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Abstract

In this work, the mechanical behaviour of a set of resin- and pitch-bonded MgO–C refractories containing metallic additives was evaluated in

laboratory tests at high temperature in a non-oxidant atmosphere. Commercial bricks were used for this evaluation, and a comprehensive

characterization of the as-received materials was performed using several techniques (mineralogical analysis by X-ray diffraction, density and

porosity measurements, differential thermal and thermogravimetric analyses and microstructural analysis by reflected light microscopy coupled

with cathodoluminiscence accessory and scanning electron microscopy). Stress–strain curves in compression were obtained at room temperature,

600, 1000 and 1400 8C under flowing N2 gas. An Instron 8501 servo-hydraulic machine was used with a capacitive extensometer suitable for axial

strain measurements at high temperatures. A constant displacement of 0.1 mm/min was applied until specimen failure. Several parameters were

calculated from the stress–strain curves: failure stress, failure strain, yield stress and secant Young’s modulus. Moreover, a comprehensive

characterization of the tested specimens was carried out. The analysis of the mechanical behaviour has been based on previous research and the

results have been interpreted in terms of the thermal evolution of the brick’s microstructure. The resin-based refractory exhibited the higher values

of mechanical strength and Young’s modulus in the entire range of testing temperatures. Up to 1000 8C, the mechanical behaviour was controlled

by the type of binder and the changes in porosity whereas at 1400 8C, the main differences between the responses of resin- and pitch-based

refractories were mainly caused by the metallic additive reactions.
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1. Introduction

MgO–C refractory bricks are the most widely used

materials for the working lining of steelmaking vessels such

as electric furnaces, converters and ladles [1–5]. These

materials withstand a broad range of temperatures under

operation,  from room temperature to 1600–1700 8C, and

undergo severe thermal cycles. Material properties are variable

and depend not only on the original design but also on the

microstructural and chemical changes produced by the thermal

conditions of the system.
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Argentina. Tel.: +54 223 4816600; fax: +54 223 4810046.

E-mail address: agtomba@fi.mdp.edu.ar (A.G. Tomba Martinez).

0272-8842/$36.00 # 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2012.01.062
Much effort has been made to improve the performance of

MgO–C bricks. Initially, this effort was mainly empirical in

nature, but fortunately it became more rational as a result of

much basic and technological research. In spite of the solid

background knowledge concerning the main factors governing

the chemical, mechanical and thermomechanical wear of

MgO–C refractories, investigation into this type of material are

still of interest to manufacturers and consumers industries.

Environmental impact reduction and the use of nanotechnol-

ogy, among others demands, combined with high in-service

performance, are requirements that have become more

important and have to be equally satisfied.

The mechanical properties of MgO–C bricks, with and

without antioxidants, have been dealt with extensively in the

past [6–21]. However, little research has studied the mechanical

behaviour (not only mechanical properties data) together with
d.
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Table 1

Characterization of as-received MgO–C refractories.

A1 A2 B

C-bond Pitch Resin

S:EFa 0.75:0.25 0.25:0.75 0.10:0.90

Main phases MgO

(periclase):

92 wt.%

MgO

(periclase):

93–94 wt.%

MgO

(periclase):

93–94 wt.%

C (graphite):

5–6 wt.%

C (graphite):

4–5 wt.%

C (graphite):

6–7 wt.%

Minor phases Al: 2–4 wt.% Al: 2–4 wt.% Al–Mg, Si:

3–4 wt.%

rb (g/cm3) 3.00 � 0.01 3.00 � 0.01 2.98 � 0.01

rpyc (g/cm3) 3.15 � 0.02 3.18 � 0.03 3.17 � 0.04

pa (%) 3.9 � 0.2 4.6 � 0.1 3.5 � 0.1

pt (%) 4.8 � 0.2 5.7 � 0.2 5.8 � 0.3

pc (%) 0.9 � 0.2 1.1 � 0.2 2.3 � 0.3

TDTA (8C) 530 932 530 938 392 890

610 610

DmTGA (%) 4.8 8.2 4.2 7.8 2.0 10.0

a S:EF: sintered magnesia (S) to electrofused magnesia (EF) ratio estimated

from microscopic analysis.
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deformation and fracture mechanisms. The flexibility given by

graphite and the influence of the microstructural evolution by

reactions within the refractory components (carbonization of

the organic binder, direct oxidation of graphite, carbothermal

reduction of magnesia, formation of carbides, nitrides or oxides

from metallic antioxidants, spinelization, etc.) are well

established facts. According to the main contributions in the

study of deformation and rupture mechanisms [6–9,11,12,14–

16], the mechanical behaviour of MgO–C refractory bricks in

the midrange of temperature (RT-1000 8C) is determined by

change in the porosity/cracks due to the carbonization of the

organic binder (pitch or resin) and the loss of graphite. Both

processes decrease the mechanical performance. Above

1000 8C, there is a difference between the presence and the

absence of antioxidant additives in the refractory composition;

the most commonly studied additives have been Al and Si.

