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Abstract 

In an attempt to improve the properties, lightweight aggregates were produced from clay with 

the addition of Na2CO3, SiO2, Fe2O3, and Fe in quantities between 2 and 10 wt% and 

examined with respect to strength, density and expansion behaviour. The additives were 

mixed into dry clay powder, water was added and pellets were formed by hand and fired at 

1120°C in a chamber furnace. Particle densities of the products ranged from 0.31-0.57 g/cm3, 

porosities from 78-89% and the solid strength from 0,54-1,58 MPa. The addition of Na2CO3 

proved to decrease the viscosity of the glass phase at the surface of the pellets but resulted in a 
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reduced expansion, irregular shape and pellets sticking together. SiO2 addition did not give 

any major change in properties. The addition of Fe2O3 increased the pore size in the centre of 

the pellets, however with insignificant change in strength and density. Adding 5 wt% metallic 

iron powder led to LWA pellets with increased porosity, reduced density, larger pores and 

low mechanical strength and could be an useful additive in applications where low density is 

more important than strength. 

 

Keywords: Na2CO3, Fe2O3, SiO2, Fe, lightweight aggregate, mechanical strength, density, 

clay 

 

1 Introduction 

Different types of raw materials of natural and artificial origin are used for the production of 

lightweight aggregates (LWA) [1-5]. The chemical composition of the raw material 

determines the bloating (expansion) behaviour and the properties of the product [6]. Riley [7] 

investigated different compositions of clay and defined regimes in the ternary system SiO2-

Al2O3-flux (Riley diagram) where bloating takes place when heated to temperatures up to 

1300°C and given that a gas forming reaction occurs at the same temperature. During firing 

gas evolution takes place [8] and the material needs to be in a plastic state in order to trap the 

gases and subsequently expand [7]. Plasticity is obtained by the formation of a glass phase 

which becomes less viscous above the softening point and allows expansion. The glass phase 

accounts for a major part of the resulting matrix phase after cooling to ambient temperature 

[9, 10] and is consequently considered to play an important role with respect to a number of 

properties of the final LWA-pellet. Previous studies showed different that additives influence 

the properties of different types of WLA. For example the addition of amorphous SiO2 in 
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form of cullet powder to sewage sludge ash for the production of LWA was reported to 

enhance the bloating behaviour of the material [11]. Other studies reported the addition of 

quartz sand to be beneficial for the production of LWA from smecite-rich claystone-marlstone 

rocks or the addition of waste glass to lignite coal fly ash leading to LWA with advanced 

physical and mechanical properties [4, 12]. The addition of CaO (a flux) to water reservoir 

sediments led to an enhanced expansion and pore growth during firing but resulted in a LWA 

with decreased strength [13].  

In order to modify and preferably enhance the properties of LWA produced from another raw 

material, namely clay with a given composition within the Riley diagram, different additives 

were chosen and mixed into the raw material and the resulting LWA characterized with 

respect to mechanical strength, density, micro structure and appearance. The additives in 

question were Na2CO3, SiO2 (silica fume and quartz particles, respectively), Fe2O3 and Fe.  

 

2 Material and methods 

2.1 Raw materials 

The utilized raw material for the LWA production was clay blended with 1 wt% waste motor 

oil as expansion agent. Homogenization of the clay as well as the mixing of oil into the clay 

was performed by shaft mixers in an industrial production line at Saint-Gobain Weber in 

Norway. The chemical and mineralogical composition of the clay was determined by an 

external research company called “IBU-tech advanced materials AG” using gravimetry, wet 

chemical quantification methods and X-ray diffraction and are given in Tab. 1. The amount of 

the different additives as well as quality is given in Tab. 2. 
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mineralogical composition chemical composition 

Quartz 17 SiO2 59 

Plagioclase 19 Al2O3 18 

Orthoclase 6 Fe2O3 7 

Amphibole 4 K2O 4 

Illite/muscovite 40 MgO 3 

Chlorite 10 CaO 2 

Fe-Oxihydrate 4 Na2O 1 

TiO2 1 

LOI(1000°C) 5 

Table 1: Mineralogical and chemical composition of the as received raw clay (in wt%). 

