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Abstract: The purpose of this work was to establish the influence of features of
the annealing mode on the value of residual stresses in the structure of porous
inorganic materials using foam glass as an example. A single-stage uniform cool-
ing mode at three different speeds was considered. The study was performed
using a mathematical model. The algorithm for analyzing the stress—strain state
of the foam glass sample consisted in solving a system of equations by the finite
element method. The calculation results are presented in graphic form. The
graphics show the changes in stress in the foam glass upon cooling at speeds of
100, 10 and 1 °C min"!. The temperature difference and the viscosity values of
the foam glass subsurface and central layers in dependency on different tempera-
tures of the cooling onset are presented. It was concluded that it is necessary to
carry out the annealing mode of foam glass in three stages: initial, glass transition
step and stabilization step, meaning different cooling rates have to be applied in
different stages.

Keywords: Strain; slags; cooling; silicates; finite element method; energy effi-
ciency.

INTRODUCTION

Currently, heat-insulating materials based on dense porous structures, which
are used as insulation of facades of buildings and structures for civil and indus-
trial purposes, are becoming more popular.!-5 A similar material with a dense
porous structure is foam glass, which is characterized by its high thermal
insulation ability, mechanical strength, and chemical resistance.6~9

The properties of foam glass depend, for the most part, on the composition
of raw materials and the production method.1011

One of the main technological operations that determines the mechanical
strength of foam glass is annealing.12:!3 However, upon obtaining foam glass
that is optimal in all aspects, poor-quality annealing can lead to a sharp increase
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1 04 GRUSHKO

in defects in the finished product.!4 At this stage, because of the limited thermal
conductivity of the material, changes in the environmental temperature of the
foam glass leads to a gradual transfer of heat from one layer of the sample to
another. This, in turn, leads to a temperature difference between the outer and
inner layers, which cause inner stresses. Those stresses affect the foam glass
quality. Thus, it is relevant to study the annealing process and identify patterns of
stress formation in foam glass.

Previously,!5 the successful use of mathematical modelling to describe phys-
ical and chemical processes at all stages of foam glass production with sufficient
accuracy, including at the annealing stage, was established. It seems promising to
use the mathematical model proposed by Alekseev and Yashurkaev,!4.16-18 deve-
loped based on the relaxation-kinetic theory of glass transition of Mazurin and
Lalykina.!9-20 Grushko?! describes developed software that allows, with minimal
time and adequate accuracy, a numerical study of the annealing process to be per-
formed based on the presented mathematical models.

The purpose of this work was to determine the effect of the features of the
annealing mode on the value of residual stresses in the structure of porous inorg-
anic materials using foam glass as an example. To achieve this goal, the following
objectives have to be solved: identification of the influence of the main parameters
of the technological stage of “annealing” (cooling rate and initial annealing rate).
Thus, a single-stage uniform cooling mode of foam glass at three speeds was con-
sidered: 1 °C min~! (typical cooling rate for glass products), 10 and 100 °C min~!
(chosen for a more visual demonstration of the processes that occur during anneal-
ing of foam glass) and a study of a nonlinear (“three-stage”) annealing mode.

EXPERIMENTAL

The study of the stress-strain state of the foam glass sample during annealing was real-
ized with numerical simulation by solving a system of equations? by the finite element
method in the ANSYS software package,?? according to a previously proposed technique?
that allows relaxation of the material properties to be taken into account:
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THE EFFECT OF ANNEALING ON FOAM GLASS STRESSES 105

T
P=P(T;)+ j(?j dr’ (5)
Tip Tip

where T is the temperature, 7% is the structural temperature, ¢ is the time, 7 is the relaxation
time, g; are the weight coefficients, n is the number of internal parameters characterizing the
structure of the substance, 4, B and T are the constants in the Fulcher—Tamman equation; P is
property; P; is the property of a substance in an equilibrium (liquid) state; K; = 7/7;, here 5 is
the viscosity.

Mathematical modelling of the heat transfer process in the studied object is based on the
numerical solution of the initial-boundary-value problem:

pc:a—T:i A oT (x,y,2,7) +i 2, oT (x,y,2,7) +i i oT (x,y,2,7) ©)
o7 ox ox dy dy oz oz

where T(x, y, z, 7) is the desired temperature distribution function; 4, 4,, A, are the thermal
conductivity coefficients in the direction of the x, y, z axes; p is the density; c is the specific
heat of the medium.