These agents react with other components to form new phases

such as Al4C3, SiC and MgO�Al2O3, which could contribute to

enhance the mechanical response (besides the inhibition of

graphite oxidation) up to 1400–1500 8C, the maximum

temperature currently used in the mechanical evaluation

[18]. The effect of these new phases on the mechanical

strength of aluminum-containing MgO–C materials (2.5 and

5.0 wt.%) using argon flow has been discussed in the literature

[9,15,16,18]. The strengthening by Al4C3 formed in the range

of 1000–1500 8C has been recognized and attributed to the

plate or skeletal shape of the carbide particles. With respect to

spinel, Baudı́n et al. [15] found an increase in the modulus of

rupture between 1200 and 1450 8C, which was related to the

sealing effect of spinel particles. Taffin et al. [9] also recognized

an increase in this parameter between 1300 and 1500 8C, but

they attributed it to the more compact lattice of spinel compared

with carbide. The effect of silicon has been less analysed. Taffin

et al. [9] have mentioned that no mechanical improvement of

mechanical properties of silicon-containing MgO–C materials

was observed although the range of temperature was not

specified. This fact was attributed to the formation of forsterite

(2MgO�SiO2) besides the SiC (that begins at 1300 8C), which

could enhance the mechanical properties itself. In the midrange

of temperatures (below 1300 8C), the formation of SiO2 and

silica glass would also occur, which may also be favourable due

to a local filling of the structure [9]. The sealing effect of the

dense magnesia zone could also contribute to the increase in the

mechanical strength [15–18].

The reaction mechanism for the formation of new phases

(solid–solid, liquid–solid or gas–solid), which is strongly

affected not only by the temperature but also by the

atmospheric composition, is very important in defining the

characteristics of the new phases (morphology, location) and

determining its influence on the mechanical properties. As a

consequence, the mechanical properties strongly depend on the

temperature and also on the composition of the surrounding

atmosphere.

Even if a great part of previous research has been related to

industry demands, the evaluation of as-received commercial

bricks is infrequent due to the difficulties associated with the

lack of control over the composition and the variability
associated with commercial products. However, this approach

has the advantage of determining the actual properties of the

material to be used in the plant and allows more reliable

extrapolation to actual service conditions. In this work, the

mechanical behaviour of a set of resin- and pitch-bonded MgO–

C refractories containing metallic additives was evaluated in

laboratory tests from room temperature to 1400 8C in an N2

atmosphere. These refractories have been used in Tenaris

steelshops as working lining materials in both electric arc

furnaces and ladles. A comprehensive characterization of the

as-received and tested materials was performed using several

techniques. The analysis of the mechanical behaviour has been

based on previous research and the results have been interpreted

in terms of the thermal evolution of the brick’s microstructure.

2. Experimental

Three types of MgO–C commercial bricks (produced by the

same manufacturer) currently used in the steel industry,

labelled A1, A2 and B, were evaluated. According to their

technical data sheets, these materials have two different carbon

binders, – pitch (materials A1 and A2) and resin (material B) –

different contents of sinter (S) and electrofused (EF) MgO

aggregates, as shown in Table 1.

2.1. Materials characterization

The as-received bricks were characterized by several

techniques. Powder samples representative of the whole

refractory bricks were prepared by crushing, quartering and

grinding. The mineralogical analysis was carried out on

powdered samples (<70 mesh) by X-ray diffraction (XRD;

Philips) using Co Ka radiation at 40 kV and 30 mA with an Ni

filter. The Rietveld method was employed for quantitative

analysis (FullProf software). The bulk density (rb) and the
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apparent porosity (pa) were determined based on the DIN EN

993-1(DIN 51056) standard [22]. The pycnometric density

(rpyc) was measured on powdered samples (<70 mesh)

employing kerosene in accordance with an internal method

based on the ASTM C329-88 standard [23]. The true porosity

(pt) and the closed porosity (pc) were calculated using the

following relationships: pt = (1 � rb/ryc) � 100 and

pc = pt � pa. The thermal differential (DTA; Shimadzu

DTA-50) and thermogravimetric (TGA; Shimadzu TGA-50)

analyses were performed on powdered samples (<70 mesh) up

to 1400 8C (10 8C/min) in air. Platinum cups (6 mm in diameter

and 2 mm in height) were used for holding the samples in both

thermal analyses; samples between 24–30 mg and 12–16 mg

were analysed by DTA and TGA, respectively. The amounts of

the organic binder and graphite were estimated from the TGA

data. The microstructure of the bricks was observed by: (a)

scanning electron microscopy (SEM; Philips XL30) coupled

with elementary analysis using an EDAX (energy dispersion

spectroscopy by X-Ray) detecting unit and (b) reflected light

microscopy (RL; Nikon Labophot2.Pol with Optronics 3CCD

video system model DEI 750) coupled with a cathodolumines-

cence accessory (CL; Cambridge Image Technology Ltd.,

model 8200 Mk3). The surfaces for observation were obtained

by the transversal cutting of cylinders previously embedded in

resin to avoid the crumbling of the specimen, and polishing

with SiC papers (320 grit) using kerosene as a lubricant/

coolant.