 

composition description purity 
amount added 

[wt% of the dry clay] 
Na2CO3 powder >98 % 2 and 5 

SiO2 
silica fume (amorphous SiO2) 

powder 
>98 % 10 

SiO2 quartz particles. d50 - 6.6 µm >98 % 5 

Fe2O3 hematite powder >98 % 5 

Fe metallic iron powder >98 % 5 

Table 2: Quality and amount of the different additives applied in the investigation.  

 

2.2 LWA manufacturing 

Lightweight aggregates were produced manually in the laboratory. The raw clay, containing 1 

wt% motor oil, was dried at 105°C for 16 hours and subsequently milled to a powder with an 

agate hand mortar. Additives were mixed to the dry clay powder and homogenised with a 

hand mortar. Approximately 23 wt% water (same as the original water content of the as 

received raw clay) was subsequently added and pellets of constant size and weight were rolled 

by hand. The green pellets were dried at 105°C for 16 hours, pre-heated for 2 hours at 250°C 

and finally fired for 8 minutes at temperatures between 1070°C and 1125°C (depending on 
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composition) in a chamber furnace prior to cooling (approx. 160°C/min) in air to ambient 

temperature.  

 

2.3 Material testing 

The average dry particle density, ρparticle, of each sample series was determined by sand 

pycnometry. A couple of individual pellets were put into a flask and covered with a known 

amount of fine sand to measure the volume. The particle density was calculated by dividing 

the mass of the material by the measured volume. 

Helium pycnometry was used to determine the density of the matrix phase, ρmatrix. Each 

density measurement was performed by milling a couple of pellets to a particle size < 36 µm 

and subsequently assessing the density in an AccuPyc 1330 helium pycnometer from 

micrometics. The average porosity, P (in per cent), was calculated for each sample series 

according to Eq. 1.  

100 1 particle

matrix

P



 
   

 
        (1) 

The strength of each single pellet was determined by uniaxial compression between 2 parallel 

rigid platens. The pellet diameter was measured with a calliper before the pellet was placed on 

the bottom plate of a press. Compression was performed with a constant speed of 

displacement of 2 mm per minute until a crack ruptured the pellet into at least two pieces. The 

applied load at failure, Fcrit, of several pellets was recorded for each sample-series. The test 

equipment was a TIRATest 2420 press including a load cell with a maximum capacity of 1 

kN. The platen material was stainless steel. The solid strength, σcrit, of each sample was 
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calculated from the average load at failure, Fcrit, the volume fraction of solid material within 

the pellet, ρparticle/ρmatrix, and the average diameter, D, using Eq. 2. 

 
 2/32 /

crit
crit

particle matrix

F

D


 



        (2) 

The result of Eq. 2 is a strength value which is independent of the total porosity, P, and 

consequently allows us to assess the strength of the matrix phase as such and compare 

different samples. The concept of solid strength is further rationalized in [14]. 

Solid strength results are presented in dependency of the “solid diameter”, d, which is the 

theoretical diameter of a pellet with zero porosity and is calculated by Eq. 3. 

1/3

particle

matrix

d D



 
   

 
         (3) 

Prior to catastrophic failure, all pellets will suffer a certain “crumbling” (apparent plastic 

deformation) at the contact point between platens and pellet. The radius, ac, of this “crumbled 

area” at the point of failure is important to take into account when comparing strength 

between different samples. ac can be approximated from the average anvil deflection at 

failure, x, and the initial average radius of a sample, R, by Eq. 4 assuming a perfect sphere and 

equal damage/crumbling at the “north- and south-pole” of the pellet. ac values between 0.2 

and 0.6 are considered to be within an acceptable range [14].  