The stationary heat equation for an isotropic medium has the form:

div(AgradT)=0 )

where T is the desired temperature distribution function; A4 is the coefficient of thermal
conductivity.

It should be noted that the results of calculating the thermal state are the basis for solving
the strength problem.

In this regard, determination of stresses is realized for a system of equations with the
following form:24
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where oy, are stresses (0;; are normal stresses, Oy, (i # k) are shear stresses; g, are distortions;
U, is displacement; S = Y g;; is the sum of the normal stresses, 7T is the medium temperature, G
is the shear modulus, 2G = E / (1+tw), E is Young’s modulus, u— Poisson’s ratio; a —
coefficient of thermal expansion and
{1,;’ =k
O =9 — Kronecker symbol.
0,i#k
The main steps in solving this problem are setting the source data (including the imple-
mentation of the solid-state model) and solving and processing the results.
The object of study (Fig. 1) is a sample of foam glass with dimensions of 30x30%30
mm?, placed on a stand with dimensions of 100x100x3 mm?, created by powder technology.?
The raw materials were ground in a ball mill with a volume of 5 L to the point of com-
pletely passing through a sieve No. 0315, and the batch mixture specific surface area value
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106 GRUSHKO

was 552 m? g'!. The batch mixture composition, in mass %: ash and slag waste, 30; crushed
glass, 70; borax, 5; anthracite, 5; this composition is 5 over 100 % of the basic components.
The estimated chemical composition of the foam glass is given in Table I.
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Fig. 1. Object of the study: a) object model view; b) object real view;
¢) object, longitudinal section.

TABLE I. Composition of the synthesized foam glass

Oxide Content, mass % Oxide Content, mass %
SiO, 67.33 CaO 7.78

Al O3 6.88 K,0 1.05
Fe,03 3.73 MgO 0.77
Na,O 10.71 TiO, 0.07

P,05 — SO, 1.68

PPP — = 100.00

During heating the ground glass matrix and porous agent batch mixture to 825 °C, the
gases formed as a result of oxidation or dissociation of the porous agent, the softened glass
mass swelled. The sample was foamed and annealed in a muffle furnace with electrical
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THE EFFECT OF ANNEALING ON FOAM GLASS STRESSES 107

heaters at a preset temperature—time mode.2® The preset temperature—time mode was as fol-
lows: prepared samples were loaded into a cold oven and then heated at 16 °C min™! to 500
°C, the temperature for complete combustion of the contained volatile substances. This tem-
perature was maintained for 20 min to ensure an even warming-up of the sample, which has a
positive effect on the further process of foaming. Then the temperature was further increased
to 825 °C, the foaming temperature, and maintained for 20 min. Subsequently, the glass was
rapidly cooled to 600 °C to fix the structure of the material. Finally, the sample was cooled to
25 °C at a rate of 2.8 °C min’!.

The physical properties of the obtained foam glass sample were determined by building
its solid-state model (the visual inspection method was used (Fig. 1) using a ShTs-150 calli-
per): sample geometry, location and pore size (usually uniformly distributed pore arrangement
having an average diameter of 3 mm with a constant gas composition). The construction of a
solid model of the foam glass sample was performed using the CAD system software package
ANSYS “Space Claim”.

Next, the following physical properties of the obtained sample were determined: thermal
conductivity, heat capacity, radiation characteristics, sample geometry, mass, density, Young’s
modulus, and Poisson’s ratio.

The calculations used the real thermophysical and radiative properties of carbon dioxide,
the foam glass matrix and the steel standard 2Kh18N9T.27-30

The values of the thermal conductivity of carbon dioxide at the upper and lower bound-
ary curves, at the critical point and on isobars from 30 to 200 kg cm™ to a temperature of 1000
°C are presented as a function of temperature. For the gas emission process, the ambient tem-
perature and the emissivity of the body were set.

According to the theory of the radiation heat transfer between a radiating and absorbing
gas and the surrounding enclosed grey clad, the required emissivity coefficient of the radiative
components is given by:

£co, Zf(Pcon,Tg) (11)

where pco, is the partial pressure of the gas mixture and 7} is the temperature of the gas
mixture.

