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Effect of reclaimed bauxite on  
andalusite-based refractory  
castables for tundish applications
E. Matinde1, and S.L. Msibi1,2

Synopsis
The robust nature of alumina refractory materials presents opportunities for their in-process reclaiming 
and re-use in non-critical applications. Virgin refractories can be substituted with different quantities 
of reclaimed materials without compromising the quality of the refractory products. In this study, 
the effect of reclaimed bauxite on andalusite-containing refractory castables for tundish applications 
was investigated. The recycled bauxite was formulated in different proportions to replace virgin 
andalusite in the castables. Standard tests were conducted to evaluate the physical, physicochemical, 
and thermochemical properties of the formulated products. Static corrosion tests were conducted using 
tundish slag in order to simulate the actual operating conditions. The results show that the standard 
flow behaviour, open porosity, and bulk density of samples containing up to 22 mass% reclaimed bauxite 
were comparable to those of the reference castable. However, high-temperature properties such as static 
corrosion at 1400°C and hot modulus of rupture at 1500°C indicated that there is an upper constraint 
to the amount of substitution. The study demonstrated direct potential savings of up to 10% when the 
reclaimed alumina replacement ratio was increased to 22 mass%.

Keywords
andalusite, bauxite, recycling and re-use, refractory castables, apparent porosity, bulk density, static 
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Introduction 
Alumina-based refractories can be classified into low-alumina, containing less than 50% Al2O3, and 
high-alumina or bauxite, containing between 50 and 90% Al2O3. High-alumina refractories have 
widespread applications in high-temperature metal extraction processes due to their outstanding 
thermochemical and thermomechanical properties and stability (Rebouillat and Rigaud, 2002; Frulli, 
2016). The typical chemical composition of refractory-grade bauxite consists of 85–90 wt.% Al2O3, 
5–10 wt.% SiO2, 1–2wt.% Fe2O3, 3–4 wt.% TiO2, 0.4–0.8 wt.% CaO + MgO, and 0.20–0.8 wt.% K2O + 
Na2O (Nyoka et al., 2013). The thermochemical and thermomechanical properties of bauxite-based 
refractories rely principally on the conversion of the contained silica and alumina to the highly stable 
corundum (a-Al2O3) and mullite (3Al2O3· 2SiO2) phases (Rebouillat and Rigaud, 2002; Hill and Sehnke, 
2006; Garbers-Craig, 2008; Frulli, 2016). 

Due to the high costs and supply-chain constraints of bauxite, the high-alumina refractories 
are increasingly being replaced by the cheaper and more readily available andalusite (Rebouillat 
and Rigaud, 2002; Hill and Sehnke, 2006; Garbers-Craig, 2008; Nyoka et al., 2013; Frulli, 2016). 
Andalusite is an industrial mineral containing about 57–59.5 wt.% Al2O3, 38–40 wt.% SiO2, 0.6–0.8 
wt.% Fe2O3, 0.15–0.25 wt.% TiO2, 0.1–0.25 wt.% CaO, 0.1–0.15 wt.% MgO, 0.1 wt.% Na2O, and 0.2–
0.35 wt.% K2O (Nyoka et al., 2013). Andalusite forms part of the trimorphous group with stoichiometry 
Al2SiO5. This group also contains sillimanite and kyanite. These minerals yield a mixture of silica (SiO2) 
glass phase and mullite (3Al2O3· 2SiO2 or Al2O3· SiO2) when heated in air in the temperatures range 
1100–1480ºC (Equation [1]) (Rebouillat and Rigaud, 2002; Garbers-Craig, 2008; Abou-Sekkina et al., 
2011; Frulli, 2016). 

    
[1]

The mullite phases are thermodynamically stable at high temperatures, and possess good refractory 
properties such as low thermal expansion, low thermal conductivity, good chemical stability, and 
excellent thermomechanical stability (Abou-Sekkina et al., 2011; Frulli, 2016). Since andalusite 
transforms to mullite at relatively low temperatures with minor volume expansion, it has widely been 
used in both fired bricks and in unfired (unfired bricks, castables, plastic mixes) refractory materials for 
various applications (Rebouillat and Rigaud, 2002; Frulli, 2016). 

Affiliation:
1 School of Chemical and  
Metallurgical Engineering, 
University of the Witwatersrand, 
South Africa.

2 Scaw Metals Group,  
South Africa.

Correspondence to:
E. Matinde

Email:
elias.matinde@wits.ac.za

Dates:
Received: 5 Sep. 2018
Revised: 15 Mar. 2018
Accepted: 1 Apr. 2019
Published: June 2019

How to cite:
Matinde, E. and Msibi, S.L. 
Effect of reclaimed bauxite on 
andalusite-based refractory 
castables for tundish applications. 
The Southern African Insitute of 
Mining and Metallurgy

DOI ID:
http://dx.doi.org/10.17159/2411-
9717/311/2019

ORCiD ID: 
E. Matinde 
https://orchid.org/0000-0001-
7899-3311

u

 ➤   

June Journal.indb   573 2019/06/24   8:24 AM



Effect of reclaimed bauxite on andalusite-based refractory castables for tundish applications

▶ 574 JUNE 2019 VOLUME 119 The Journal of the Southern African Institute of Mining and Metallurgy

Recycling of alumina-based refractory materials
When the degree of in-service damage to alumina-based 
refractories is such that stable operation of high-temperature 
processes cannot be ensured, the materials are broken down and 
discarded (Hanagiri et al., 2008). However, the non-destructible 
nature of these refractories poses environmental challenges 
in the form of disposal space and particulate dust emissions. 
Nonetheless, the robust nature of alumina-based refractories 
presents opportunities as well, particularly for their in-process 
recyclability and re-use, as well as their re-use in other industry 
sectors (Ndlovu, Simate, and Matinde, 2017).  In recent years 
there has been an increasing demand to recycle the spent 
refractories by incorporating them into a variety of refractory 
finished products (Bradley and Hutton 2014; Ndlovu, Simate, 
and Matinde, 2017). In fact, spent alumina-based refractories can 
easily be re-used in the production of conventional monolithic 
refractory products, and have long been regarded as fit-for-
purpose grades in the substitution of virgin refractory raw 
materials (Hanagiri et al., 2008; Bradley and Hutton, 2014).

