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The paper presents the research on the choice of the most effective grouting method for the
liquid glass granulate by the binder based on liquid glass during production of composite
insulation materials by their bloating under the microwave irradiation. The choice of the
grouting method is carried out by determining the basic physical and mechanical properties of
thermal insulation materials depending on the ratio of the granular filler to the binder. The
research has shown the feasibility of obtaining composite insulation materials by volume
grouting, i.e. simultaneous bloating of the granular filler and the liquid glass binder, which
prevents shrinkage, cracks, foam collapse and formation of large voids due to close packing of
contacting granules and uniform distribution of the bloated binder that fills the intergranular
space. Therefore, such materials are characterized by better physical and mechanical properties.
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Bubip cmocof6y OMOHOJIYYBaAHHSA PIAKOCKJISHOIO TPAaHYJSITY IIPH OJEPKAHHI KOMIIO-
3uniiiHux remwroizoasauiinux marepiaxais. T.E.Pumap, O.B.Cysopin.

ITpoBemeno mocaimxenusa 3 BuOopy HaWOiAbmI e(PEeKTHBHOIO CIIOCO0Y OMOHOJIIiUyBaHHS
PiIKOCKIAHOrO rpaHyJsaTy SB‘ASYIOUMM HA OCHOBI pPigKoOro ckJja npu BUPOGHMIITBI KOMIIO-
SUIIHNX TeILIoisonAniiiHuX MaTepianiB masaxom ix coyuyBaHHS mmix gieiro HBY-sumpominio-
BaHHs. Bubip crocoby oMoOHOJIIUyBAHHSA IIPOBOAUBCA IIIJIAXOM BHU3HAYEHHS OCHOBHUX (PisUKO-
MeXaHIiYHMX XapaKTEePHUCTUK TEILIOIZ0oNAIiiHnX MaTepiaiiB B 3ajieKHOCTI Bix cmiBBigmoIeH-
HSA TI'PaHYJbOBAHOI'O HAIIOBHIOBAuUa g0 3B‘asymouoro. Ilposemeni mocnimyeHHs moxasaau
JOLLIBHICTD OfepPKaHHA KOMIIOSUIIMHNX TEIoisondniiinnx marepianiB misaxom o6’emMHOro
OMOHOJIIUYBaHHA, TOOTO OZHOYACHUM CHYYEHHSAM TI'PAHYJILOBAHOIO HAIIOBHIOBAauYa i pimgko-
CKJISIHOI'O 3B’fABYIOUOro, IO J03BOJIAE 3aIl00irTH yCamKOBUX SABUIL, YTBOPEHHSA TPIIIMH, OoCi-
OIaHHSA [IiHM 1 YyTBOpPEeHHA BeIMKHUX IIip 3aBAAKH I[iJbHIN yIaKoBIl rpadyl, AKi cuikamoTbcsa
Mix c00010, i piBHOMIpHOMY POBIIOAINY CIIyUYEHOr0O 3B’A3YIOUOIO, IO 3AII0BHIOE MIiKIPAHYJIb-
Hui npocrip. Ik Hacaizok, Taki maTepiasm xapakTepusyThCa 0iabin BucOKUMU (BPi3UKO-Me-
XaHIYHMMU IIOKa3HUKAMU.

IIpoBegeno wucciemoBanue mno BboIGOpYy Hambosee 3(PEKTHUBHOrO CIIOCO0a OMOHOJHNYNBAHUI
JKUIKOCTEKOJBHOrO TPAHYJIATA CBSASYIOIIMM HA OCHOBE KHIKOTO CTEKJA IIPU IIPOM3BOACTBE KOM-
HOBUIIMOHHBIX TEILJION30JSINOHHBIX MATEPHAJOB IIyTeM MX BeoyumBaHusa mox geiicrsuem CBY-
usaydeHus. Beibop crmocoba OMOHOMMYMBAHUA IIPOBOLUJICA IIYTEM OMPEIeICHUS OCHOBHBIX (DHU3U-
KO-MEXaHNYECKUX XAPAKTEPHUCTUK TEILUIOMBOJAIMOHHBIX MATEPUAIOB B 3aBUCHMOCTHA OT COOTHO-
IIeHNA PAHYJIMPOBAHHOIO HAIIOJHUTENA K CBA3YIoeMy. [IpoBeeHHbIE MCCIEIOBAHUSA IIOKA3AIN
11eJ1ecO00PA3HOCTD IIOJYUCHU S KOMIIOSUIIMOHHBIX TeIION30IANMOHHLIX MATEPUAJIOB ITyTeM 00beM-
HOT'0 OMOHOJIMYMBAHUS, TO €CTh OJHOBPEMEHHBLIM BCIIYUMBAHNEM PAHYJINPOBAHHOIO HAIOJHUTEIS
U KUIKOCTEKOJBHOTO CBASYIOIEro, UTO IIO3BOJISET MPELOTBPATUTL yCaJOUHbIe ABJICHUSA, 00paso-
BaHMe TPeIWH, ocelaHue IIeHbl M o0pasoBanme OOJBIINX IIOP OJaromaps ILIOTHOHU YIIAKOBKE
rPaHyJI, KOTOPLIE CIEKAIOTCH MLy co0OM, M PABHOMEPHOMY PACIIPEIEIEeHUIO BCIYYEHHOTO CBS-
BYIOIIIEr0, KOTOPOEe SAIONHAET MEXKIPAHYJIbHOE IIPOCTPAaHCTBO. Kak ciencrBue, Takue MaTePUAIBI
XapaKTepusyIOTCHd Hanboiee BEICOKMMU (PUMKO-MEXaHUUECKUMY IIOKA3aTEISIMU.
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1. Introduction

