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a  b  s  t  r  a  c  t

Ferrochrome  slag  is  a waste  material  obtained  from  the  manufacturing  of  high carbon  ferrochromium
alloy.  This  slag  is formed  as  a liquid  at 1700 ◦C and  its main  components  are SiO2,  Al2O3 and  MgO.  Addi-
tionally it  consists  of  chrome,  ferrous/ferric  oxides  and  CaO.  Present  work  outlines  a  novel  approach  in
formulating  castables  with  this  industrial  waste.

Samples  with  decreasing  cement  content  15–05  wt.% were  formulated  in  combination  of  both  slag  and
calcined  bauxite  as  matrix  components.  Effects  of varying  0–10  wt.% microsilica  as  a  micro-fine  additive
in  these  castables  were  investigated  in  this  work.  Pore  filling  properties  of  microsilica  improved  apparent
porosity  and  bulk  density.  Phase  analysis  through  X-ray  diffraction  techniques  demonstrates  successful
astable
efractories
hermal shock resistance

formation  of spinel  and  mullite  crystalline  phases.  Mechanical  behavior  was  evaluated  through  cold  crus-
hing  strength  and  residual  cold  crushing  strength  after  five  consecutive  water  quenching  cycles.  Scanning
electron  microscopy  measurements  were carried  out  in  order  to better  understand  the  packing  density
and reaction  mechanisms  of  fired  castables.  Slag  containing  castables  portrays  good  thermal  properties
such  as  thermal  shock  resistance,  permanent  linear  change  and  pyrometric  cone  equivalent.

© 2014  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
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. Introduction

Bauxite based castables with conventional and low cement
astables have drawn great attention in non-recovery coke oven
atteries, coal-fired power boilers, industry furnaces and iron

ndustries [1] for many years. Addition of micro silica in these
astables, improves the refractory properties, gives reduction in
ater demand, and increases packing density [2–5]. Debilitation

f deposits of ore and non-ore minerals increases ecological prob-
ems and the costs for mineral raw materials. It can be minimized
y secondary resources, composite processing of raw material and
evelopment of low waste for such castables. The use of secondary
esources makes it possible to solve the problems of natural raw
∗ Corresponding author. Tel.: +91 9936182124.
E-mail addresses: vinaycer@gmail.com, vksingh.cer@itbhu.ac.in (V.K. Singh).
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aterials and reduces costs involving their extraction, processing
nd reduces industrial discharges into the atmosphere [6].

In the production of refractories, there is an option of metal-
urgical industry wastes to be utilized. Slags formed in production
f high carbon ferrochrome are usually dumped. Utilization of
umped ferrochrome slag in refractory castables reduces the cost
f product and is friendly to the atmosphere. This material is being
sed for road construction, brick manufacturing and has recently
een tried in cement industry and as a base layer material in road
avements due to its excellent technical properties [7–11]. Global
errochrome production is totaled around 8.9 million tons in the
ear 2011. The world’s major ferrochrome producers are South
frica 42%, China 23%, Kazakhstan 13%, and India 10% [12]. Almost
ll ferrochrome is produced in submerged electric arc furnaces
13,14]. The slag production is 1.1–1.6/t of Ferrochromium alloy
epending on feed materials [14].

Ferrochromium is a master alloy of iron and chromium. In high
arbon ferrochromium, metallic Cr content is 60–65% with varying
mounts of Fe and C. Ferrochromium is produced pyrometallurgi-
ally by carbothermic reduction of chromite ore (FeO·Cr2O3). The
ain raw material in the production of ferrochrome is chromite,
hich is basically chrome and iron oxides containing mineral.

hromite is used as lumpy ores, which must be generally agglom-
rated to make them usable to charge for the furnace. Fines in the
melting furnace cause unbalanced operation and thus decrease
roductivity. Different types of carbon are used to reduce metal

dx.doi.org/10.1016/j.jascer.2014.03.004
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Table 1
Particle size and chemical composition of the raw materials.

FC-Slag Calcined bauxite HAC Silica fume

Particle size 0–5 mm0–5 mm −0.15 �m

Al2O3 (wt.%) 22.21 85 72 1.36
SiO2 (wt.%) 27.14 8 – 93.89
Fe2O3 (wt.%) 4.01 3 – 1.06
CaO  (wt.%) 5.13 – 28 0.61
MgO (wt.%) 24.88 – – 1.68
TiO2 (wt.%) – 4 – –
Cr2O3 (wt.%) 12.57 – – –

Table 2
Batch composition of ferrochrome slag based castables.

