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Abstract

Carbon bonded alumina refractories with approximately 30 wt.-% residual carbon after coking are widely used as functional components such

as submerged entry nozzles, monobloc stoppers and ladle shrouds in steel casting operations. Compositions with less residual carbon after coking

based on nanoscaled magnesium aluminate spinel (MgAl2O4), alumina nanosheets (a-Al2O3) and carbon nanotubes (CNTs) either as single

additives or combinations have been investigated according to their physical, mechanical and thermo-mechanical properties. The combination of

nanoscaled powders based on carbon nanotubes and alumina nanosheets lead to superior thermal shock performance with approximately 30% less

residual carbon in comparison to commercial available material compositions.
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1. Introduction

Carbon bonded alumina refractories are widely used in steel

casting operations. Basic representatives of this refractory

product group are the so called functional components, like

submerged entry nozzles, monobloc stoppers and ladle shrouds,

which are used in the continuous casting sector of steel

production. For the most effective productivity of the steel plant,

these high duty refractories need to fulfil a number of demanding

and partial controversial properties: high corrosion and erosion

resistance, low wettability against steel- and slag-melts, high

thermal shock resistance, as well as high mechanical strength and

oxidation resistance at elevated temperatures. An optimization of

the above properties and thus the refractory performance can be

achieved by an appropriate adjustment of their microstructure.

According to the state of the art, the so called antioxidants are

being commonly used as additives to the Al2O3–C refractories, in

order to improve their poor oxidation resistance as well as for

mechanical reinforcement. Usually fine metallic powders (Si,

Al) in the range of up to 150 mm are used as antioxidants, as well
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as carbides (SiC, B4C, Al4SiC4, Al8B4C7) and boron containing

oxides (fluxes) in the range of up to 100 mm [1–8]. The

improvement of the oxidation resistance is being achieved with

respect to the following mechanisms: the antioxidants react with

the CO(g) of the surrounding atmosphere forming SiO(g) (in case

of adding Si or SiC) and reducing CO(g) to C(s), thus suppressing

oxidation loss of carbon [2]. The formed SiO(g) further reacts

with CO(g) and deposits a thin protective layer of SiO2(s) on the

graphite surface, thus reducing the active sites [6]. Furthermore,

these reactions are accompanied with a volume expansion, which

can seal the pores of the refractory [1,2]. This effect is being

utilised in the case of using boron containing compounds as

antioxidants, whereby a glass phase formation is sealing the

pores of the refractory [2,3,8]. In many cases, various

antioxidants are being used together for further improvement

of the refractories performance [4,8].

Materials in the nanometer scale are being used for the

development of innovative products in numerous technological

fields for more than twenty years and nowadays with a rapid

growing tendency [9]. The use of nanoscaled materials in

carbon bonded refractory products was introduced in 2003 by

Tamura et al. [10] and Aneziris et al. [11]. The main reason for

the rather late implementation of nanoscaled materials in

carbon bonded refractories was their extremely high production

cost as well as difficulties to distribute homogeneous the
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nanoscaled powders in the refractory matrix. However, it is

nowadays well known that even minor amounts of additives can

achieve significant performance improvements of the refrac-

tories [12–19]. Moreover, the technical advances in process

engineering have enabled not only the constantly increasing

production of new nanomaterials in an industrial scale, but also

their production in a cost-effective way [18]. Thus, the

introduction of nanoscaled materials in refractory products is

being investigated by many researchers and refractory

producers in the last few years [20–23].

In terms of this contribution a commercial available

composition for carbon bonded alumina functional refractories

(Reference I) was modified by reducing the carbon content

approximately at 20 wt.-% and nanoscaled materials were added

in order to achieve at least the same performance according to

thermal shock resistance and hot modulus of rupture.