To date, the in-process recycling of reclaimed refractory 
materials has focused on developing refractory products for 
low-temperature and non-critical applications (Mazzanti et 
al., 2010; Schutte, 2010; Bradley and Hutton, 2014). Schutte 
(2010) investigated the potential for recycling of spent chamotte 
(calcined aluminosilicate clay), andalusite, and magnesia 
spinel refractory materials for use as monolithic materials, and 
proposed that new product formulations containing up to 70–80 
wt.% reclaimed material can be used in non-critical and low-
temperature applications. Mazzanti et al. (2010) proposed that 
spent alumina refractory materials can be reclaimed and used 
in producing medium to high alumina-based castables with 
little or no compromise on the product quality. Based on the 
principle of downward position, Hanagiri et al. (2008) developed 
a methodology to recycle processed refractory waste wherein 
the reprocessed materials are used to produce materials of lower 
quality than the original materials. In other studies, Kumar 
et al. (2014) developed a new class of conventional and low-
cement castables using 40 wt.% ferrochrome slag and 45 wt.% 
calcined alumina. The findings from these studies have proved 
the suitability of the products made from the recycled materials. 
Based on the findings from these studies, the broad objective of 
this study is to investigate the potential utilization of reclaimed 
alumina refractories in the production of refractory castables for 
non-critical applications.

The recycling of spent refractories for castable applications 
requires optimization of interrelated properties such as 
particle size distribution (PSD), porosity, and thermochemical 
and thermomechanical properties, and hence a fundamental 
knowledge of their thermophysical, thermochemical (corrosion/
erosion resistance), and thermomechanical behaviour (thermal, 
volume, and mechanical stability). Their degradation behaviour 
when contacted with process materials such as molten oxides, 
molten metals, and corrosive and abrasive gases commonly 
found in most high-temperature metal extraction processes is 
particularly important from a safety perspective (Kumar et al., 
2015; Sadik, El-Amraniand, and Albizane, 2014). Standard 
tests are often conducted in order to determine the physical, 
physicochemical, thermomechanical, and thermochemical 
behaviour of these materials under simulated conditions of 
service. Since refractory castables consist of matrix and aggregate 
phases, the optimization of the PSD of the starting materials 

is one of the key requirements in the formulation of refractory 
castables. According to Fruhstorfer and Aneziris (2014), the 
central problem in designing unshaped refractory castables 
involves the simultaneous optimization of the interrelated 
properties of stability, flowability, and density. In particular, the 
PSDs, especially those of the coarse aggregates, play a critical role 
in obtaining the desired final properties, due to their effect on 
the final particle-packing density. The particle density packing, 
in turn, has a significant effect on physical properties such as 
apparent porosity and bulk density (Schutte, 2010; Fruhstorfer 
and Aneziris, 2014). Fruhstorfer and Aneziris (2014) proposed 
that the PSD of coarse refractories consists of fine particle 
fractions (<0.1 mm), medium grain sizes (between 0.1 and 1 
mm), and coarse grains (>1 mm). Schutte (2010) also proposed 
that the coarse aggregate fractions (1–3 mm and 3–5 mm) are 
usually considered for substitution during the recycling process. 
The matrix components, which include calcium aluminate cement 
binder, fillers, and deflocculating additives, are often not changed 
to reduce the effect of recycled materials on the flowability, 
workability, early strength, and volume stability of the formulated 
castable (Schnabel et al., 2014).

As highlighted earlier, the thermochemical and 
thermomechanical properties of refractory castables are critical 
from a safety perspective. Properties such as the hot modulus 
of rupture (HMOR) and corrosion/erosion resistance are some 
of the most important characteristics of refractory castables that 
determine their applicability in various processes. The HMOR is 
determined by a three-point bending test and is indicative of the 
strength of the bond in the refractory at high temperatures, and 
is thus correlated to resistance to structural degradation, chemical 
slag attack, and abrasion wear (Hancock and Cannon, 2000; 
ASTM C583; Kumar, Kumar-Singh, and Strivastava, 2013). In 
contrast, the corrosion of refractory castable involves phenomena 
of chemical dissolution of refractory phases as well as the 
precipitation of new crystalline phases, while abrasion wear 
involves mechanical wear by high-velocity gases or flowing liquid 
phases.  In other words, refractories must not only resist high 
temperatures but must also resist both corrosion and abrasion 
attack by liquid oxides and process gases (Kumar et al., 2015; 
Sadik, El-Amraniand, and Albizane, 2014). 

This study investigated the recycling of spent high-alumina 
refractories reclaimed from an electric arc furnace (EAF) roof 
at a ferrous foundry in Johannesburg, South Africa. The initial 
working lining thickness of the roof bricks is usually 270 mm, 
and the residual thickness at the end of each campaign is around 
135 mm or more. This translates to 50% or more of the original 
thickness being unused before the furnace roof is demolished 
(see Figure 1). In some cases, the remaining thickness of the 
bricks can be as high as 80% of the original. This implies 
that a significant portion of the brick remains unused but is 
still discarded, thereby presenting opportunities for sufficient 
quantities to be recycled. 

