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Information is provided about the thermal conductivity of highly porous refractory specimens prepared using

kaolin, clay, combustible, sintering additives, and also foam. Data for the properties of samples of lightweight

refractories prepared by different methods are analyzed. The emphasis is on combination of specimen heat in-

sulation and strength properties The thermal conductivity achieved for foam samples is 0.37 W/(m·K) at

650°C in combination with satisfactory compressive strength of 3.8 MPa.

Keywords: thermal conductivity, lightweight refractories, kaolin clay, burn-off additive, expanded polysty-

rene (EPS), foam method, porosity.

INTRODUCTION

Chamotte lightweight refractories are used extensively

for lining industrial furnaces due to low thermal conductivity

and chemical stability since they make it possible to reduce

heat loss into the environment and also to improve heating

unit operation, and to reduce warm-up duration and cooling

[1]. During refractory development consideration is given to

the availability of clay of different refractoriness, the engi-

neering efficiency of preparing refractories, and also the op-

erating conditions [2].

In order to manufacture heat insulation highly porous

refractories from a specific form of raw material research is

required concerning optimization of charge composition, ad-

justment of production regimes, and also evaluation of ther-

mal conductivity for the materials obtained in order to per-

form a series of heat engineering calculations (for example

for a furnace lining). Material thermal conductivity is af-

fected by a multitude of factors: physical condition, presence

of crystalline and amorphous phases, chemical composition,

impurities, porosity, and operating temperature [1]. Variation

of these factors may affect the level of material thermal con-

ductivity to a different extent. It is well known that thermal

conductivity of pure oxides is much higher than for materials

of complex composition with glass phase and a complex

crystal lattice. The thermal conductivity of Al2O3 is

30 W/(m·K) at 100°C, and for porcelain and dense chamotte

refractories it is 1.7 and 0.5 W/(m·K) respectively. The de-

pendence of material thermal conductivity on temperature is

very important since working temperatures of heat insulation

lining materials are quite high. The thermal conductivity of

corundum decreases rapidly to 6.2 at 1000°C, and for porce-

lain and dense chamotte refractory it increases insignifi-

cantly to 1.9 and 0.9 W/(m·K) respectively [1, 3].

Another factor affecting material thermal conductivity is

porosity. Analysis of published data shows that material po-

rosity reduces its thermal conductivity by almost a linear re-

lationship. This is connected with thermal conductivity of air

0.023 W/(m·K) whose value is the least compared with the

thermal conductivity of natural materials. The effect of po-

rosity and connected with it average density is so unambigu-

ous that some researchers calculate thermal conductivity at

room temperature by an empirical equation in relation to po-

rosity. In publication [4] an approximate calculation of mate-

rial thermal conductivity �, W/(m·K) is presented according

to the equation

� �� � �116 00196 022 016
0

2
, . . . ,

where �
0
is material average density, g/cm

3
.
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However, it is complicated to estimate thermal conduc-

tivity reliably by calculation due to the number of factors af-

fecting its value. In view of this it is preferable to obtain it by

experimental methods especially in studying porous and

highly porous refractory materials.

The effect of porosity on thermal conductivity of light-

weight refractories has been described by the authors in [5].

Materials were prepared by them using a foam method on the

basis of refractory clays having high porosity (up to 68%)

and thermal conductivity 0.2 – 0.35 W/(m·K). In this case

the estimated thermal conductivity of dense objects based on

refractory clay is greater and is 0.7 – 0.82 W/(m·K). Magne-

sia heat insulation materials have also been prepared with

uniform pore size distribution using foaming additives [6].

Materials exhibit high porosity (62 – 71%) and low thermal

conductivity, i.e., in the range 0.174 – 0.310 W/(m·K),

whereas the thermal conductivity of dense objects is

4.66 – 5.82 W/(m·K). there is information [7] about prepara-

tion of low-density carbon materials with density from 650

to 810 kg/m3; in this case their thermal conductivity is within

the limits of 2.5 – 3.2 W/(m·K), although the level of thermal

conductivity of dense carbon is more than 100 W/(m·K).

