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Abstract

Several types of shaped refractories were evaluated in this report, which focuses on “R-curve”.
R curve is the plot of the stress intensity factor (Kg), which indicates crack propagation resistance,
as a function of crack growth length.

As a result of comparison of R-curve between MgO-C brick and MgO-Spinel brick, MgO-
Spinel brick showed larger Kr than MgO-C brick in all regions, i.e., crack occurrence resistance
and crack growth resistance of MgO-Spinel brick are larger than those of MgO-C brick. From
the above results, it was found that MgO-Spinel brick has less crack occurrence and crack growth
probabilities compared to MgO-C brick.

When comparing the R-curve between two slide valve plate Al:0;-C materials, (Al:0s-C@ and
AlO;-C@®), Kz at the crack initiation point is larger for Al:O;-C@. Thus, the Al,Os—C® is less
likely to initiate cracking. According to the independently carried out spalling test result, Al.Os-
C®@ exhibited better spalling resistance than Al:Os—CQ. It is considered that the Kx at the crack
initiation point, that is, the crack occurrence resistance, is an effective index for Al:O;-C material.

Also, the diameter of the frontal process zone for each material was estimated to be about 6 to
7 mm.
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1. Introduction

Conventionally, mechanical damage such as
refractory cracking has been mainly evaluated
by the thermal shock resistance coefficient (R),
thermal shock damage resistance (R™), crack
stability factor (R.), relationship between the
strength of a material itself and stress calcu-
lated from modulus of elasticity, the total frac-
ture energy from elastic deformation stage to
fracture, and the like.

For many cases, the fracture resistance of a
refractory brick is evaluated by the total
energy consumed until complete refractory
fracture. However, the refractories are often
usable for long periods after initial cracking
occurs.

There are many micro cracks in refractories,
which tend to grow gradually during practical
application, and when the crack growth degree
exceeds the threshold, refractory structure will
fracture. Therefore, it is important to study the
easiness of crack growth, in other words, crack
growth resistance, during the crack growing
stage. In order to evaluate it, fracture mechan-
ics study is useful.

Evaluation of crack growth resistance using
fracture mechanics has also been conducted"*”.
For example, Hino et al” evaluated the crack
growth behavior of low carbon MgO-C bricks
from the view point of fracture mechanics by
using R-curves and obtained meaningful
results. R-curve is the plot of stress intensity
factor “Kx”, which is the parameter of the
crack growth resistance, as a function of crack
length. Therefore, in this report as well, we
evaluated the crack growth behavior of several
kinds of shaped refractories by focusing on the

R-curve.
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Fig. 2 Relationship between a,, Aa and AV.
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Experimental set-up.

2. Experimental Method

2. 1 Measuring method

Fig. 1 shows the outline of an experimental
method. Fig. 2 gives the dimensions of a, a,, Aa,
V and AV on an image of crack growth status.

A three-point bending test was performed
on the specimen with the notch, and a load-
displacement curve was obtained. Meanwhile,
the crack state observation and measurement
of the change in the notch width (AV) were
carried out by video. The initial notch depth
and the span were 5 mm and 100 mm, respec-
tively. The load was imposed to achieve a con-
stant displacement speed of 0.2 mm/min.

In order to shoot a clearer image, a high-def-
inition video camera was used for shooting, and
“progressive mode (full scan line recording per
frame)” was adopted instead of “interlace mode
(1/2 scan line recording per frame)”. The video
camera was fixed with a tripod to eliminate
camera shake. For the sake of synchronizing
the load and displacement measurements to the
moving image, moving image shooting was
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started exactly after 60 seconds since the load
and displacement were recorded.
2. 2 Calculating Aa

We examined the method of the crack
length determination according to the notch
opening (AV) of which Hino et al” had used as
an indicator of crack growth. Hino et al” calcu-
lated the crack length (a) from AV using equa-
tions (1) and (2) described in ASTM” . How-
ever, it requires to solving simultaneous
equations. Additionally, it is necessary to calcu-
late a/W with an iterative calculation program.
Thus, it is difficult to handle.