The foundry consumes over 2 500 t of fresh alumina 
refractory materials per year. A 10 t tundish is used in the final 
steel-refining operation. Currently, the tundish lining consists of a 
200 mm permanent/safety lining based on virgin andalusite and 
a 50 mm MgO· SiO2-based working lining. To date, no initiatives 
have been undertaken to recycle the spent refractory products. In 
this study, the effect of reclaimed bauxite addition on andalusite-
based safety lining was investigated (see Figure 2). The 
working lining is replenished by gunning after casting several 
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ladles (Figure 2). In this case, the tundish permanent lining is 
considered to be a semi-critical application, as the temperatures 
in the tundish hardly exceed 1565°C even when the thickness of 
the MgO·SiO2 hot face or working lining diminishes due to slag-
metal attack. 

Figures 2a and 2b illustrate the freshly lined tundish 
castable and the configuration of the new working lining before 
slag-metal attack, respectively. Figure 2c shows the schematic 
representation of the diminished working lining after slag-metal 
attack. As shown in Figure 2, the proposed application of the 
formulated safety lining castable does not involve direct contact 
with the metal or slag unless the working lining is penetrated or 
diminishes completely. Nevertheless, the safety lining castable 
should be robust enough to resist penetration by liquid slag and 
steel in order to prevent breakouts should the working lining 
diminish to a critical thickness. 

Experimental procedure 
Three sets of tests were conducted. The first set of tests was 
conducted to evaluate the recyclability of the furnace bricks. The 
second set focused on the formulation of castables based on the 
specifications of the as-received reference castable. The final tests 
focused on the physicochemical and thermochemical properties of 
the castables. The following sections describe the characterization 
and standard tests that were conducted in order to simulate the 
physical, chemical, and thermal properties, and the performance 

of the formulated product under simulated service conditions in 
the tundish. 

Selection of reclaimed roof bricks for recycling
In order to determine the recyclability, brick samples were 
randomly selected from the EAF roof at different locations, as 
shown in Figure 3. Brick (a) was reclaimed from the periphery 
of the roof. Brick (b) was reclaimed from the electrode pot area, 
while brick (c) was reclaimed from the off-gas chute. It is clear 
that the wear profiles of these bricks were not uniform across 
the entire furnace roof. The selected brick samples were then 
characterized using scanning electron microscopy (SEM) and 
X-ray diffraction (XRD) techniques in order to determine the 
phase compositions.  

Formulation of castables containing reclaimed alumina
The castables were formulated based on different proportions  
of reclaimed alumina (referred to here as grog) to virgin castable. 
Castable mixtures of 15 kg per sample were prepared from  
the crushed reclaimed bricks and virgin andalusite (see  
Table I). Only the < 1 mm, 1–3 mm, and 3–6 mm aggregates 
of the castable were considered for substitution. As shown in 
Figure 4, the particle size distribution of the fractions considered 
for substitution was comparable to that of the virgin gunning 
material provided by the refractory supplier.

Since the rheological and thixotropic behaviour of refractory 
castables is primarily influenced by amount of sub-micrometre 

Figure 1—Condition of the furnace roof (a) before and (b) after service, and (c) the average residual thickness of individual bricks (photographs by S.L. Msibi, taken 
on 5 December 2016)

Figure 2—Depiction of (a) freshly lined tundish, and the simulated tundish lining configuration with the (b) new and (c) diminished working lining
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particles and binders, a binding premix, consisting of calcium 
alumina cement (CAC), admixture, and microsilica was 
maintained at 8 mass% of the total formulation. The calcined 
alumina content also remained unchanged at 2 mass% based on 
the specifications of the reference castable from the refractory 
supplier. Furthermore, the 200 µm size fraction for andalusite 
was also fixed at 20 mass% of the formulation. No other 
additives, in the form of accelerator or retarders were added 
to modify the placing properties of the refractory castable. The 
current formulation was guided by the need to replicate the 
reference formulation, which does not contain additives. The 

chemical composition of the formulated products was analysed 
by X-ray fluorescence (XRF) and the crystalline phases were 
analysed using XRD. These properties were then compared to 
those of the virgin andalusite sample. 

Standard tests on formulated castables
Castable flow behaviour and water addition
The amount of water added was controlled to achieve the desired 
flow behaviour and workability based on the specifications of 
the reference castable. The flow behaviour was measured using 
the ASTM C1446 method, wherein a cone (100 mm base, 50 mm 
height, and 70 mm top diameter) was filled with the castable and 
vibrated for 30 seconds. The percentage self-flow (% S.F.) of the 
castable was calculated from the ratio of final (Df) to the initial 
(Di) diameter using the formula (ASTM 1446, 2011; Myhre, 
Sandberg, and Hundere, 1998):

[2]

Bulk density and apparent porosity
The bulk density and apparent porosity of formulated castables 
(50 x 50 x 50 mm, fired at 110, 600, 1000, and 1200ºC for 24 
hours) were measured based on Archimedean evaluation method 
(ASTM C20-00; Harbison and Walker, 2005). The bulk density 
and apparent porosity values were calculated as: 

Figure 4—Particle size distribution of the as-received andalusite and formu-
lations

   Table I

   Mixing ratios of formulation of castables (mass %)
   Description  Virgin sample (VS) 8 mass % grog (S1) 14 mass % grog (S2) 22 mass % grog (S3) 28 mass % grog (S4)

   Binder premix  8 8 8 8 8
   Calcined alumina  2 2 2 2 2
   Bauxite grog 0–1 mm  0 2 4 6 8
   Bauxite grog 1–3 mm  0 4 7 11 14
   Bauxite grog 3–6 mm  0 2 3 5 6
			Andalusite	200	μm		 20	 20	 20	 20	 20
   Andalusite < 1 mm 20 18 16 14 12
   Andalusite 1–3 mm 35 30 28 24 21
   Andalusite 3–6 mm  15 14 12 10 9
   Total (%) 100 100 100 100 100

