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Abstract

Alumina-spinel refractory bricks, composed of 86 wt.% alumina phase and 13 wt.% MgAI:Os spinel
phase, are used in steel making ladles due to their ability to resist chemical attack and thermal shock.
Thermal shock resistance is determined, in part, by the thermal conductivity of the material.
Measurements of thermal conductivity were made with the laser flash technique from 20 °C to 1100
°C. Analysis of the influence of the microstructure on the thermal conductivity of the alumina-spinel
refractory bricks was based on simplified analytical relations and validated by comparing the
behaviour with four different alumina model materials. A model of thermal resistors in series was
used to describe the combined effect of grains and grain boundaries on the solid phase conductivity
whereas the effect of porosity was calculated with Landauer’s relation. Though the overall
conductivity of the refractory brick was evaluated as 6.5 W m K at room temperature, the thermal
conductivity of the alumina grains was deduced to be 33 W m K-, close to that of single crystal
sapphire at 36 W m? K. The strongly attenuated conductivity of alumina-spinel refractory is
explained by the roles of porosity, grain boundary thermal resistance and the spinel phase thermal
conductivity.

Keywords: thermal properties; microstructure; refractory materials

1. Introduction

The functions of a refractory material, as well as for any kind of material, are strongly dependent
on their solid phase composition and microstructure since these determine their properties [1]. For
instance, a porous material is generally characterized by a very low thermal conductivity value which
makes it suitable for all the applications in which the reduction of heat losses is the main requirement.
On the contrary, dense materials are normally used for their superior resistance to corrosion and
thermal shock. Therefore, to understand the behaviour and the properties of any material, it is
fundamental to identify its crystal structure and microstructure. This relationship between
structure/microstructure and properties is a key element of materials science and engineering [1].

Structure in general can be considered at several levels, all of which will influence the final
behaviour. For instance, the electronic configuration affects properties such as electrical conductivity
and magnetic behaviour [1]. The arrangement of atoms or ions in a solid phase determines whether
it is crystalline or amorphous. These situations yield different behaviours even if the chemical
composition is similar. In refractory ceramics, the microstructure typically consists of the presence of
many grains, possibly more than one solid phase, pores and impurities. The amount, size, shape and
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orientation of such features can play a key role in many of the macroscopic properties of these
materials, such as mechanical strength and thermal conductivity [1].

The microstructure of a refractory material is essentially the result of three main steps: 1)
selection of the raw materials; 2) forming method; and 3) heat treatment. Furthermore, refractories
can consist of a mixture of two or more phases. Each of them has a specific set of properties and will
react in a specific way, which can be predicted using phase diagrams. Therefore, the properties of the
final product will depend on the kinds of raw materials used [2]. However, also the forming process
and the firing cycle have a great impact. Once the powders are selected and mixed, they are
compacted together to form the “green body”. This step is normally made by pressing to create the
initial adhesion between the particles. Higher pressing force leads to reduced porosity up to a packing
limit. Usually, a ceramic “green body” contains around 40 - 50% of porosity [3]. The final step is the
firing process, which is fundamental to create the solid contacts between the particles (mechanical
strength) and give to the material the final properties and dimensions. Depending on the need to
have a dense or a porous material, the heat treatment could be respectively the classical sintering
temperature (about 200 — 300 °C below the melting point of the compound) or just the minimum
temperature to guarantee a minimum mechanical strength [2].

Thus, a better understanding of the relationship between the properties and the microstructure
can help refractory producers to improve industrial processes, to predict the behaviour of the
material in service and to develop new products. However, it is important to highlight that
refractories are very complicated materials, and it is not always easy to understand this relationship.
Therefore, the purpose of this work is to elucidate the contribution of each feature in the
microstructure, such as porosity, grain boundaries, grain sizes and presence of a second phase, to the
overall thermal conductivity in the case of alumina-spinel bricks by comparison of their behaviour to
model materials with comparable composition and characteristics. The analysis will be made using a
simplified approach based on analytical relations to describe the effects of the microstructure and
hence to estimate the grain thermal conductivity. Contributions of radiation heat transfer across large
pores (> 0.1 mm) and within semi-transparent crystallites to the "apparent” thermal conductivity have
been neglected. This is because of the pore size, the presence of grain boundaries in these materials
and the temperature range of measurements [4,5].

