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ABSTRACT

Effects of elevated temperature on thermo-mechanical properties of fired ceramic products reinforced with waste glass powder (WGP) were reported. Samples were
produced by the addition of WGP to clay in varied amount and oven dried samples were fired in an electric furnace which was operated 1200 °C. Compressive and
flexural strength were examined at room temperature and at elevated temperatures of 100, 300, 500, 700, and 900 °C. Results showed that, compressive strength and
flexural strength reduced at elevated temperatures. Thermal conductivity, diffusivity, and emissivity were higher with increasing WGP content, while thermal
expansivity and specific heat capacity were lower as percentage WGP increased in the samples. Results on thermal shock resistance showed that WGP reduced shock
resistance in the samples, while the cooling rate increased with the percentage addition of WGP. Impact resistance was noted to decrease in samples when fast cooled
from high temperature as the rapid cooling rate was observed to increase with WGP addition in samples. It was concluded that for fired clay products incorporated with
WGP, the operating temperature should not exceed 700 °C. Also, in an environment whereby cooling is done by air or/and water, an operating temperature of < 300 °C

was recommended.
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INTRODUCTION

Fired clay is a kind of ceramic material made from moulded clay by the process
of heat in order to make it hard and strong. It has good resistance to high
temperature, having a fusion point higher than 1600 °C and is corrosion resistant
[1,2]. Fired clay materials are used for lining of furnaces as fired bricks and for
industrial production of white wares and other products. Some fired bricks are
employed in masonry for housing and for roof tiles application [3]. Properties of
fired clay products include porosity, high temperature resistance, wear resistance,
and high compression. These properties can vary with temperature, which birth
the study of the behaviour of fired bricks under different temperature conditions.
This study considered thermo-mechanical behaviour of fired clay samples at
different thermal conditions because performance of ceramic materials tends to
change at elevated temperature. Studies on thermal behaviour of fired ceramics
may reveal how additives affect thermal and mechanical behaviour of fired clay
bricks and possibly provide information on possible application of such products.
In previous study, [4] observed increased bulk and true density as eggshell
increased in fired bricks. For water absorption, the value reduced with increasing
egg shell content. Coefficient of thermal expansion was noticed to reduce in the
samples. At 20 wt. % eggshell addition, compressive strength, and hardness were
highest at 8.28 MPa and 8.79 HV respectively while thermal expansion
coefficient was lowest at 2.3652 x 10/K.

In another report on thermal behaviour of insulating brick developed using saw
dust additive [5], ball clay and kaolin used were sieved to 0- 45um, 45-53 um,
63-90 pm, 90 — 125 pm and 125-154 pm. The saw dust was sieved to 0-125 um,
125-154 pm, 154-180 um and 355-425 um and was added to the mixture of ball
clay and kaolin. Results obtained showed that density and thermal conductivity
reduced as particle sizes of kaolin and ball clay increased for different sizes of
saw dust considered. Specific heat capacity increased while coefficient of thermal
diffusivity reduced as particle sizes of kaolin and clay increased. The effect of
coal and wheat husk addition on thermal properties of clay bricks was reported
by [6]. From their work, it was observed that thermal conductivity reduced as
percentage coal and wheat husk increased from 0 to 50 wt. %. Wheat husk was
more effective in improving insulation properties of the clay bricks compared to
charcoal due to increased pores formed. Also, it gave reduction of up to 92 % in

thermal conductivity. Thermal diffusivity was shown to reduce with increased
additives and decrease between 15 and 60 % for charcoal additives of 5 to 50 wt.
% while that of wheat husk was 44 to 92 %. Mechanical strength was noted to
decrease with increase in water absorption, apparent porosity, and firing
shrinkage. Wheat was more effective for insulation than charcoal.