2.2. Mechanical tests

Stress–strain curves were determined by applying uniaxial

compression [24] using a universal servohydraulic testing

machine (Instron 8501) with a high stiffness framework and

high density mullite/alumina push-rods (60 mm in diameter).

The compressive load was applied parallel to the cylinder axis

and alumina disks were placed between the testing specimens

and the push-rods. The mechanical tests were carried out at

room temperature (RT), 600, 1000 and 1400 8C (heating rate of

5 8C/min), using an electrical furnace (SFL) with MoSi2
heating elements. Before applying the mechanical load, the

specimen was kept for 20 min at the testing temperature; after

the application of mechanical load, the specimen was free

cooled (around 10 8C/min) in the furnace chamber. A

continuous flow (5 l/min) of nitrogen gas (99.995%) was used

to generate a non-oxidant atmosphere during the heating, the

application of mechanical load and the cooling up to 300 8C.

The testing specimens (cylinders of 27 mm in diameter and

40 mm in height) were obtained from the bricks by drilling and

machining with diamond tools; the cylinder axis was parallel to

the direction of the main compressive loading on the in-service

bricks. The change in the specimen height (from which the

deformation was calculated) was measured by contact

extensometry using a capacitive extensometer (�0.6 mm;

25 mm of gauge length) with SiC knives suitable for high

temperature measurements. The tests were carried out in

displacement (of the actuator) control with a constant rate of

0.1 mm/min until specimen failure.
The mechanical behaviour characteristics of each material

were analysed from the stress–strain curves and the following

mechanical parameters were determined: Young’s modulus (E),

yield stress (sY), mechanical strength (sR), and fracture strain

(eR). The secant Young’s modulus was determined at 0.001 of

strain. The value of sY was considered as the stress where the

curve deviates from linearity by 0.5%; this parameter is not

commonly analysed in the literature for these types of

materials. The ratio sY/sR (in percentage) was considered as

a measure of the deviation from the linear elastic behaviour by

inelasticity (due to microcracking, for example) or plasticity

(due to viscous flow, for instance). Mechanical strength was

taken as the maximum stress displayed in the stress–strain

curve, which is a common criterion used in these types of

materials. The strain corresponding to this condition was taken

as eR.

The main fracture paths were also analysed by visual

inspection. The microstructural changes that occurred in the

materials during the high temperature mechanical tests were

evaluated using several techniques: mineralogical analysis by

XRD, DTA/TGA, density and porosity measurements, and

observation by SEM/EDAX. The same methodologies used for

the as-received materials were employed. These data are

complementary to the information obtained from the mechan-

ical testing and make possible to analyse the main factors

determining the mechanical behaviour and the deformation and

fracture mechanisms.

3. Results

3.1. Materials characterization

Table 1 shows some of the results obtained from the different

characterization techniques used for the as-received refrac-

tories.

MgO as periclase and C as graphite were determined to be

the main crystalline phases in every material, in addition to

small amounts of Al. The presence of Si as a metallic additive

was also identified in material B. Taking into account the

experimental error of the Rietveld method (�5 wt.%) and the

microstructural analysis, the content of this metal (�1 wt.%)

was determined to be lower than that of the aluminium additive.

The microstructural evaluation of A1, A2 and B by SEM/

EDS (Fig. 1) confirmed the results of the XRD analysis and the

information from the technical data sheets. Electrofused (EF)

and sintered (S) magnesia aggregates were observed in the three

refractories, together with small Al particles and graphite flakes

(G). The images obtained by RL/CL observation (Fig. 2)

showed similar characteristics and revealed the presence of Al–

Mg alloy and Si metal particles, in a smaller amount, in the B

material. The sintered MgO (S) was mainly identified in the fine

and medium fraction of MgO particles in the A1 and A2

refractories. Higher amounts of electrofused MgO was detected

in the resin-bonded refractory (B), in accordance with the

technical data sheet.

No significant differences were observed between the

pycnometric densities of the three refractories due to the



Fig. 1. SEM images of as-received MgO–C refractories.
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similarities in their mineralogical composition. Differences

between 10 and 30% were observed in the open and true

porosities of the different bricks (except the values of pt for A2

and B, which were very similar). The highest volume fraction of

closed porosity was determined for the B refractory, which is

consistent with the lowest bulk density; however, this material

also has the lowest pa.

DTA graphs of pitch-bonded materials A1 and A2 (Fig. 3)

were very similar with regard to position (temperature) and

intensity of peaks. The position of the exothermic peaks

identified by DTA (TDTA), in which weight loss was also

registered in the thermogravimetric analysis (DmTGA), is shown
in Table 1. The weight loss at temperatures below 650 8C was

attributed to the pitch transformations. This was due to the

evaporation and thermal scission of volatile species, including a

fluid stage in which a mesophase is formed as a precursor to a

graphitizable structure or semi-coke [25,26]. A small peak near

400 8C was associated with the mesophase formation (with a

little weight loss, <1 wt.%) and another peak occurred at

530 8C with the transformation to semi-coke. The following

peak at 610 8C was related to the evolution of volatile matter

accompanying the semi-coke phase [25].