2. Materials and Methods
2.1. Materials

The study was devoted to alumina-spinel bricks, which are composed of 94 wt.% of alumina, 5
wt.% of magnesia and 1 wt.% of other oxides.

The SEM micrograph in Figure 1 shows the presence of alumina aggregates of different sizes, a
fine matrix of spinel phase and pores both in the grains and in the matrix. When magnesia and
alumina are heated together, they react to form a spinel phase (MgAl:Os) in the middle. The new
phase offers a good combination of physical and chemical properties such as high refractoriness
(melting point of the spinel is around 2135 °C), high mechanical strength, and high resistance to
chemical attack [6]. Due to these characteristics, they are used in the working lining of the steel ladle
wall. This layer is in contact with the hot liquid steel and thus, it needs to resist high temperatures
(around 1650 °C) and a corrosive environment.
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Figure 1. SEM micrograph of an Alumina-Spinel brick. The microstructure is composed of alumina grains of
different sizes (the biggest size is ~ 3 mm) and a fine spinel matrix. The image was taken at GHI-RWTH

(Germany).

Since refractories are very complicated ceramic materials, and it is not always easy to understand
the relationship between the microstructure and the thermal properties, in the current work the
analysis was made by comparing the behaviour of alumina-spinel bricks (94 wt.% alumina) with the
behaviour of four alumina model materials (> 99 wt.% alumina) with differences in the
microstructural characteristics. Table 1 summarizes the major characteristics of each investigated
material.

Table 1. Summary of the porosity, average grain size and sintering temperature of five alumina-based materials:

one refractory material (Alumina-Spinel) and four model materials.

Se-lmplcle Materials Porosity = Average grain size Sintering
Designation (%) (um) temperature (°C)
Alumina-Spinel Refractories 19 - -
Sapphire 0 Single crystal -
Alumina TM-DA 3 0.15-0.5 1200
Alumina AKP30- Mod'el 20 0.45 1450
1450 materials
Alumina AKP30-
1300 38 0.30 1300

The Alumina TM-DA samples were made at NITech (Japan) using the pulse electric current
sintering method (PECS). This innovative technique has the advantage to produce almost fully dense
materials in shorter times and lower furnace temperatures than a conventional electric furnace [7],
keeping grain growth to a minimum. The samples were sintered in a furnace at 1200 °C for 5 min
with a heating rate of 100 K/min and subjected to a uniaxial pressure of 100 MPa.

Figure 2 shows an example of the microstructure of Alumina TM-DA samples. It is possible to
observe the presence of small grains (0.15 um to 0.5 pm) homogeneously distributed without much

porosity.
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Figure 2. SEM micrograph of Alumina TM-DA. The image was taken at NITech (Japan).

The Alumina AKP30-1300 (Figure 3a) and Alumina AKP30-1450 (Figure 3b) samples were
prepared at IRCER by uniaxial pressing of the dry powder (both AKP30) and then fired respectively
at 1300 °C and 1450 °C for 6 minutes [8].

Figure 3. SEM micrographs of Alumina AKP30-1300 (a) and Alumina AKP30-1450 taken at IRCER [8].

