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Abstract

A cordierite refractory castable was developed using the MgO-NH4H2PO4 reaction. This castable was made with cordierite–mullite

aggregates from scrap refractory material and a cement paste based on magnesia, calcined alumina, silica fume, and ammonium dihydrogen

phosphate, which forms cordierite (2MgO�2Al2O3�5SiO2) during heating at high temperature. The mix with water was cast into steel molds;

the cold setting occurs within 30 min. The set castables were thermally treated and the evolution of the phases was observed. Struvite

(NH4�MgPO4�6H2O) was identified at room temperature; between 110 and 750 jC, the present phosphates were amorphous to X-ray

diffraction (XRD). At 1100 jC, magnesium orthophosphate (Mg3(PO4)2) and aluminum orthophosphate (AlPO4) were present. At 1350 jC,
the main crystalline phases were cordierite and mullite. Cold and hot flexural strength, thermal shock resistance, and physical properties were

measured. The properties of magnesia–phosphate-bonded cordierite castables were compared with cordierite material obtained by

conventional slip-casting method from aggregates, clay, talc, and calcined alumina.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials based on cordierite (2MgO�2Al2O3�5SiO2) are

best suited to applications that require low thermal expan-

sion coefficient (2� 10� 6 jC� 1 to 6� 10� 6 jC � 1) and

outstanding thermal shock resistance. These materials are

extensively used as refractory products (kiln furniture,

saggers, gas burners), electroceramics (resistors, fusibles,

flame guards), tableware (flame-proof applications as

cooking ware, laboratory items), and catalyst carriers.

The low intrinsic strength of cordierite can be somehow

compensated by the presence of mullite (3Al2O3�2SiO2) in

spite of some increase in the thermal expansion coefficient

results. Mullite by itself is an excellent refractory material

with good thermal shock resistance and it has a thermal

expansion coefficient of about 5.4� 10� 6 jC� 1. Then,

the cordierite–mullite composite materials exhibit high
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thermal and mechanical strength at service temperatures

below 1300 jC.
Since few natural deposits of cordierite exist, a stable

cordieritic material can be easily obtained from economical

raw materials that contain silica, magnesia, and alumina in

suitable proportions. Compounds such as oxides, carbo-

nates, and hydroxides and minerals such as kaolin, clay,

talc, sepiolite, steatite, and chlorite can be utilized. The

magnesia is seldom used as a raw material because the

reaction to form cordierite with the other compounds takes a

long time to be completed. Refractory bodies with high

contents of cordierite are commonly made from a mix of

talc and plastic clay; alumina additions are often used [1,2].

This mix is then pressed, rammed, cast, extruded, etc.,

producing cordierite-based bodies during heating at high

temperature. The overheating of these bodies produces

some decomposition of the cordierite that results in the

formation of small amounts of spinel and mullite. Additions

of ZrSiO4, MgCO3, BaCO3, PbSiO3, SiC, graphite, silica

fume, and other mineralizers had been investigated [3,4].

Besides the nature of the raw materials used, the synthesis

of cordierite is also influenced by the initial structural state

of the respective reactant, by the presence or absence of



Table 1

Chemical analyses of raw materials (wt.%)

Raw

material

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 LOI

1000 jC

Clay 64.37 22.69 1.14 0.20 0.20 0.47 0.65 0.53 8.77

Talc 59.94 0.15 0.52 0.60 30.44 0.27 < 0.01 < 0.01 7.30

Magnesia 2.95 0.19 0.70 1.97 93.28 0.46 < 0.01 0.02 < 0.01
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impurities, and by the composition, area, and size of the

grains [5–7].

Refractory cordierite materials are based on a matrix

consisting of cordierite or cordierite–mullite as major

components and aggregates of different compositions and

sizes such as calcined flint, tabular alumina, and low and

high mullite content aggregates. Suitable aggregate size

distribution is required to obtain materials with the best

service properties (density, strength, expansion, etc.),

depending also on the application or the installation method

employed.

The bonding properties of a large number of phosphate

materials have been recognized for many years [8–11].