For a spherical pore with diameter D = 3 mm, the effective thickness of the gas radiating
layer is /= 1.8 mm:

1=0.6D (12)

The intensity of gas emission inside the pores of the foam glass decreased in proportion
to a decrease in the temperature of the inorganic frame of the foam glass. At the end of the
foam glass manufacturing process (at the end of the last production stage), the gas pressure
inside the pores was approximately equal to atmospheric pressure. Upon further cooling
through the annealing process, the gas pressure decreased by the required amount in certain
cells, so that the completely annealed glass exhibited a substantial pressure drop of 33.8 kPa
in the cells.3! Then, the required emissivity coefficient within the temperature decrease range
was 0.01 on average. To estimate the contribution of the radiative compound to the overall
temperature distribution, it was assumed that the emissivity coefficient was equal for both the
working batch and initial foam glass (g4 = 0.94).2°

The radiation from the surface of the stand was set in a similar way with its values of the
degree of blackness. At the same time, in the block for setting the properties of radiation heat
transfer (the variable “Correlations”), the value “Emissions to the environment” was set (“To
ambient”).
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1 O 8 GRUSHKO

The thermal conductivity and specific thermal capacity of the foam glass matrix were
determined by the laser burst method?? within the temperature range of 25-700 °C using the
thermal conductivity measuring system TC-9000H (ULVAC, Japan) at the Common Use Center
“Technologies and Materials of National Research University BelSU,” Belgorod, Russia.

TABLE II. Results of the determined thermal conductivity and specific heat of the foam glass

t/°C T/K A/cm? s C,/Jg!'K! k/ W em! K-
31.1 304.1 0.00592 0.87296 0.00757
101.1 374.1 0.00567 0.85875 0.00714
200.1 473.1 0.00538 0.93964 0.0074
300.4 573.4 0.00528 1.18179 0.00913
399.7 672.7 0.0052 1.20185 0.00914
499.3 772.3 0.00553 1.19574 0.00968
599.3 872.3 0.00572 1.37081 0.01149
699.4 972.4 0.00517 1.62584 0.0123

The value of thermal conductivity 4 was calculated by the formula:
A= 0oCppy (13)

where py = 146 kg m™ is the sample density.
The density of the sample was calculated by the formula EN 1602:1996 “Thermal insul-
ating products for building applications — Determination of apparent density”:

m

pe=y; (14)
where m is the mass of material, kg; V' is the volume of the material, including pores and
voids, m?, and py = 146 kg m?.

To determine Young’s modulus, tests of foam glass samples were carried out according
to the procedure presented in EN 13167:2012 “Thermal insulation for building — Factory
made cellular glass (CG) products — Specification” was applied. The essence was to measure
the value of the compressive forces necessary to destroy the sample under appropriate test
conditions.

Cubic samples with sizes of 30x30x30 mm?® were mounted in a hydraulic press so that
the compressive force was directed along the vertical axis of the sample. Additionally, one
250 UW strain gauge with a vertical axis (longitudinal strain gauge) and one gauge with a
horizontal axis (transverse strain gauge) were glued on the sides of the cross-section of the
foam glass sample, each of which was connected via a half-bridge circuit to a separate channel
of the UTS-1 strain gauge station. The process of loading the sample had an initial load of 500
N in increments of 250 N until the visual destruction of the sample. In addition, by sequen-
tially switching the corresponding channels of the strain gauge station, the readings of each of
the strain gauges were taken.

The sample pressure, o, Pa, is determined by the formula:

P
O =—
b

where P is the applied load, N; / is the sample length, m, and b is the sample width, m.
The relative longitudinal strain, &4y, Was determined by the formula:

(15)
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THE EFFECT OF ANNEALING ON FOAM GLASS STRESSES 109

Al
Elong =75~ (16)
lo
where Al is the defined elongation and /; is the initial sample length.
The relative transverse strain, &q,,s,, was determined by the formula:

Etransy = A_d (17)
dy
where Ad is the transverse sample size and d|, is the initial sample size.

When the force reached 2250 N, the pressure on the sample created a stress exceeding
the shear stress, and the material entered the stage of plastic deformation. At a moment
corresponding to a force of 2500 N, destruction of the material occurred.

In accordance with Hooke’s Law, the elastic modulus of the sample material was deter-
mined:

E=— (18)
£

therefore, = 2.6 MPa, ¢ = 0.002070 and £ = 1256 MPa.