2.2. Methods

The thermal conductivity values were evaluated using the laser flash method [9,10]. This
technique developed by Parker et al. in 1961 [11] measures the thermal diffusivity of a solid by
sending a short duration light energy pulse to impact on the front face of a sample held at a given
temperature. Then, an infrared detector records the temperature evolution on the back face as a
function of time. The evaluation of the thermal diffusivity () from the temperature - time behaviour
can be performed with different models such as those of Parker [11], Cape-Lehman [12], Degiovanni
[13] or Mehling [14]. In this study, we have mainly used Cape-Lehman model, which takes into
account heat losses through the sample boundaries during experimental tests. However, for high
temperature measurements, when a direct radiative heat transfer between sample faces was
observed, the Mehling analysis was used to account for this signal perturbation.

The measurements were carried out up to 1000 °C with a heating rate of 5 K/min in an argon
atmosphere using a Netzsch LFA 427 Laser-flash device. For each temperature, the values correspond
to an average of three consecutive measurements. The tests were repeated twice using two different
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samples, which exhibited a difference in thermal conductivity of less than 1%. The accuracy of this
method is taken to be +3% [9,10].

Once the thermal diffusivity is evaluated, the thermal conductivity (A) can then be calculated
using the following equation:

A=ap-, ()
where A is the thermal conductivity [W m™ K], a the thermal diffusivity [m2s?], p the bulk density

[kg m?] and Cp the specific heat capacity [] kg' K]. The value of Cp can be estimated using the rule
of mixtures and data for simple components:

Cp = ZmiCpi (2)
12

where mi is the percentage in mass of each compound and Cypi the specific heat of each component i
[15].

3. Results and Discussions

3.1. Evolution of the Thermal Conductivity with the Temperature

Figure 4 plots the thermal conductivity of Alumina-Spinel sample as a function of the
temperature. Repeating the run with a second sample of alumina-spinel refractory exhibited
differences in values of thermal conductivity of less than 1%.
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Figure 4. Thermal conductivity (Aet) as a function of the temperature for an Alumina-Spinel refractory sample.

The graph shows that the thermal conductivity decreases with the increase of the temperature:
Aett changes from 6.5 W m K at room temperature to 3 W m K- at 1000 °C. To explain this trend,
consider that in ceramic materials, the thermal conductivity is determined by scattering of phonons
through inelastic collisions. In analogy with the kinetic theory of gases following Debye’s initial
approach [16], Klemens describes this property in terms of an integral over the vibrational
frequencies w [17]:

— Ler
A= 5-[) Cy(w)v(w)l(w)dw 3)

where A is the thermal conductivity, Cv the specific heat at constant volume, v the elastic wave
velocity, | the mean free path of lattice vibrations and wp the Debye frequency.
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For alumina ceramics or in the single crystal form (sapphire), heat is essentially transported by
lattice vibrations. The amplitude of these vibrations relates to the number of phonons which occupy
the mode w. Increase of these vibrational amplitudes with temperature means that also the
probability of phonon-phonon scattering is higher. Thus, the mean free path for the lattice vibrations
l(w), decreases with the increase of temperature and consequently, the thermal conductivity
decreases.

However, in such ceramic materials, it is important to also examine the polycrystalline aspect.
Phonons can interact not only with other phonons, but also with grain and pore boundaries and other
defects. All these “imperfections” will act as scattering sites reducing the mean free path. These
interactions of the phonons with the microstructure can explain the differences exhibited in Figure 5.
The graph shows, in fact, that for all the investigated materials, the thermal conductivity values
decrease with the increase of the temperature due to the increase of the phonon-phonon scattering
mechanism. However, the values are quite different from each other despite that they are all alumina-
based materials. At room temperature, for instance, Aet varies from 36 W m? K in the case of
Sapphire to 5.8 W m! K-! for the Alumina AKP30-1300 sample. The Sapphire sample is a single crystal,
and thus it has only external boundaries. On the contrary, all the other samples are polycrystalline
materials with different porosities, different grain sizes and consequently different numbers of grain
boundaries crossing the heat path (Table 1).
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Figure 5. Thermal conductivity (Aet) as a function of the temperature of five alumina-based materials: four model
materials (Sapphire, Alumina TM-DA, Alumina AKP30-1450 and Alumina AKP30-1300) and one refractory

material (Alumina-Spinel).