Figure 3—Selection and visual conditions of the reclaimed refractory bricks after campaign
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[3]

   [4]

Static corrosion test
The static corrosion tests were conducted in accordance with 
the DIN 51069 Blatt 2 test at 1400ºC for 12 hours in order to 
determine the potential for isothermal chemical interaction 
between tundish slag and formulated castables (DIN Blatt 2, 
1972). The samples were moulded into cubes with a cylindrical 
section core- drilled to specified dimensions of 50 mm diameter 
and 35 mm depth. The cylindrical holes were then filled with 
an equal amount of slag and covered with a lid of the same 
refractory material. The refractory specimen was heated to 
1400ºC in a carbolite furnace (heating rate 5–8ºC/min) and 
soaked at that temperature for 12 hours to allow for sufficient 
refractory-slag interaction. After firing, the samples were left to 
cool inside the furnace for 24 hours, and were then sectioned to 
evaluate the corrosion pattern of each brick using SEM analysis. 
Based on the initial dimensions (50 mm Φ and 35 mm depth), 
the corresponding volume change after reaction was calculated 
by measuring the change in the diameter and depth due to 
slag penetration. The volume change, estimated as percentage 
corrosion volume, was calculated according to Equation [5]. 

[5]

where Vi is the initial volume and Vf  is the final volume.

Hot modulus of rupture
HMOR tests were conducted at temperatures close to the actual 
operating temperatures in the tundish. Bar samples (25 × 25 
× 150 mm) were heated to 1500ºC at a rate of 5–8ºC/min. The 
samples were soaked at this temperature, and then a three-point 
bending test was conducted until failure. The procedure was 
repeated six times. The HMOR values were calculated as:

   
                         [6]

where P is the maximum force applied at rupture (N), L is the 
span between the supports (mm), b is the width of the specimen 
(mm), and d is the depth of the specimen. 

Results and discussion
Characterization of raw materials and reclaimed bricks 
Table II shows the composition of the as-received (unfired) 
andalusite and the reclaimed bauxite. Figures 5–7 show 
photographs, backscattered electron images, and the un-
normalized chemical compositions of the three bricks. The three 
brick zones are labelled as: (1) the contaminated area (referred 
to as A 1-slag), (2) the interface (A 2 interface), and (3) the 
unreacted portion (A 3-brick). The compositional analyses of the 
respective portions also showed minimal slag/refractory brick 
interaction. 

Characterization of brick (a)
Figure 5 shows the characterisation of the brick excavated from 
the periphery of the roof. The preliminary visual inspection 
showed that brick (a) was intact, with minimum signs of thermal 
and chemical degradation.

The A 1-slag zone consists predominantly of FeO, SiO2 and 
Al2O3, MgO, CaO, Na2O, and K2O, with a calculated basicity 
(CaO + MgO/SiO2 + Al2O3) of 0.34. The oxide phases can be 
attributed to result from the direct fly-off of process materials 
during introduction of powder materials into the EAF and/or the 
projection of liquid droplets from the bath at the impact points of 
the arc and/or of the oxygen jets on the steel bath (Guézennec et 
al., 2005; Brosnan, 2004). The presence of FeO tends to reduce 
the liquidus temperatures of the corrosion reaction products 
(Brosnan, 2004), and hence is likely to promote the early 
formation of liquid phases and an increased wear rate of the hot 
face of the brick (Lee and Zhang, 2004).  

   Table II

    Composition of as-received (unfired) andalusite and  
reclaimed bauxite (mass%)

 Al2O3 SiO2 Fe2O3 TiO2 MgO + CaO K2O + N2O3

   Andalusite  59.40 39.00 0.85 0.15 0.20 0.40
   Recycled bauxite brick 81.80 12.60 1.60 3.20 0.30 0.50

Figure 5—Characterization of brick (a) showing (i) the pictorial representation of the brick, (ii) the backscattered electron image, and (iii) un-normalized EDS compo-
sitional (mass%) analysis 
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Alkali compounds (Na2O and K2O) are typical volatile 
compounds present in the electric arc furnace dust (de Buzin, 
Heck and Vilela. 2017; Sofilić et al., 2004; Prigent, Bouchetou, 
and Poirier, 2011). Similar to FeO, these materials also lower 
the liquidus temperatures of the deposited materials, and would 
thus contribute to accelerated wear of refractory bricks (Prigent, 
Bouchetou, and Poirier, 2011). Prigent, Bouchetou, and Poirier 
(2011) investigated the corrosion of alumina raww materials by 
sodium vapours. Their findings indicate corrosion phenomena 
characterized by a dissolution-precipitation process caused by 
Na2O-rich liquid phases. However, due to the low contents of 
Na2O and K2O in the materials deposited on the brick surface, 
the effect of these compounds on the liquidus temperature could 
not be quantified in the present study. The presence of TiO2 as an 
impurity in bauxite bricks (see Table II) is also detrimental to the 
integrity of the brick. TiO2 compounds tend to react with SiO2 to 
form low-melting glass phases when the bricks are fired and/or 
exposed to high temperatures in service (Hancock and Cannon, 
2000; Harbison and Walker 2000). 

