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Abstract

The influences of adding 19, 25 and 50 mm carbon steel and 19 mm stainless steel fibres in the range of 0–3 volume percentages on the

mechanical properties of alumina–magnesia-extruded graphite pellet castables have been studied at intermediate temperatures between 8008 and

1100 8C, in argon atmosphere, as well as at room temperature. Wedge splitting test results at room temperature have shown that both carbon and

stainless steel fibres increases work of fracture. Same tests at 1100 8C have shown decrease in strength with all length and volume percentage of

carbon steel fibre while improving work of fracture values as 50% over fibre-free castables. Strength degradation is caused by the defect generation

in the castable structure.
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1. Introduction

Usage of alumina–MgO based monolithic is gaining

popularity in steel making application since a decade [1,2],

but cannot challenge yet the performance of MgO–C brick in

slag line zone. The degradation mechanisms such as corrosion/

erosion, penetration, oxidation and spalling of refractories at

slag line demand material having very high resistance to such

conditions. The works on alumina–MgO-extruded graphite

pellets (EG pellets) have shown fruitful results in terms of

corrosion resistance with steel making slags. The results of the

carbon based (EG pellet) castables are very much comparable

to MgO–C bricks in terms of corrosion resistance even with

6 wt% EG pellet addition only but susceptible to cracking at

cold face (800–1100 8C) due to lack of sintering at that

temperature [2,3]. This problem may be tackled by reinforcing

the alumina–MgO–C castables with fibres. Very few publica-

tions have appeared on fibre reinforced castables, since two

decades [4–6]. With this background, this investigation focuses

on the effect of different types, lengths and vol.% of steel fibres,
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into an alumina–MgO–EG pellet containing castables, on their

thermomechanical behaviour between 8008 and 1100 8C in

Argon atmosphere.

2. Experimental

Alumina–MgO–EG Pellets (AMC) self-flowing castable

containing 0 vol.% steel fibres, has been developed and the

details of castable used in the present investigation is given in

Table 1. The particle size distribution (PSD) analysis of fine

matrix ingredients were carried out using a particle size

analyzer (COULTER LS200, USA). The PSD of the castable

mixes was designed according to Andreasen’s model [7] using

the following equation;

CPFT ¼
�

d

Dmax

�q

� 100 (1)

where, CPFT is the cumulative percentage finer than, d is the

particle size, Dmax is the largest particle size and q (0.24 in the

present study) is the distribution modulus. Two types of steel

fibres with different chemistry and lengths were used (Table 2).

Castable and steel fibres were volumetrically mixed and the

nomenclatures of castables designed with steel fibres are given

in Table 3. For each castable dry mixing of the constituents was
d.
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Table 1

Composition and details of alumina–MgO–EG pellet castable

Ingredients Details AMC (wt%)

White fused alumina (mesh) 3–8, 8–14, 14–28, 28–48, �48, �100, �200 CE minerals, USA 71

MgO fines, �325 mesh DSP, Israel 6

Reactive alumina, RAC 45B Alcan Canada, d50 = 0.5 mm 6

Extruded graphite CIREP, Canada 6

Appaeant porosity: 15%

Bulk density: 1.5 g/cm3

Diameter: 0.7 mm

Length: 2–4 mm

Calcined alumina, C90LSB Alcan Canada, d50 = 2 mm 6.5

Microsilica Elkem, Norway, d50 = 0.15 mm 0.5

Calcium aluminate cement, CA14S Alcoa, USA 4

Dispersant, MELFLUX Degussa, USA 0.2

Water (%) – 5.65

Table 2

Details of steel fibres

Property SS406 fibre Carbon steel fibre

Density (g/cm3) 7.47 7.86

Tensile strength (MPa) 519 420–840

Melting range (8C) 1371–1477 1516

Length used (mm) 19 19, 25, 50

Thickness (mm) 0.36 0.36

Modulus of elasticity (GPa) 28 29

Thermal expansion coefficient (10�6 K�1) 15 –

Manufacturer Fibercon international, USA

K. Sankaranarayanane et al. / Ceramics International 35 (2009) 359–362360
performed using Hobart mixer for 3 min, followed by 6 min of

wet mixing with required amount of water. Samples of dimen-

sions of 160 mm � 40 mm � 40 mm for modulus of rupture

(MOR) and 100 mm � 100 mm � 75 mm for wedge splitting

were cast and covered with plastic bags in order to avoid

moisture loss from the surface and cured for 24 h at room

temperature. After curing the samples were demoulded and

dried at 110 8C for 24 h. Dried samples were pre-fired at 8008
and 1100 8C for 3 h in a furnace. Coke powder was used to

cover the samples to prevent the oxidation of both EG and steel

fibres. Samples prefired at 8008 and 1100 8C, were used for
Table 3

Details of steel fibre containing castables

Type Length (mm) Volume % of fibre Volum

AMC – No fibre 100

AMC + stainless steel fibre 19 1 99

2 98

3 97

AMC + Carbon steel fibre 19 1 99

2 98

3 97

25 1 99

2 98

3 97

50 1 99

2 98

3 97
MOR testing (ASTM-C133-97) at 8008 and 1100 8C in argon

atmosphere using Instron machine (model 5581). Wedge split-

ting test was used to evaluate the force–displacement curves,

and work of fracture (gwof), at 110 8C and 1100 8C in argon

atmosphere. The details of wedge splitting technique can be

found elsewhere [8,9].