MATERIAL AND PREPARATION PROCEDURE

Clay was obtained from a borrow pit in Awule community, Akure (latitude
7.250771 °, longitude 5.210266 ° ) in Ondo state, Nigeria by excavation using a
shovel and collected into a container. Waste glass bottles which were obtained
from a local waste glass seller, were employed in this study. The clay was treated
by mixing with water in a container and allowed to settle for 2 days, after which
the suspended water was poured away. The clay was further treated by adding
fresh water, stirring and allowing settling for another 2 days. The suspended
water was poured away and the left over clay was spread in open atmosphere to
sundry for 3 days. Dried clay was crushed, milled (using modified ball mill, serial
number F-N 178) and sieved to -150 pm before been packed into a container.
Similar protocol was obtained with waste glass using an electric sieve shaker.
Waste glass powder (WGP) and clay powder sieved to -150 pm were collected,
separated, and used in sample preparation.

The clay and waste glass powder were thoroughly mixed in an electric mixer in
varying amount. WGP was added to clay in the proportion of 0 to 40 wt. % at 5
wt. % interval. Water was added to clay in the ratio of 1:3 and mixed thoroughly.
The slurry obtained was compressed (at 10 MPa) into cylindrical moulds of
diameter 50 mm, height 100 mm and diameter 40 mm and height 20 mm,
rectangular moulds of dimensions 150 mm x 150 mm x 150 mm, 400 mm x 100
mm x 100 mm and 190 mm x 90 mm x 90 mm. Green bricks produced which
initially were left in open air for 24 hours for stability were oven dried for 12
hours at 110 °C after which they were fired in an electric furnace at 5 °C/min
until 1200 °C was attained. The samples were soaked for 2 hours at that
temperature before been allowed to cool to room temperature and taken out for
examination.
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Fig. 1 Pictures of (a) electric furnace used in firing and (b) bricks samples
TEST PROCEDURE
Mechanical properties

Mechanical properties were studied by initially carrying out compressive strength
(for rectangular samples of dimension 150 x 150 x 150 mm) and flexural strength
(for rectangular samples of dimension 400 x 100 x 100 mm) test on brick
samples at 26-29 °C (room temperature). Effect of heat on mechanical properties
of samples were evaluated by heating to 100, 300, 500, 700, 900, and 1000 °C,
soaked for 1 hour and tested for compressive strength and flexural strength
immediately they were brought out from the furnace. The test was carried out in
line with [7] for compressive strength and [8] for flexural strength. Percentage
reduction in strength (A%.) was evaluated using Equation (1) for that of
compressive strength and Equation (2) for flexural strength. Flexural strain at
fracture (for different temperatures) was evaluated using Equation (3).
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L
Fp—Fj
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1A
6dt
Flexural strain (o)) = Wz 3)
Where,  AC%. is percentage reduction in compressive strength,

AF%o is percentage reduction in flexural strength,

Fi/Ci is Flexural/compressive strength at initial temperature,
F./C, is Flexural/compressive strength at new/next temperature,
d is the recorded deflection (mm) at different temperatures,

t is thickness of sample and

h is the distance between two supports.

Resistance to impact was examined by applying a load rate of 5 N/min at the
centre of the brick samples from a height of 50 cm until fracture occurred. The
number of cycle was recorded for each sample at room temperature (26 — 29 °C)
and at temperatures of 100, 300, 500, 700, 900, and 1000 °C.

Thermal properties

Cylindrical samples of diameter 40 mm and height 20 mm were tested for
thermal conductivity using hot plate method in line with [9], linear and
volumetric thermal expansion were evaluated in line with [10] by measuring the
dimension of each brick sample at various temperature and evaluated using
Equation (4) and (5). Specific heat capacity was accessed by method of mixture
using cylindrical samples of diameter 50 mm and height 100 mm [11] while
thermal emissivity was examined in line with [12] and thermal diffusivity [13]
was calculated using Equation (6).
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Where L, is initial length at previous temperature (m),
L, is final length at new temperature (m),

V, is initial volume at previous temperature (m?3),
V, is final volume at new temperature (m®),

AT is temperature difference (K),

K is thermal conductivity,

v is density and

C, is specific heat capacity.