AV= WBE> V(a/W> ........................... (D
where:
V(%) =6(%) [0.76 -228(%y)

0.66

+387(Y ) +2.07(Vyp) + (- (@)

](2

Also in ASTM?, the following equations
(equations (3) and (4)) for obtaining the crack

length from AV are shown.

(%417)=1.000-3.950-U+2.982- U*
~3214-U°+51516-U' ~ 113.031-U°

where:

1 (EBLT) (A0

According to the trial calculations, which

were carried out to confirm the difference
between both sets of equations, i.e., set of (1)
and (2) and that of (3) and (4), no difference was
detected in the range of this experiment. For
that reason, we decided to calculate Aa by
using equations (3) and (4) that solve (a/W) by
direct calculation. In equations (1) and 4), E
represents Young's modulus.
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Table 1 The coefficient A of the fourth order
polynomial approximation for each
L/WS)

Y=A+A A +A PFA AN [A=@/W), Y=F(a/W)]

L/W Ao A Aq As As
4 1.935 -3.134 14.60 -24.62 25.00

6 1.956 -2.925 13.97 -23.65 24.40
7.5 1.964 -2.837 13.71 -23.25 24.13

8 1.966 -2.815 13.64 -23.15 24.06

10 1.972 -2.746 13.44 -22.84 23.86
15 1.979 -2.655 13.17 -22.43 23.58
20 1.984 -2.609 13.03 -22.23 23.45

P Load, L :Span, B: Width of test sample,
W : Height of test sample

Aalx 1 BHIFETHM L7,
2. 4 HEBEM

At SUEHEMgO-CE, MgO-Spinel (%7 A )
B, 294 K& =307 (LLUFSV) HALOs—C
@, ALO:-C@ D 4 fliHE > H\v 72, MgO-CHE, ¥~ 7

YO g 3 % Table 212773 SVHALOs-C
@D, ALOs-C@? '8 5 % Table 3127779, MgO-C

BIZMHAAZ 794 VIEHINTWELDOTHE
HOMIRIE R 1T 72, <~ 7 A H Tk A v
fO—%1) —F ) SN TV AHE

Table 2 Material for MgO-C and MgO-Spinel

Material MgO-C MgO-Spinel
Chemical MgO 83 81.0
composition C 11

/mass% | Al:Os 17.6

CaO 0.7
Apparent porosity /% 3.9 15.1
Bulk specific gravity /- 3.07 3.00
Crushing strength /MPa 38 50

Table 3 Material for slide-gate plate

Material Al0:-C D AlLOs-C @
Improvement of
Characteristic Base thermal shock

resistance
Chemical Al:Os 75 78.8
composition SiO; 2.6 4.1
/mass% 7rQ; 12.2 10.6
C 4.5 4.5
Apparent porosity /% 11.6 11.6
Bulk specific gravity /- 3.29 3.23
Crushing strength /MPa 144 110
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2. 3 Calculation of R-curve

Hino et al” calculated stress intensity factor
(Kx) by equations (5) and (6) using an approxi-
mate formula of ceramics®. Also in this report,
the stress intensity factor (Kx) was calculated
by the approximate formula of ceramics (Equa-
tion (9)).

3PL
Kr= 2B \/_F</W ........................ (5)
where:
F(Yy) =1.964-2.837 (%) +1371(Yyy)
—2325(Vyy) + 2403 (%) oo ©)

The coefficients of equation (6) correspond to
shape of L/W=7.5 in
Table 1. However, in the present study, the fol-

the specimen in the

lowing equation (7) for L/W=4 was applied
because the span was 100 mm and the sample
shape was 25x25x120 mm.

F(Yy) =1.935-3134(%y) +14.60(Y3)’
—~2462(Yy) +2505(%yy)'
By substituting (a/W) of equation (3) into

equation (7), F(a/W) is obtainable. Thus, Kk can
be calculated from equation (5). Plotting Kx

against the crack length (Aa), R-curve can be
obtained. Kr and Aa were calculated at inter-
vals of 1 second.
2. 4 Test sample

In this study, MgO-C, MgO-Spinel and two
Al:O;-C materials were evaluated. Table 2
shows the typical properties of MgO-C and
MgO-Spinel. MgO-C is a resin-bonded unburnt
brick used for the slag line of steel ladles and
was subjected to evaluation without extra heat
treatment. MgO-Spinel is the burnt brick used
for cement rotary Kkiln. Table 3 shows the typi-
cal properties of Al,Os-CQ and Al:Os—C®2) for
slide gate valve (SV). ALLOs-CQD is a general
product and @ is a material with improved
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Fig. 3 Load-Displacement curves and
Aa-Displacement curves.
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thermal shock resistance by decreasing the
elastic modulus (at the same time, strength
decreases). The effectiveness of the improve-
ment has been evaluated by spalling test prior
to this study.