Numerous processes for the utilization of these properties

have been patented, and both heat- and cold-setting compo-

sitions have been described. Phosphate bonds are usually

employed in dental cements, rapid-setting cements recom-

mended for repair work and refractories. They are of

particular interest in the field of refractories because of the

high fusion temperature of many phosphates that allow to

design chemically bonded refractories. Magnesia–phos-

phate cement (MPC) is one of most employed for quick-

setting and high early strength requirements, specially for

rapid repairs of damaged concrete roads, motorways, bridge

decks, airfields, manhole raising, industrial floors, and any

other type of application where time is one of the main

considerations [12,13].

The characteristic reaction of MPC-based materials is an

acid–base reaction or, more precisely, the reaction between

certain magnesium compounds and phosphates usually in

aqueous solution. Due to their setting properties, in most

cases, the compounds used are dead-burnt magnesia and

acid ammonium phosphates, particularly ammonium dihy-

drogen phosphate (NH4H2PO4) [14–25]. Diammonium

hydrogen phosphate ((NH4)2HPO4), ammonium polyphos-

phate, monoaluminum phosphate (Al(H2PO4)3), and ortho-

phosphoric acid (H3PO4) have also been utilized [19,26–

32]. An exothermic reaction takes place when the reagents

are put in contact and the reaction product, usually a

hydrated salt or a hydrogel, forms the cement matrix in

which the fillers are embedded. Magnesia with low super-

ficial reactivity is required to avoid a violent reaction.

Magnesia is generally present in excess in the hydrated

pastes. The hydration of MPC is complex because the

presence of several overlapping reactions and different

reaction paths, depending moreover of the others phases

present and the experimental variables. The hydration reac-

tions can be controlled and modified by the use of retarders

to achieve a suitable long setting time, while the commer-

cially available mortars contain various types and grades of

fillers.

This paper is about the preparation, characterization, and

comparison of two cordierite refractory castables: one by the

conventional slip-casting method utilizing talc, clay, and

alumina, and the other employing the MgO-NH4H2PO4

setting reaction.
2. Experimental

2.1. Materials and preparation method

Two kinds of refractory castables, which form cordierite

on heating at high temperature, were prepared. Both casta-

bles were designed with 40 wt.% of fine fraction (matrix)

and 60 wt.% of coarse fraction (aggregates). The aggregates,

named A, were the same for both castables and they came

from kiln furniture scrap of the ceramic industry. They were

cordierite–mullite grains with adequate grain size distribu-

tion from mesh 8 up to 50 (ASTM).

The castables designated by ATW (aggregate–talc–wa-

ter) were obtained by the conventional method of slip

casting, with the A aggregates and a matrix named T

containing talc, clay, and calcined alumina in the right

proportions to obtain the stoichiometric cordierite composi-

tion on heating (13.7% MgO, 34.9% Al2O3, and 51.4%

SiO2). These solids were mixed with water (W), cast in

plaster molds of 25� 25� 150 mm3, and air dried at room

temperature for several days.

A commercial pure talc, mesh 325, was employed (origin

China). The crystalline phases observed by X-ray diffraction

(XRD) were talc (3MgO�4SiO2�H2O) and magnesite

(MgCO3).

The clay (Tincar Super, Piedra Grande, Argentine) had a

specific surface area (BET) of 23 m2 g� 1. The percentage

retained in mesh 150 and 325 was 1% and 2%, respectively.

The main mineralogical phases were quartz (SiO2) and

kaolinite. The chemical analyses of the clay and talc are

shown in Table 1.

The alumina (Al2O3) was of a calcined type (S3G,

Alcan) with a mean particle size of 5 Am, a specific surface

area (BET) of 1 m2 g � 1, and 0.49% of Na2O. The

crystalline phases of calcined alumina were a-Al2O3 and

impurities of sodium aluminum oxide (h-NaAl11O17).

The chemical bond magnesia–phosphate was taken into

account to design the other castable named AMP (aggre-

gate–magnesia–phosphate). This castable was prepared

with the A aggregates mentioned above and a matrix, named

M, formulated with magnesia, silica fume, and calcined

alumina in the proportions of the theoretical cordierite

composition.