 

1

2
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2c

x
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        (4) 



7 

The microstructure of selected samples was investigated using a scanning electron microscope 

(SEM) from Hitatchi (C-3400N). For this type of investigation single pellets were cut in half, 

embedded in epoxy resin, polished and sputtered with carbon. 

 

 

3 Theory 

3.1 Addition of Na2CO3 

Na2CO3 was used as an additive to potentially reduce the softening temperature of the glass 

phase that is formed during production. Na2O is a commonly used flux in the production of 

soda-lime glasses due to its ability to reduce both the glass transition temperature, Tg, and the 

softening temperature, Ts [15]. Reducing these temperatures for the glass phase in question 

potentially promotes expansion at even lower temperatures saving both energy and reduce the 

cost. Na2CO3 melts at 850°C and decomposes to Na2O and CO2 at about the same temperature 

[16]. The kinetics of the decomposition is somehow slow and continues until 1200°C when 

heated at a rate of 10°C /min [16] and could consequently also contribute to the expansion of 

LWA. 

 

 

3.2 Addition of SiO2 

In contrast to the addition of a flux, an increased SiO2 content might lead to an increased 

viscosity of the glass phase and possibly to the formation of smaller pores and potentially a 
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more homogeneous pore-distribution within the volume of a pellet. SiO2 generally acts as a 

network former in glasses and thus increases the viscosity and Tg [17]. It has been reported 

that LWA incorporating numerous small pores show enhanced mechanical strength compared 

to LWA with large, irregular pores [8, 18]. However, these alleged, enhanced mechanical 

properties may be questioned, since the reported strength values are influenced by a variety of 

parameters (pellet size, total porosity, composition etc.) which severely complicates the 

assessment of strength variation due to pore distribution alone. The addition of SiO2 in form 

of quartz sand and cullet powder (amorphous SiO2) was reported to have positive effects on 

firing temperature, expansion and mechanical properties of different types of LWA [4, 11]. In 

the present study amorphous SiO2 in the form of silica fume and crystalline SiO2 in the form 

of quartz powder were used as additives. Non dissolved quartz particles may also increase the 

fracture toughness of the glass phase due to crack deflection [19, 20] and in that sense the 

addition of crystalline particles (quartz) may enhance the mechanical properties of the matrix 

phase in LWA. 

3.3 Addition of iron 

Iron is an important component in LWA since Fe2O3 is one of the main components leading 

to gas formation at elevated temperatures [8, 21]. Additionally, Tg and the viscosity of the 

glass phase are significantly influenced by the oxidation state of iron as observed for iron 

containing silicate melts where an increased amount of Fe3+ leads to both a higher viscosity 

and a higher glass transition temperature [22, 23]. Investigations on the softening 

temperatures of the matrix phase of clay based LWA showed that, depending on the oxidation 

state of iron, the softening temperatures varied from about 700°C for a reduced matrix phase 

(basically Fe2+) to about 950°C (basically Fe3+) for an oxidized matrix phase [24]. 

Consequently, depending on the oxidation state of the iron-additive the viscosity and 

softening temperatures of the glass phase might be increased or decreased and expansion 
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could be promoted due to the presence of additional gas forming components (iron oxide). 

Fe2O3 as well as metallic iron were used as additives in order to investigate the influence of 

additional iron and its oxidation state on the properties of LWA  

 

4 Results  

4.1 Addition of Na2CO3  

LWA containing 2 wt% Na2CO3 fired at 1125°C are shown in Fig. 1a). Some LWA pellets 

disintegrated (nearly exploded) during firing or “glued” together due to the formation of a 

low-viscous phase (melt) at the surface, however all pellets showed a general low degree of 

expansion. The result of adding 5 wt% is given in Fig. 1b). Some expansion took place but 

most of the pellets disintegrated into two or more pieces and showed a high degree of open 

porosity and an irregular particle shape. At even lower firing temperatures (between 1120°C -

1070°C) and an additive content of 5 %, disintegration and sticking could be avoided, the 

expansion was however poor as evident in Fig. 1c) showing a pellet fired at 1070°C next to an 

non fired (“green”) pellet. 