In addition, material thermal conductivity depends to

some extent on temperature and since the lining of heating

units operates at elevated temperatures it is necessary to

know the precise dependence of material thermal conductiv-

ity on temperature. A study of thermal conductivity at ele-

vated temperatures for chamotte lightweight refractories (re-

fractoriness 1670°C) prepared by pore-forming technology

has been provided in publication [8]. The method pore for-

mation with introduction of burn-off additive of foam poly-

styrene (FPS) makes it possible to prepare materials with

thermal conductivity at 600°C of 0.23 W/(m·K) and by the

foam method thermal conductivity of 0.34 W/(m·K).

Therefore, by changing refractory physicotechnical

properties it is possible to control thermal conductivity. Re-

sults are provided in this article for studying the effect of

molding method and nature of forming additives on refrac-

tory lightweight material based on kaolin clay thermal con-

ductivity.

EXPERIMENTAL PROCEDURE AND MATERIALS

Contemporary experimental methods for determining

thermal conductivity are divided into two groups: conduction

in a steady-state regime and non-steady-state. A non-steady-

state regime provides an approximate estimate with opera-

tive control. The steady-state method is more precise and

measurements may be performed over a wide temperature

range, i.e., from 20 to 700°C, but this method is labor inten-

sive. The method of measuring refractory thermal conductiv-

ity for industrial equipment is controlled by GOST 12180–86

“Refractories. Steady-state method for measuring thermal

conductivity.” In order to determine the thermal conductivity

by a steady-state method a series of experimental specimens

of different compositions have been formulated (Table 1)

corresponding with respect to shape and size of grade No. 5

according to GOST 8691–2018.

Objects for study were: 1) enriched (with a different con-

tent of aluminum oxide and alkali) kaolin; 2) kaolinic clay;

3) quartz kaolinite concentrate; 4) plastic secondary and ar-

gillaceous clays. In all experiments the ratio of filler and

binder in a charge was 60:40. Chamotte based on highly fired

kaolin of two types was used (chamotte and chamotte-1) dif-

fering in aluminum oxide content (36 and 39 wt.%), and al-

kali (1.1 and 1.9 wt.%). In selecting a starting material con-

sideration was given to standard documentation for raw ma-

terial components, and also technical specifications for re-

fractory lightweight ceramic indices according to GOST

5040–2015 “Refractory heat insulation objects.”

In order to reduce the average density of the objects de-

veloped a charge was prepared using foam-forming agent

and a number of burn-off additives (coke, sawdust, FPS) that

made it possible to compare features of their effect object

heat insulation properties. In order to increase mechanical

strength there was use of bentonite as a sintering additive.

Specimens were prepared by semidry compaction and plastic

molding (Table 1). The specimen sintering capacity of the

compositions developed was evaluated by successive firing

in the range 1250 – 1350°C. The main physicomechanical

properties of specimens were determined according to speci-

fications of the standard documentation; emphasis was

placed on specimen combination of heat insulation and

strength properties.

RESULTS AND DISCUSSION

Data for the composition of experimental specimens,

their molding method, and methods for obtaining a porous

structure are provided in Table 1.

Specimens with coke burn-off additive in an amount

from 24 to 35 wt.% were prepared by semidry compaction

due to variation of the compaction pressure and charge

weight in a mold (see Table 1, series 1 – 3). It follows from

analysis of the data obtained that complete coke burn-off

during specimen firing of the optimum amount in a mix is

30% independent of the type of raw material used. Use of

filler in the form of kaolinic clay and a compaction pressure

of 10 MPa makes it possible to prepare specimens with ap-

parent density �app up to 1000 kg/m3 with ultimate strength

in compression �co 4 – 6 MPa (series 3); �co for specimens

of chamotte lightweight refractory (series 1) with �co up to

1000 kg/m3 it is 1.3 MPa (Table 2).