2. Materials and methods

The raw materials used for the preparation of the investigated

Al2O3–C compositions were white fused alumina fine grade

(99.70 wt.-% Al2O3, 0.16 wt.-% Na2O) with a maximal grain

size of 0.20 mm (Treibacher Schleifmittel, Austria), tabular

alumina coarse grade (99.50 wt.-% Al2O3, max. 0.40 wt.-%

Na2O) with a maximal grain size of 0.60 mm (Almatis,

Germany), fine natural graphite grade (99.5 wt.-% < 40 mm)

with 96–97 wt.-% carbon content (Graphit Kropfmühl, Ger-

many), coarse natural flake graphite (95.0 wt.-% > 71 mm) with

94–96 wt.-% carbon content (Graphit Kropfmühl, Germany),

fine metallic silicon powder (Elkem, Norway) of high purity

(99.5 wt.-% < 150 mm) and the nanoscaled materials as listed in
Table 1

Technical data of nanoscaled additives.

Nanoscaled raw materials Producer Ab

Spinel (MgAl2O4) IBUtec (Germany) S1

Alumina sheets (a-Al2O3) Sawyer (USA) AS

Multi wall carbon nanotubes(C) Bayer MaterialScience (Germany) BT

Timesnano (China) TN

Table 2

Investigated Al2O3–C compositions.

Raw materials Compositions (wt.-%)

Reference I Reference II S10 A

Fused alumina 25.3 29.1 

Tabular alumina 33.7 38.9 

Fine graphite 14.5 10.0 

Coarse graphite 14.5 10.0 

Novolac liquid 2.0 2.0 

Novolac powder 4.0 4.0 

Metallic silicon 6.0 6.0 

Sum 100.0 100.0 

Spinel 0.1 

Alumina Sheets 0

Chinese CNTs 

German CNTs 
Table 1. A novolac type phenolic resin in both liquid and powder

form (Momentive Specialty Chemicals, Germany) was used as

binder and hexamethylene tetramine (Momentive Specialty

Chemicals, Germany) was contributing as curing agent.

The preparation of the investigated Al2O3–C compositions

(Table 2) was made according to the standard commercial

practice: all raw materials were mixed at room temperature in

an Eirich intensive mixer, whereby the nanomaterial-powders

were added in several steps right after the liquid binder was

introduced in the mix. After mixing, bar shaped samples

(25 mm � 25 mm � 150 mm) were uniaxial pressed at

100 MPa. The pressed samples were then cured at 180 8C
and subsequently coked at 1.000 8C for 5 h under reducing

conditions (in a retort filled with coke breeze). The open

porosity, bulk density and pore size distribution of the coked

samples were measured with the aid of a mercury porosimeter.

The phase composition and the microstructure of the samples

were evaluated via X-ray diffractometry (XRD) and scanning

electron microscopy (SEM) supported by energy dispersive X-

ray spectroscopy (EDS). The mechanical and thermo-mechan-

ical properties of 10 bar samples in each case were determined

according to EN 993-6 for cold modulus of rupture (CMOR)

and EN 993-7 for hot modulus of rupture (HMOR). The HMOR

was measured at 1.400 8C, with a previous holding time of

30 min at this temperature for all tested samples. The thermal

shock resistance (with compressed air) was measured with

respect to ENV 993-11. The residual CMORTS was determined

after five thermal shock cycles. The registered strength loss due

to thermal shock gives a first estimation about the expected

thermo-mechanical performance of the refractories during their

application.
breviation Purity (wt.-%) Average particle

size (nm)

Specific surface

area (m2/g)

0 >99.0 10 � 3 100 � 5

 95.0–99.8 10–250 9–40

 >95.0 – >200

 >95.0 – >200

S TN BT S10–AS S10–TN TN–AS

29.1

38.9

10.0

10.0

2.0

4.0

6.0

100.0

0.1 0.1

.1 0.1 0.1

0.3 0.3 0.3

0.3



Table 3

Physical properties of the coked Al2O3–C samples with single nanoscaled

additives.

Compositions Physical properties

Open porosity (%) Bulk density

(kg/m3)

Median pore

diameter d50

(mm)

Reference I 18.0 2.39 0.5

Reference II 18.6 2.51 1.8

S10 19.2 2.42 0.8

AS 18.2 2.50 0.7

TN 20.5 2.44 1.1

BT 15.5 2.55 0.9
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3. Results and discussion

3.1. Addition of nanosized MgAl2O4, Al2O3 and CNTs

3.1.1. Influence on the physical properties

The composition of Reference I is related to a commercial

available mix with approximately 30 wt.-% carbon. By

modifying the Reference I composition in means of reducing

only its graphite content to 20 wt.-% without adjusting further

the grain size distribution a non optimum packing density is

generated. In terms of the present work the grain size

distribution of the oxide fillers has been kept the same for

all compositions. This is pointed out in Fig. 1, which shows the

open porosity of the coked samples versus their pore diameter.