The production of LWA from the given raw material, including the addition of Na2CO3, did 

not lead to a satisfactory result and the pellets were not further investigated.  
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Generally, the standard deviation of all properties is substantial due to the heterogeneous 

nature of the material.  

The main properties (σcrit, P and ρparticle) are given in Figs. 2-4. The solid strength of LWA 

does not change noteworthy when adding SiO2, Fe2O3 or quartz particles as evident from Fig. 

2. However, the addition of metallic iron resulted in a significantly lower strength combined 

with a distinct increase in porosity (cf. Fig. 3). The high porosity of the 5 % Fe sample means 

inevitably a low density (Fig. 4) and certainly indicates a high degree of expansion. The 5 % 

quartz sample showed a slightly lower porosity and higher density than the reference whereas 

the samples 5 % Fe2O3 and 10 % SiO2 only showed insignificant variances in properties 

compared to the reference.  

 

sample 
diameter 
D/[mm] 

solid 
diameter 
d/[mm] 

porosity 
P/[%] 

particle 
density 
ρparticle / 
[g/cm3] 

matrix density 
ρmatrix / 
[g/cm3] 

solid 
stength 
σcrit 

[MPa] 

tested 
samples

ac/R 

reference 16.0 (±0.6) 8.9 83 0.46 2.73 (±0.06) 1.48 70 0.24 
10% SiO2 15.8 (±0.5) 8.8 83 0.44 2.59 (±0.06) 1.31 25 0.24 
5% quartz 15.2 (±0.6) 9.1 78 0.57 2.62 (±0.06) 1.58 7 0.21 
5% Fe2O3 15.8 (±0.6) 8.9 82 0.50 2.72 (±0.06) 1.27 9 0.23 

5% Fe 18.6 (±0.7)  9.0 89 0.31 2.75 (±0.06) 0.54 20 0.17 

Table 3: Overview of the properties of LWA including the different additives.  
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Figure 2: Solid strength of LWA produced with different additives 

 

Figure 3: Porosity of LWA produced with different additives 

 

Figure 4: Particle density of LWA produced with different additives 

 



4.3 Add

Fig. 5 sh

sample.

shell thi

Figure 5

c): 5 % 

 

 

4.4 Add

Light m

addition

referenc

3 and T

appeara

the grey

porosity

dition of SiO

hows image

 The appear

ickness, por

5: Images fr

quartz. The

dition of iron

microscope i

n of 5 % Fe2

ce whereas t

ab. 3). The 

ance and is p

y-green- app

y) via the tra

O2 (silica fum

es from a lig

rances of th

re size and p

rom a light 

e diameter, D

n (Fe2O3/Fe

mages of th

2O3 leads to

the total por

colour of th

positioned n

pearing core

ansition zon

me/quartz) –

ght microsc

he cross-sec

pore distribu

microscope

D, of each p

e) – sample 

he 5 % Fe2O

o larger pore

rosity, P, an

he pellet cha

next to a bla

e. The pore 

ne (small po

13 

– sample ap

cope for the 

tions of the

ution.  

e of pellets c

pellet is 15.

appearance

O3- and 5 %

es in the cen

nd diameter

anges in the

ack “transiti

size increas

ores) to the 

ppearance 

reference-, 

 pellets are 

cut in half. a

5 mm.  

e  

 Fe sample 

ntre of the p

r, D, did not

e following 

ion zone” lo

ses from the

core (large 

10 % SiO2

rather simil

a): referenc

are given in

pellet compa

t change sig

way: The s

ocated betw

e almost den

pores). 