DTA thermograms of A1 and A2 also exhibited an

endothermic peak around 660 8C due to the melting of the

aluminium added as an antioxidant. The weight loss displayed

at a temperature slightly higher than 930 8C was attributed to

graphite oxidation. At temperatures over 1000 8C, peaks with

low definition could be attributed to the several reactions that

occur at this high temperature range [9,18,27,28]: (a) liquid Al

reacts with the more reactive C coming from the organic binder

or with graphite, thus yielding Al4C3; the carbide reacts with

CO coming from the graphite oxidation, thus producing Al2O3

at T > 1100 8C; (b) formation of MgO�Al2O3 by the reaction of

liquid Al and/or Al4C3 with MgO(s) and/or Al2O3 with Mg (g)

produced by carbothermal reduction of magnesia.

In the B material, different peaks were displayed in the DTA/

TGA plots (Fig. 3). DTA exothermic peaks below 600 8C were

attributed to resin transformations (condensation, oxidation,

dehydration and decomposition reactions [25,26,29]). As

reported in the literature [25,30], the weight loss occurred at

lower temperatures in resin-based material compared to pitch-

based material.

A very small endothermic peak at 656 8C was attributed to

the melting of Al alloy (the temperature is lower than the

melting point of aluminium due to the presence of Mg as the

alloying metal). The weight loss displayed at 800 8C
(exothermic peak) was attributed to graphite oxidation. At

higher temperatures, low intensity peaks were observed and

attributed to the same reactions mentioned above for pitch

bonded materials. Moreover, the reactions of silicon have also

to be accounted for [9,27]: at T � 1100 8C, SiO2 is formed by

the reaction of Si with the O2 of the air. At higher temperatures,

SiO2 transforms to SiC by reaction with C.

Based on the similarity between the DTA thermograms of

A1 and A2, it could be assumed that in both materials, the pitch

and the graphite flakes have similar qualities (both materials are

provided by the same supplier). Since the TGA steps (Fig. 3)

corresponding to the carbonization of resin and graphite

oxidation were separated in every material (as has been

previously reported [26,31]), the content of both components

can be estimated from DmTGA values of Table 1 at temperatures

lower than 650 8C and around 900 8C, respectively. Therefore,

the contents of the organic binder and the graphite were slightly

higher in A1 (4.8 and 8.2 wt.%, respectively) than in A2 (4.2

and 7.8, respectively). The difference seen in the XRD

quantitative analysis was attributed to the Rietveld method

error (�5 wt.%) together with the incidence of the flakes’

orientation on the intensity of the diffraction peaks. On the

other hand, the content of the organic binder estimated from the



Fig. 2. CL images of as-received MgO–C refractories.
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TGA is lower in the B refractory (2 wt.%) and the amount of

graphite is higher (10 wt.%) than in pitch-based materials.

3.2. Stress–strain curves

Fig. 4 shows the compressive stress–strain curves for

materials A1, A2 and B at the different testing temperatures.

The mean values of the mechanical parameters obtained from

these curves are plotted in Fig. 5 as a function of the testing

temperature. The relative experimental error of the mechanical

parameters measured by the stress–strain methodology used

here are smaller than 20% and 25% of the mean value of the

mechanical resistance and secant Young’s modulus, respec-

tively [24].
The three materials exhibited a quasi-brittle behaviour

within the range of the testing temperatures since a deviation

from the linear behaviour is observed in every case. The lower

values of sY/sR at 600 and 1000 8C (Fig. 5) indicate that this

behaviour is more marked for the three materials at these

temperatures; the non-linear response is slightly higher at RT

than at 1400 8C. A softening behaviour was also observed in A1

and A2 at all of the testing temperatures (Fig. 4); in general, it

was more noticeable at 600 8C.

The values of the Young’s modulus and the fracture strength

were in the order of those reported in the literature for

refractories with similar compositions [7–9,13,15–17]. The

elastic modulus and the mechanical strength of B were higher

than the values of A1 and A2 in every testing condition. In
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relation with these facts, the fracture strain values were in

general lower for the resin-bonded refractory. Both pitch-based

materials showed very similar mechanical responses.

Regarding the thermal dependency of mechanical proper-

ties, there was a significant reduction from RT to 600 8C and a

full recovery at higher temperatures. The changes between

1000 and 1400 8C have been associated primarily with the

presence of metallic additives [9,15,16,18]; these changes were

dependent on the specific tested material. The variation in

fracture strain in relation to the testing temperature was

different between the resin-bonded refractories and the pitch-

bonded refractories.

In each case, the fracture ran mainly in a diagonal direction

across the cylinder (Fig. 6), as is characteristic of compression

tests where friction effects act in the contact area between the

flat surfaces of the specimens and the push-rods (or the disk

between them). In some cases, other cracks also formed near

the load-bearing surfaces of the cylinders (Fig. 6b). In several

cases, the cracks propagated mainly through the bonding phase
surrounding the aggregates (Fig. 6c); however, the fracture of

aggregates was also observed but less frequently. At 1000 and

1400 8C the specimens showed a superficial discolouration due

to graphite oxidation (Fig. 6b and c), which was more

noticeable at this last temperature. In agreement with the more

pronounced softening behaviour, a high number of cracks were

observed in A1 and A2 at 600 and 1000 8C; at 1400 8C, material

B also exhibited a high density of cracks.
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3.3. Post-testing characterization

In the three materials, an increase in the baseline intensity of

XRD patterns was observed in the region of the principal peak

of graphite (30.78 2u, File No. 01-0640) at 600 8C and 1000 8C.