A shift towards larger pore sizes over the complete pore

diameter range can be readily seen comparing the Reference I

composition (29 wt.-% graphite) with the Reference II

composition (20 wt.-% graphite), both without any nanoscaled

additives (Table 2). The mean pore diameters of the Reference I

and the Reference II compositions were 0.5 mm and 1.8 mm,

respectively. However, the open porosity of the Reference II

composition was with 18.6% only slightly higher than that of

the Reference I composition (18.0%). As for the bulk densities,

the Reference II composition had with 2.51 kg/m3 a higher

value than the Reference I composition, as expected, due to its

lower graphite content.

The influence of the added nanomaterials on the physical

properties of the coked samples can be directly observed by

comparing the compositions S10, AS, TN and BT with the

Reference II composition. A decrease of the pore sizes of

all compositions over the upmost pore diameter range is

evident, regardless of their total open porosity and bulk

density values, pointed out in the median pore diameter

values of Table 3. The decrease of the pore sizes is attributed

to the microstructural evolution of the refractory composi-

tions (in situ fibre/whisker structures formation), as well as

the very high specific surface area of the added nanomater-

ials (Table 1).
Fig. 1. Open porosity versus pore diameter of the coked samples with single

nanoscaled additives.
3.1.2. Influence on the phase composition and the

microstructure

The identification of crystallographic phases related to the

addition of nanoscaled materials is not detectable with the aid of

XRD-analysis, due to the extremely low content of the added

nanomaterials. An associated shortcoming is the low degree of

crystallinity of some phases, especially in cases of in situ

formations of fibrous and/or whisker structures during the coking

process at low temperatures like 1.000 8C, which is the case also

of the present work [24]. However, this low coking temperature

was deliberately chosen, since it is close to the industrial coking

temperature in the range of 800 8C up to 1.000 8C. The above

difficulties were revealed during the XRD-analyses, whereby

only the major phases of corundum, graphite, b-alumina

(NaAl11O17) and silicon could be identified.

The SEM micrographs of the two compositions without any

nanoscaled additives (Reference I and Reference II) are shown in

Fig. 2. The Reference I composition with graphite and silicon

contents of 29 wt.-% and 6 wt.-% respectively, exhibited an in

situ silicon-rich whiskers formation (Fig. 2a and b), as it was

verified by the EDS analysis. The growth of the whiskers

occurred at the pores of the refractory (Fig. 2a) during the coking

process, with the growing mechanism being determined by a

vapour–solid (VS) or a vapour–liquid–solid (VLS) reaction

process, as it is known from the literature [25–29]. As for their

morphology, the whiskers had a diameter of 50–100 nm and a

length of up to several mm.

The reduction of the graphite content from 29 wt.-% to 20 wt.-

% led to a highly differentiated microstructure of the Reference II

composition. The absence of the in situ formation of whiskers

(Fig. 2c and d) has a significant influence on the physical,

mechanical and thermo-mechanical properties of the refractory,

as it is presented in the next section of this study. It is known from

the literature that the in situ formation of SiC fibres/whiskers in

Al2O3–C refractories is depending on many parameters like

coking temperature, concentration of the involved species (i.e.

the chemical composition), partial pressure of CO(g) and porous

microstructure. Many authors have reported in situ SiC-whisker

formation at different coking temperatures, treating atmospheres

and the content of the added silicon [5,30–32].

The microstructural evolution of the Al2O3–C refractories

with nanomaterial additions – based on the Reference II

composition – is shown in Fig. 3. The main characteristic was



Fig. 2. SEM micrographs of fracture surfaces of Reference I and Reference II compositions: (a) Reference I, magnification: 3000�; (b) Reference I, magnification:

30,000�; (c) Reference II, magnification: 3000�; (d) Reference II, magnification: 30,000�.
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the re-emerging of the silicon-rich whiskers in compositions

S10, AS and TN (Fig. 3a–f), as it was confirmed by the EDS

analysis. With the introduction of nanoscaled additives smaller

pores are generated (Fig. 1) and subsequently the partial

pressure and the concentration of the involved gaseous species

are changed. Certainly, this has to be investigated in the future.