3.2. Effect of the Porosity

The influence of the porosity can be studied by considering a mixture of two phases, in which
the pores correspond to one of the phases: with the increase of the pore volume fraction (vp), the
effective thermal conductivity of the material (Aer) decreases due to the low thermal conductivity of
the gas. Figure 6 illustrates the thermal conductivity variations with porosity, based on analytical
models with different assumptions for the porous phase arrangement in the solid matrix. The
Maxwell — Eucken relation assumes that the pores are isolated spherical inclusions in the solid which
describes a closed porosity behaviour [18], whereas the Landauer’s relation takes into account the
open nature of the porosity [19] for values of vp> 0.15. This is revealed by the divergence of the two
curves at vp = 0.15.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Predicted values of effective thermal conductivity of a hypothetical material (fully dense =1 W m K-

1) as a function of the pore volume fraction using different relations.

It is tempting to think that a material with higher pore volume fraction exhibits a lower thermal
conductivity, but this is correct only if the thermal conductivity of the solid phase is the same. For
instance, the Alumina-Spinel brick sample has a porosity of 19%, like that of Alumina AKP30-1450
(Table 1) but the thermal conductivity values are quite different. Figure 5 shows that the Alumina-
Spinel sample (black points) has a thermal conductivity closer to that of Alumina AKP30-1300
(magenta points), even if this material has almost twice the amount of the porosity (38%). Therefore,
the results imply that the materials have different solid phase thermal conductivity values.

To verify this hypothesis, Landauer’s relation was used to estimate the thermal conductivity of
the polycrystalline solid phase without the effect of the porosity [19,20]:

1
Tegr = 7 D(3vp = 1) +24(2 = 3vp) | "
+ {[}\.P (3VP - 1) + }\.5(2 - 3VP)]2 + 8}\.13}&5}%

where Ap is the thermal conductivity of pore phase and As the thermal conductivity of the solid phase.
Considering that Ap < As, equation 4 was simplified using Ap = 0:

3
)leff = AS (1 - EUP) (5)
Equation 5 was then re-expressed as:
)\eff
As = ———+—
= {T=3/2v) (©)

to evaluate the thermal conductivity for equivalent 100% dense ceramics. The results are presented
in Figure 7.
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Figure 7. Calculated thermal conductivity values for equivalent 100% dense ceramics as a function of the

temperature. The effect of porosity was corrected using equation 6.

The graph confirms that the materials have different values of thermal conductivity for the solid
phase. Furthermore, the estimated values are still significantly less than that of Sapphire (36 W m K-
1). For instance, at room temperature As varies from 27 W m K- in the case of Alumina AKP30-1450
to 9 W m-! K1 in the case of the Alumina-Spinel sample.

3.3. Effect of the Grain Boundaries and Grain Size

Grain boundaries are disordered regions, which act as scattering sites reducing the mean free
path. They can be considered as Kapitza resistances which cause a localized temperature drop at the
interface [8,21]. The overall thermal conductivity can then be described using equation 7 as grain

boundary thermal resistances in series with the grains:
1

1
—= + nR; 7
)\s Agrain e ( )

where As is the thermal conductivity of the polycrystalline material after removing the effect of the
porosity, Agrmin is the thermal conductivity of the grains, n the number of grain boundaries per unit
length and Rint the average grain boundary thermal resistance. This equation handles the effect of two
grain size mechanisms: i) the presence of grain boundaries crossing the heat path given by the second
term of the right-hand side in equation 7 and ii) the effect of finite grain size which can alter the grain
conductivity in the first term of the right-hand side in equation 7. If the grains are small, the number
(n) of grain boundaries increases and thus, the thermal conductivity of the polycrystalline material
decreases. Furthermore, if the grains are very small, the hypothesis of an ideal infinite lattice is no
longer valid and this cuts off all the low frequency long wavelength phonons, which cannot
contribute to the thermal conductivity of the crystallite (Agrain) [2,8].