All thermal insulation materials (TIMs)
can be divided into three groups by their
structure: materials with a rigid, cellular
structure, materials with a granular, un-
bound structure, and materials with a fi-
brous structure. The choice of materials for
thermal insulation is primarily determined
by the nature of the thermal protection ob-
ject, the appropriacy of the protection
method, the availability of materials, and
the ease of their use during the work [1].

To create materials with the given highly
porous structure, several dozen methods are
used depending on the type of raw materials
and the specified properties of products.
However, there are six main porization
methods: removal of the pore-forming
agent, loose packing, contact grouting, vol-
ume grouting, creation of combined struc-
tures, and bloating [2].

Contact grouting is based on the grout-
ing of granular and fibrous elements of the
structure in places of their mutual contact
with thin adhesive layers. These layers are
created by adding low-viscous binder compo-
sitions into the frame-forming material.
They are distributed over the surface of
grains or fibres evenly and thinly. Thus, it
leads to adhesion by applying small pressing
forces to them. Liquid compositions (prefer-
ably aqueous solutions) of polymers, cement,
clay, and soluble glass are used as binders.

Volume grouting differs from the pre-
vious method since the binder fills all the
voids in the frame-forming material. To in-
crease the overall porosity of the material, a
porous binder in the form of foam or poly-
fractional highly porous grains is mostly used
to achieve their largest amount in the mate-
rial volume. In this case, the obtained mate-
rial has cellular porosity consisting of the
grain porosity and the binder porosity.

Creation of combined structures results in
obtaining porous products with more than two
types of porosity: fibrous-cellular, granular-
cellular, fibrous-cellular-capillary, etc. The
purpose of creating the combined structures is
to increase the overall porosity of products as
well as their flexural strength [2].

The vast majority of composite materials
based on liquid glass granulate are obtained
by contact grouting of granular fillers with
a binder. The granular fillers can be natural
mineral materials (perlite, vermiculite, trip-
oli) [3-5], and granules based on liquid
glass [6—10]. The production technology
consists of preparing the binder, preparing
the moulding mass of granules and the
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binder, making produects and creating condi-
tions for rapid obtaining of the binder [11-
16]. However, the large-scale industrial pro-
duction of composite insulation materials
based on liquid glass in the form of plates
and blocks has not been established yet.
This is caused by complexity of heating
inner layers of the liquid glass composition
using traditional convective heating, which
makes it impossible to obtain high-quality
insulation materials.

During production of these materials, it
is possible to use microwave irradiation as
an alternative source of heat treatment.
This method is promising in terms of such
important properties as high efficiency co-
efficient, automation and high quality of the
obtained products. The use of microwave irra-
diation will provide volumetric heating of all
the layers of the liquid glass composition, and
bloating of both granules and the binder effi-
ciently (quickly and thoroughly) to remove
moisture at lower temperatures and to obtain
strong bloated material [17].

The purpose of this work is to research
the properties of thermal insulation materi-
als based on liquid glass obtained by volume
and contact grouting under the action of
microwave irradiation, and to choose the
most effective method of obtaining compos-
ite materials.

2. Experimental

The paper proposes two methods of obtain-
ing composite insulation materials in the
form of blocks: volume grouting and contact
grouting. The volume grouting is conducted
by mixing unbloated granular filler with the
liquid glass binder, and then bloating them
by microwave irradiation. During the contact
grouting, the bloated granular filler is used;
the voids between granules are subsequently
filled with the bloated liquid glass binder
hardened by microwave irradiation.