Thermal shock resistance and cooling rate

Thermal shock resistance was determined by three experimental procedures,
while cooling rate was evaluated at normalized cooling and rapid cooling;

1. Exp. 1: rectangular bricks samples were heated to 1000 °C at 5 °C/min
and soaked for 1 hour and then held in air for 10 mins. The process was
continued until crack occurred and the number of cycles was recorded in
line with [14].

1. Exp. 2: heating samples to 300 °C at 5 °C/min, soaking for 1 hour and
holding the samples in open air. Air was blown on the samples at room
temperature at rate of 12.2 cm®s for 10 minutes. The procedure was
followed until crack occurred and the number of cycles recorded.

1. Exp. 3: heating samples to 300 °C at 5 °C/min, soaking for 1 hour and
holding the samples in open air and allowing drip of water 8.38 cm?®/s for
10 mins. The process continued until crack appeared and the number of
cycles recorded.

V. Normalized Cooling rates of samples was evaluated by heating samples
to 300, 500, 700, and 900 °C at 5 °C/min held for 30 mins and allowed to
cool to room temperature in air. Cooling time to room temperature was
observed, the cooling rate was evaluated using Equation (7).

V. Fast cooling rate was measured by heating samples to 300, 500, 700, and
900 °C at 5 °C/min, held for 30 mins and cooled to room temperature (26
°C) by applying water at a fast rate (fast cooling rate) of 16.8 cm®s on
the samples. The time taken was recorded and cooling rate was evaluated
using Equation (7). Cooling rate coefficient was obtained as ratio of
normalized cooling rate to high cooling rate.

. Tp-Ty
Cooling rate = ——
Axt

@)

T, is final temperature,

T, is initial temperature,

A is cross sectional area of sample and
t. time taken to cool.

RESULTS AND DISCUSSION

Morphological representation of some samples at room temperature (26 °C)
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Fig. 2 SEM image samples at (a) 0 wt. % WGP (b) 30 wt. % WGP at room
temperature

Figure 2 (a) shows the SEM image of brick sample with 0 % WGP addition at
room temperature of 26 °C. Pores are observed in 0 wt. % sample, when
compared with bricks containing 30 wt. % WGP which had reduced pores. This
explains reason for lower compressive and flexural strength in sample with 0 %
WGP when compared with that of 30 wt. % WGP. Figure 2b shows image of 30
wt. % WGP addition, porosity reduced and the presence of glass luster as a result
of glassy phase formed at high temperature was evident. The bond between
WGP, clay particles and the strong glassy phase formed in samples resulted into
improved strength compared to the one of 0 wt. % WGP as reported in Table 1.

Thermo-Mechanical properties at room temperature
a. Mechanical strength at room temperature

Table 1 Compressive and Flexural strength at room temperature (26 °C)
0 5 10 15 20 25 30 35 40

%WGP
CS 74 8.2 97 113 133 137 145 121 113
FS 105 124 147 179 250 261 263 231 217
RS 12 12 13 15 18 16 16 14 12
FSt(x 11 8.1 6.3 41 33 1.8 0.9 0.6 04
10°%)

CS represents compressive strength (MPa),

FS represents Flexural strength (MPa),

RS represents resistance to impact (number of cycles) and

FSt represents flexural strain (mm/mm).

As WGP increased in proportion, mechanical strength increased (Figure 3). WGP
particles filled up the pores in the clay matrix, thereby reducing porosity. As
temperature increased during firing, dehydration increased, compactment and
stabilization were also enhanced at temperatures between 20 to 600 °C. As the
temperature was being raised, chemical reaction occurred leading to fusion of the
clay and WGP particles, which resulted in enhanced strength and hardness in the
samples [15][16]. At above 900 °C, vitrification occurred leading to formation of
glassy phase [17] which proportion is dependent on the proportion of WGP
added. The glassy phase formed further covered the pores leading to reduction in
porosity and enhanced compactment as confirmed in [18]. The consequent result
is increased strength and hardness. Care was taken not to fire above 1200 °C due
to possibility of expansion of the glassy phase so as not to allow crack or storage
of residual stress. However, glassy phase is brittle; hence, addition of WGP
particles to a certain extent may result in decrease in strength which explains the
reduction of compressive and flexural strength at 35 and 40 wt. % additions
(Table 1). Resistance to impact increased from 0 wt. % to 20 wt. % and reduced
further as WGP content increased due to increased glassy phase. The results
reported in this study are in line with [19][20], where increase in strength was
observed with increasing waste glass addition. Flexural strain reduced
continuously from 0 wt. % to 40 wt. % of WGP as indicated in Table 1.
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Fig. 3 Variation in compressive/flexural strength at increasing WGP proportion
Thermal properties
a. Thermal conductivity