According to the results of tensometric measurements, the dependence of the transverse
strain on the longitudinal strain under compression was obtained.

The experimental results were approximated by a straight line using the least squares
method. The result of the standard error was 1.07x10°8.

The determined value of the Poisson’s ratio was:

— Eiransy _ 0.0004554 _

Eing  0.002070

(19)

where 4 is the Poisson’s ratio, &iansy = 0.0004554 is the lateral relative deformation and o5 =
=0.002070 is the longitudinal relative deformation.

The obtained values of the physical properties of the matrix material of the foam glass
sample using the module “Engineering Data” with the additional shell interface “Workbench”
used descriptions of the properties of materials, and input parameters of the mathematical
models are listed in the created mathematical model.

To solve unsteady heat conduction problems, a transient thermal module with the follow-
ing boundary conditions was used.

The boundary conditions were specified in the form of temperature 7' = f{time) on the
outer surface of the foam glass sample in the study. The calculation was performed under the
assumption that the temperature of the surface of the sample changed according to a given
mode (the physical possibility of the claimed mode could be achieved due to the significant
convective heat transfer of heat from the foam glass surface, providing a given cooling rate of
the sample (the temperature of the gaseous medium around the sample should be much lower
than its surface temperature)).

The maximum time step value was determined to be 10 s according to the literature.33

RESULTS AND DISCUSSION

The stress changes in the sample during cooling starting from 600 °C at dif-
ferent speeds: a) 100, b) 10 and ¢) 1°C min~! are shown in Fig S-1 of the
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1 10 GRUSHKO

Supplementary material to this paper. As can be seen from Fig. S-1, the stress
increase occurs in two stages.

In the initial period of uniform cooling, there is a rapid increase in the tem-
perature difference between the centre (Fig. S-2 of the Supplementary material)
and the surface of the object in question, which leads to an increase in tempera-
ture stresses and their subsequent decrease due to an intense relaxation process.34
In the second stage of annealing, which occurs in the glass transition region (the
range of the decimal logarithm of the viscosity of the foam glass is 10—16 Pa-s,
Fig. S-3 of the Supplementary material), the stress values increase, the rate of
change of which becomes minimal, which leads to the appearance of residual
stresses. It should be noted that the available stress effects are inversely pro-
portional to the rate of annealing.

The temperature difference between the subsurface and central layers of a
sample depending on various temperatures of cooling onset are shown in Fig. S-2
of the Supplementary material. The cooling rate was set as a constant, and its
value was 1.5 °C min~! regardless of the initial annealing temperature.

With uniform cooling, the stresses in the subsurface layers of the foam glass
are compression stresses (Fig. S-1), since at the beginning of the annealing pro-
cess, the temperatures of the subsurface layers were lower than the temperatures
of its central layer (Fig. S-2), while the free dimensions of the surface layers
decreased to a greater extent than the dimensions of the central layer. However,
in the glass transition interval, the free sizes of the inner layers decrease to a
greater extent than the free sizes of the outer layers. As a result of these pro-
cesses, the residual stresses in the subsurface layers are compression stresses, and
in the central layers, tensile stresses.

The viscosity values of the subsurface and central layers in dependence on
different temperatures of cooling onset are shown in Fig. S-3. The cooling rate is
set as a constant, and its value was 1.5 °C min~! regardless of the initial anneal-
ing temperature.

The stresses occurring in the foam glass during annealing with different ini-
tial temperatures are presented in Figure S-4 of the Supplementary material. Evi-
dently, an increase in the initial annealing temperature (while maintaining a
constant rate of the cooling process) practically does not change the value of the
residual stresses and retains the shape of the curve.

Thus, the heat treatment of foam glass during the annealing process has a
different effect on the formation of its stress—strain state, which allows us to con-
clude that different values of the rate of temperature change at different stages are
necessary. The foam glass annealing mode is nonlinear and it is advisable to divide
it into three stages: initial (stage 1), glass transition (stage 2) and stabilization stage
(stage 3), and the cooling rates in the first and third stages are much higher than in

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



THE EFFECT OF ANNEALING ON FOAM GLASS STRESSES 1 1 1

the second stage, the temperature range of which is the critical cooling inter-
val.14.16-18 Ag 3 rule, the cooling rates at different stages differ several times.!3

Consideration of a three-stage annealing mode. The dependence of stress,
viscosity and temperature of the subsurface and central layers on time are shown
in Figs. S-5-S-7 of the Supplementary material.