The choice of the grouting method of the
liguid glass granulate by the binder was
carried out by determining the basic physi-
cal and mechanical properties of thermal in-
sulation materials depending on the ratio of
the granular filler to the binder. In order to
determine the quality of the obtained sam-
ples, the following important properties of
thermal insulation materials have been de-
termined: apparent density, water absorp-
tion and moisture sorption, strength, and
mass loss during bloating. The phase compo-
sition of the material was also determined
to evaluate the transformation of its struec-
ture during bloating.

Functional materials, 27, 3, 2020
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Determination of these values has been
carried out on samples of the correct form
with dimensions of 100x100x35 mm?3 using
the following methods:

Mass loss is calculated by the formula:

W=(m-my) - 100/ my, 1)

where W is the mass loss,% ; m is the mass
of the sample before foaming, (g); m, is the
mass of the foamed sample, (g).

The apparent density of the TIM is deter-
mined as the ratio of the sample mass to the
volume occupied by it, including the volume of
the gas phase; it is calculated by the formula:

o=, @

where m is the sample mass; V is the sample
volume.

Moisture sorption and water absorption
were determined on samples of rectangular
shape with dimensions of 100x100x35 mm.
The samples were dried to constant mass at
a temperature of 50-60°C, and then
weighed with the accuracy up to 0.01 g.
While determining moisture sorption, the
samples were placed over water poured into
a desiccator placed in a thermostat with a
constant temperature of 2013°C. After
72 h, the samples were removed from the
desiccator and weighed. Moisture sorption
was calculated by the formula:

Mg — My 100%
Mg ’

W ®)

c

where m is the mass of the sample dried to
a constant mass, (g); my is the mass of the
sample after water vapour saturation, (g).

While determining water absorption, the
sample was immersed in water; during the
first 3 h, the sample was immersed in water
to half and completely immersed in water for
the remainder of the test. After 24 h, the sam-
ple was removed from water, excess water was
removed from its surface, and the sample was
weighed. The mass of water poured onto the
weighing cup from the sample voids during
weighing was included in the mass of the
water-saturated sample. Water absorption was
calculated by the formula:

(4)

M I 100%
my ?

w, =

where mg is the sample mass after satura-
tion with water, (g).
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The strength properties of the materials
were determined using a P-5 test machine,
which allows determining the breaking load
with an accuracy of not less than 0.5 kgf.
For materials that do not demonstrate brit-
tle fracture, the breaking stress has been
determined at 10 % compression strain. In
order to determine it, the sample must have
the shape of a cube with an edge length
equal to the product thickness. The sample
is placed on the press base plate so that the
compression force is directed parallel to the
vertical axis of the sample, and the axis of
the sample passes through the centre of the
base plate press. The load on the sample
should be increased gradually without
shocks at a speed of 10 mm/min. The sen-
sors of the press measure the sample
strength properties during the test. The
breaking stress at 10 % compression strain
was calculated by the formula:

P
010 =7 MPa, (5)

where P is the load at 10 % linear strain,
H, (kgf); [ is the sample length, em; b is the
sample width, cm.

While determining the flexural breaking
stress, the sample is in the shape of a par-
allelepiped with dimensions of
250x10x10 mm3. The sample is placed on
two pillars with rounding points in the
joints. The distance between the axes of the
pillars is 200 mm. The load on the sample is
transmitted through a roller with a diame-
ter of 10 mm laid across the width of the
sample at an equal distance from the pil-
lars. The load is considered destructive if
the sample is destroyed. The flexural break-
ing stress was calculated by the formula:

o = ﬂ, MPa, (6)
L 2p- K2

where P is the destructive load at flexion,
(kgf); [ is the distance between the axes of
the pillars, em; b is the sample width, (cm);
h is the sample thickness, (cm).
Determination of thermal conductivity
was carried out on an ITS-1 device made
according to the asymmetric design; it is
equipped with a thermometer, which is lo-
cated between the test sample and the cold
plate of the device. The method aims to
create a constant heat flux passing through
the flat sample of a certain thickness and
directed perpendicularly to the front (larg-
est) face of the sample, in order to measure
the density of this heat flux, the tempera-
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ture of the opposite face sides and the sam-
ple’s thickness. The sample is in the shape
of a rectangular parallelepiped, the largest
(front) face of which is a square with a side
equal to the side of the working surfaces of
the device plates (150150 mm?2). The sam-
ple thickness is less than the length of the
edge of the front face and within the limit
of 10—-25 mm. The test sample is placed in
the device to determine its thermal resis-
tance. The location of the sample is horizon-
tal; the direction of the heat flux is from
top to bottom. During the test, the tempera-
ture difference of the front faces of the
sample AT, is 10-80 K. There are setpoint
temperatures of the working surfaces of the
device plates. Signals of the thermometer ¢,
and the temperature sensors of the front
faces of the sample are checked every 300 s.
After reaching the steady temperature con-
dition, the thickness of the sample d, is
measured.