With increasing waste glass powder (WGP) content, thermal conductivity was
rising (Figure 4) which is attributed to reduction in porosity. These pores serve as
air trap and reduce thermal transfer since air has poor thermal conductivity. This
is backed up with the fact that presence of WGP causes lower volume of pores
since the pores are filled with glass powder particles, hence resulting in increased
thermal conductivity. The observation is also linked to interlocking of particle of
the waste glass powder and clay within the structure because of well graded
particle size distribution [5].
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Fig. 4 Effects of WGP on thermal conductivity

Coupled with this, is reduced interparticle distance resulting in low porosity,
leading to high bond strength which enhanced thermal movement within the solid
clay body. The phenomenon led to high internal vibration of particles when the
body was thermally activated thereby resulting in increased transfer of thermal
energy from one particle to another. Pore formers has been known to increase
pores in bricks leading to reduction in thermal conductivity as reported in
[5][21][22] which is due to the fact that the pores serve as air trap and since air is
poor conductor, this leads to decrease in thermal conductivity. On the other hand,
addition of waste glass in fired bricks results in reduction in porosity which
eventually amount to increase in thermal conductivity as observed in this study

b. Thermal diffusivity and emissivity
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Fig. 5b Effect of WGP content on thermal emissivity

Thermal diffusivity refers to rate at which heat is transferred from the hot end of
a material to the cold end of such material [23], while emissivity refers to the
ability of a body to emit thermal radiation at the surface [24]. Diffusivity which
was evaluated at 300 °C was observed to be higher with additional WGP content
(Figure 5a). This occurred due to reduced porosity leading to shorter interparticle
distance and stronger bond between particles, which enabled easy transmission
and diffusion of heat within particles. Emissivity increased gradually as WGP
increased up to 20 wt. % WGP remained constant up to 35 and 40 wt. % of WGP
after which there was progressive rise up to 40 wt. % (Figure 5b). High
absorptivity of heat may result into higher emissivity due to lower capacity to
retain heat as interparticle distance reduced. Increased porosity results into lower
diffusivity as reported in [6]. In this study, the results showed increment in
diffusivity due to lower porosity.

c. Specific heat capacity

Specific heat capacity is the “amount of heat needed to raise the temperature of a
unit mass of a material by 1K” [25]. The higher the value, the higher the amount
of heat energy required to raise the temperature of a unit mass of the object by
1K. Porous materials require much higher energy to raise temperature and in
insulating bricks, these pores are filled with air which has poor conducting
properties.
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Fig. 6 Effect of WGP content on specific heat capacity

As the pores reduced and particles bond became stronger, the heat energy
requirement became lower. This explains reason for the reduction in specific heat
capacity as WGP increased (Figure 6). Increase in porosity reduces interparticle
distance, hence, requires higher energy to raise the temperature of unit mass by
1K as reported in [5]. Reduction in porosity on the hand, led to shorter
interparticle distance, thereby enhancing cohesion. Therefore, decrease in
specific heat capacity with higher content of the additive was observed in this
study (Figure 6) contrary to the outcome in [5].

Thermo-Mechanical performance at elevated temperature
a. Effects of increased temperature on compressive strength.