The magnesia employed (MgO) was of refractory grade

with a particle size < 75 Am. The specific surface area

was 0.35 m2 g� 1 and the density was 3.59 g cm � 3 (by

pycnometry). The chemical analysis is reported in Table 1.



Table 2

Physical and textural properties of the AMP and ATW castables calcined

for 2 h at 1350 jC

AMP ATW

Linear change 110–1350 jC (%) � 0.54 0.55

Apparent density (g cm� 3) 1.7 1.8

Thermal expansion coefficient at

25–1000 jC (jC � 1) (� 10 � 6)

2.3 1.3

Open porosity (%) 29.7 32.4

Cumulative macropores volume between

1.8 and 30.5 Am (mm3 g� 1)

132.3 167.0

Cumulative micropores volume between

0.0036 and 6.5 Am (mm3 g� 1)

97.8 189.1
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Periclase (MgO) and traces of CaMgSiO4 (monticellite),

Mg2SiO4 (forsterite), and MgAl2O4 were the crystalline

phases. Before preparing the castables, magnesia was cal-

cined for 1 h at 1000 jC to eliminate the carbonates and

superficial hydrates.

The SiO2 used was silica fume EMS 965 from Elkem

Materials. It was observed that the silica fume was amor-

phous at low temperatures, and at temperatures higher than

1000 jC, it crystallized in cristobalite and tridymite form.

Silicon carbide (SiC) was present as impurity in the silica

fume.

The calcined alumina used in M matrix was the same as

that of the T matrix.

The dry-mixed solids (M matrix and A aggregates) were

bonded with an aqueous solution of ammonium dihydrogen

phosphate (NH4H2PO4), supplied by J.T.Baker, named P.

The solution was 28 wt.% on the basis of solid mix to obtain

a good consistency. The MgO/NH4H2PO4 molar ratio was

2.3. The solution P was added to solids following the

normal procedure in the construction industry. A workable

paste was obtained with vigorous mixing, in a Hobart-type

mixer, for about 2 min. The paste was poured in metallic

molds of 25� 25� 150 mm3 and then was vibrated for 1

min. The probes remained 24 h at room temperature (about

20 jC) and then they were removed from the molds and air

dried 24 h more at room temperature.

Then, both AMP and ATW castables were air dried at

110 jC for 24 h and heated at 600, 750, 1100, and 1350 jC
for 2 h in an electric furnace in air atmosphere.

2.2. Test methods

The XRD patterns were obtained using a Philips PW-

3710 diffractometer with Cu-Ka radiation (k = 0.154 nm) at

40 kV and 20 mA (step size: 0.02 j2h; time per step: 1 s).

Dilatometric analyses of the castables were performed in

a Netzsch apparatus with a heating rate of 5 jC min� 1 in

specimens of 10� 10� 50 mm3.

The flexural strength was evaluated through the cold

modulus of rupture (CMOR) and the hot modulus of rupture

(HMOR). CMOR was measured using a T22K-type equip-

ment from J. J. Lloyd Instruments Limited (UK). HMOR

was measured at 1200 jC in a Netzsch equipment, 422

model, at constant load rate (9 MPa min � 1). Before testing,

the probes were heated at 10 jC min� 1 up to 700 jC, then
at 5 jC min� 1 from 700 to 1200 jC, and maintained at

1200 jC for 15 min.

Thermal shock resistance test was based on the loss of

flexural strength after heating–cooling cycles. The casta-

bles, previously calcined at 1350 jC for 2 h, were heated at

1000 jC for 1 h and then they were rapidly cooled by water

immersion at 20 jC. After three cycles of heating–cooling,
the CMOR was measured.