The effective thermal conductivity of the
material (thermal conductivity coefficient)
is calculated by the formula:

N (7)
T op,
- k

u

where R, is the thermal resistance, m2K/W
(it is taken equal to zero for thermal insula-
tion materials and products).

The density of the constant heat flux ¢,
through the sample is calculated by the formula

qy = fu ey )

To control the restructuring of the ther-
mal insulation material during bloating, it
is necessary to know the composition and
properties of the initial and final struec-
tures, as well as to obtain such evaluation
parameters that allow evaluating the re-
structuring regardless of their composition
and properties. These requirements are sat-
isfied by the volume phase properties of
structures and, first of all, the volume frac-
tion of the solid phase. The main advantage
of using the volume phase properties is that
the total volume of solid particles, liquid
and gaseous phases of the dispersed system
or structure is equal to one regardless of
the structure type and the type of external
energy deposition on the system.

KS+KZ+Kg=1. 9)

If the wet material is used, then the appar-
ent density of the wet material is determined
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first p,, = Mm,e/V, and then the apparent
density of the dry material is calculated:

Py = P/ (1 + W), km3, (10)

where W, is the absolute moisture of the
material relative unit.

The volume fraction of the solid phase is
determined by the ratio of the apparent
density of the material to its actual density:

K, =p./pg r.u., 11)

The volume moisture W, or the volume
fraction of the liquid phase is determined
by the formula:

W,=K, =W, p, r.u. 12)

The volume fraction of the gaseous phase
or the sample porosity is determined by the
difference:

K,=1- (K, +K), r.u. (13)

The volume particles’ balance for dry,
two-phase material has the following form:

K,+Kg=1. (14)

Based on this equation, the volume frac-
tion of the gaseous phase K, is determined
at the known value of K.

In the mathematical form, for porisation
of the ligquid glass composition, the law is
written as follows:

K31+Kl1 :Ks.+Kl.+Kg.: (15)
=..= I{s2 + ng’

where K, K;, and Kg are, respectively, the
volume fractions of the solid, liquid and
gaseous phases in the system at the corre-
sponding technological stage. For the mate-
rial being analyzed, the following can be
written:

K31+KZI:K32+Kg2:1. (16)

Here one can get the value (n), which
characterizes the intensity of the structure
formation processes in dynamic systems. It
shows the relative change in the ratio of the
volume concentration of the solid phase and
the free pore space during transition of the
dispersed system from one state into an-
other under the influence of external en-
ergy deposition (chemical, mechanical or
thermal). The value of n can be determined
from the ratio:

Functional materials, 27, 3, 2020
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Fig. 1 Dependences of the material mass loss on duration of bloating (a) and apparent density of
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K, /(1-K)=n-K,/A-K,), (17

where Ks1’ K32 is the volume fraction of the

solid phase at the beginning and the end of
the system porization, respectively.

If no changes occur in the system, then
n = 1. The decrease in the system volume is
characterized by n > 1, and its increase (po-
rization) — by n < 1. If the change in value
n within (0 to 1) is normalized, then the
degree of the material restructuring (o)
can be determined by the ratio:

1 1 18
% = G = 1) s (18)

where 1/n; is the material bloating during
or at the end of deposition of the dispersed
system; 1/n; =Vy/V;, where Vo and V; is
the system volume in the final and initial
states, respectively.

The latter dependence shows that the
larger the value of «,, which characterizes
the transition of the system from the initial
state to the final one, the more intensively
the system becomes porized and the mate-
rial is restructured. In addition, the above
formulas lead to an important technological
conclusion: the higher the volume concen-
tration of the solid phase in the source ma-
terial, the more intense the porization.

The parameter o, can be used as a depend-
ent variable in kinetic studies. Data process-
ing has been performed using B.Yerofeyev’s
equation:

o, =1 —e-klnt - et (19)

orn(l —o,) =-k-Int+ b,
where T is the restructuring duration; k& is
the porization rate constant of the struc-

ture; b is the constant coefficient at the
given heating rate of 3.5.

Functional materials, 27, 3, 2020

contact grouting.