This increase was attributed to the contribution made by the

structures formed by the thermal transformation of the organic

binder, which has a certain degree of structural ordering

[25,32]. Similar XRD patterns were observed in the A1 and A2

materials at the different testing temperatures, as was also the

case with the as-received samples. Only very weak peaks of

new phases (AlN, Al4C3 and spinel) were identified in these

pitch-bonded materials at 1000 and 1400 8C; at these

temperatures, the changes in the XRD pattern of mechanically

tested specimens of B were more noticeable.

At the highest temperatures, a small peak around 38.78 2u,

more clearly defined at 1000 8C, was attributed to the presence

of AlN (File No. 75-1620) due to the reaction between the Al

(or Al4C3, which can be formed even in the presence of N2

depending on the oxygen partial pressure [33]) and the N2 from

the furnace atmosphere [33,34]. At 1400 8C, B showed a very

small peak around 37.18 2u that could be associated with the

formation of Al4C3 (File No. 79-1736),which has been

observed at this temperature even in nitrogen [15]. Moreover,
peaks assigned to Al (File No. 03-0932) and graphite (File No.

01-0640) were present even at 1400 8C in all of the materials.

The presence of spinel (MgO�Al2O3) coming from the

reaction of MgO with Al (gas or liquid), Al2O3 or Al4C3 in the

specimens tested at high temperature is difficult to detect due to

the overlapping of its principal peaks with those of MgO and

Al. However, in A1 tested at 1400 8C, peaks assignable to

spinel (File No. 82-2424) were more clearly identified with

respect to the other materials. In the resin-bonded refractory,

peaks corresponding to silicon disappeared just at 1400 8C,

where small peaks of SiC were identified (Files No. 27-1402

and 73-2086, respectively).

DTA thermograms of tested specimens showed peaks

corresponding to pitch or resin transformations similar to those

of the as-received materials, but with slight differences in

position (temperature) and lower intensity; this suggests that the

carbonization of the organic binders during the heating and the

time spent at high temperature was incomplete even at 1400 8C.

Pitch and resin organic binders decompose by complex

mechanisms at a wide range of temperatures [25]. In conditions

suitable for ensuring a complete transformation and a high coke

yield, the evolution of gases occurs up to temperatures near

1000 8C, and even at higher temperatures the structural changes

in the carbon continue [25]. The transformation of the organic



Fig. 6. Fractured specimens: (a) A1, RT; (b) B, 1000 8C; (c) A2, 1400 8C.
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binders could not be completed during the mechanical test under

nitrogen flow due to several reasons: (a) the heating rate could be

not slowed enough to complete the processes, (b) the existence of

a thermal gradient within the specimens, mainly during the

heating, due to its limited thermal conductivity, (c) the low

catalytic effect of the oxygen [25] as a consequence of its low

partial pressure within the specimen (nitrogen flow displaces and

dilutes oxygen in the area around specimen [24]), and (d) the

closeness between the high testing temperatures and the

temperature at which the transformation stops.

The inhibition of graphite oxidation by using N2 atmosphere

(by displacement and dilution effects) was also inferred from

the reduction of the TGA step at around 850–950 8C with

respect to the steps of the as-received refractories; however,

graphite loss occurred to a certain degree (see the discoloured

surface of the specimens in Fig. 6b and c). The analysis of the

TGA thermograms of the tested specimens was difficult to

perform due to several reactions occurring simultaneously,

mainly at the highest temperature, with some of them leading to

weight increase and others to weight loss. However, the results

confirmed the conclusions inferred from DTA regarding the

incomplete process of the carbonization of the organic binder

and the reduction of graphite oxidation.

In Fig. 7, the mean values of density and porosity as a function

of the testing temperatures are plotted. The values at 1400 8C are

considered only as estimations as they have a large associated

experimental error (around 10%). Except for the formation of

spinel (MgO�Al2O3) due to a reaction of MgO, the rest of the

processes occurring at high temperatures lead to an increase of
the solid density which is the general trend observed in the A2

and B materials. Even considering the experimental error, a more

considerable change was observed at 1400 8C, in agreement with

the identification of new phases by XRD. In the case of B and A2,

the formation of phases with higher pycnometric densities (for

instances, SiC replacing Si in B) prevails. However, the value of

rpyc for A1 went down from 1000 8C to 1400 8C; this fact is

attributed primarily to spinel formation, as was inferred from the

XRD analysis of tested specimens.