Only composition BT exhibited no such microstructural

development (Fig. 3g and h). This unexpected occurrence needs

clarification and thus further investigation, taking into con-

sideration the very high specific surface area of this nanoscaled

material (Table 1). A possible explanation could be the

granulated form of these CNTs as raw material [33]. Furthermore

the additives for the granulation process of the CNTs could also

be responsible that no whiskers were in situ formed.

3.1.3. Influence on the mechanical and thermo-mechanical

properties

The microstructural differentiation of the Reference II

composition compared to the Reference I composition had a

direct impact on its mechanical properties, as it is pointed out in

Fig. 4, in which the cold modulus of rupture (CMOR, left Y-axis),

the open porosity (right Y-axis) and the average pore diameters

(X-axis) of the coked samples are presented. The CMOR of the

Reference II composition was with 12.6 MPa much lower than

that of the Reference I composition (15.9 MPa), mainly due to

the absence of the in situ whisker phase formation, presumably

due to the higher pore diameters over the whole pore diameter

range (Fig. 1). The addition of nanomaterials led to an increase of

the mechanical strength of all compositions. Not only the in situ

phase formation played hereby an important role (compositions

AS, TN and S10) but also the morphology of the in situ structures
formed, which is in turn related to the pore size distribution of the

coked samples, as shown in Figs. 1 and 4. On the contrary, the

total open porosity did not influence the mechanical strength of

the coked samples, which is evident comparing the Reference II

with the BT composition in Fig. 4.

The hot modulus of rupture (HMOR) of the coked samples

was on the same level as their CMOR (Fig. 5), since the HMOR is

mostly attributed to the advantageous hot strength of graphite.

Compositions AS and particularly BT presented an increase in

their HMOR values (16.0 MPa and 15.9 MPa respectively). The

significant increase of the HMOR value of composition BT is

attributed to the in situ whisker formation, which is evident for

Al2O3–C refractories with silicon additives at 1.400 8C. On the

contrary, the reduction of the HMOR of composition TN needs

clarification, and thus further investigation.

As for the thermo-mechanical behaviour of the coked

samples, expressed by the residual CMORTS after 5 thermal

shock cycles, all compositions exhibited lower strength losses

compared to the Reference I composition (28.3%), as shown in

Fig. 6. The lower strength loss of the Reference II composition

(20.6%) is attributed to the higher pore sizes over the entire pore

diameter range (Fig. 1) and the low CMOR value (with

12.6 MPa over 20% lower CMOR value than the Reference I

composition). Higher CMOR values – like in the Reference I,

AS and TN compositions – led to higher strength losses.

Composition AS presented similar CMOR and HMOR values

with the Reference I composition and exhibited a lower strength

loss after thermal shock treatment, although having signifi-

cantly lower carbon content (Fig. 6). It is obvious that a

combination of porous structure and microstructural phase

evolution during the coking process decisively contribute to the



Fig. 3. SEM micrographs of fracture surfaces of the Al2O3–C samples with single nanoscaled additives: (a) Spinel (S10), magnification: 3000�; (b) S10,

magnification: 30,000�; (c) alumina Sheets (AS), magnification: 3000�; (d) AS, magnification: 30,000�; (e) Chinese CNTs (TN), magnification: 3000�; (f) TN,

magnification: 30,000�; (g) German CNTs (BT), magnification: 3000�; (h) BT, magnification: 30,000�.
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thermo-mechanical behaviour of the refractory compositions.

The composition with the nanoscaled magnesium aluminate

spinel addition (S10) showed the best performance, regarding

the good CMOR and HMOR values and the lowest strength loss

due to thermal shock treatment (11.3%).

3.2. Addition of combinations of nanosized MgAl2O4,

Al2O3 and CNTs

The same nanomaterial proportions as in the previous case

(single additives) were used for the preparation of the Al2O3–C
compositions with combinations of nanosized magnesium

aluminate spinel with alumina sheets (S10–AS) and carbon

nanotubes (S10–TN), as well as carbon nanotubes with alumina

sheets (TN–AS), as shown in Table 2.