Table 2 Percentage reduction in compressive strength at different temperature for
WGP-bricks

%WGP  Compressive Percentage reduction in compressive strength

content  strength at 26 (AC%o0)
in °C 100 300 500 700 900 1000

samples °C °C °C °C °C °C
0 74 2.8 4.6 6.9 8.9 173 225
5 8.2 2.3 4.1 6.8 8.1 16,5 20.6
10 9.7 12 4.3 6.6 1.7 15.3 19.3
15 11.3 0.9 3.7 55 6.9 13.8 18.4
20 13.3 0.8 35 5.2 7.6 135 16.8
25 13.7 0.6 35 49 4.7 125 15.9
30 145 0.6 34 4.3 4.2 10.5 11.6
35 12.1 0.6 3.7 4.3 51 16.0 14.4
40 11.3 0.6 3.5 6.7 5.3 14.8 18.7

At elevated temperature (Table 2 and Figure 7), compressive strength depreciated
due to gradual weakening of the bond between clay particles as well as reduction
in adhesion between WGP particles and clay particles. As WGP increased in the
samples, the value of AC%o reduced, due to enhanced strength of adhesion
between particles as WGP increased in the samples. Going from 100 °C to 700
°C for 0 to 40 wt. % WGP, percentage reduction in compressive strength
increased gradually, for each WGP content ranging from 2.8 % to 8.9 % for 0 %
WG, 2.3t08.1 % for 5 wt. % WGP, 1.2 to 7.7 % for 10 wt. % of WGP, 0.9 to
6.9 % for 15 wt. % of WGP, 0.8 to 7.6 % for 20 wt. % WGP, 0.6 to 4.7 % for 25
wt. % WGP, 0.6 to 4.2 % for 30 wt. % WGP, 0.6 to 5.1 % for 35 wt. % WGP and
0.6 to 5.3 % for 40 wt. % WGP. It was observed that at 100 °C, AC%o value
remained constant at 25 to 40 wt. % WGP content of 0.6 %.
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Fig. 7 Percentage reduction in compressive strength at increased temperature

On each temperature of 100 to 700 °C, AC%o value reduced as WGP content
increased. From 700 to 900 °C for each sample, AC%o value reduced drastically
from 8.9 to 17.3 % for 0 wt. % WGP, 8.1 to 16.5 % for 5 wt. % WGP, 7.7 % to
15.3 % for 10 wt. % WGP, 6.9 to 13.8 % for 15 wt. % WGP, 7.6 to 13.5 % for 20
wt. % WGP, 4.7 to 12.5 % for 25 wt. % WGP, 4.2 to 10.5 % for 30 wt. % WGP,
5.1t0 16 % for 35 wt. % WGP and 5.3 to 14.8 % for 40 wt. % WGP. At 1000 °C,
AC%o further fell to 22.5 %, 20.6 %, 19.3 %, 18.4 %, 16.8 %, 15.9 %, 11.6 %,
144 % and 18.7 % for O, 5, 10, 15, 20, 25, 30, 35 and 40 WGP content
respectively. The decrease for each of the mix proportion at 900 and 1000 °C is
above 10 %, indicating that at temperature up to 900 °C, there was drastic
weakening of the bond and degradation of the glass phase present, therefore, the
working temperature of this clay samples under consideration is < 700 °C. It was
further observed that there was a measure of stability for samples with 25 and 30
wt. % addition of WGP which AC%o values between 100 and 700 °C were less
than 5 %, showing that WGP of 25 and 30 wt. %, will be most stable when
operation temperature is < 700 °C, beyond that, there could be degradation and
drastic depreciation in strength.

b. Effects of increased temperature on flexural strength

Table 3 Percentage reduction in flexural strength at different temperatures

% WGP Flexural Percentage reduction in flexural strength (AF %o)

content strength 100 300 500 700 900 1000
in at 26 °C °C °C °C °C °C °C

samples
0 1.05 2.4 3.9 4.7 3.9 125 17.3
5 1.24 2.1 34 3.9 4.2 11.7 15.8
10 147 0.9 25 34 35 11.4 13.6
15 1.79 0.8 2.1 3.3 35 9.8 12.8
20 2.50 0.6 2.1 2.9 3.1 7.2 10.2
25 2.61 0.5 19 24 29 6.8 9.8
30 2.63 0.4 1.7 2.1 2.3 6.3 9.7
35 2.31 0.3 1.2 2.3 25 6.4 9.9
40 2.17 0.3 0.8 2.1 2.8 8.8 10.1