Sample code FC slag (wt.%) Calcined
bauxite (wt.%)

HAC (wt.%) Fume silica
(wt.%)

S0 50 35 15 00
S5 50 35 10 05
S7.5 50 35 7.5 7.5
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xides in the furnace. The most important of them is metallurgical
oke. Quartzite, bauxite, dolomite, corundum, lime and olivine are
sed as fluxing materials [15] to get the right composition of slag. A
areful quality control of raw materials ensures maximum output
nd uniform quality in the smelting process. The main components
f the slag are SiO2, MgO, and Al2O3. The slag also includes Cr and
e oxides and calcium oxide. Common phases in the slag are glass,
pinels (Al2O3–MgO) and forsterite (MgO–SiO2) [16–18] and small
mount of CaO.

Aim of this work was to prepare conventional castable and low
ement castables by utilizing this waste ferrochrome slag, calcined
auxite and microsilica. They were characterized by X-ray diffrac-
ion (XRD) for structural changes and evolution of new phases.
efractory properties such as PCE (pyrometric cone equivalent),
LC (permanent linear changes) and TSR (thermal shock resis-
ance) were investigated to have a better understanding in order
o design refractory castables with enhanced properties. Use of
econdary resources makes it possible to solve problems of materi-
ls availability; it reduces cost for their extraction, processing and
heir industrial discharge in the atmosphere thereby providing an
conomical and financial environment to country. Possible appli-
ations of present work include non-recovery coke ovens, boilers
nd reheating furnaces.

. Materials and experimental procedure

.1. Raw materials

Calcined bauxite (Shiva minerals Pvt. Ltd., Rourkela) and Fer-
ochrome (byproduct of TATA Ferroalloy, India) were used as
ggregates, details of which are included in Table 1. High alumina
ement CA-270 (Almatis, India) is introduced as a hydraulic binder
nd microsilica (Shiva Minerals Pvt. Ltd., Rourkela) as additives.

ig. 1 shows how ferrochrome slag is used in different particle
ractions. The specific gravity of this slag is 2.57 g/cm3. Aggre-
ate percentage was kept constant 85 wt.% throughout the study.
icrosilica content with respect to high alumina cement (HAC) was

a
m
w
o

Fig. 1. Pictorial representation of the ferrochrome
S10 50 35 05 10

C, ferrochrome slag; HAC, high alumina cement.

aried from 0 to 10 wt.%. The batch composition of the castables is
isted in Table 2.

.2. Preparation of castables

Conventional and low cement refractory castables are gen-
rally prepared using approximately 15–10 and 3–5 wt.% HAC
espectively. The ferrochrome slag and calcined bauxite were
sed in castable formulation in the present study with small
dditions of microsilica. The formulation in Table 2 shows the
etailed composition with their specific names. In the first step for
astable formulation, ferrochrome slag was oven dried, crushed,

nd ground for grading into three groups: coarse (6 –2 mm),
edium (1–0.5 mm)  and fine (<0.5 mm).  The jar and grinding media
ere of titanium-coated stainless steel material. At one time 250 g

f ferrochrome slag material was  taken in the jar and ground in

 slag used graded in different particle sizes.
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 high energy ball mill for 30 min  at 400 rpm. Similarly, it was
rocessed to complete the grinding of complete material. The
round material was then kept in various selected sieves and set up
n the motorized vibro-sieving equipment for grading. Same tech-
ique was used for grinding and grading calcined bauxite material.
he particle size distribution has an important role in the properties
f refractory castable. Incorrect particle size distribution may  cause
ilitancy or the excess water requirement by the castables. The

article size distribution of the fine fraction is generally a represen-
ation of the flow characteristics. The trials of aggregate proportions
ere taken in a 1000 cm3 flask filled up to 250 cm3 and vibrated for