On the other hand, for the three refractory materials, the

apparent density decreased as the testing temperature

increased. Considering the overall increase of rpyc, this

behaviour indicates an increase in the true porosity, as

displayed in the corresponding plot (Fig. 7), which is more

considerable in B after testing at 1400 8C. The total porosity

increase is mainly associated with the transformation of organic

binders (open and closed pores and cracks) [25,26] and the

partial oxidation of the residual carbon and graphite. Other

processes such as the oxide-impurity reduction, the spinel and

Al4C3 formation and the carbothermal reduction of MgO can

also be accompanied by an increase in porosity [15,18].

Carbothermal reduction of MgO at temperatures lower than

1400 8C has been reported [15]. Moreover, the formation of Mg

(g) due to the presence of metallic antioxidant additives such as

Al, Si, Mg or alloys in the brick composition lowers the

formation temperature and/or the partial pressure of Mg (g) by

metallic vaporization and metallothermic reduction [27,35].

These processes also contribute to increasing the porosity

unless the magnesium re-oxidizes, thus forming a dense layer.

The apparent porosity increased with the testing tempera-

ture, as has been reported frequently in the literature, whereas

the closed porosity exhibited different behaviour. The changes

in pa of both pitch-bonded materials were very similar, and

distinct to those undergone by B. Based on this fact and bearing

in mind the differences in the refractories’ composition, the

variation in open porosity is mainly attributed to changes in the

organic binder. The smaller change in the apparent porosity of

A1 and A2 with respect to B could also be attributed to the

sintering of fine particles of MgO [36] during the heating and

time spent at temperatures �1000 8C in the mechanical tests;

the presence of a higher amount of sintered magnesia (with a

higher impurity level in medium and fine grains than those

present in electrofused magnesia [37,38]) in A1 and A2 could

favour the sintering process [36]. The evolution of the

volumetric fraction of closed pores is very similar between

the three materials up to 1000 8C. The decrease of pc from 600

to 1000 8C comes from the opening of closed pores when

volatiles were evolved, leading to an increase in the apparent

porosity. In the resin bonded material, the subsequent increase

in closed porosity is partially due to transformation of

open micropores into closed micropores [25]; this process

does not occur in the pitch binder. Moreover, the final

graphitizable structure has a lower amount of macropores

whereas the non-graphitizable carbon coming from resin has a

high amount of micropores [25,26]. The increment of closed

porosity could also be attributed to the filling of open pores by

crystals from the new phases.
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Fig. 7. Density and porosity of tested specimens as a function of testing temperature.
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The results obtained from the observation of tested

specimens by SEM agree with the XRD and DTA/TGA data.

The specimens tested at 600 8C and 1000 8C did not show

noticeable changes in the refractories’ microstructures. In

Fig. 8, the micrographs of specimens tested at 1400 8C are

shown. In A1, A2 and B, metallic additives were already
identified at this temperature, as has been reported by other

authors [14]; in B, the Al and Si particles had a melted aspect.

Moreover, some features associated with spinel according to the

literature [28] and the EDS analysis were identified in both pitch-

based refractories. Furthermore, the morphology of this spinel is

indicative of its formation from the metallic aluminum [28]. In B,
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another type of microstructural feature was observed (Fig. 8), in

which different proportions of MgO, Al2O3 and SiO2 were

detected by EDS. Neither a clear identification of crystalline

phases nor the presence of spinel in these regions could be

achieved. Based on their composition, it is supposed that these

phases came from the original silicon, SiO2 or SiC. The presence

of glassy phases in these regions was not discarded [9].

In summary, from the analysis of all the post-testing

characterization, we conclude that several changes occurred

during the mechanical testing at high temperature:
Fig. 8. SEM images of MgO–C 
- the incomplete carbonization of the binder and the inhibition

(although incomplete) of direct graphite oxidation from 600

to 1400 8C,

- the formation of new phases coming from reactions involving

the metallic additives, but different depending on whether

the specimen was a pitch-bonded or resin-bonded refractory;

the reactions involving the metallic aluminum were incom-

plete,

- the increase of the apparent and total porosities up to

1400 8C.
specimens tested at 1400 8C.
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4. Discussion

The differences in the mechanical behaviour between the

tested materials are mainly associated with differences in brick

matrices, since it is the weakest mechanical link in the brick’s

structure in all of the testing conditions. Moreover, the main

chemical and microstructural changes at high temperatures

occur in the bonding phase (organic binders, metallic additives

and fines of MgO). Considering the crack path of broken

specimens (Fig. 6), the defects acting as critical flaws are

probably pores and cracks already present in the matrix. When

the mechanical test is performed at high temperature, the cracks

also come from the thermal expansion mismatch between the

different components of the refractory. The closure of cracks

could also occur as well as pore filling, bridging or

strengthening produced by the new phases.

At RT, the values of the mechanical properties of both pitch-

bonded refractories are very similar due to similarities in brick

composition. On the other hand, the higher Young’s modulus of

B compared to that of A1 and A2 materials, as well as the more

marked softening behaviour of the latter, are mainly determined

by the C-bond type: resin binder vs. pitch binder. The higher

stiffness of resin and resin-bonded bricks has been already

recognised [39,40] although the opposite tendency was also

reported for MgO–C refractories [13,17]. Similar considera-

tions explain the higher mechanical strength of this material

[32,39,40]; however, other authors also reported higher

mechanical strength for pitch-bonded MgO–C refractories

[13,17,41].

