A very small amount of
liquid phase with a sufficient thickness remains
between the aggregate and the matrix. Due
to its poor wettability, this liquid phase takes
a spherical shape, allowing the liquid phase
to absorb stress (by analogy, functioning like
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Fig.8 Schematic diagram of high temperature behavior of silica brick.
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shock-absorbing rubber balls). Thus, when
compressive stress is applied, this liquid phase
relieves that stress, resulting in longer fatigue
fracture life.

Nevertheless, many questions about the
high temperature fatigue fracture behavior of
refractory materials remain to be answered.
In the future, it will be necessary to clarify
the mechanism of fatigue failure and analyze
fatigue fracture behavior at high temperature.

b, Summary

The fatigue failure behavior of silica brick
was investigated at room temperature and high
temperature. The results are summarized as
follows.

1) The fatigue failure life of silica brick showed
large increases at 1473K and higher tem-
peratures.

2 ) At high temperature, it is thought that the
strain rate in the silica brick increases not
only as a result of crack growth, but also
as a result of creep deformation.

3) A thermodynamics simulation showed
that a small amount of a liquid phase is
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