0 s and the packing density calculations were carried out for each
rial. Aggregate having highest packing density was  chosen for fur-
her analysis. The materials were dry mixed in a plastic container
or 10 min  by spatula and then were taken for sample preparation.
enerally, conventional and LCCs require less than 12 and 5 wt.%
f water respectively to achieve the desired rheology; therefore,
ater was added in two steps. The casting was done by adding first

wo-thirds proportion of water at a time. Then, one-third of water
as added slowly to get a homogenous mixing. The wet mixing
as performed for up to 5–6 min  to achieve proper flow. Imme-
iately after wet mixing, the castable mix  was filled into a cubic
old (50 mm)  made of hard steel. The mold was placed on the

ibrating table filled with the wet mixed castable and the mixes
ere vibrated for 10 min, showing better compactness. For each

omposition, several samples were prepared for laboratory test-
ng. The samples were cured in a moisture-saturated environment
95% RH) in a humidity chamber at room temperature for different
ime periods. For firing the samples, they were first oven dried at
10 ◦C for 24 h. The test samples were fired at 1100 and 1300 ◦C
ith dwelling time of 3 h, using electric furnace at a heating rate

f 5 ◦C/min. Furnace was equipped with SiC heating element and
 programmer PID528, manufactured by Selectron Process Con-
rols Pvt Ltd,. India. The programmer has the temperature control
ccuracy of ±1 ◦C.

.3. Characterizations of prepared castable

Apparent porosity and bulk density of sintered castables were
nvestigated according to ASTM C20-00 [19]. Cold crushing strength
CCS) is the capacity of a material to withstand axially directed
ushing forces. Cubic test specimens of 50 mm size were prepared
nd the value of maximum uniaxial load (in N) was  noted when the
ample block failed completely. Finally CCS value was calculated
sing the method stated in ASTM C133-97 [20].

Thermal shock resistance (TSR) determines the strength loss or
eduction in continuity or both of the castables subjected to ther-
al  cycling. TSR of the castables was determined on the basis of
STM C1171-05 standard that measures strength loss after cycling
amples from 1000 ◦C to room temperature for five times [21].

ASTM C113-02 Test method reveals the determination of per-
anent linear change (PLC) of refractories when heated under

rescribed conditions. For each test, castable samples were pre-
ared in stainless steel molds in the rectangular shape of size
5 mm × 25 mm × 150 mm.  A reference mark was made on each
pecimen by using ceramic paint to indicate the exact position
here the measurements were made. Length of marked line was
easured before firing and after firing to perform this experiment

22].
Pyrometric cone equivalent (PCE) is common method of ascer-

aining the fusion point by equating the bending characteristics

f the sample with those of a series of standard pyrometric cones
hat all run in the same furnace. This test method measures the
CE of specimen by comparison of test cones with standard pyro-
etric cones (Segar cones). For PCE measurements all the castable

3

s

ig. 2. Bulk density and apparent porosity of ferrochrome slag based castables as a
unction of temperature.

amples were crushed using mortar pestle followed by grinding
n a planetary mill (400 rpm) and passing it through a 65 mesh
Tyler standard series) according to ASTM C24-09. Dextrin (as a
inder to create plasticity) and water were added into the fine
aterial and molded in a cone shape. Both the test cone samples

nd standard pyrometric cones were mounted with certain angle
82◦) and heated at a 10 ◦C/min [23].

Samples were analyzed by XRD for the investigation of phases
resent. X-ray diffraction patterns were observed using a portable
RD machine (Rigaku, Japan) using Ni filtered Cu K� radiation oper-
ting at 30 mA  and 40 kV. Phase identification analysis was  carried
ut by comparing the respective powder XRD patterns with the
tandard database stated by JCPDS (PDF-2 database 2003).

Sintered castables were polished using emery papers of grade
/0, 2/0, 3/0, and 4/0 (Sia, Switzerland) followed by polishing on

 velvet cloth using diamond paste of grade 1/4-OS-475 (HIFIN).
hen these were etched thermally at 1200 ◦C. Micrographs were
ecorded with the help of a Scanning Electron Microscope (INSPECT
0 FEI).