Flexural strength followed almost the same pattern as obtained in compressive
strength in that, at increased temperature (Table 3 and Figure 8), flexural strength
reduced, also, due to gradual weakening of the cohesive bond between clay
particles plus reduction in adhesion between particles of the WGP additives and
clay particles. As WGP increased in the samples, the value of AF%o (where AF%o
denotes percentage reduction in flexural strength from one temperature to the
next) reduced, due to the effect of increased strength of adhesion between
particles as WGP increased in the samples.
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e 900°C

e=lli==300°C
e 700°C
=== 1000°C
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Compressive strength (%)
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o

0 5 10 15 20 25 30 35 40
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Fig. 8 Percentage reduction in flexural strength at increased temperature

Going from 100 °C to 700 °C for 0 to 50 wt. % WGP, percentage reduction in
flexural strength AF%o increased gradually, for each WGP content, ranging from
2.4 % to 3.9 % for 0 % WG, 2.1to 4.2 % for 5 wt. % WGP, 0.9 to 3.5 % for 10
wt. % of WGP, 0.8 to 3.5 % for 15 wt. % of WGP, 0.6 to 3.1 % for 20 wt. %
WGP, 0.5 to 2.9 % for 25 wt. % WGP, 0.4 to 2.3 % for 30 wt. % WGP, 0.3 to 2.5
% for 35 wt. % WGP and 0.3 to 2.8 % for 40 wt. % WGP. It was observed that at
100 °C, AF%o value remained constant at 35 and 40 wt. % WGP content of 0.3 %.
At each temperature of 100 to 700 °C, AF%o value reduced as WGP content
increased. From 700 to 900 °C for each sample, AF%o value also reduced
drastically just like in the case of AC%o for compressive strength. The value (700
to 900 °C) was from 3.9 to 12.5 % for 0 wt. % WGP, 4.2 to 11.7 % for 5 wt. %
WGP, 3.5 % to 11.4 % for 10 wt. % WGP, 3.5 to 9.8 % for 15 wt. % WGP, 3.1 to
7.2 % for 20 wt. % WGP, 2.9 to 6.8 % for 25 wt. % WGP, 2.3 to 6.3 % for 30 wit.
% WGP, 2.5 t0 6.4 % for 35 wt. % WGP and 2.8 to 8.8 % for 40 wt. % WGP. At
1000 °C, AF%o further fell to 17.3 %, 15.8 %, 13.6 %, 12.8 %, 10.2 %, 9.8 %, 9.7
%, 9.9 % and 10.1 % for 0, 5, 10, 15, 20, 25, 30, 35 and 40 WGP content
respectively. The high increase in value was attributed to the fact that at
temperature up to 900 °C, there was drastic weakening of the bond and
degradation of the glass phase present. This further confirms that, the working
temperature of ceramic samples in this study is less than < 700 °C.

c. Evaluation of flexural strain at different temperature

Table 4 Flexural strain at different temperatures

% Flexural Flexural strain (at fracture) at different temperatures (o)
WGP strain at 100 300 500 700 900 1000
content 26-29 °C °C °C °C °C °C
in °C
samples
0 0.0110 0.0113 0.0125 0.0137 0.0158 0.0213 0.0286
5 0.0081  0.0115 0.0121 0.0137 0.0149 0.0204 0.0256

10 0.0063 0.0111 0.0146 0.0131 0.0132 0.0195 0.0234
15 0.0041 0.0101 0.0118 0.0118 0.0122 0.0142 0.0196
20 0.0033  0.0087 0.0098 0.0097 0.0117 0.0118 0.0178
25 0.0018 0.0056 0.0098 0.0056 0.0099 0.0103 0.0165
30 0.0009 0.0056 0.0099 0.0023 0.0096 0.0089 0.0146
35 0.0006  0.0078 0.0087 0.0014 0.0056 0.0076 0.0139
40 0.0004  0.0106 0.0086 0.0011 0.0034 0.0053 0.0133
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Fig. 9 Effects of increased temperature on flexural strain