3. Results and discussion

The force–extension curves obtained form the wedge

splitting tests at room temperature for AMC 19 family and

AMC at room temperature are shown in Fig. 1. While the

castable cracks and fails abruptly after peak load, when there is

no fibre (AMC), once fibres are present (AMC191, 192, 193),

the composites display elastic, non-linear and fibre pull-out

domains. At 3 vol.% of fibres (AMC 193), after the matrix

cracks, more fibres present in the structure start carrying the

increased loads. At 1100 8C, the fibre-free castable, AMC

(Fig. 2), shows certain degree of deformability due to the

presence of graphite in the structure. Graphite can cause crack

branching, it may act as a plate like reinforcement, absorbing

energy either through pull-out or actual flake fracture [2,3].

With fibres, the peak load decreases in all cases but with more
e % of castable Nomenclature Family Water (%)

AMC – 5.65

AMC SS406 191 AMC SS40619 5.75

AMC SS406 192

AMC SS406 193

AMC 191 AMC19

AMC 192

AMC 193

AMC 251 AMC25

AMC 252

AMC 253

AMC 501 AMC50

AMC 502

AMC 503



Fig. 1. Force–extension curves for AMC 19 family at RT. Fig. 3. Comparison of HMOR for different length and types of fibres.

Fig. 4. Comparison WOF at RT (after drying at 110 8C).

Fig. 5. Comparisons WOF at 1100 8C.

Fig. 2. Force–extension curves of AMC 19 family at 1100 8C.
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post peak deformation. The extraction load after the debonding

peak consist of two components [6,10]. One is the fretting

pressure at the test temperature and another arises from radial

fibre contraction due to the Poisson effect. Development of

fretting pressure generally leads to increased load level for

debonding and friction level. But, in this investigation, there is

no increase in the load level, rather reverse behaviour has been

observed.

The hot MOR (HMOR) data of AMC 19 castables are

presented in Fig. 3. The HMOR of AMC is reduced slightly at

800 8C and then shows an increase at 1100 8C. Strength

reduction at 800 8C for AMC corresponds to the loss of bond in

the structure and further degradation with fibre addition is

attributed to the formation of structural defects at interfaces.

The increase in HMOR values at 1100 8C in all cases is due to

contribution from spinel formation. Stainless steel fibres have

shown significant improvement strength of castables. Figs. 4

and 5 show the gwof at RT and 1100 8C, respectively. At RT, the

castable with fibres display more gwof compared to no fibre

castable. The gwof of castable at 1100 8C is 50–65% improved

with fibre addition almost in all cases. There is no significant

role played by either increasing the amount or changing the

type of fibre in all cases. This is attributed to the presence of

structural defects with fibre addition and degradation of fibres

themselves at elevated temperatures [11]. With the use of
stainless steel fibre up to 2 vol.%, it is possible to increase the

work of fracture without strength degradation. SS406 fibres are

more recommended than carbon steel fibre.

4. Conclusions

At room temperature, steel fibre additions (from 1 to

3 vol.%, length of 19, 25, 50 mm) leads to an increase in work

of fracture values for all the castables tested, over the same

composition of castable without fibre. However, the strength is
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slightly affected negatively for the fibre containing castables.

At high temperature (1100 8C), with carbon steel fibres the

strength of castables is degraded much more significantly, in

comparison to the fibre-free castable and also to the stainless

steel fibre containing castables. For the work of fracture the net

effect of adding fibres is detectable going from 395 J/m2, for

fibre-free mix to 690 J/m2 with both types of steel fibres, but is

not as spectacular as what was observable at room temperature

(moving upward by a factor of 10- to 20-fold). In fact, based

upon the results so fare obtained it is beneficial to use stainless

steel fibre at 2 vol.%, to have better work of fracture for

equivalent strength, and in so doing improving the character-

istics of the AMC castables at 1100 8C. This was the goal, but

further improvements are yet to be looked at by adjusting the

nature of the fibre, with a lower thermal expansion, yet flexible

rather than brittle, able to create an in situ bonding with the

matrix at higher temperatures.
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