3.2.1. Influence on the physical properties

The results of the open porosity of the coked samples versus

their pore diameter are shown in Fig. 7, whereby the porous

structure of the Reference I and the Reference II composition

are being presented as well for comparative purposes. A

decrease of the pore sizes of the compositions with alumina



Fig. 4. Cold modulus of rupture, open porosity and average pore diameters of

the coked samples with single nanoscaled additives.
Fig. 6. Cold modulus of rupture and strength loss after 5 thermal shocks versus

open porosity of the coked samples with single nanoscaled additives.

Fig. 7. Open porosity versus pore diameter of the coked samples with combi-

nations of nanoscaled additives.
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nanosheets addition (S10–AS and TN–AS) over the upmost

pore diameter range, compared to the Reference II composi-

tion, was again evident. This is pointed out in the median pore

diameter values of Table 4, with the compositions S10–AS and

TN–AS having a mean pore diameter of 1.0 mm and 1.3 mm,

respectively. On the other hand, composition S10–TN

presented larger pore sizes than the Reference II composition

over the upmost pore diameter range, having a mean pore

diameter of 2.9 mm (Table 4). The above results come to an

agreement with the results of the compositions with nanoscaled

materials as single additives, whereby the alumina nanosheets

and the magnesium aluminate spinel additives led to a

microstructure with much smaller pore sizes than composition

TN. However, all three compositions had similar open porosity

values (between 18.2% and 18.7%) as shown in Fig. 7 and Table

4. As for the bulk densities, the results come to an agreement

with the results of the compositions with single nanomaterial

additions: the compositions with magnesium aluminate spinel

(S10) and Chinese CNTs (TN) additives presented higher open

porosity and lower bulk density values compared to the 
Fig. 5. Cold modulus of rupture (CMOR), hot modulus of rupture (HMOR) and

residual CMORTS after 5 thermal shocks in compressed air of the coked samples

with single nanoscaled additives.
composition with alumina nanosheets (AS) addition, which

exhibited lower open porosity and higher bulk density values.

3.2.2. Influence on the microstructure

The microstructure of the Al2O3–C refractories with

combinations of nanomaterial additions coked at 1.000 8C is

shown in Fig. 8. The main characteristic was the unexpected
Table 4

Physical properties of the coked Al2O3–C samples with combinations of

nanoscaled additives.

Compositions Physical properties

Open porosity (%) Bulk density

(kg/m3)

Median pore

diameter d50

(mm)

Reference I 18.0 2.39 0.5

Reference II 18.6 2.51 1.8

S10–AS 18.2 2.50 1.0

S10–TN 18.3 2.46 2.9

TN–AS 18.7 2.51 1.3



Fig. 8. SEM micrographs of fracture surfaces of the Al2O3–C samples with combinations of nanoscaled additives: (a) Spinel and alumina sheets (S10–AS),

magnification: 1000�; (b) S10–AS, magnification: 10,000�; (c) Spinel and Chinese CNTs (S10–TN), magnification: 1000�; (d) S10–TN, magnification: 10,000�;

(e) Chinese CNTs and Alumina Sheets (TN–AS), magnification: 1000�; (f) TN–AS, magnification: 10,000�.

Fig. 9. Cold modulus of rupture, open porosity and average pore diameters of

the coked samples with combinations of nanoscaled additives.
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absence of in situ formed fibre/whisker structures at all

compositions. The reason for this occurrence needs further

investigation. The SEM micrographs of fracture surfaces of

composition S10–AS in Fig. 8a and b are showing typical

microstructural features of Al2O3–C refractories, while a

homogeneous embedding of the nanoscaled magnesium

aluminate spinel crystals in the glassy carbon binder matrix

of composition S10–TN is shown in Fig. 8c and d. As for

composition TN–AS, the SEM micrographs of fracture surfaces

shown in Fig. 8e and f indicate an interlocking network of

Al–O-rich (according to the EDS analysis) platelets (Fig. 8f).