The pore size distribution was examined by means of two

Carlo Erba mercury porosimeters: Porosimeter 2000 and

Macropores unit 120.
The open porosity was determined by the Arquimedes

method (ASTM C-20).
3. Results and discussion

3.1. Physical and textural properties

Table 2 shows some properties of the AMP and ATW

castables calcined at 1350 jC. The linear change between

110 and 1350 jC showed a small contraction for the AMP

castable and a small expansion for the ATW castable. The

low density of both castables was expected because of the

high porosity (around 30%) of the A aggregates (scrap). The

thermal expansion coefficient of ATW castable was smaller

than that of the AMP castable, but both materials had a good

behavior during the thermal shock test. The ATW castable

showed a higher open porosity and a higher cumulative

volume of macro- and micropores than AMP castable,

which affected their mechanical properties.

Fig. 1 shows the dilatometric curves of the ATW and

AMP castables dried at 110 jC. For the AMP castable, a

small expansion up to 1100 jC was observed. At this

temperature, a considerable shrinkage began reaching

1.95% at 1350 jC, which indicates that this calcination

temperature was too high for this kind of material. The

addition of phosphates reduces refractoriness due to the

formation of liquid phases, probably magnesium metaphos-

phate (MgO�P2O5, melting point 1165 jC) and compounds

of the SiO2-P2O5 system. At ordinary temperatures, the

silica does not react with the phosphates and it does not

produce phosphorus compounds with bonding properties.

At temperatures between 1100 and 1300 jC, liquid phases

(SiO2�P2O5 and 2SiO2�P2O5) not desirable for refractory

materials are formed. This phosphate bond is suitable for

moderate heat duty refractories when a cold setting is

desired. The ATW castable showed an expansion of only

0.15% during heating up to 1350 jC. The absence of

phosphate compounds in this castable produced a minor

amount of liquid phases.

In Fig. 2, the linear changes of the ATW castable

calcined for 2 h at 1350 jC and the AMP castables calcined



Fig. 1. Dilatometry of the AMP and ATW castables dried at 110 jC.

Fig. 2. Linear change of the ATW castable calcined for 2 h at 1350 jC and

the AMP castables calcined for 2 h at 1100 and 1350 jC.
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for 2 h at 1100 and 1350 jC from dilatometric tests are

shown. The ATW castable had the smallest thermal expan-

sion coefficient and a linear change of 0.25% up to 1350

jC. The AMP castable calcined at 1350 jC began to shrink

at 1300 jC, indicating that the service temperature for this

kind of material should not exceed 1250 jC. The AMP

castable heated at 1100 jC had a thermal expansion

coefficient of 3.8� 10� 6 jC � 1 between 25 and 1000

jC, slightly higher than the ATW and AMP coefficients

at 1350 jC because the matrix had still not transformed into

cordierite at 1100 jC; anyway, the cordierite–mullite

aggregates contributed to reach a good thermal expansion

coefficient.

3.2. Evolution of the phases on heating

Fig. 3 shows the crystalline phases present in the A

aggregates, the T matrix, and the ATW castables after

heating 24 h at 110 jC and 2 h at 1100 and 1350 jC. The
main crystalline phases of the A aggregates were cordierite

(2MgO�2Al2O3�5SiO2) and mullite (3Al2O3�2SiO2); the

minor crystalline phases were alumina (Al2O3), magnesia

(MgO), quartz (SiO2), and spinel (MgO�Al2O3).

The XRD pattern of the T matrix showed the presence of

talc (3MgO�4SiO2�H2O), kaolinite, and quartz coming from

clay, alumina, and impurities of magnesite (MgCO3) coming

from the talc and sodium aluminum oxide (h-NaAl11O17)

coming from the alumina.

The diffractogram of castable dried 24 h at 110 jC (ATW

110 jC) showed the crystalline phases of the A aggregate

plus the T matrix.

At 750 jC (XRD pattern not shown in Fig. 3), the clay

and the magnesite were completely decomposed and the talc

was partially dissociated.

At 1100 jC (XRD pattern ATW 1100 jC), the T matrix

began to transform into mullite and cordierite. The quartz

and the silica coming from the talc and clay decomposition

became cristobalite. Besides cordierite and mullite coming
from the aggregates, alumina, protoenstatite (MgO�SiO2),

and small amounts of talc and spinel were also present.

