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h i g h l i g h t s

� Mechanism for internal structure formation of perlite composite foam is identified.
� Volume fraction models for structural change of perlite composite are proposed.
� Models are capable of optimising manufacturing and properties.
� Problem with the conventional method for evaluating volume fractions is addressed.
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a b s t r a c t

Mechanism of internal structure formation of perlite composite foams due to compaction is identified.
Foam and particle envelope densities, and volume fractions are theoretically modelled for prediction
and practical evaluation. The volume fractions, as functions of manufacturing variables, include those
affected by topological change of internal structure of foam after compaction process, consisting of bin-
der, perlite material, porous zone of original particles, debris zone, and inter-particle voids. Predictions
were validated against directly measured values for foam and particle envelope densities. A problem with
the conventional method for obtaining volume fraction of binder is analytically addressed in terms of
error sensitivity. Values for volume fraction of binder obtained from the conventional method were found
to have errors up to about 300% (or about three times validated one). An example is given to show how
the predictive models can be used for optimisation of manufacturing and properties. Applicability of for-
mulas based on the new evaluative method is also shown for syntactic foams. Experimental results were
obtained from a foam density range of 0.16–0.50 g/cm3 and a porosity range of 0.79–0.93 for expanded
perlite particle sizes between 3 and 4 mm, a compaction ratio range of 1–3.56, and a pure sodium silicate
content range of 0.05–0.35 g/ml in dilution of water for binder.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Volume fractions of composite foam constituents are funda-
mental elements for foam characteristics, and structural and func-
tional behaviours. They, in general, constantly change at different
stages of manufacturing. The change depends on manufacturing
method and properties of constituent materials. It also depends
on how internal structure forms during manufacturing and on
which material is selected for development of light foams. Perlite
is one of monolithic materials selected for development of compos-
ite foams or light composites. It is a glassy volcanic rock of rhyolitic
composition [1], which can be processed into an expanded form for

porous structure consisting of micro-cells [2,3]. The expansion
takes place due to the presence of water in perlite when it is heated
to about 649-816 �C [4]. The porous perlite particles are light,
environment-friendly [5], and possess good acoustic [6] and insu-
lation properties [7]. Their traditional uses are broadly covered in
the literature by Kendall [8]. They have been used as additives or
main components for composites, e.g. Portland cement/perlite
composites for blocks [9,10], perlite/sodium silicate boards [11],
roof insulation panels made of perlite/fibres/bituminous material
[12], fibre reinforced perlite/cement composites [13], building
boards made of fibre/asphalt coated perlite [14] or urea–formalde-
hyde resin/mineral fibres/gypsum/glass fibres [15], fibre reinforced
sodium silicate/perlite composite [16], moisture resistant gypsum
boards modified with perlite/starch/boric acid/vinyl acetate [5],
gypsum/perlite composites [17], and light weight concrete [18].
However, their applications as the main constituent of composite
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foams have been limited due to their relatively poor mechanical
properties. One of the reasons for this is that the porous perlite par-
ticles are fragile and hence easily damaged during mixing with bin-
der, resulting in a high density with respect to strength.

It is only recently that Shastri and Kim [19,20] devloped a new
manufacturing method for expanded perlite foams involving dilu-
tion, mixing, flotation, compaction, and drying/curing. They
demonstrated that the method is capable of extending the limita-
tion of traditional perlite uses. Arifuzzaman and Kim [21], subse-
quently, developed novel perlite/sodium silicate composite foams
using the manufacturing method [19,20], and studied the basic
mechanical and physical behaviours. Allameh-Haery et al. [22,23]
also adopted the same method for manufacturing perlite/epoxy
foams for their studies. Perlite has further been extended to other

applications e.g. metallic foams [24], structural component rein-
forcement [25], and others [26].