Characterization of brick (b)
The brick reclaimed from the electrode area exhibited signs 
of severe thermal and chemical degradation (see Figure 6). 
Refractory materials close to the electrodes tend to experience 
severe degradation due to the high temperatures from the arc 
and aggressive chemical and abrasive attack from the process 
gases, volatile metal compounds, and entrained materials. The 
un-normalized EDS results show that the slag components were 
rich in FeO (27 wt.%), SiO2 (17 wt.%) and Al2O3 (30 wt.%), Cr2O3 
(17 wt.%), and NiO (8.3 wt.%). The presence of these oxides 
on the surface of the bricks can be attributed to the entrainment 
and oxidation of metal and slag droplets ejected from the steel 
bath during arcing (Sofilić et al., 2004). In particular, the high 
contents of Cr2O3 and NiO observed can be attributed to the high-
alloy steel scrap and alloying elements commonly used in the 
production of special grades of steel.  

It is clear that the severe thermal degradation could have 
increased the susceptibility of the brick to penetration by the 
process materials. The B2-interface also had uncharacteristically 
high amounts of copper and zinc oxides, which is indicative of 
the high level of contamination in the brick from the impurities 
present in the feed. Buzin et al. (2015) noted that electric arc 

furnace dust may contain varying levels of compounds of metals 
such as Pb, Cd, Ni, and Cu, which can contribute to the corrosion 
of the bricks.  

Characterization of brick (c)
Figure 7 shows the brick excavated from the off-gas chute area. 
Compared to brick (a), the SEM image of brick (c) also exhibited 
signs of crack formation (orange line) potentially resulting from 
the intermittent thermal stresses from the high temperature 
conditions experienced in the electrode area.  

Based on the preliminary observations highlighted in Figures 
5–7, brick (a) was considered suitable for reclamation. Brick 
(b) was rejected on the grounds of having experienced severe 
thermal degradation and contamination by process materials. 
Although brick (c) showed fewer tendencies of degradation, 

Figure 7—Characterization of brick (c) showing (i) the pictorial representation of the brick, (ii) the backscattered electron image, and (iii) un-normalized EDS compo-
sitional (mass%) analysis 

Figure 6—Characterization of brick (b) showing (i) the pictorial representa-
tion of the brick, (ii) the backscattered electron image, and (iii) un-normal-
ized EDS compositional (mass%) analysis 
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it was rejected on the grounds of economic viability due to 
potentially low quantities of the reclaimable portions at the end 
of each campaign. After rejecting bricks (b) and (c) for recycling, 
further confirmatory tests were conducted on brick (a) and the 
findings were compared to the virgin bauxite brick in order to 
further determine the suitability of the brick for reclamation. 
The XRD analyses also confirmed insignificant differences in the 
mineralogical phases between the virgin and reclaimed bricks, 
as indicated in Table III. Based on these considerations, brick (a) 
was considered suitable for reclamation. Further formulation tests 
were then conducted on this sample.

The findings in Tables II and III can be correlated to refractory 
phases for the bauxite bricks (> 80% Al2O3). According to 
Brosnan (2004), corundum and mullite are the main refractory 
phases present in fired (1450–1550ºC) bauxite materials. The 
amorphous phases shown in Table III are usually associated with 
the presence of glassy silica and other indigenous impurities (e.g. 
Na2O, K2O, Fe2O3, FeO, and TiO2) (Brosnan, 2004). However, the 
high content of these phases in the two samples is of substantial 
concern as they affect the solidus temperatures of bauxite 
refractories 

Characterization of formulated castables
As discussed earlier, the alumina-based castables were 
formulated based on the varying the ratio of reclaimed bauxite 
to virgin andalusite. Table IV shows the oxide composition of the 
formulated castables as measured by XRF. 

It is clear that the Al2O3 content of the castable increases with 
an increase in the amount of reclaimed bauxite in the castable. 
This is due to the fact that the reclaimed bauxite inherently 
contains a higher proportion of alumina compared to virgin 
andalusite (VS) (Harbison and Walker, 2000). Given the higher 
Al2O3 content of the formulated castable, the performance of 
the refractory castables can thus be assumed to approach that 
of bauxite. The CaO content of 1.5–1.8 wt.% for the formulated 
castable is also congruent with the CaO tolerance for low-cement 
castables (LCCs) as classified by other researchers (Parr et al., 
1997; Lee et al., 2001; Garbers-Craig, 2008). The slight increase 

in Fe2O3 can be attributed to the bauxite grog aggregate, which 
inherently picks up Fe2O3 as an impurity from process materials 
(Hancock, 2000; Pivinskii, Dyakin, and Perepelitsyn, 2015). 
Regrettably, the presence of impurities such as Fe2O3 tends to 
significantly affect the high-temperature strength properties of 
the formulated refractory castables. 

Water addition and flow behaviour of formulated 
castables
Table V highlights the flow behaviour of the formulated 
castable. The installation method for the tundish permanent 
lining requires that the flowability of the castable be acceptable 
immediately after mixing. Thus, the thixotropic, workability and 
predictable placement properties are particularly important for 
both vibratable and non-vibratable castables (Pivinskii, 1998; 
Schnabel, Buhr, and Dutton, 2012). In practice, a castable with 
good flow properties at a low water mixing ratio tends to form a 
homogenous and well consolidated product (Zawrah and Khalil, 
2001). From Table V, it is evident that the flow properties of the 
grog-containing castables deteriorated with increasing addition 
of grog. The observed trend can be correlated to the increased 
water requirements of the higher grog formulations. Technically, 
the higher the amount of grog, the higher the amount of water 
required to maintain the same level of flow and workability 
properties (Hanagiri et al., 2008). In practice, poor flow and 
placing properties in castables are often solved by increased 
water additions, albeit at the expense of other critical parameters 
such as open porosity, bulk density, and strength (Hanagiri et 
al., 2008; Schnabel, Buhr, and Dutton, 2012). Zawrah and Khalil 
(2001) proposed that excess water can reduce the strength and 
increase the shrinkage of the castable, while too little water can 
result in voids and poor consolidation.