At 1350 jC (XRD pattern ATW 1350 jC), the final

phases were cordierite and mullite, accompanied by small

amounts of spinel, alumina, magnesia, and cristobalite. The

crystalline phase 2MgO�2Al2O3�5SiO2 is referred for sim-

plification by the general term ‘‘cordierite’’; however, the

term ‘‘indialite’’ would be more appropriate to designate the

hexagonal form initially present in cordierite refractory

bodies. The transformation into the orthorhombic form,

cordierite, takes place only after prolonged heating.

MPCs are important in refractory bonding systems. Then

it is essential to understand the phase changes that occur on

heating. Fig. 4 shows the XRD pattern of the A aggregate,

the M matrix, and the AMP phosphate-bonded castable after

remaining 48 h at room temperature (around 20 jC), drying
24 h at 110 jC, and heating 2 h at 1100 and 1350 jC.

The A aggregates were the same that the ones used in the

ATW castables; consequently, cordierite and mullite were

the main crystalline phases.

XRD pattern of the M matrix (constituted by magnesia,

alumina, and silica fume) showed alumina and magnesia as

predominant phases. A broad hump in the background of

the diffractogram, about 22j of 2h, was also observed

indicating the presence of amorphous silica. Very small

quantities of sodium aluminum oxide (h-NaAl11O17) and

silicon carbide (SiC), coming from calcined alumina and

silica fume, respectively, were also present.

The diffractogram of AMP castable set at room temper-

ature (XRD pattern AMP 20 jC) showed the reflections of

cordierite–mullite corresponding to the A aggregate, as well

as alumina, magnesia, and amorphous silica coming from

the M matrix. Ammonium magnesium phosphate hexahy-

drate (NH4MgPO4�6H2O), called struvite, was formed as

reaction product among MgO, NH4H2PO4, and H2O at

room temperature. Studies of the hydration of magnesia–



Fig. 3. XRD pattern of the aggregate (A), the matrix (T), and the castable (ATW) at different temperatures. C = cordierite, M=mullite, A= alumina, T = talc,

Y= clay, G =magnesite, O =magnesia, E = protoenstatite, L= spinel, Q = quartz, S = cristobalite, N = sodium aluminum oxide.

N.E. Hipedinger et al. / Cement and Concrete Research 34 (2004) 157–164 161
ammonium dihydrogen phosphate–water mix [12] indicated

the presence of an amorphous phase during the first hour of

setting, which gradually crystallized to struvite. The reaction

mechanism proposed initially involved the formation of

amorphous colloidal-type particles composed of hydrogen-

bonded water, ammonium dihydrogen phosphate, and a

multimolecular struvite framework. Afterwards, these par-

ticles coagulated around excess magnesia and aggregates to

start setting. During setting and drying, crystalline struvite

was formed. In this study, other ammonium magnesium

phosphate hydrates, as schertelite ((NH4)2Mg(HPO4)2�
4H2O) and dittmarite (NH4MgPO4�H2O), were not detected

in the diffractograms after 48 h from the preparation,

probably because the hydration was completed and because
the water was not the limiting reagent. The presence of

amorphous phases containing magnesium was also sug-

gested. The exact amount of magnesium that formed stru-

vite, amorphous phase, or magnesia unreacted depends on a

number of factors, such as the molar ratio MgO/NH4H2PO4,

the particle size and reactivity of the starting materials, and

the intimacy and duration of mixing. At low temperatures,

the alumina practically did not react with the ammonium

dihydrogen phosphate solution.

In the castable dried at 110 jC (XRD pattern AMP 110

jC), struvite was not present and a higher background in

angles below 25j 2h was observed. Also, a smell of

ammonia was noticed during drying. These facts sug-

gested that struvite decomposed at around 110 jC, evolv-



Fig. 4. XRD pattern of the aggregate (A), the matrix (M), and the castable (AMP) at different temperatures. C = cordierite, M=mullite, A= alumina,

O =magnesia, V= struvite, F = farringtonite, P= aluminum orthophosphate, L= spinel, Q = quartz, S = cristobalite, I = silicon carbide, N = sodium aluminum

oxide.
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ing ammonia and water and generating a noncrystalline

compound.