In the temperature range of 600 °C, an increase in stresses is formed, asso-
ciated with the beginning of the glass transition interval, the viscosity of the
layers is relatively small, the significant stresses that arise begin to relax initially
at a high speed, then gradually reduce it. The cooling rate again increases from a
temperature of 460 °C. In this case, the temperature difference between the centre
and the surface of the foam glass increases again, however, these changes are
significantly slower than after a sharp decrease in speed. Moreover, the total
value of the effect in this case is more significant than in the case of a decrease in
the cooling rate, as a consequence of 3—4 orders of magnitude higher viscosity at
460 °C than viscosity at 600 °C, so stress relaxation is practically absent. Thus,
stress relaxation in the second cooling stage affects residual stresses favourably.

CONCLUSIONS

Analysis of the information presented allows the following conclusions to be
drawn:

1) with uniform cooling, the growth of stresses is occurs in two stages, the
value of which is proportional to the rate of annealing: the first stage is deter-
mined by temperature stresses and their subsequent decreases due to the intense
relaxation process; the second stage corresponds to the glass transition area (the
range when the decimal logarithm of the viscosity of the foam glass is 10—16 Pa
s), where there is a new increase in stresses, the rate of change of which becomes
minimal, and then leads to the appearance of residual stresses;

2) the residual stresses in the subsurface layers are compression stresses,
and in the central layers tensile stresses, due to the fact that at the beginning of
annealing, the temperature of the subsurface layers was lower than that of its cen-
tral layer, while the free dimensions of the surface layers decrease to a greater
extent than the dimensions of the central layer, but then, in the glass transition
interval, the free sizes of the inner layers decrease to a greater extent than the free
sizes of the outer layers;

3) the heat treatment of foam glass during the annealing process has a dif-
ferent effect on the formation of its stress—strain state, which allows us to conclude
that different values of the rate of temperature change at different stages are neces-
sary. It is advisable to divide the foam glass annealing mode into three stages:
initial (step 1), glass transition (step 2) and stabilization step (step 3);

4) stress relaxation at the glass transition stage favourably affects the resi-
dual stresses because the viscosity values at a temperature of 460 °C are 3—4
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orders of magnitude higher than the corresponding values at a temperature of 600
°C and stress relaxation is practically absent.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.

U3BOJ
YTHULIAJ PEXXUMA OOTPEBAILA HA YKIIABAIGE HATIPE3ABA Y TIEHACTOM CTAKITY

IRINA GRUSHKO

Platov South-Russian State Polytechnic University (NPI), Novocherkassk 346428 u Don State Technical
University, Rostov-on-Don 344000, Russian Federation

Linp oBor paja je neduHHUCame yTHllaja HAYMHA OATPEBama Ha 3aoCTajla Hanpesama y
CTPYKTYPH NMOPO3HUX HEOPraHCKUX MaTepHjana, Ha IPUMEPY MEHACTOT cTakna. PasmarpaH je
yTunaj Tpu Op3vHE TOKOM jemHOCTereHOr YHHUMOPMHOTr pexuma xnahewa. Kopuurhemem
MaTeMaTHYKOr MoZesa KOjH je NoOHjeH METOLOM KOHAUHHUX €leMEHaTa aHaJu3upaHa Cy Hac-
Taja Halpesama y cTakly. I'paduyky cy NpHKasaHe 3aBUCHOCTH Hallpesamwa Off BpeMeHa IpH
opsunHama xnahema 100, 10 u 1 °C min !, [Ipukasane cy pasiuke TemMIepaType ¥ BHUCKO3-
HOCTH MOTIOBPUIMHCKOT M LEHTPAJIHOr CJI0ja Off BPEMEHA, 338 PAas/IMYMTE IOYETHE TEMIEpa-
Type ofrpeBama. 3ak/by4eHo je Jla peXXHM OJrpeBama Mopa Jla Ce U3BOIM Y TPH Kopaka pasiu-
YUTHX Op3HHA: IOYETHH, NIPEJIa3HU U CTaDUIN3aLMOHH.

(TTpumiseno 19. neuemdpa 2019, pesupupano 24. Maja, mpuxsahero 28. maja 2020)
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