3.2.3. Influence on the mechanical and thermo-mechanical

properties

Compared to the Reference II composition, the addition of

combinations of nanomaterials led to an increase of the CMOR

only for composition S10–TN, as shown in Figs. 9 and 10, while

composition TN–AS had a comparable CMOR value. This

occurrence is attributed to the reinforcement of the binder

matrix (Fig. 8d) by the homogeneous distribution of the



Fig. 10. Cold modulus of rupture (CMOR), hot modulus of rupture (HMOR)

and residual CMORTS after 5 thermal shocks in compressed air of the coked

samples with combinations of nanoscaled additives.

Fig. 11. Cold modulus of rupture and strength loss after 5 thermal shocks versus

open porosity of the coked samples with combinations of nanoscaled additives.

Table 5

Summarized properties of the investigated Al2O3–C compositions.

Compositions Properties

OP (%) BD (kg/m3) CMOR (MPa) HMOR (MPa) CMORTS (MPa) Strength loss (5 TS) (%)

Reference I 18.0 2.39 15.9 � 0.9 15.1 � 0.8 11.4 � 1.1 28.3

Reference II 18.6 2.51 12.6 � 0.7 12.3 � 0.7 10.0 � 0.6 20.6

S10 19.2 2.42 14.2 � 0.3 13.4 � 0.5 12.6 � 0.7 11.3

AS 18.2 2.50 15.5 � 0.7 16.0 � 0.8 12.2 � 0.6 21.3

TN 20.5 2.44 14.9 � 0.9 13.2 � 0.4 12.1 � 0.9 18.8

BT 15.5 2.55 13.3 � 1.0 15.9 � 0.4 11.6 � 0.9 12.8

S10–AS 18.2 2.50 11.3 � 0.4 14.6 � 1.3 10.4 � 0.6 8.0

S10–TN 18.3 2.46 14.3 � 1.6 14.0 � 0.8 13.0 � 0.9 9.1

TN–AS 18.7 2.51 12.9 � 1.9 16.6 � 0.1 12.8 � 0.5 0.8
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nanoscaled spinel additive. However, the hot modulus of

rupture (HMOR) of the coked samples was improved for all

compositions and was at comparable levels as in the occasions

of single nanoscaled additives (Figs. 5 and 10). As for the

thermo-mechanical behaviour of the coked samples, it was

improved for all compositions as shown in Fig. 11. The

composition with nanoscaled additions of Chinese CNTs and

alumina sheets in particular exhibited an outstanding thermal

shock resistance, by having a strength loss of only 0.8%. Taking

the SEM micrograph in Fig. 8f into account, it can be assumed

that the interlocking network of the Al–O-rich platelets

contribute to the remarkable thermo-mechanical performance

of composition TN–AS. The properties of all investigated

compositions are summarized in Table 5.

4. Conclusions

The influence of nanoscaled powders of magnesium

aluminate spinel (MgAl2O4), alumina sheets (a-Al2O3) and

carbon nanotubes (CNTs) on the microstructure and the

physical, mechanical and thermo-mechanical properties of

Al2O3–C refractories were investigated at the present work. An

improvement of the mechanical strength both at room
temperature and at 1.400 8C as well as an improvement of

the thermal shock resistance of the investigated Al2O3–C

compositions could be achieved. This was revealed by the

microstructural evolution of the refractories after the additions

of the nanomaterials by means of the in situ formation of fibres/

whiskers after coking at the low temperature of 1.000 8C. The

morphology of the in situ formed phases was varying in length,

diameter, crystallinity/transparency depending on the nanos-

caled materials added, while the addition of nanoscaled

magnesium aluminate spinel led to the best results. The

addition of nanoscaled alumina sheets led to a higher level of

strength values, which in turn had a negative influence on the

thermal shock resistance of this composition.

The addition of combinations of nanoscaled additives

further improved the properties of the refractories. However,

the higher standard deviation values of these compositions

(especially compositions S10-TN and TN-AS) imply the

difficulty in achieving an optimal homogeneous distribution

of the nanomaterials in the refractory matrix. The overall

best behaviour regarding the mechanical and thermo-

mechanical properties was performed by the composition

with nanoscaled additions of Chinese CNTs and alumina

sheets.
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