The diffractograms at 450 and 600 jC (not shown in Fig.

4) were identical to those at 110 jC. The XRD pattern of the

castable at 750 jC (not shown) indicated that the phosphates

of the amorphous phase began to crystallize as magnesium

orthophosphate or farringtonite (Mg3(PO4)2). In experiences

carried out with the cement paste alone (without aggre-

gates), at 750 jC, the presence of magnesium pyrophos-

phate (Mg2P2O7), besides farringtonite, was observed, in

agreement with that reported by Abdelrazig et al. [15–17].

At 1100 jC (XRD pattern AMP 1100 jC), an intense

reflection at 21.8j of 2h was observed, corresponding to the

transformation of the amorphous silica of the matrix into

cristobalite and to the formation of the aluminum ortho-

phosphate (AlPO4, cristobalite form). Aluminum orthophos-
phate resembles silica in structure having the same

polymorphic transformations. Small amounts of farrington-

ite were also present at 1100 jC.
At 1350 jC (XRD pattern AMP 1350 jC), the transfor-

mation of the phases into cordierite was observed, intensi-

fying the cordierite reflections coming from the aggregates.

At this temperature, the alumina was thoroughly consumed

and small amounts of farringtonite, spinel, and unreacted

magnesia were detected. The almost total absence of crys-

talline phosphate phases suggested that the phosphates were

present in the glassy phase. There was no evidence for the

decomposition of the material producing P2O5 since there

was practically no loss in mass on heating between 800 and

1350 jC.
Comparing the XRD patterns at 1350 jC of the ATWand

AMP castables (Figs. 3 and 4, respectively), it was observed



Table 3

CMOR after thermal treatment at different temperatures and after three

cycles of thermal shock, and HMOR of the ATW and AMP castables

AMP ATW

CMOR (MPa)

20 jC, 48 h 1.3 –

110 jC, 24 h 1.3 0.6

600 jC, 2 h 1.1 –

1100 jC, 2 h 2.6 3.8

1350 jC, 2 h 13.4 8.1

After thermal shocka 5.3 5.4

HMOR (MPa)

1200 jC, 15 minb 14.0 8.1

a Probes previously calcined 2 h at 1350 jC and submitted to three

cycles of heating–cooling (DTi1000 jC).
b Probes previously calcined 2 h at 1350 jC.

Fig. 5. Load-deflection curve up to the fracture, at 1200 jC, for the AMP

and ATW castables (previously calcined for 2 h at 1350 jC).
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that the crystalline phases were practically the same, except

for a slightly higher content of mullite and spinel in ATW

castable. In turn, these diffractograms were very similar to

the XRD pattern of the aggregate, except for the presence of

quartz in the last one. Therefore, the conventional method

(ATW castables) and the magnesia–phosphate bond method

(AMP castables) produce cordierite–mullite composite

materials with similar crystalline phases. The main advan-

tage of AMP castables is based on its cold and rapid setting,

where the time is measured in hours instead of days, which

leads to a shorter time of process and to a more efficient use

of the molds. The AMP castables set after around 30 min

and hardened after several hours. The setting time can be

adjusted to the time required, depending on the application,

selecting the suitable type of magnesia (specially the super-

ficial reactivity), phosphate concentration, magnesia/phos-

phate ratio, and retarders.

3.3. Mechanical properties

The mechanical behavior of the AMP and ATW castables

was evaluated measuring the CMOR and HMOR. Table 3

shows the CMOR of both castables after 48 h (starting from

the preparation) at 20 jC, 24 h at 110 jC, 2 h at 600, 1100 and
1350 jC and after three cycles of heating–cooling (thermal

shock), and the HMOR at 1200 jC. Up to 600 jC the CMOR

values of the AMP castables were similar, near 1.3 MPa.