. Results and discussion

.1. Bulk density (BD) and apparent porosity (AP)

BD and AP were determined at different temperatures (110 ◦C,
100 ◦C and 1300 ◦C). Fig. 2 shows that in castables S5, S7.5 and
10 there is significant increment in the densification accompa-
ied by valuable decrement in the porosity at highest sintering
emperature (1300 ◦C). In the temperature range 110 ◦C to 1100 ◦C
here is an abrupt drop in bulk density which could be correlated
o evaporation of chemically combined hydraulic phases. At this
emperature no ceramic bonding occurred. However for 1300 ◦C
he bulk density and apparent porosity improved, this behavior

ay  be attributed to ceramic bonds being formed [24]. At 1300 ◦C
eactions between alumina, slag, silica and cement form a liquidus
hase filling the interspaces among the constituents of castables.
ine particle size distribution of the microsilica mixture also helped
n improvement of packing density of the castables. This finally
eads to a much denser structure as when compared to castables
intered at lower temperature.
.2. Cold crushing strength (CCS)

CCS of all the castables as a function of temperature is
hown in Fig. 3. It can be observed that at 110 ◦C castable S0
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Fig. 3. CCS of different ferrochrome based castable samples fired at different firing
temperatures.
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Fig. 5. Permanent linear change of ferrochrome based castable samples fired at
1100 ◦C and 1300 ◦C.
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ig. 4. Strength loss of ferrochrome based castable samples fired at 1100 ◦C and
300 ◦C.

ontaining 15 wt.% cement and no microsilica depicts the highest
trength which is attributed to the higher amount of the cement
ydrated phases CAH10 (CaO·Al2O3·10H2O) and monoclinic AH3
Al2O3·3H2O). Possible reaction propagation is mentioned below:

aO·Al2O3 + 10H2O → CaO·Al2O3·10H2O (hexagonal) (1)

CaO·Al2O3 + 11H2O → 2CaO·Al2O3·8H2O (hexagonal)

+ Al2O3·3H2O (2)

CaO·Al2O3 + 12H2O → 3CaO·Al2O3·6H2O (cubic) + 2Al2O3·3H2O

(3)

These phases play the essential role of hydraulic bonding.
ecreasing the cement content up to 10 wt.% adversely affects the

trength in castable S5. Ferrochrome slag is a non-plastic material

nd absence of cement binder causes deficiency in hydrated phase
ormation which could be considered a major cause of strength
egradation. Even the presence of microsilica and increased com-
actness owing to it could not make up for this deficiency. Decrease

fi
m
q
c

Fig. 6. X-ray diffraction pattern of ferrochrome slag used.

f the cement content down to 7.5 wt.% and 5 wt.% (castable S7.5
nd S10) further leads to strength deterioration. This is due to
ow amount of cement available for good bonding. At 1100 ◦C
ll the castables have similar low strength due to the break-
own of the hydraulic bond while no ceramic reactions could take
lace. Castables S7.5 and S10 show highest CCS values at 1300 ◦C
hile containing the least amount of cement. This phenomenon

s certainly related to high temperature reaction bonding, liquid
hase sintering and the formation of acicular mullite phase which
trengthens the structure at high temperature. The higher CCS
alue of S10 castable compared with other castables is due to the
ighest amount interlocking crystals of mullite phase.

.3. Thermal shock resistance (TSR)

Thermal shock resistance properties enlighten pre-firing condi-
ions since strength loss behavior can be highly dependent on the
ring temperature. Thermal shock resistance properties are deter-
ined on castables heated to a predetermined temperature (T), and
uenched in water (Twater). After water cooling, the residual cold
rushing strength (CCSr) is measured and compared to the original
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ig. 7. X-ray diffraction pattern of ferrochrome slag based castables fired at 1100 ◦C.

trength (CCSo). A percentage residual strength loss was calculated
s:

SR = CCS0 − CCSr

CCS0
× 100 (4)

Fig. 4 shows the strength loss of the fired castables (1100 ◦C
nd 1300 ◦C). Better thermal shock resistance is obtained for the
astables S7.5 and S10 fired at 1300 ◦C. Strength loss for S7.5 and
10 castables are 20% and 13%, respectively. This is dedicated to

bsence of free silica and good distribution of the mullite phase
rom the in situ reaction of microsilica and alumina. The poor
palling resistance of castables sintered at 1100 ◦C is due to the
bsence of mullite and ceramic bonds.

t
w
b
1

Fig. 9. SEM micrographs of castable
ig. 8. X-ray diffraction pattern of ferrochrome slag based castables fired at 1300 ◦C.