In order to prepare chamotte lightweight objects satisfy-

ing standard conditions for mechanical strength natural addi-

tives of sintering and strengthening action were added to the

molding composition, i.e., bentonite clay (series 2). Speci-

mens were formed from a mix based on a composite with a

bentonite concentration up to 6.5%. A study of the effect of

modifying additive concentration showed that an increase in
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�co for specimens up 2.5 – 3 MPa may be achieved with in-

troduction of 5 – 6 wt. of bentonite into a charge (Fig. 1). In

this case �app of specimens varied insignificantly

(10 – 15 kg/mm3), and linear shrinkage �l was within limits

of 2.1 – 3.5%.

Of all specimens obtained those selected were specimens

that combined the least density with satisfactory strength;

their thermal conductivity was measured (see Table 2, series

1 – 3). With use of semidry compaction a mix with FPS it is

possible to prepare chamotte lightweight specimens with �app

of 800 kg/m3 (series 4).

Bearing in mind that molding without pressure makes it

possible to prepare effective lightweight objects with lower

density, the properties of experimental specimens obtained
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TABLE 1. Original Composition of Molding Mixes for Preparing Heat Insulation Lightweight Objects

Specimen

series

Composition
Molding mix

moisture content, %
filler binder (clay) sintering additive pore-forming additive*

Specimen prepared by semidry compaction

1 Chamotte Secondary — Coke (20 – 35%) 11 – 14

2 The same The same Bentonite (>6.5%) Coke (30%)

3 Kaolinic clay Carbonaceous — Coke (30%)

4 Chamotte Secondary — PPS (9%)

Specimens prepared by plastic molding

5 The same The same Bentonite (5%) Sawdust (18 – 23%) 35

6 The same The same — Foam (10 – 25%) 45 – 50

7 Kaolinic clay Carbonaceous —

8 Quartz kaolinite concentrate

9 Chamotte

10 Chamotte-I

* Concentration of pore forming additive above 100% shown in brackets.

TABLE 2. Properties of Heat Insulation Lightweight Object Specimens Prepared with Addition of Pore-Forming Additives by Different

Methods

Specimen series

(see Table 1)

Pore-forming

additive

concentration, %

Firing

temperature, °C
�l

tot
, %

�, W/(m·K), at temperature, °C

�
co
, MPa �

app
, kg/m3

350 650

Specimens prepared by burn-off additive method

Burn-off additive — coke

1 30 1300 1.0 – 1.5 0.410 0.496 1.3 1016

2 30 1300 2.1 – 2.6 0.448 0.535 1.9 1060

30 1300 2.1 – 2.6 0.436 0.518 3 1050

3 30 1280 3.5 – 4.3 0.410 0.505 6 1060

Burn-off additive — PPS

4 9 1350 2.5 – 3.0 0.348 0.480 2.7 800

Burn-off additive — sawdust

5 18 1300 8.9 0.443 0.524 4.3 1000

Specimens prepared by foam method

6 14 1350 8.5 – 10 0.360 0.470 1.9 910

7 15 1280 13 – 14 0.317 0.370 3.8 830

8 10 1280 15 – 16 0.380 0.480 4.9 900

9 14 1300 9 – 10 0.330 0.440 3.6 860

10 16 1300 14 – 15 0.350 0.460 3.2 920



by plastic molding from finely dispersed chamotte and sec-

ondary plastic kaolin clay were studied (see Table 1, se-

ries 5). For pore formation an addition was made to a charge

in the form sawdust (subsidiary product of woodworking

production) in an amount of 18 – 23 wt.%, and in order to

regulate strength there was 5 wt.% of bentonite clay. Charge

components were dispensed moistened with a relative mois-

ture content of 35% and fired at 1250 – 1350°C. According

to test results dependences were constructed for specimen

shrinkage on the amount of sawdust and firing temperature

(Fig. 2a ). It is seen that shrinkage processes up to 1300°C do

not exceed 9 – 12% for specimens containing 18 and

23 wt.% sawdust. The same dependence is also observed for

the density of specimens that varies little up to 1300°C and

does not exceed 100 kg/m3 (Fig. 2b ). Sintering processes are

strongly activated with an increase in temperature that is re-

flected by an increase in �l by a factor of two, �app to

1350 kg/m3, and specimen visual deformation.