For the sake of crack observation easiness,
the observation side of the samples were
painted with a white lacquer several times
with a brush. In order to prepare a test sam-
ple, four sides of a sample of 25X25x120 mm
were carefully polished and followed by intro-
duction of a notch with a depth of 5 mm at the
center by a diamond cutter with a width of 1
mm. The measurements of 5 samples were
carried out for the each experimental condition
and the typical load-displacement curve, which
showed the average fracture energy for the 5
samples that were subjected to the R-curve
analysis.

3. Experimental Result

3. 1 Comparison of MgO-C and MgO-Spinel

The typical load displacement curves of
MgO-C and MgO-Spinel and Aa of each speci-
men determined by equations (3) and (4) are
shown in Fig.3 by solid and dotted lines,

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 0

—o—\1gO-C
—&\MgO-Spinel

Kr/MPa+sm'/2

2 4 6 8 10 12

Aa/mm

Fig. 4 R-curves of MgO-C and MgO-Spinel.

14 16 18 20
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Fig. 6 R-curves of Al,Os-C.
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respectively. Marker-plotted points in graphs
are randomly selected for the purpose of easy
identification of the curves.

Fig. 4 shows the R-curves of MgO-C brick
and MgO-Spinel brick obtained by using equa-
tions (5) and (7). Comparing a MgO-C brick
and a MgO-Spinel brick, the stress intensity
factor (Kgz) of MgO-Spinel brick was larger
than that of MgO-C brick for both stages as
crack initiation (Aa=0) and crack growth.
Therefore, it was found that material consisting
of the MgO-Spinel possesses superior resis-
tance to crack occurrence as well as crack
growth.

3. 2 Comparison of Al,O;-~C(D and
Al;:0;-C® for SV

Fig.5 shows the load-displacement curves
(solid lines) and the Aa-displacement curves
(dashed line) of ALO,-CQD and @. ALOs-C®
has lower strength and elastic modulus. The
R-curves of both materials are shown in Fig. 6
with a description of the concept of the process
zone, which will be described later. According
to Fig. 6, it was found that the stress intensity
factor (Kx) of ALOs,~C® at the crack initiation
point (Aa=0) was larger. This indicates that
AlO:-C® is a material for which less occur-
rence of cracking is expected. After that, along
with crack growth, it was found that the Kz of
Al,0;-C@ became larger compared with
ALO;-C®. Thus, it was clarified that Al,O;-C
(D is the best material in which suppresses
crack growth.

4. Discussion

4. 1 Crack occurrence resistance and crack
growth resistance

According to the careful comparison of dis-
placement values of the crack initiation point
(Aa=0) and the maximum load point in Figs. 3

and 5, it was clarified that the main crack
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occurs from the notch tip beyond the maxi-
mum load value of the load-displacement curve.
This is considered attributable to the consump-
tion of energy according to growth of micro
cracks apart from the main crack. Then, the
main crack starts to propagate when strain
energy exceeds the value of which micro crack
growth potentially consumes. This energy con-
sumption prior to the main crack propagation
is assumable to be crack occurrence resistance.

After the main crack propagation, the value
of Kk changes in accordance with crack growth.
This is considered to be crack growth resis-
tance. As described above, crack occurrence
resistance and crack growth resistance are
considered to be different.

4. 2 Relationship with thermal spalling

The crack growth experiment in this report
IS a static fracture experiment which imposes
strain slowly in a quasi-static manner and the
main purpose is to evaluate crack growth
resistance. Contrarily, cracks due to thermal
shock are dynamic fractures caused by rapid
and large strain corresponding to a thermal
expansion difference according to a rapid tem-
perature change, thus, a crack grows instantly
once it occurs. Therefore, we focused on the
stress intensity factor (Kx) at the crack starting
point.