Apparent porosity and bulk density 
Table VI shows the results of open porosity and bulk density 
tests conducted at different temperatures.  As expected, the 
apparent porosity increased gradually with an increase in the 
amount of grog. Frulli (2016) stated that the increase in apparent 
porosity can be attributed to the increased amount of bauxite 

   Table III

    Comparative quantitative XRD analyses of reclaimed 
and virgin bauxite bricks (%)

   Phases present Reclaimed brick A Virgin bauxite brick

   Corundum 35.79 38.68
   Mullite 41.36 32.69
   Magnesia 0.2 0.25
   Quartz 0.57 0.04
   Iron 0.07 0.11
   Amorphous 22.01 27.88

   Table IV

   Oxide composition of formulated castables (%)
   Oxide VS S1 S2 S3 S4

   Al2O3 61 63 65 69 70
   SiO2 37 34 32 28 27
   CaO 1.6 1.5 1.7 1.6 1.8
   MgO 0.1 0.0 0.0 0.0 0.0
   Fe2O3 0.7 0.9 1.0 1.1 1.2

   Table V

    Water addition and flow behaviour of formulated 
products

   Physical property VS S1 S2 S3 S4

   Water addition (%) 6 7 7 7.5 8
   % Flow behaviour (after 30 seconds) 165 150 155 145 140

   Table VI

   Open porosity and bulk density of formulated products
   Property  VS S1 S2 S3 S4

   Open porosity (%) 110ºC 2.3 2.8 2.5 2.7 4.0
  600ºC 4.1 4.8 4.8 4.9 4.8
  1000oC 5.1 5.2 5.2 5.2 5.5
  1200ºC 5.0 5.1 5.3 5.5 5.5
   Bulk density (kg/m3) 110ºC 2.54 2.54 2.52 2.46 2.47
  600ºC 2.52 2.48 2.49 2.48 2.48
  1000ºC 2.50 2.49 2.48 2.45 2.47
  1200ºC 2.58 2.52 2.49 2.43 2.48
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grog addition in the castable, since the refractory materials based 
on bauxite or chamotte exhibit higher porosity than andalusite-
based materials. The effect of the amount of grog is clearly 
observed in samples S3 and S4 fired at 1000ºC and 1200ºC. Since 
these castables had higher water requirements (see Table IV) 
than the reference castable, the higher porosity can be attributed 
to disappearance of water of crystallization and hydration, which 
created porosity in the castable body structure without any 
meaningful bonding taking place (Kumar et al., 2014). At fixed 
firing temperature of 1000ºC, it can be inferred that the pore 
volume remained almost unchanged from VS to S3, but increased 
in S4 due to the apparent effect of grog addition (Zawrah 
and Khalil, 2001). Nevertheless, since low-cement castables 
(LCCs) usually possess open or apparent porosity values not 
higher than 10% (Lee et al., 2001), the values obtained for the 
formulated castables were considered acceptable for the proposed 
applications.

Despite the marginal changes at intermediate firing 
temperatures of 600ºC and 1000ºC, it is clear that the bulk 
density decreased with increasing grog addition, particularly at 
110ºC and 1200ºC.  The observed trend is contrary to what was 
expected, since the higher order formulations contained more 
alumina, which is generally denser. Nonetheless, the observations 
from the present study are congruent with those of previous 
studies. Hutton et al. (2009) proposed that reclaimed refractory 
materials tend to have lower bulk density and higher porosity 
values compared to virgin materials. 

The bulk density is indicative of good particle size packing 
and porosity, and would thus correlate to the wear resistance 
of the refractory castables (Harbison and Walker, 2005). The 
apparent or open porosity, on the other hand, is a measure of 
the effective open pore space in a castable. Apparent porosity is 
thus indicative of the bulk density and wear resistance, i.e., the 
higher the bulk density and the lower the apparent porosity, the 
higher the resistance to chemical attack, slag-metal penetration, 
and abrasion resistance. Higher bulk density values are desirable 
in refractory castables, as such properties significantly affect the 
performance. Lee et al. (2001) proposed that the higher the bulk 
density, the higher the hot strength, and hence the higher the 
abrasion and corrosion resistance under service conditions. As 
such, the observed decrease in the bulk density with an increase 
in the amount of grog is likely to affect such high-temperature 
properties of the castable. As a result, it is important to further 
optimize the amounts of grog, reactive calcined alumina, and 
microsilica addition to enhance the packing density, and the 
nature and amount of bonding phases in the formulated castables 
(Pivinskii, 1998; Zawrah and Khalil, 2001; Parr, Fryda, and 
Wöhrmeyer, 2013; Sadik, El-Amraniand, and Albizane, 2014; 
Tomba-Martinez et al., 2017).

Static corrosion tests on formulated products
Table VII shows the chemical composition of the slag used in 
the static corrosion tests. Due to the mismatch between the high 

Al2O3 content of the castable formulations and the process slag, 
interaction between the slag and safety lining can be expected 
at higher temperatures should the working lining diminish to 
critical levels. Although the safety lining is not in direct contact 
with the slag unless the MgO· SiO2 working lining diminishes 
completely, the corrosion tests were nevertheless conducted as a 
precautionary measure. 