Measurement of �co for specimens made it possible to

establish that to the greatest extent this index is affected by

the amount of sawdust added (see Fig. 2b ). With introduc-

tion of 18 wt.% sawdust the �co for specimens reaches

4.4 MPa at 1300°C, and an increase in the amount of sawdust

to 23 wt.% leads to a loss of �co by a factor of two. Therefore

specimens with the optimum property combination (�app

1000 kg/m3, �co 4.3 MPa, �l 7%) prepared by plastic defor-

mation for a charge with 18% sawdust and fired at 1300°C

was selected for studying thermal conductivity (see Table 2,

series 5).

Specimens were prepared using foam technology based

on refractory chamotte and secondary plastic kaolin clay (see

Table 1, series 6). The amount of foam was varied from 10 to

25 wt.%. Drawing attention to the fact that raw material used

in this experiment exhibits the greatest refractoriness, the fir-

ing temperature of all specimens was 1350°C. It has been es-

tablished that with an increase in foam content there is a uni-

form reduction in �co from 990 to 820 kg/m3 and �co from

2.1 to 1.8 MPa (Fig. 3). The amount of foam affects shrink-

age processes to the greatest extent. Whereas with a foam

content of 8 wt.% �l is 8,5%, with a foam content of 23 wt.%

with the same firing conditions �l increases by almost a fac-

tor of two and is 15%.

Then specimen thermal conductivity was measured with

�app, at 900 – 950 kg/m
3, prepared on the basis of chamotte

with addition of 14 – 18 wt.% foam (see Table 2, series 6).

The effect of firing temperature on specimen properties

based on kaolin clay with 15 wt.% foam is shown in Fig. 4.

Below 1280°C specimens exhibit an optimum combination

of properties: �app 800 – 900 kg.m
3 and �co 3.8 MPa. A sub-

sequent increase in firing temperature leads to an increase in

specimen density.
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Fig. 1. Effect of bentonite content on sintering capacity at 1300°C

for series 2 specimens (see Table 1) prepared by semidry compac-

tion under pressure of 10 MPa.

Fig. 2. Sintering curves for series 5 specimens (see Table 1) pre-

pared by plastic molding with burn-off additive in the form of saw-

dust; figures on curves are amount of additive, wt.%.

Fig. 3. Effect of foam content on sintering capacity at 1350°C for

series 6 specimens (see Table 1) prepared by plastic molding.



Sintering capacity of foam lightweight specimens was

studied with replacement of kaolin clay by quartz kaolinite

concentrate, chamotte, and chamotte-1 (see Table 1, series

8 – 10) with binder based on carbonaceous clay. Thermal

conductivity was measured for specimens of optimum com-

positions combining the least density with satisfactory

strength the (see Table 2).

The dependence of change in thermal conductivity � on

water absorption of lightweight object specimens is shown in

Fig. 5. On the whole � for specimens of all series decreases

with an increase in water absorption. At the same time com-

parative analysis of data showed that thermal conductivity of

specimens from different raw material and identical water

absorption differ. With water absorption of 83% the thermal

conductivity of foam specimens based on chamotte (pint e)