From the comparison of Al,O;-C@ and
ALO;-C® for SV, the stress intensity factor
(Kr) at crack initiation point was determined to
be larger for Al,O;-C@ with improved thermal
shock resistance. Therefore, for thermal shock
fracture resistance evaluation, it is considered
that the stress intensity factor (Kz) at the crack
starting point, that is, crack occurrence resis-
tance, may be an effective index since it is in
agreement with the priorly conducted labora-
tory spalling test.
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4. 3 About process zone?

Fig. 7 shows a conceptual diagram of the
process zone”.

The frontal process zone is assumed as the
spherical zone that inevitably appears in front
of the crack tip in accordance with stress
increase. In this zone, extraordinary high non-
linearity is recognized for stress-strain correla-
tion according to the residual stress, formation
and growth of micro cracks around the crack
tip, and so on. Thanks to the frontal process
zone, the stress affecting the crack tip is
always finite”. Also, in complex materials such
as refractories, the process zone wake and
grain bridging zone are assumable. Thus, crack
propagation is influenced by of the residual
strain energy effect and the grain bridging
effect. The residual strain energy effect is
attained for the process zone which is com-
posed of the frontal process zone and the pro-
cess zone wake. A grain bridging effect is
attained for the grained bridging zone.

Fig. 8 schematically shows the influence of
the process zone on the R-curve of MgO-spinel
brick. The former stage of R-curve, at which
the stress intensity factor (Kx) rises, corre-
sponds to the increase in process zone. The
stress intensity factor (Kr) descending stage is
considered to be the stage of which the frontal
process zone decreases. According to Fig. 8,
the diameter of the frontal process zone of
MgO-Spinel was estimated to be about 6 mm.
From Fig. 4, it is estimated that the diameter of
the frontal process zone of the MgO-C brick is
about 6 mm because the maximum value of
the stress intensity factor (Kg) appears at
almost the same position as that for MgO-Spi-
nel brick.

According to Fig. 6, the stress intensity
factor (Kx) of Al,O;~C@ has increased until
Aa=11 mm. It is considered to correspond to
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Fig. 9 R-curves of MgO-C, MgO-Spinel
and Al,O;-C.
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the increase in the grain bridging zone. From
Aa=11 to 14 mm, the stress intensity factor
was almost constant. It indicates that the fron-
tal process zone and the grain bridging zone
are respectively in equilibrium. After Aa=14
mm, the stress intensity factor turns down-
ward. In this stage, the frontal process zone is
considered to be decreasing. It was estimated
that the diameter of the frontal process zone is
about 6 mm and the length of the grain bridg-
ing zone is about 11 mm.

The stress intensity factor (Kz) of ALOs—C@2)
is almost constant up to about 13 mm of Aa. It
seems as if there is no grain bridging zone.
After Aa=13 mm, it turns down, so the frontal
process zone is considered to be decreasing.
The diameter of the frontal process zone is
estimated to be about 7 mm.

4. 4 Comparison of MgO-C, MgO-Spinel
and ALO;-CQD), ALLO;-C® for SV

Fig. 9 shows the R-curves of MgO-C, MgO-
Spinel and two SV materials comprehensively.

The stress intensity factor (Kx) at the crack
initiation point, that is, the cracking occurrence
resistance, was large in the order of MgO-
Spinel >Al,0;-C@>A1.0,-CO>MgO-C. On
the other hand, maximum value of stress
intensity factor (Kx), that is, crack growth
resistance, was large in the order of AlO;-
CO>MgO-Spinel >A1,0;-C@>MgO-C.
Although the difference of these four materials
seems to be greatly influenced by the material
and microstructure, details are not clear at the
present time. In order to clarify that, sufficient
numbers of further studies are necessary.

5. Summary

A comparison of the R-curve of MgO-C
brick and MgO-Spinel brick showed that the
stress intensity factor (Kr) of MgO-Spinel brick
was larger than MgO-C brick in all regions.
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