Flexural strain was observed to increase at increased temperature (Table 4 and
Figure 9), while flexural strength reduced with increased temperature as a result
of the weakening of the bond and easier flow of the particles, aided by thermal
stress. At room temperature, flexural strain reduced with increased WGP
proportion in samples. At 100 °C, the value reduced from 0 wt. % to 30 wt. %
addictive after which there was increase in the value at 35 — 40 wt. % due to
increased flow which was attributed to increased thermal energy of particles. At
300 °C, strain reduced from 0 wt. % of additive, peaked at 10 wt. % additive and
further reduced as WGP proportion increased. At 500 to 1000 °C, there was
reduction in strain as WGP increased from 0 wt. %. Going from 100 to 1000 °C,
for each mix proportion, strain was observed to increase due to increased flow.

d. Effects of increased temperature on impact resistance

Table5 Number of cycle to failure at different temperatures

% WGP Number Impact resistance (number of cycle to failure)

content of cycle 100 300 500 700 900 1000
in to failure °C °C °C °C °C °C

samples at 26 °C
0 12 12 10 8 5 1 1
5 12 12 11 9 7 2 1
10 13 12 11 10 8 4 1
15 15 14 13 11 8 4 1
20 17 17 15 14 11 7 2
25 18 17 16 14 12 9 3
30 16 15 14 12 10 5 2
35 14 14 12 11 9 3 1
40 12 12 10 8 5 1 1

Impact resistance was evaluated by number of cycle to failure for samples at
different temperatures. The value at room temperate (26 °C) increased as WGP
amount increased up to 25 wt. % before declining at 30 wt. % (Table 5 and figure
10). The resistance to impact was due to closeness of particles and strength of
bond between particles. At 30 wt. % the brittle nature of the glassy phase had a
toll on impact resistance which explains reduction in the number of cycles to
failure from 30 to 40 wt. %.

At increased temperature, the instability of the particles due to increased
excitation resulted in increased Kinetic energies of particle and led to lower
compactment of particles. This led to lower adhesion between clay and glass
particles, thereby causing reduction in resistance to impact.

At 100 °C, impact resistance for all samples remained almost constant due to
lower stress level induced in the samples. As temperature increased, from 300 to
1000 °C, residual stress increased in the samples resulting in further reduction in
Figure 10: Effects of increased temperature on impact resistance.

impact resistance evaluated by number of cycles to fracture. At 700 to 900 to
1000 °C, the impact resistance depreciated greatly, owing to increased residual
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stress and instability of particles as a result of thermal excitation. From 26 °C to
300 °C, difference in number of cycle to failure for all samples was in the range
of 1 to 2 which explains a relative stability in impact resistance at those
temperatures for all samples. At application which requires impact, temperature
should be <300 °C.

e. Linear and volumetric thermal expansion at different temperatures

Table 6 Variation in Linear thermal expansion at different temperature

% WGP Linear thermal expansion at different temperature

contentin ~ 100°C  300°C  500°C  700°C 900 °C 1000

samples (x10° (x10° (x10 (x10° (x10° °C
5IK) 5IK) °IK) °IK) °IK) (x10°

°/K)
0 0 0.97 3.92 5.27 8.28 12.37
5 0 0.88 3.34 5.05 7.45 12.04
10 0 0 2.77 4.79 7.74 11.45
15 0 0 242 454 6.73 11.13
20 0 0 2.19 4.13 6.45 7.12
25 0 0 1.83 1.84 3.13 6.43
30 0 -1.24 114 1.75 3.79 8.43
35 0 -0.89 271 2.63 8.24 7.34
40 0 -0.15 2.71 2.14 8.24 6.32