.4. Permanent linear change (PLC) and pyrometric cone
quivalent (PCE)

This test method reports the determination of the permanent
inear change of refractories when heated under prescribed condi-
ions. The ferrochrome slag based bauxite castables is supported by
heir volume stability, i.e. limited permanent linear change (PLC)

hen fired at 1100 ◦C and 1300 ◦C. Fig. 5 shows that all the casta-

les have less than 1% contraction after firing at 1100 ◦C/3 h and
300 ◦C/3 h.

 S7.5 fired at 1300 ◦C for 3 h.
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VISA Steel Ltd., Industrial complex, Jajpur K Road, Orissa, India.
The author is grateful to the Sr. GM Mr.  C. N. Murthy and Sr. GM
Fig. 10. SEM micrographs of c

A percentage permanent linear change can be calculated as:

PLC = initial length − final length

initial length
× 100 (5)

Pyrometric cone equivalent test method measures the refrac-
oriness of the materials with the comparison of standard
yrometric cones. PCE value of all castables is equivalent to Segar
one 31 which resemble to a softening temperature equivalent of
750 ◦C.

.5. Evolution of phases in castables at different firing
emperatures

Fig. 6 shows the XRD pattern of ferrochrome slag. Diffraction
eaks are matched with JCPDS file no. 89-5130 and 82-2424 which
orrespond to presence of forsterite and spinel phases in the slag.
mall amount of trigonal chromium has been observed in the
lag and its corresponding intensity peaks have been verified by
CPDS file no. 82-1484. The XRD of castable samples heat-treated at
100 ◦C and 1300 ◦C are shown in Figs. 7 and 8. At 1100 ◦C the major
rystalline phase is �-Al2O3 in addition to small amount of spinel
hase in castable S0. Similarly, �-Al2O3 and spinel both phases are
resent in addition to SiO2 phase in castables S5, S7.5 and S10.
ree silica phase was found to increase with increasing microsilica
ontent in an order as follows: castable S5 < S 7.5 < S10. At 1300 ◦C
t was found that the major crystalline phase was  �-Al2O3, spinel
nd some amount of mullite. Added microsilica and silica present
n bauxite as impurities react with fine alumina to form mullite.
he presence of different impurities in bauxite also helps in the
ensification process and the formation of mullite. Mullite phase

ncreases with a simultaneous reduction in the amounts of alumina
nd silica owing to high temperature reactions.

.6. Microstructure

The microstructural evolution of castables fired at 1300 ◦C was
bserved using the scanning electron microscope of representative
egions of cut specimens. Figs. 9 and 10 demonstrate photomi-

rographs of S7.5 and S10 castables respectively after sintering at
300 ◦C. Results of BD-AP, thermal shock and CCS may  be explained
y drawing analogy to their respective microstructures. Fig. 9
hows castable S7.5 containing alumina, some glassy phases and

M
g
s
&

le S10 fired at 1300 ◦C for 3 h.

eedle shaped mullite structure. Presence of different impurities
n bauxite and addition of microsilica helps the formation of mul-
ite. Fig. 10 shows dense packed microstructure with an abundant
f corundum grains homogenously embedded in the matrix. Some
eedle shaped mullite crystals are also distributed from place to
lace. Formation of mullite is greater in the castable S10 than that
f S7.5 which corresponds to high amount of silica addition in S10.
he presence of mullite creates an interlocking structure in the
astables. This in situ reaction bonding is responsible for increase
n density, thermal shock and CCS of the castables [25–27]. Spinel
hase present in a uniform matrix is in conformance to the XRD
attern of the ferrochrome slag used.

. Conclusion

Conventional and low cement castables prepared from fer-
ochrome slag, calcined bauxite, high alumina cement and
icrosilica exhibit good physico-mechanical and refractory prop-

rties. The superior mechanical strength of S10 castable is predicted
ue to high amount of in situ acicular mullite formation. Less than
% dimensional variation in all prepared castables owes to usage
f already heat treated byproduct (ferrochrome slag). Sample S10
ontaining castable shows superior spalling resistance than the rest
ther three castables prepared. Ferrochrome slag had been suc-
essfully implemented by us as conventional castables (25 wt.%
lag + 75 wt.% Al2O3) for non-recovery coke oven door at VISA Steel
td. This door completed 90 cycles successfully without any repair.
sing approximately 50% ferrochrome slag as an aggregate in con-
entional castables saved around the 40% production cost per ton.
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