Although this value was low, it was twice the value obtained

for ATW castable (0.6 MPa) and it was enough to transport

and manipulate the materials formed. Crystalline and amor-

phous hydrated magnesium/ammonium phosphates, coming

from the MgO-NH4H2PO4 chemical bond, contributed to the

strength of the AMP castables at low temperatures. Increas-

ing the temperature, a heat setting occurred, similar to that

observed in the commercial phosphate refractories. The

smaller CMOR value at 1100 jC of the AMP castable (2.6

MPa) compared with the ATW castable (3.8 MPa) is prob-

ably due to the presence of aluminum or magnesium ortho-

phosphate. At 1350 jC, although both castables presented

similar crystalline phases and the ATW castable had even a
slightly higher content of mullite, the CMOR value of the

AMP castable was 40% higher than that of the ATW castable

(13.4 and 8.1 MPa, respectively). This is surely due to the

higher glass content and the lower porosity (mainly macro-

pores) of the AMP castable. The CMOR values obtained for

both castables can be related to the low density and high

porosity of the aggregate grains (cordierite –mullite)

employed. High water/solid ratio was utilized because most

of the water was necessary to fill the pores. So, if low porosity

or dense aggregates were used, the mechanical strength could

be improved.

The thermal shock resistance of the castables calcined at

1350 jC was evaluated through the loss of the CMOR after

three cycles of heating at 1000 jC and quenching in cold

water (DTi1000 jC in few seconds). After this test, both

castables showed practically the same CMOR value (near

5.4 MPa), but the CMOR had decreased 33% for the ATW

castable and 60% for the AMP castable, in agreement with

the higher level of vitrification of the latter. The thermal

shock resistance of both castables was good, taking into

account the severity of the test and that the calcination

temperature of 1350 jC was too high for the phosphate-

bonded castables.

The HMOR value at 1200 jC of the ATW castable,

previously calcined 2 h at 1350 jC, was identical to the

CMOR value (8.1 MPa). The HMOR value of the AMP

castable (14.0 MPa) was slightly higher than the CMOR

value attributable to the release of the internal stress of the

material, the suppression of cracks, and/or the accommoda-

tion of the microstructure.

Fig. 5 shows the load-deflection curve, obtained at

constant temperature of 1200 jC and constant load rate

for both castables previously calcined 2 h at 1350 jC. The
AMP castable supported considerably higher loads than the

ATW castable, although the final deflection up to fracture

was practically the same for both castables. No plastic

deformation was observed.
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4. Conclusions

Cold-setting cordierite-based refractory castables were

obtained from dead-burnt magnesia, calcined alumina, silica

fume, ammonium dihydrogen phosphate, and aggregates in

adequate grain size distribution. The paste was easily cast

and vibrated, and after heating, a cordierite–mullite com-

posite material was formed.

These phosphate-bonded castables set at room tempera-

ture and hardened after a few hours, instead of days, as

usually happens with cordieritic materials obtained by a

traditional slip-casting method from clays, talc, and/or

others.

The MgO-NH4H2PO4 bond is suitable for moderate heat

duty refractories (below 1250 jC) when a cold set is

desired. The phases responsible for the chemical setting

and the early strength of the phosphate-bonded castables

were mainly ammonium magnesium phosphate hexahydrate

(struvite) and amorphous phases. Struvite decomposed at

low temperatures, leaving all the phosphates in an amor-

phous state. On heating at higher temperatures, they crys-

tallized as magnesium orthophosphate and aluminum

orthophosphate. At around 1250 jC, cordierite and mullite

were formed and the phosphates were believed to remain in

the liquid phase.

After calcination at 1350 jC, both conventional- and

magnesia–phosphate-bonded castables, have an excellent

thermal expansion coefficient (1.3� 10 � 6 jC � 1 and

2.3� 10� 6 jC � 1, respectively), making them good for

thermal shock services. The magnesia–phosphate-bonded

castables exhibit a higher cold and hot flexural strength

(13.4 and 14.0 MPa, respectively) than conventional casta-

bles (8.1 and 8.1 MPa, respectively).
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