Now, the volume fraction of binder in perlite composite foam is
a critical element for its structural integrity. At the same time, it is
required to be reduced for lowering foam density. The low foam
density can also be achieved by lowering compaction ratio during
manufacturing but at the sacrifice of structural integrity of foam. A
range of different properties, hence, can be produced with a single
value of foam density. Further, two categories of volume fractions
may be considered in perlite composite foams unlike most of
other composites – one is for constituent materials and the other
is for foam structural elements. The former refers to volume
fractions for perlite material and binder, and the latter refers to
those for survived porous particles, newly created debris, and

Nomenclature

Symbols
qb density of hydrated solid binder
qdb density of diluted binder
qd density of diluent
qf final foam density after drying
qpB bulk density of perlite (from tapping measurements)
qpE particle envelope density before compaction
qpEc particle envelope density after compaction
qpM perlite material density
qpS particle skeletal density before compaction
qtopc wet density of top phase mixture after compaction
tcpore volume fraction of closed pores within perlite particles

in bulk volume
tipp inter-particle porosity in bulk volume
topore volume fraction of open pores within perlite particles in

bulk volume
tpp total particle porosity
ttotal total porosity in bulk volume
tu total porosity of dry foam

Capital letters
Mb total mass of hydrated solid binder (pure sodium sili-

cate + bound water) in a container
Mbc total mass of hydrated solid binder in foam after com-

paction and drying
Mdbc total mass of diluted binder after compaction
Mdc total mass of diluent (water) after compaction (exclud-

ing bound water if exists)
Mf total mass of dry foam
MpD total mass of debris
MpM total mass of perlite material used to manufacture per-

lite foam
MpMSoc total mass of perlite excluding debris
Mwf total mass of wet mix
Rbd (=Mb/Vdb =Mbc/Vdbc) Mass of hydrated solid binder per

unit volume of diluted binder
Rpbd mass of pure binder (Na2O + SiO2) per unit volume of di-

luted binder
Vbc total volume of hydrated solid binder in dry foam
Vdb total volume of diluted binder in a container
Vdbc total volume of diluted binder in wet foam after com-

paction
VpB total bulk volume of dry perlite before compaction
VpEc total envelope volume of perlite particles including deb-

ris after compaction
VpM total volume of perlite material in dry foam
Vtop total volume of top phase (mixture) before compaction

Vtopc (�Vf) Total volume of top phase (mixture) after com-
paction

Small letters
cd (=vtop/vtopc) Compaction ratio after drying, where cd > 1
mfb mass fraction of hydrated solid binder in foam (after

compaction and drying)
mfpM mass fraction of perlite in foam (after drying)
mtopc mass of top phase mixture after compaction per unit

mass of perlite (before drying)
n (=vtop/vpB) Bulk volume ratio for unit mass of perlite
rbp (=Mbc/MpM)Mass of hydrated solid binder per unit per-

lite mass after compaction (for either wet or dry com-
pact/foam) (usually < 1)

vac volume of diluted binder trapped in top phase (c = 1)
per unit mass of perlite

vdbc volume of diluted binder trapped in the compact per
unit mass of perlite after compaction

vtopc volume of top phase (mixture) per unit mass of perlite
after compaction

vfb volume fraction of hydrated solid binder in dry foam
vfd (=vfvic)Volume fraction of diluent after compaction be-

fore drying
vfdbc volume fraction of diluted binder after compaction
vfpD volume fraction of debris
vfpEc volume fraction of particle envelope (excluding binder)

after compaction
vfpM volume fraction of perlite material in dry foam
vfpMSoc volume fraction consisting of perlite material, and

closed pores/open pores with respect to foam volume
vfvic (=vfvicD + vfvicE)Volume fraction of inter-particle voids

(with binder) in dry foam after compaction
vfvicD volume fraction of inter-particle voids (with binder)

within debris zone in dry foam after compaction
vfvicE volume fraction of inter-particle voids (with binder)

surrounded by initially defined particle envelope
boundaries, or fragmented particle envelope bound-
aries, in dry foam after compaction

vfvi0c (=vfvic + vfb) Volume fraction of inter-particle voids
without binder in dry foam after compaction

vfviwc volume fraction of inter-particle voids in wet foam right
after compaction

vfvoc volume fraction of open pores within particles in dry
foam after compaction
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