Hence the reaction rate constant is calcu-
lated by the formulas:

" {111(1 - a,) - b} o1
Int

The activation energy of apparent porization
of the LGC has been determined by the formula:

(20)

Int; - Intg (21)
En:R—i_i ,
Ty Ty

where E, is the activation energy of appar-
ent porization, kJ/mole; R is the universal
gas constant, R = 8.314 J/(moleK); T, 75 is
the time of reaching the parameter o,; at
temperatures Ty, Ty [18].

3. Results and discussion

To compare the effectiveness of methods
for producing block material, the data of
mass loss during bloating for contact and
volume grouting are presented in Fig. 1.

Based on the data shown in Fig. 1, bloat-
ing is faster during contact grouting. A
constant value of material mass loss of
25.1 % is reached during the 4th minute of
the process. During volume grouting, that
is, simultaneous bloating of the liquid glass
binder and the granular filler, the constant
value of the material mass is reached dur-
ing the 6th minute, and the loss amount is
26.7 % . The higher mass loss value in the
latter case is explained by the conversion of
the bound moisture into vapour in both the
binder and granules; while during contact
grouting, pre-bloated granules are used, and
the formation of voids is observed only in
the liquid glass binder. For the same reason
the material takes less time to reach the
constant mass value.

While obtaining block insulation materi-
als by contact grouting, the mass ratio of
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Fig. 2. Dependences of water absorption (a) and moisture sorption (b) of block materials on
binder-to-granular filler ratio: I — volume grouting, 2 — contact grouting.

the granular filler to the binder is of great
importance, since density will also change
significantly in the case of changing this
ratio. This dependence is shown in Fig. 1(b).
In the graph, the zero point corresponds to
the density of the material obtained without
the binder, i.e., sintering only granules.
During this method of obtaining a thermal
insulation material, in the intergranular
space a large number of big voids are
formed, which adversely affects the proper-
ties of the blocks. Adding the binder into
the material allows achieving the filling of
the inter-granular space, thereby strength-
ening the material and increasing its water
and moisture resistance. As it can be seen
from the figure, as the amount of the
binder increases with respect to the granu-
lar material, the Dblock density also in-
creases. During volume grouting, to get a
homogeneous material structure, a small
amount of the binder is required, which
evenly fills the voids in the bloated gran-
ules. At the highest binder-to-granular
filler ratio of 1.1:1, the sample density is
252 kg/m3. During contact grouting, at the
highest binder-to-granular filler ratio of
2:1, the material density reaches a value of
390 kg/m3. That is, as the binder amount
increases, the packing density of the granules
decreases, as the distance between the frame-
forming elements (granules) increases; this
leads to the formation of big voids during the
binder bloating and granules collapsing, so
the material density increases.

When the binder-to-granular filler ratio
is 1:1 during contact grouting, the material
density is the lowest: 248 kg/m3, but the
obtained sample has an unsatisfactory ap-
pearance because the binder does not fully
cover the upper layer of granules. A rela-
tively low density 280 kg/m3 combined with
a satisfactory appearance is observed in the
material obtained at the binder-to-granular
filler ratio of 1.5:1. Based on these data, it is
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better to obtain block materials by wvolume
grouting, since it reduces the binder loss
(the binder-to-granules ratio is 1:1), and the
material is characterized by low density, a
satisfactory appearance and high strength
due to sintering of granules with each other
and uniform filling of the voids between the
granules with the bloated binder.

One of the defining properties of thermal
insulation materials is water absorption and
moisture sorption (hygroscopicity), since ex-
cessive moisture absorption by the material
leads to deterioration of its thermal insula-
tion properties. Fig. 2 shows the water ab-
sorption and moisture sorption values for
materials obtained by contact and volume
grouting.

Although the material obtained by sin-
tering only the granules (zero point) is
characterized by lower values of water ab-
sorption and moisture sorption, it has low
strength and an unsatisfactory appearance.
It is seen from Fig. 2, in the case of contact
grouting, with increasing the binder
amount per 1 pts-wt. of the granular filler,
water absorption and moisture sorption in-
crease respectively to 300 % and 34 %. The
low adhesion of LGB to granules causes the
formation of a large number of voids in the
intergranular space; this leads to excessive
absorption of water and its vapour from the
environment. For materials obtained by vol-
ume grouting, water absorption and mois-
ture sorption values are much lower: when
the binder amount is increased to 1.1 per
1 pts-wt, the values increase to 53.7 % and
14.5 %. Due to the simultaneous bloating
of granules and the binder, a dense packing
of granules filled with a fine-porous binder
is observed; this prevents active absorption
of water and its vapour.