The fracture strain of the three materials at RT is rather

higher than the value estimated by the sR/E ratio due to their

non-linear behaviour. This non-linearity could be attributed

to several mechanisms of irreversible deformation [8,13,17]:

propagation of pre-existing cracks and pores and those

generated during the mechanical tests (microcracking),

shearing or crumpling of graphite and plastic deformation

of the organic binders. The value of eR for B was lower

than the values for A1 and A2; in consequence, B has the

lowest ability to accommodate stress. The presence of resin,

which has less flexibility than pitch [32], determines B’s

ability to deform much more than graphite content at room

temperature.

At 600 8C, the mechanical properties deteriorated for the

three refractories. The effect is more pronounced in the

Young’s modulus of B (E threefold decrease) and in the

fracture strength of pitch bonded materials (sR decreases

almost fourfold). This mechanical degradation is due to the

organic binder transformation, as has been extensively

reported in the literature [6,7,13–15]. At this temperature,

an increase in total porosity (about 50% in every material, by

pores and cracks) takes place that reduces the stiffness and the

mechanical strength of materials. Moreover, semi-coke and a

highly disordered glassy-carbon phase are formed in pitch-

and resin-bonded refractories, respectively [25]; little doc-

umentation exists regarding the sole effect of these structural

changes on the mechanical properties of the materials (a

reduction in the mechanical strength of the resin after thermal
treatment at around 600 8C has been reported [42], but the

values were calculated including pores and cracks). In the case

of pitch, it should be expected that its transformation to semi-

coke should increase stiffness with respect to the original pitch

whereas the opposite would occur when the stiffer resin

becomes a highly disordered glassy-carbon; if this is the case,

it could be the reason for the greater variation of the Young’s

modulus in B.

On the other hand, the transformation of all binders up to

600 8C leads to an increase in the non-linear behaviour in

every material, which is mainly attributed to an increase in

microcracking due to the generation of pores and cracks; this

mechanism intensifies the softening behaviour in A1 and A2.

However, the ability to deform is lessened in the pitch-

bonded refractories (lower eR) and increased in B. The

dominant effects are the decrease in the fracture strength in

the pitch-bonded refractories and of the Young’s modulus in

the resin-bonded refractory. In agreement with the higher sY/

sR ratio, the deviation between the estimated and experi-

mental fracture strains was greater than at RT. Even when

differences between the three refractories in the ability to

deform reduce significantly, B remains the least able to

accommodate stress.

From 600 8C to 1000 8C, a recovery of the mechanical

properties is observed that even exceeds the values at RT. This

effect is again more pronounced in the Young’s modulus of B

and in the fracture strength of A1 and A2. Within this

temperature range, the change in porosity is not the controlling

factor for the mechanical properties (Fig. 7), but rather the

presence of a new phase coming from the metallic antioxidant

additives, namely AlN (detected by XRD). Besides the binder

or morphology effects, AlN is a stiff and highly resistant phase

that increases the Young’s modulus and the fracture strength of

the whole specimen. One cannot rule out the contribution of

Al4C3 even though it could not be clearly identified by XRD or

SEM at this temperature. The ordering of the glassy carbon

phase coming from resin [25] is another factor improving the

mechanical parameters.

The variations of fracture strain between 600 8C and

1000 8C are correctly justified by the values of E and sR.

However, in spite of the similar non-linear behaviour displayed

at 600 and 1000 8C, the difference between the estimated and

experimental values of eR is higher at 600 8C, which is

attributed to the more marked softening behaviour at this

temperature; in terms of non-linearity, the contribution made by

the graphite and the organic binder decreases. At 1000 8C, B

also has the least ability to deform.

The Young’s modulus of B went down from 1000 to 1400 8C;

this behaviour has been reported for aluminium-containing

MgO–C materials (between 2.5 and 5.0 wt.%) bonding with

resin [15] and the authors attribute this to the foam morphology of

the spinel that replaces high stiffness Al4C3 in this temperature

range. In reality, signs of spinel in B tested at 1400 8C could only

be obtained by XRD since this phase is not detectable by SEM/

EDS; these facts suggest that if spinel was indeed formed during

the thermal treatment, the reaction was not general but occurred

very locally (likely in the matrix). However, the presence of
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Al4C3, SiC and other Si-containing crystalline or non-crystalline

phases was clearly inferred by XRD and/or SEM. Based on the

variation of the modulus E, neither the presence of this phase

nor the local character of the spinel formed (no data regarding

its morphology could be obtained) have a net beneficial effect

on the stiffness of the refractory. Moreover, the decrease of the

Young’s modulus could indicate the glassy nature of the new

Si-based phases. The increase in the true porosity is considered

to be another contributing factor in the decrease of E in B. The

small variation of the Young’s modulus in pitch-bonded

refractories is a combination of the spinel formation (the

unique new phase confirmed by SEM and XRD, contributing to

the increase of this parameter) and the variation of true porosity

(lowering of E).