- and 5 % q

lar in colora

e, b): 10 % 

n Fig. 6. Th

ared to the 

gnificantly (

hell has a re

ween the she

nse shell (lo

quartz 

ation, 

 

SiO2, 

he 

(cf. Fig. 

ed 

ell and 

ow 



The add

referenc

porosity

centre a

observe

thinner 

 

Figure 6

(a) and 

 

 

4.5 Add

Backsca

given in

and Fe (

spherica

spots ar

dition of me

ce. The shel

y) also resul

and a thin bl

ed in the sam

in the 5 % F

6: Images fr

5 % Fe (b).

dition of iron

attered elect

n Fig. 7. The

(cf. Fig 7a) 

al pores and

re present in

etallic iron l

ll is very thi

lting in a lar

lack “transit

mple with 5 

Fe sample t

rom a light 

 The cross s

n (Fe2O3/Fe

tron images

e matrix-ph

and 7c)). T

d different ty

n the 5 % Fe

ed to larger

in and the s

rger diamet

tion zone” i

% Fe2O3. H

than in the 5

microscope

section of a

e) – investig

s of the shel

hase of the c

The glass ph

ypes and sh

e sample (F

14 

r pores throu

amples exp

er, D (cf. T

is visible be

However, th

5 % Fe2O3 s

e of pellets c

a) is 15.5 cm

gation of the

ll and core o

core looks v

hase (continu

hapes of cry

ig. 7a)) indi

ughout the w

anded more

ab. 3). The 

etween the c

he shell and 

sample. 

cut in half w

m and 16.5 c

e microstruc

of the samp

very similar 

uous grey p

ystalline incl

icating the p

whole pelle

e than the re

colour is gr

core and the

the transiti

 

with the add

cm for b).  

cture by SE

les 5 % Fe2

for both the

phase) inclu

lusions. Sm

presence of 

et compared

eference (89

rey-green in

e red-brown

on zone are

dition of 5 %

EM  

2O3 and 5 %

e addition o

des several 

maller, brigh

f metallic iro

d to the 

9 % total 

n the 

n shell as 

e much 

% Fe2O3 

% Fe are 

of Fe2O3 

almost 

t white 

on. A 



significa

5 % Fe 

that the 

number

observe

Figure 7

 

5 Discu

5.1 Reli

In order

compres

ant differen

sample inco

iron caused

r (indicated 

ed in these a

7: BSE imag

ussion 

iability of da

r to generall

ssion test th

nce between

orporates sm

d expansion

by bright co

areas. 

ges of the sh

ata 

ly obtain rel

he ratio of a

n the two iro

mall pores w

n. The 5 % F

olours in Fi

hell and cor

liable and c

ac/R (radius 

15 

on containin

which are su

Fe2O3 samp

g. 7 d)) in t

re of the sam

comparable 

of the crush

ng samples i

urrounded b

le also show

the shell but

mples 5% F

strength va

hed area on 

is observed 

by iron rich 

ws spots of 

t no expansi

Fe2O3 and 5%

alues from th

top and bot

in the shell

areas indica

higher atom

ion (pores) 

% Fe. 

he single pe

ttom of the 

l: The 

ating 

mic 

was 

 

ellet 

sample 



16 

divided by radius of the sample) should be between 0.2 and 0.6 [14, 25, 26]. This requirement 

is fulfilled for all samples.  

 

5.2 Addition of Na2CO3  

The viscosity of the glass phase seems to be reduced through the addition of Na2CO3 resulting 

in a glassy appearing shell. This may be positive since a molten surface would lead to a LWA 

with low permeability (water absorption) and potentially enhanced strength. However, the 

same effect also causes the pellets to stick together which would make the production of this 

type of LWA on an industrial scale rather demanding. Additionally, Na2CO3 containing 

pellets tended to explode during firing which is most likely caused by the additional gas 

formation due to the decomposition of Na2CO3 resulting in irregular shaped pellets, often 

showing a high degree of open porosity and consequently leading to a product with less 

favourable properties such as high water absorption and high bulk density.  