Fig. 3 shows the dependences of the
flexural breaking stress and at 10 % com-
pression strain on the ratio of the liquid
glass binder to the granular filler.

Functional materials, 27, 3, 2020
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Fig. 3. Dependences of flexural breaking stress (a) and 10 % compression deformation (b) of block
materials on binder-to-granular filler ratio: I — volume grouting, 2 — contact grouting.

The samples obtained at the same binder-
to-granular filler ratio of 1:1 during both
volume and contact grouting are compared
(the densities of the samples are almost the
same, respectively, 230 kg/m3 and
248 kg/m3). During volume grouting, the
flexural breaking stress is 0.85 MPa, and
during the contact one, it is 0.7 MPa. The
use of unbloated, "raw” granules in the
first case, leads to dense packing of gran-
ules since their volume during bloating in-
creases, and the porous binder not only fills
the intergranular voids but also improves
thermal properties and strengthens the ma-
terial. During contact grouting, when pre-
bloated granules are used, strength of the
insulation material is lower because the
granules are unevenly distributed in the
binder layer, while low adhesion between
the mixture components causes sample
breaking at the binder-granules contact
points. The breaking stress at 10 % com-
pression strain for materials produced at
the granules-binder ratio of 1:1 by volume
and contact grouting are 0.642 and
0.414 MPa, respectively. The formation of
large voids, their collapsing, and inhomo-
geneous structure of the material obtained

by contact grouting are the causes of the
lower compression strain value.

To research the structure transformation
of the composite insulation material depend-
ing on the grouting method, the phase com-
position of the system was determined.
Table 1 shows the data revealing the influ-
ence of the granular filler-to-binder ratio
per the volume fraction of the solid and
gaseous phases of the block insulation mate-
rial as well as the structure forming value
n and the restructuring degree o,.

As we can see from the above data, dur-
ing contact grouting with an increase in the
amount of the binder, the volume fraction
of the solid phase also increases, and there-
fore the gaseous one decreases. The maxi-
mum value of the volume fraction of the
gaseous phase, 0.469 r. u. is observed when
the ratio of the binder to the granular filler
is 1:1, and the degree of restructuring is
0.21. But at this ratio, the quality of the
samples is poor because of the small amount
of the binder, which is not enough to create
a qualitative adhesive layer between the
granules. The optimum binder-to-granular
filler ratio is 1.5:1 in this grouting method,
since the content of the gaseous phase and
the restructuring degree in these samples

Table 1. The phase properties of composite thermal insulation material

Grouting [Binder-to- Wet material Foamed material Oln n
method | granular
filler | W4 | pfc | ol | Ksz | Ku | Ker | Wl | pb, | ol | Ksz | Kez | Kiz
ratio
Without the binder| 0.21 | 1.1 | 1.44 |0.764|0.231|0.005|0.005|0.242| 0.4 | 0.61 |0.394 | 0.001 | 0.53 | 0.47
Volume 0.9:1 |0.261|1.14 | 1.63 |0.699|0.298(0.003|0.012{0.190| 0.34 | 0.56 | 0.439 | 0.002 | 0.46 | 0.54
1:1 0.267]1.18 | 1.73 |0.682|0.315|0.002|0.016| 0,23 | 0.52 | 0.44 | 0.554 | 0.004 | 0.63 | 0.37
1.1:1 0.27 | 1.2 | 1.78 |0.674|0.3240.0018/0.018|0.252| 0.59 | 0.43 | 0.568 | 0.005 | 0.64 | 0.36
Contact 1:1 0.246|0.72| 1.23 |0.585|0.177| 0.24 |{0.011|0.243| 0.46 | 0.53 | 0.469 | 0.003 | 0.21 | 0.79
1.5:1 |0.251|0.88 | 1.47 [0.599(0.221| 0.18 |0.014|0.280| 0.52 | 0.54 | 0.458 | 0.004 | 0.22 | 0.78
2:1 0.262]0.93 | 1.52 |0.612|0.244| 0.15 |0.018|0.390| 0.71 | 0.55 | 0.444 | 0.007 | 0.23 | 0.77
Functional materials, 27, 3, 2020 617
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Fig. 4. Dependences of the restructuring degree parameter on the bloating duration: a) microwave
oven: 1 — 500 W; 2 — 650 W; b) drying cabinet: 1 — 180°C; 2 — 280°C.

are slightly higher, K,=04777r. u., o, =
0.24, respectively, and the quality of the
samples is higher.