These effects can explain the difference between Sapphire and Alumina TM-DA as well as
between Alumina AKP30-1300 et Alumina AKP30-1450 shown in Figure 7. We have then used a
method to separate the two contributions in equation 7 and estimate the grain thermal conductivity
[8] with the advantage that exact knowledge of the average grain size is not actually required. For
this the phonon-phonon interaction is assumed to be the dominant mechanism, and that the thermal
resistivity attributed to the grains is linear in the temperature range 500 K — 1000 K represented by
the term aT. This yields equation 8 which is exploited to deduce the effect of grain boundaries as
Kapitza resistances and then grain size on grain conductivity at, for example, 300 K:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8 shows that the thermal resistivity values of all the alumina-based materials are above
the values of Sapphire. The differences shown on the y-axis by extrapolation to T = 0 K can be
attributed to the total thermal resistance of the grain boundaries (nRint), taken to be constant with
temperature.
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Figure 8. Thermal resistivity values as a function of the temperature for four alumina model materials (Sapphire,
Alumina TM-DA, Alumina AKP30-1450 and Alumina AKP30-1300) and one refractory material (Alumina-
Spinel).

By removing this contribution to equation 7, it is possible to evaluate the thermal conductivity
of the grains (Agrain), as shown in Figure 9.

Figure 9a reveals that the calculations of grain conductivity for Alumina TM-DA and Alumina
AKP30-1450 yield values which are almost identical to those of the Sapphire single crystal (36 W m!
K- at room temperature). For the Alumina AKP30-1300, there is a slight difference, which might be
linked to an imperfect evaluation of pore volume fraction for this sample, or to the effect of finite
grain size inhibiting the grain conductivity. In fact, Alumina AKP30-1300 has the smallest grain size
(Table 1), approximately 0.3 pum.

The situation is different for the refractory material (Figure 9b). The curve is significantly less

than that of Sapphire. But this can be linked to the presence of a second phase.
50
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Figure 9. Calculated values of grain thermal conductivity as a function of the temperature for the Alumina

ceramics (a) and the Alumina-Spinel refractory sample (b) compared to Sapphire.
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3.4. Effect of Phase Mixture

Alumina-spinel refractory bricks contain approximately 86 wt.% alumina and 13 wt.% spinel
(MgAl0O4). To evaluate the influence of the spinel phase on the combined thermal conductivity,
samples, where the spinel phase is predominant (88 wt.% spinel and 12 wt.% alumina), were
prepared at RWTH Aachen University from the alumina rich Magnesium Aluminate spinel powder
denoted AR78. This powder is a raw material typically used for the fabrication of alumina-spinel
bricks. After uniaxial pressing of the dry powder, sintering at 1600 °C for 6 h yielded specimens with
dimensions of 10 mm in diameter and 2 mm thick.

These samples were measured with the laser flash method up to 1100 °C revealing a steady
decrease of the thermal conductivity with temperature (Figure 10, black points) attributed to the
increase of phonon-phonon scattering. More refined values for the spinel phase thermal conductivity
were then obtained in the following way.

The experimental results showed an overall thermal conductivity of 9.3 W m K at room
temperature including the effect of 20% of porosity. Thus, equation 6 was used to calculate the
thermal conductivity of the solid phases (As) equal to 13.3 W m K at room temperature. For a
mixture of two solid phases, solving Landauer’s relation [19] for the thermal conductivity of the
spinel phase (Aspinet) gave:

2}\52‘ - }\s)\alumina (Svalumina - 1)
}\alumina + )\s (2 - 3Valumina)

)

Aspinel =

where Aalumina and Valumina are respectively the thermal conductivity and the volume fraction of the
alumina grains. Using the proportion above for AR78 and a value for Aalumina = 36 W m K, equation
9 gives Aspinet = 11.4 W m! K! at room temperature (Figure 10, red points).