and sugar clay (point f) were 0.44 and 0.37 W/(m·K) respec-

tively. This may be connected with the difference in phase

and chemical compositions for specimens: kaolin clay as the

most lightweight material contains more amorphous phase. It

has been revealed that the molding technology with burn-off

additive in the form of sawdust (points c, d) worsens speci-

men thermal conductivity compared with coke burn-off addi-

tive: with identical water absorption the increase in thermal

conductivity is marked measured at 650°C from 0.505 to

0.524 W/(m·K).

The dependence of thermal conductivity on temperature

is identical for aluminosilicate raw material of any refractori-

ness; thermal conductivity increases with an increase in tem-

perature from 350 to 650°C. A difference is revealed in the

increase in thermal conductivity with an increase in tempera-

ture from 350 to 650°C for specimens prepared by molding

objects with burn-off PFS additive (points a, b ) and the foam

method. With almost identical water absorption (70 and

70.8%) � of a foam specimen varies to a lesser extent than

for specimens with PFS (23.5 and 27.5% respectively). This

may be connected with the different porous microstructure

with respect to pore size. Granules of PFS (1 – 1,5 mm) form

coarser pores than foam during burn-off.

The cleavage surface is shown in Fig. 6 for sintered

lightweight specimens prepared by different methods. Within

a specimen structure (B = 57%, � = 0.496 W/(m·K)) with

coke burn-off additive a greater volume is occupied by local

grains with size of 200 – 300 	m surrounded by extended
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Fig. 4. Sintering curves for series 7 specimens (see Table 1) pre-

pared by foam method with addition of 15 wt.% foam.

Fig. 6. Microstructure of sintered porous specimens molded by semidry compaction with burn-off additive of coke (a) and by foam method (b ).

Fig. 5. Dependence � for lightweight object specimens prepared by

different methods on their water absorption B: 1, 2 ) semidry com-

paction with coke (points a, b with PPS); 3, 4 ) plastic molding by

foam method (points c, d with sawdust; points e, f are specimens

based on chamotte and dry clay respectively); 1, 3 ) at 350°C; 2,

4 ) at 650°C.



communicating pores (see Fig. 6a ). in a specimen with foam

structure (B = 83%, � = 0.317 W/(m·K)) conversely a con-

siderable part is occupied by individual pores of regular

round shape with a size of 100 – 300 	m surrounded by

finely dispersed agglomerates of chamotte solid phase (see

Fig. 6b ). Coarse pores are distributed uniformly, and within

their depth finer pores are seen formed by clay shrinkage

processes during thermal action.

By analyzing the data obtained it may be concluded that

on the whole refractory materials have thermal conductivity

that corresponds to GOST 5040–2015 “Refractory and

highly refractory lightweight heat insulation objects.” Not all

objects have sufficient strength: specimens based on

chamotte and secondary clay with satisfactory thermal con-

ductivity exhibit low strength (see Table 2, series 1 and 6).

Introduction into the binder of 5 – 6% of bentonite balances

the loss of strength on firing coke and makes it possible to

prepare objects exhibiting �co of 3 MPa with retention of low

density and as a consequence the required thermal conduc-

tivity (series 3). The porous structure of specimens obtained

by burn-off addition of sawdust somewhat worsens thermal

conductivity (series 5) in spite of a reduction in strength to

1000 kg/m3.

CONCLUSION

It has been demonstrated that density of refractories for

heat engineering purposes is the main governing property. It

has been established that alongside apparent density and wa-

ter absorption their thermal conductivity is considerably af-

fected by preparation method and molding mix composition.

From results of comprehensive research objects have been

prepared by the foam method with apparent density up to

800 – 900 kg/m3 with thermal conductivity 0.37 – 0.48W/(m·K)

at 650°C that corresponds to the specifications laid down for

chamotte lightweight materials of this class. The best indices

for thermophysical properties are exhibited by foamed mate-

rials based on compositions including filler and binder in the

form of kaolinic and carbonaceous clays.

As a result of these studies data have also been obtained

for thermal conductivity of lightweight materials based on

aluminosilicate raw material at elevated temperature. The

range of thermal conductivity for the test materials deter-

mined by a steady-state method at 300 and 650°C is

0.317 – 0.567 W/(m·K).
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