The studies have shown that during con-
tact grouting the material restructuring is
less intensive. It is explained by the fact
that upon obtaining such samples only the
binder is bloated. In this case, the restruc-
turing degree is within 0.21-0.26, and the
fraction of the gaseous phase is only 0.45—
0.48 r. u. Whereas during volume grouting,
these values are higher: o, = 0.46-0.64 and
K,=0.44-0.568 r. u.; and at the optimal
binder-to-granular filler ratio of 1:1, these
values are K, = 0.554, and o, = 0.63. When
the binder-to-granular filler ratio is 0.9:1,
the proportion of the gaseous phase and the
value of the restructuring is less (Kg =
0.439, o, = 0.46) due to the lower content
of the binder, which takes an active part in
bloating and the structure transformation.

The intensive material restructuring dur-
ing volume grouting is explained by the
presence of not bloated granules in the com-
position, and, consequently, a higher wvol-
ume concentration of the solid phase in the
source material. As it is known, the higher
the volume concentration of the solid phase
in the source material, the more intense the
porization.

Therefore, from the obtained results it is
clear that volume grouting provides obtain-
ing thermal insulation materials with the
best complex of operational characteristics.
However, it is impossible to conduct volume
grouting by traditional convective heating
due to slow warming of inner layers of the
liguid glass composition because of low
thermal conductivity of the bloated outer
layer of the sample. This problem can be
solved by applying a relatively new technol-
ogy of microwave bloating. The use of mi-
crowave technologies allows achieving uni-
form warming of all the layers of the sam-
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ple, thus forming a uniform porous struc-
ture of the material. Besides, it helps to
reduce the bloating temperature and the
process duration due to heating of the liq-
uid glass composition not only due to heat
supply from the outside, but also due to
internal acceleration of movement of water
molecules, their friction, and thermal en-
ergy generation.

In order to determine the efficiency of a
particular type of heating during obtaining
thermal insulation materials, the kinetics of
bloating has been studied under different
conditions: at microwave heating and tradi-
tional convective heating.

At microwave heating, the samples were
manufactured at two power indices, 500 W and
650 W, since it was possible to reach low proc-
ess temperatures — below 200°C (at the power
less than 500 W bloating of the samples does
not occur). Since bloating at traditional convec-
tive heating requires more time (heat is spent
not only on heating of the liquid glass composi-
tion, but also on heating of the mold, cabinet
walls), thus to compensate time, the maximum
cabinet temperature of 280°C has been chosen,
and the lowest temperature of 180°C at which
bloating of composite materials in the oven is
possible. Based on the obtained experimental
data, a diagram of the dependence of the re-
structuring degree parameter o, on the bloating
duration has been made (Fig. 4).

The apparent porization activation en-
ergy and the porisation rate have been cal-
culated by the restructuring degree o, in
two sections: I — corresponds to bloating
from the beginning of heating till the mate-
rial reaching the first indicator o,; 2 —
corresponds to the indicator o, reaching its
constant value and completion of the mate-
rial restructuring. The calculated data for
the bloating kinetics are given in Table 2.

The value of the process rate constant at
650 W is greater than at 500 W for the first

Functional materials, 27, 3, 2020
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h)

Fig. 5. Appearance and structure of insulation materials obtained by volume (a—d) and contact (e—h)
grouting: a, e — upper surface of material; b, f — lower surface of material; ¢, g — structure of the

granules (50x magnification); d, h — structure of the inter-granular space (10x magnification).

section; this fact indicates a higher process
temperature. In the second section, the dif-
ferences in rates at different power are not
so noticeable indicating that the increased
power gives a high rate of bloating only in
the first stage of the process. Further bloat-
ing slows down. With the use of microwave
irradiation during bloating of composite ma-
terials, the material restructuring is faster.
At the power of 650 W (T =117°C) o,
reaches its constant value of 0.615 during
the 38rd min, while bloating during convec-
tive heating at T = 180°C gives the value of
the restructuring value of 0.5, which is
reached after 6 min. At 280°C, an initial
sharp increase is observed in the bloating
intensity, but after removing the sample
from the oven, the bloated mass collapses
and the restructuring degree reaches only
0.5. Bloating of samples in the microwave
oven is characterized by higher activation
energy and reaction rate, which indicates
high intensity and efficiency of the process.