14 m AR78
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Figure 10. The black points show the experimental results of the thermal conductivity as a function of
temperature made on the spinel samples prepared at RHWT Aachen University using the AR78 powder, while
the red points are the thermal conductivity of the spinel phase as a function of the temperature [2].

These results are fairly similar to those in the literature: for stochiometric spinel, Braulio et al.
[22] found values from 15 W m! K at room temperature to 5 W m! K at 1000 °C, while Ni et al. [23]
calculated with molecular dynamics values from 9 W m! K- at room temperature to 5.5 W m* K- at
1000 °C.

Finally, the evaluated data for Aspinet Were used to estimate the thermal conductivity of the
alumina grains (Aaumina) in the Alumina-Spinel refractory sample in a similar way with a modified
form of equation 9:
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alumina )\spinel + )\gmin(z - 3Vspinel)

where Agrain now refers to the points in Figure 9b (black squares), which were already corrected for
porosity and grain boundary effects. The results of equation 10 are shown in Figure 11.

It can be pointed out that even if the calculated values for the alumina grains in the refractory
brick are still apart from those of the Sapphire single crystal, they are much closer than the original
measured values (Figure 4). For instance, at room temperature the measured overall thermal
conductivity of the refractory material is 6.5 W m! K-! whereas with the analysis, taking into account
the microstructure, the alumina grains are evaluated with a value of 33 W m K-. Given that the
thermal conductivity of the sapphire is 36 W m? K at room temperature, this means that the
difference between the Sapphire sample and the alumina grains in the Alumina-Spinel refractory
sample is within 12%. Remaining differences could be assigned to the presence of other minor phases
or small fractions of impurities modifying the conductivity of alumina. Popov et al. [24] demonstrated
that small quantities of Cr and Ti, which substitute into the Al20s lattice, inhibit conduction. The other
possibility is that Landauer’s relation exploited in equation 10 may not describe perfectly the
geometrical distribution of the two solid phases in the refractory brick; especially since the spinel
phase constitutes a fine matrix surrounding the large alumina grains.

50

¢ Sapphire
45 - = Alumina-Spinel

40
35
30
25 -
204 [ ] *
15 4 L]
104 . * o
54 "o
0

lalumina (W m-1 K-1)

0 200 400 600 800 1000
Temperature (°C)

Figure 11. Thermal conductivity of the alumina grains in the Alumina-Spinel sample as a function of the
temperature after corrections for the microstructural effects (porosity, grain boundaries and the second phase)
compared to the Sapphire sample.

4. Conclusions

The thermal conductivity and other physical properties of a material can be strongly modulated
by the microstructure. Therefore, understanding of the relationship between the microstructure and
the material’s properties is fundamental for predicting the behaviour of refractory materials in service
conditions. This paper presents a straightforward analytical approach to describe the modulation of
thermal conductivity by:

i the pore phase using Landauer’s relation,
ii. the grain boundary thermal resistance by assuming it acts in series with the thermal resistance
of the grains,
iii. a second solid phase using again Landauer’s relation for a mixture of two phases.
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The approach has been applied to the case of alumina-spinel refractory bricks, containing
approximately 86 wt.% alumina and 13 wt.% spinel (MgAI:Os). Given the complexity of the refractory
and its microstructure, simpler alumina model ceramic materials with variations in porosity and
grain size were also tested by measurement of the macroscopic thermal conductivity. Values at room
temperature varied from 6.5 W m! K- for the refractory brick to 36 W m-! K- for a single crystal of
sapphire. However, by successively removing the effects of porosity, grain boundary thermal
resistance and in the case of the alumina-spinel refractory also the mixture of two solid phases, the
thermal conductivity of the alumina grains was deduced to be 35-36 W m-! K- for the alumina model
ceramics and 33 W m K-! for the alumina-spinel refractory.
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