Figure 8 shows the results of the static corrosion tests 
conducted at 1400ºC for 12 hours. As was expected, a high 
corrodibility, evaluated based on the Al2O3 pick-up in the 
slag phase, of the castable by basic slag, was observed. For 
example, the Al2O3 content of the slag phase in VS, S1, S2, and 
S3 increased to around 27% compared to 7 wt.% in the original 
slag. However, the relative impact of Al2O3 content and physical 
properties such as bulk density and open porosity of formulated 
castables is not clear up to S3. S4, with 28 mass% grog addition, 
higher open porosity, and lower bulk density, experienced 
higher slag attack as evidenced by the elevated pick-up of 
Al2O3 by the slag. Furthermore, it can be inferred that the slag-
castable interaction occurred via the slag penetrating through 
the available pathways (open pores, cracks, phase boundaries, 
etc.), with the degree of penetration being controlled by the 
bulk density and apparent porosity of the castables (Pivinskii, 
1998; Zawrah and Khalil, 2001; Poirier et al., 2008; Braulio et 
al., 2011; Sako, Braulio, and Pandolfelli, 2012; Parr, Fryda, and 
Wöhrmeyer, 2013; Kumar et al., 2014; Sadik, El-Amraniand, 
and Albizane, 2014; Tomba-Martinez et al., 2017). Thus, the 
corrosion behaviour indicates the need to further optimize the 
bulk density and open porosity properties of the formulated 
castables.

In principle, corrosion reactions should be viewed as attempts 
by the system to achieve compatibility by progressing towards 
equilibrium (Brosnan, 2004; Sako, Braulio, and Pandolfelli, 
2012). Sako, Braulio, and Pandolfelli (2012) proposed that 
Al2O3 dissolution can be expected as a result of the interaction 
of CaO-rich slags and Al2O3-rich refractory aggregate. Based on 
the approximate stoichiometric ratios of the CaO and Al2O3 of 2:1 
observed for the slag phases, the reaction between the Al2O3 in 
the castables and the CaO in slag can be expected to occur via 
the formation of calcium dialuminate (CaO·2Al2O3) intermediate 
phases. The formation of the CaO·2Al2O3 phases from the 
corrosion attack on alumina-based refractories by process slag is 
also supported by findings from other studies (Lee and Zheng, 
2004; Melcher, Reiter, and Harmuth, 2007; Poirier et al., 2008). 
Lee and Zheng (2004) proposed that the dissolution of Al2O3 
occurs indirectly with the formation of intermediate phases CaO· 
2Al2O3 and CaO·6Al2O3 under static conditions, with the direct 
dissolution of Al2O3 under dynamic and more aggressive slag 
conditions. Melcher, Reiter, and Harmuth (2007) also proposed 
that the corrosion mechanism of alumina spinel castables 
by steelmaking slags (basicity 0.80 CaO/SiO2+Al2O3 < 1.54) 
involves the formation of CaO·2Al2O3 and CaO·6Al2O3 phases 
from the concomitant diffusion of reacting species (Al2O3 from 
the refractory surface and CaO from the slag) towards the slag/
refractory interface.

The change in the volume of corroded portions was used to 
further interpret the extent of corrosion of the Al2O3-castable by 
basic tundish slags. Based on the initial castable dimensions  
(50 mm Φ and 35 mm depth), the corresponding volume change 
after reaction was calculated by measuring the changes in the 
diameter and depth as a result of slag penetration. Table VIII 

   Table VII

   Normalized chemical composition of slag (wt.%)
   CaO SiO2 FeO MgO Al2O3

   32  31 14 16 7
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Figure 8—Results for static corrosion tests for the formulated castables showing (i) the pictorial representation of the sample, (ii) the backscattered electron im-
age, and (iii) un-normalized EDS compositional (mass%) analysis
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shows that lower corrosion volume changes (%) were observed 
for S1, S2, and S3 compared against the reference VS. In essence, 
the relatively lower the percentage ΔVCorrosion, the higher the 
resistance to slag attack and the better the performance of the 
castable when exposed to slag conditions in the tundish (Parr, 
Wöhrmeyer, and Steffes-Tun, 2003). Likewise, S4, with 28 
mass% grog additions, a higher open porosity, and a lower bulk 
density, experienced higher % ΔVCorrosion.

The better corrosion resistance of S1, S2, and S3 may be 
attributed to the substitution of andalusite aggregate by bauxite 
with a higher refractoriness (Harbison and Walker, 2000).  
Harbison and Walker (2000) proposed that the refractoriness 
of alumina-based refractories is a function of alumina content, 
due to the fact that the aggregate grog, which is 80% bauxite, 
is added to replace < 60% alumina virgin andalusite in the 
castable. However, the benefits of higher refractoriness of bauxite 
were negated in S4 due to negative synergistic effects of water 
addition, increased open porosity, and lower bulk density which, 
in essence, potentially increased the susceptibility to corrosion 
attack. 

XRD analyses were conducted on the unreacted portions of 
the samples after the static corrosion tests (Table IX). Basically, 
the amounts of mullite and corundum phases increased with 
increasing amount of grog. This is due to the higher Al2O3 
contents of the grog aggregates compared to the reference 
andalusite-based castable (Ødegård et al., 1998). Furthermore, 
the ratios of Al2O3 and SiO2 in the formulated castables are close 
to the stoichiometric ratio for the formation of the mullite (3Al2O3· 
2SiO2) phases during firing and under service conditions. In 
essence, the formation of mullite can be represented to occur 
according to Equation [1] (Rebouillat and Rigaud, 2002; Hill and 
Sehnke, 2006; Garbers-Craig, 2008; Frulli, 2016). 

The volume and distribution of the mullite and corundum 
phases is particularly critical to the performance of the formulated 
castables. Mullite, in particular, provides chemical stability 
to resist corrosion attack, and as such, the better corrosion 
resistance of S1, S2, and S3 can be attributed to the increased 
amounts of these phases in the castables (Zawrah and Khalil, 
2001; Rebouillat and Rigaud, 2002; Garbers-Craig, 2008; 
Abou-Sekkina et al., 2011; Frulli, 2016; Tomba-Martinez et al., 
2017). Although S4 was expected to have higher resistance to 
slag attack due to the greater amounts of mullite and corundum 
phases, the integrity of the formulation was negated by 
synergistic effects of poor physicochemical properties such as 
bulk density and open porosity (Kumar et al., 2014).