Low activation energy at both stages of
porization indicates that simultaneous bloat-
ing of the granular filler and the liquid glass
binder in the microwave oven does not re-
quire high values of activation energy, since
the sample layer warms up almost immedi-
ately. Bloating is characterized by two values
of the apparent activation energy. In the tem-
perature range of 102-117°C, the first period

Functional materials, 27, 3, 2020

of Dbloating is characterized by Ep=
16.85 kJ/mole, which corresponds to the en-
ergy of breaking the hydrogen bonds and in-
tense material porization due to evaporation
of moisture and decomposition of the gas
forming agent. The second period corre-
sponds to the completion of porization and
removal of residual moisture (E, = 5.2 kJ
/mole). With traditional convective heating,
the both periods have values of Ep that differ
slightly (10.61 and 14.4 kJ/mole, respec-
tively), which indicates gradual release of
moisture resulting mainly from the material
drying rather than bloating. This is evidenced
by the properties of the obtained materials
given in Table 3.

The data presented show that the sam-
ples obtained in the microwave oven have
1.5 times less density than these obtained
by convective heating, and the strength
properties of such materials is 2 times
higher, water absorption is 2 times lower,
and hygroscopicity is almost 3 times lower.
This shows formation of a cross-linked lig-
uid glass structure with less defective low
molecular weight fraction under the action
of the microwave irradiation, whereas in
the drying cabinet, curing of the liquid
glass composition has not been completed
and the binder has been only dried.

Electron microscopy studies on formation
of the porous structure of thermal insula-
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Table 2. Kinetic parameters of bloating composite insulation materials

Microwa Temperature Process o, T, Xp E, kdJ /mole B, ¢l
ve in the drying | temperature,
oven cabinet, °C °C 1, 2. 1. 2. 1. 2. 1. 2.
power, section | section | section | section | section | section | section | section
500 102 0.375 | 0.615 1 3 16.85 5.2 0.96 0.86
650 - 117 0.8 2.8 1.03 | 0.869
- 180 180 0.4 0.5 2 3 10.61 14.4 0.84 0.81
- 280 280 1.2 1,5 0.94 0.93

Table 3. Comparison of the properties of block materials obtained by contact and volume grouting

Property Indicator value
volume grouting (the | contact grouting (the
binder-to-granular binder-to-granular
filler ratio is 1:1) filler ratio is 1.5:1)
Apparent density, kg/m3 230 280
Water absorption, % 51.2 241
Moisture sorption, % 9.0 33.3
Flexural breaking stress, MPa 0.85 0.76
Breaking stress at 10 % compression deformation, MPa 0.642 0.414
Thermal conductivity coefficient, W/m-K 0.0516 0.0548

tion materials obtained by volume and con-
tact grouting were also carried out. Compara-
tive photographs of the appearance and struc-
ture of the samples are shown in Fig. 5.

As can be seen from the photographs in
Fig. 5, when thermal insulation materials
are bloated by contact grouting, the ob-
tained samples are characterized by an un-
even distribution of bloated granules in the
binder layer in both upper and lower sur-
faces. During bloating, granules settle at
the bottom of the mold, foam is unstable
and collapses forming large voids and areas
of only the binder without the granular
filler, which leads to a decrease in strength.
In this case, the binder is unevenly distrib-
uted in the intergranular space (#); this
leads to formation of pores of large diame-
ter and, consequently, low strength, because
the walls of large pores are thinner, and
results in greater water absorption and hy-
groscopicity due to predominance of the
open-porous structure. The structure of the
bloated granule at contact and volume
grouting (c, g) practically does not differ.

The samples obtained by volume grouting
are characterized by more even surface, full
granule coverage, close packing of granules,
and uniform distribution of the binder in
the inter-granular space. These samples
have an ordered fine-porous structure and
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therefore high strength with the predomi-
nance of the closed-porous structure.

4. Conclusions

Obtaining block thermal insulation mate-
rials by volume grouting, that is, simulta-
neous bloating of the granular filler and the
liguid glass binder prevents shrinkage,
cracks, foam collapse and formation of large
voids due to dense packing of the bloated
binder that fills the intergranular space. As
a consequence, the blocks are characterized
by higher physical and mechanical proper-
ties (density of 2380 kg/m3, flexural break-
ing stress of 0.85 MPa, compression strain
of 0.622 MPa) with higher absorption resis-
tance to water and its vapours, and the
lower thermal conductivity coefficient
(0.0516 W/m-K compared to 0.0548 W/m-K
during contact grouting). In addition, the
volume grouting method uses crude gran-
ules, and, therefore, the volume concentra-
tion of the solid phase in the source mate-
rial will be higher than when using bloated
granules, which contributes to intensive po-
rization.

Volume grouting and simultaneous bloat-
ing of both granules and the binder can be
performed using microwave radiation,
which allows for uniform heating of all the

Functional materials, 27, 3, 2020
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layers of the sample, thus obtaining a uni-
form porous structure of the material and
high operational characteristics reducing
the bloating temperature and the process
duration.
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