The fracture strength of A1 and A2 between 1000 and

1400 8C follows the same tendency as E and thus depends on

the same factor: the strengthening effect of spinel (compared to

that of Al4C3 [9] in any case) overcoming the increase in the

porosity. Similarly, B exhibited an increase in sR in spite of the

large increase in the total porosity, as was reported in similar

resin-aluminium  based materials and attributed to a crack

sealing effect [15]. In this case, however, the presence of Si

changes the scenario. On the one hand, a strengthening effect

of new silicon-based phases or aluminium-based phases cannot

be discarded. On the other hand, the presence of a silicate

glassy phase which softens at high temperature could

contribute to relieving the stress and increasing the mechanical

strength.

At 1400 8C, the resin-bonded refractories’ ability to deform

matches to that of pitch-based A1 and A2 due to a considerable

decrease of the Young’s modulus of B. The sY/sR ratio increases

at 1400 8C, with values similar to those values at RT; the

differences between the experimental fracture strain and sR/E

ratio are also similar at both temperatures. In addition to the

deformation mechanisms at work at 1000 8C, viscous plastic

deformation due to the presence of low viscous phases (present

as impurities or generated from silicon in the case of B) could

also be a contributing factor. Moreover, the sealing of cracks

and the filling of pores could contribute to reducing

microcracking; similarly, the further oxidation of graphite

and the transformation of the binder reduce the contribution of

these phases to irreversible deformation.

As at RT, the mechanical parameters of the resin-bonded

refractory (B) from 600 to 1400 8C remained higher than those

of pitch bonded refractories, contrary to the results of Quintela

et al. [41]. Taffin et al. [9] assert that a resin binder favours

gaseous exchanges more than pitch, and this is the cause for the

higher mechanical strength of the former. In agreement with

this, a considerable increase in the porosity of B between 1000

and 1400 8C was observed. Moreover, the efficiency of the

antioxidant depends on the ability of gaseous species to be

formed throughout the material [34] extending the contact

between the local zones where the additive acted [9]. In

accordance with the literature, this is the case with Si above

1300 8C [9]. Both factors contribute to the higher values of sR

and E for B with respect to the values for pitch-bonded

materials (A1 and A2).
5. Conclusions

From a comprehensive analysis of the mechanical behaviour

of pitch- and resin-bonded commercial MgO–C bricks, and

based on a complete characterization of as-received and post-

testing materials and previous well-documented studies, it can

be asserted that:

- up to 1000 8C, the main microstructural changes involved the

transformation of the organic binder (incomplete even at the

highest temperature) and to a lesser extent, graphite oxidation

(that is not completely avoided by the nitrogen flow); as a

consequence, the mechanical behaviour of the two types of

pitch-bonded bricks was quite similar, yet different compared

to that of the resin-bonded refractory. In addition, the

variation of Young’s modulus was similar to that of fracture

strength in every material,

- from 1000 8C to 1400 8C, the formation of new phases due to

the reaction of antioxidants (Al and Si) became a determining

factor affecting the mechanical behaviour of the studied

bricks; in the case of pitch-bonded refractories, it was the

formation of AlN at 1000 8C and spinel at higher

temperatures that contributed to improving the mechanical

properties; with respect to the resin-bonded material, the

presence of Si-containing phases changes the material’s

response, and when the temperature increased to 1400 8C,

mechanical strength increased whereas the Young modulus

decreased, also due to increased porosity,

- resin-bonded material exhibited higher elastic modulus and

greater mechanical strength than pitch-bonded refractories at

both RT and at temperatures >1000 8C; this was mainly

attributed to the type of binder and the presence of silicon in

the first type of materials,

- the three bricks showed a quasi-brittle behaviour within the

entire range of temperatures, much more so at 600 and

1000 8C due to an increase in microcracking; a softening

behaviour was observed only in pitch-bonded materials at

600 8C,

- except at 1400 8C, the resin-bonded material showed the least

ability to deform (higher fracture strain), mainly due to the

type of organic binder; at this temperature, the three bricks

have almost the same strain-to-fracture value.

From a mechanical point of view, resin-bonded refractory

material seems to be better in terms of stiffness and load bearing

capacity over the entire range of testing temperatures. However,

this fact does not imply that this material performs better in

service under thermomechanical loading conditions, since its

low ability to deform and high stiffness make this material

prone to suffer cracks, joint attack and thermal shock damage,

at least up to 1000 8C. At 1400 8C, when its ability to deform is

similar to those of the pitch-bonded materials, the refractory

with resin as the organic binder is likely to perform best under

mechanical and thermal stress.

The experimental data reported in this work and their

interpretation in terms of mechanisms and microstructural

changes are valuable information that not only contributes to
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increasing the basic knowledge in this field of research, but also

serves to help the users of these refractories, particularly for

simulating stress fields in steelshop vessels and understanding

the behaviour of the in-service materials. Besides the

application of the mechanical properties obtained here in

constitutive equations to describe the mechanical behaviour of

the refractories, these parameters are also useful for the

evaluation of other related behaviour of the materials such as

the thermal shock resistance.
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