The effect of volume distribution of amorphous phases on 
the corrosion resistance of the castables is not clear from the 
findings. However, it can be inferred that the impurities in the 
raw materials (e.g., Fe2O3, Na2O, TiO2, and K2O in andalusite VS, 
and Fe2O3 in recycled grog) could have reacted with the Al2O3 

and SiO2 to form amorphous glass phases. Nevertheless, with 
the exception of S1 and S3, the amount of amorphous phases 
is congruent with the 10–15% proposed for high-alumina 
refractories (Yuan et al., 2015). 

Hot modulus of rupture (HMOR) at 1500°C
The thermomechanical properties of castables as a function of 
grog addition are presented in Figure 9. In general, castables 
with a higher recycled component demonstrated better HMOR 
properties at 1500ºC compared to the reference specimen. For 
example, S1 and S3, with comparatively higher mullite contents 
(see Table VIII), achieved the highest HMOR values of 2.12 MPa 
and 2.68 MPa, respectively. Congruent with findings from other 
studies, the formation of mullite significantly increases the hot 
strength properties of refractory castables (Myhre, 1994; Parr et 
al., 1997; Zawrah and Khalil, 2001; Rebouillat and Rigaud, 2002; 
Kumar, Kumar-Singh, and Strivastava, 2013; Kumar et al., 2014; 
Frulli, 2016). In fact, the higher HMORs for S1 and S3 can be 
attributed to both the higher mullite content and lower amount 
of amorphous phases, as indicated in Table VIII. Due to the ease 
of formation of liquid phases at high temperatures, amorphous 
glass phases have a significant effect on the thermomechanical 
properties of Al2O3-based refractories (Yuan et al., 2015). In 
addition, the values of HMOR of LCCs available in the literature 
are several orders higher than those obtained in this study 
(Chakraborty, 2004; Kumar et al., 2014), and the discrepancy is 
worth investigating in the future studies. 

Economic considerations 
As discussed earlier, the recycling of reclaimed bauxite refractory 
bricks results in significant cost savings by reducing reliance 
on virgin andalusite raw materials. The proposed recycling and 
re-use of these materials will result in reduced costs of landfill 
disposal, thereby reducing the overall cost of ownership of the 

   Table VIII

   Corrosion volume (%) of the formulated samples
   Sample Initial volume Average) Average Final % ΔV 
 (mm3) Φ (mm depth (mm) volume (mm3) Corrosion

   VS  68 750 53.5 35.5 79 836.33 16.13
   S1  68 750 53.2 35.5 78 943.48 14.83
   S2  68 750 53.5 35.0 78 711.88 14.49
   S3  68 750 53.2 35.0 77 831.60 13.21
   S4  68 750 54.0 35.5 81 335.57 18.31

   Table IX

    Phase analysis of unreacted portions of castables 
afterstatic corrosion test

   Phases  VS S1 S2 S3 S4

   Corundum 2.7 7.6 11 13 18
   Mullite 40 52 49 54 50
   Andalusite 38 32 20 18 11
   Cristobalite 0.15 0.44 0.06 0.11 0.02
   Anorthite  3.7 4.7 4.2 4.8 4.7
   Amorphous 15 3.1 16 9 12

Figure 9—Comparative hot modulus of rupture values at 1500°C
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refractories. In fact, it is proposed that at least 20% savings can 
be achieved by recycling alone (Bradley and Hutton, 2010). 
This section highlights the direct economic benefits from the 
formulations proposed in this study based on the replacement 
ratio of virgin andalusite. Table X illustrates the hypothetical 
costs of raw materials and the economic model for the cost 
reduction of substituting virgin raw material castable with 
reclaimed bauxite. The unit costs were assumed to include only 
the processing and sorting costs for the bauxite grog.

From the standard test results, it can be deduced that S1, S2, 
and S3 offered a better compromise between cost and quality of 
the formulated castable product. Increasing the replacement ratio 
from 8 mass% to 14 mass% grog increased the direct potential 
savings from 4% to 7%. Potential savings of up to 15% can be 
achieved by further increasing the grog replacement ratio to 
28 mass%. Although S4 offers the highest cost reduction ratio, 
the results from the selected quality tests revealed that higher 
replacement ratios can compromise the quality of the refractory 
castables. In practice, higher cost reductions than those shown in 
Table X can be achieved if the costs of dumping space and other 
salient benefits such as goodwill for environmental stewardship 
were to be included in the cost calculations. 

Conclusion 
The study provides a pragmatic approach to the recycling 
of reclaimed bauxite bricks from the EAF roof. The effect 
of reclaimed bauxite on the performance of andalusite-
based castables for tundish applications is discussed. The 
performance of formulated products was benchmarked to that 
of a refractory castable formulated from virgin andalusite. The 
diagnostic analyses of the bricks reclaimed from the periphery 
of the roof confirmed insignificant mineralogical differences 
to virgin andalusite bricks, and hence these bricks offered 
the best opportunities for recycling. The physical, thermal, 
and thermochemical behaviour of the products indicate that 
formulations S1 (8 mass% grog), S2 (14 mass% grog), and 
S3 (22 mass% grog) offered the best compromise between 
the cost and quality of the castables. Neglecting indirect costs 
such as conveying and the cost of dumping space, the study 
demonstrated that direct potential savings of up to 10% can 
be achieved at a grog replacement ratio of 22 mass% without 
compromising the product quality. 
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