 

5.3 Addition of SiO2  

The addition of SiO2 in the form of silica fume and quartz particles did not lead to significant 

differences in appearance or properties of the resulting LWA. The raw clay contains already a 

high amount of SiO2 and a moderate increase seems not to affect the properties of the 

resulting LWA notably, as supported by a pore structure and strength basically independent of 

the enhanced silica content (Figs. 2-5). Furthermore, adding 5% quartz does not seem to affect 

the strength (Fig. 3) although there is a tendency of less porosity (Fig. 4) and increased 

density (Fig. 5). Based on the small number of tested samples, it is not possible to draw any 
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unambiguous conclusions, however, it seems that there is no strong correlation between 

strength and silica content in the composition interval investigated.  

 

 

5.4 Addition of iron (Fe2O3 / Fe) 

The addition of Fe2O3 did not give any noteworthy change in density, pellet size, porosity or 

strength. However, the pore structure changed markedly to larger pores in the centre of the 

pellet compared to the reference. The colour of the matrix phase also changed due to changes 

in the oxidation state of iron [8], whereas a red colour indicates a high amount of Fe3+, a grey-

green colouration points to a high amount of Fe2+ and black an intermediate oxidation state. 

The gradient in oxidation states is a consequence of a highly reducing atmosphere (basically 

CO) inside the pellet, caused by the carbothermal reduction of Fe2O3, and an increasingly 

more oxidizing atmosphere towards the surface of the pellet due to oxygen diffusing into the 

pellet as a consequence of firing in air. The resulting enhanced content of iron in a low 

oxidation state in the centre of the pellet leads to a lower viscosity of the glass phase 

compared to the reference as indicated by [22-24] causing the formation of large pores (cf. 

Fig 6a)). Additionally, the added Fe2O3 dissolved into the glass phase as evident in Fig. 7c) 

where no iron rich areas were observed. In contrast, Fe2O3 was not completely dissolved in 

the glass phase in the shell leaving some iron rich spots in the matrix phase (cf. Fig. 7d)). 

The addition of metallic iron affected almost all properties compared with the reference. The 

high porosity and expansion are the result of a low-viscosity glass phase caused by the low 

oxidation state of iron. Accordingly, the conditions in the core are quite similar to what has 

been described for the addition of Fe2O3. However, the shell of the 5% Fe sample becomes 
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thinner compared both to the reference and the 5% Fe2O3 sample and expansion takes place 

even in the shell itself as shown in Fig. 7b). It is likely that metallic iron is oxidized during 

firing and subsequently reduced again leading to gas formation and expansion in the shell. 

The general lower oxidation state of iron throughout the whole pellet leads to a lower 

viscosity of the glass phase and enables an overall higher degree of expansion resulting in a 

high porosity. Nevertheless, it should be noted that the molar fraction of Fe is about 30 % 

higher in the 5 % Fe sample than in the 5 % Fe2O3 sample which may affect some of the 

observed variations between these two samples. The pellets of the 5 % Fe sample become 

very fragile and show a poor mechanical strength due to the high porosity and the thin shell, 

consistent with observations previously reported by Bernhardt et al. [14]. 

 

 

4 Conclusions 

Different additives have been tested aiming at improving both the production process and the 

properties of lightweight expanded clay aggregates. Na2CO3 proved to decrease the viscosity 

of the glass phase at the surface of the pellets but resulted in low expansion, irregular shape 

and pellets sticking together. Consequently, the production of good quality LWA was not 

possible with the addition of Na2CO3 and the initial goal of reducing the production 

temperature was not achieved. 

The addition of SiO2, whether amorphous or crystalline, affected the properties in question 

insignificantly in the composition interval investigated.  

Iron was found to influence the properties of LWA significantly. Fe2O3 addition resulted in 

larger pores in the centre part of the pellet but did not affect the strength, density or total 
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porosity. On the other hand, the addition of metallic iron powder gave a major increase in 

expansion and accordingly reduced both particle density and mechanical strength. Fe powder 

could, potentially, be used as an effective additive to decrease the density of LWA in 

applications where low density is more important than strength. Additionally, the 

modification of the porosity of LWA might be an interesting tool to influence the application 

of LWA for internal curing of concrete.  
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