Increase in thermal conductivity on the other hand brought about lowering of
thermal expansivity since particles are bonded strongly. Thermal expansivity
reduced with increasing WGP proportion leading to strong adhesion between clay
and WGP particles. The results for thermal expansivity agrees with [4] which
also recorded reduction in thermal expansion coefficient as egg shell content
increased in fired clay but contrary to result obtained in [6], whereby thermal
conductivity reduced with increased content of additive. In this study and in [4],
porosity reduced with increased additive while in [6] porosity increased with
increased additive which explained the difference in that, with reduced porosity,
thermal conductivity increased, and vice versa, in the case of increased porosity
with increased proportion of additives. Linear and volumetric thermal expansivity
were evaluated at different temperatures of 100 to 1000 °C by measuring change
in dimension at those temperatures. It was observed that at higher temperature,
linear expansivity increased (Table 6 and Figure 11) owing to weaker bond
within particles, which led to increase in interparticle distance, hence resulting in
higher degree of expansion.

For 100 °C, there was no linear expansivity indicating dimensional stability at
that temperature because of the fact that the thermal stress exposure was not
enough to cause substantial weakening of the bond between particles. At 300 °C,
the linear expansion only occurred at 0 and 5 wt. % of WGP while there was
contraction for samples containing 30 to 40 wt. % WGP proportion. For samples
containing 10 to 25 wt. %, there was O values for expansion due to thermal
stability at that temperature. This indicates that the thermal stress was only
enough to cause vibration of the particles about their mean position, without any
dissociation of the bond, even though the strength of the bond reduced which was
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explained by lower reduction in compressive and flexural strength at this
temperature (Table 2 and 3). It was further observed that at temperature (300 to
500 °C), linear thermal expansivity reduced from 0 to 30 wt. % owing to the 700°C 900°C 1000°C
strong bond and lower heat capacity of the glassy phase at such temperature, but

100°C 300°C 500°C

at 35 and 40 wt. %, the value increased indicating weakening of the bond. 1
Increment in expansivity value from 500 to 700 °C was 57 % from 5.27 to 8.28 0.8 -
x10°%/K for 0 wt. %, 47.5 % from 5.05 to 7.45 x10°° /K for 5 wt. %, 61.6 % from

4.79 to 7.74 x10° /K for 10 wt. %, 48.2 % from 4.54 to 6.73 x10° /K for 15 wit. 0.6 -

%, 56.2 % from 4.13 to 6.45 x10°/K for 20 wt. %, 70 % from 1.84 to 3.13 x10°
5/K for 25 wt %, 116.6 % from 1.75 to 3.79 x10° /K for 30 wt. %, 213 % from
2.63 t0 8.24 x10° /K for 35 wt. % and 285 % from 2.14 to 8.24 x105/K for 40
wt. %.

Volumetric thermal expansivity (x10-5/K)

e 1 (00°C =il 300°C ey 500°C

14 _—N—700°C it 00 0°C =@ 1000°C
<12 A 04 -
T WGP (wt %)
3 10 1
%‘ 8 1 Fig. 12 Effects of WGP on volumetric thermal expansion at different
% 6| temperatures
g ) v au—
E 4 Volumetric thermal expansivity was evaluated by measuring increment in the
g dimension of the rectangular prism sample. This property follows the same trend
5 27 as in the case of linear expansion with the same reason at each temperature. With
f 0 increased temperature, the value increased and with increasing WGP content, the
§ , 0 5 10 15 20 25 20 trend reduced down the line.
£ 2

. Thermal shock resistance and cooling rate

WGP (wt %)

a. Experimental results on thermal shock resistance

Fig. 11 Effects of WGP on linear thermal expansion at different temperatures Effects of WGP on thermal shock resistance were measured using 3 ways of

experimenting:
From this percentage increase, it was noted that as WGP content increased, the
percentage rise in expansivity increased, indicating high level of degradation of
the glassy phase and weakening of the bond between particles. This still further
confirms that the working temperature of the set of ceramic samples analyzed in

Table 8 Number of cycle at which crack appeared for Exp. 1, 2 and 3
WGP 0 5 10 15 20 25 30 35 40

this study should not be greater than 700 °C. Percentage increase in expansivity Nu(r)r}ber
increased at 1000 °C at 49 %, 62 %, 48 %, 65 %, 63 %, 127 %, 70 %, for 0 to 30 cycles in 21 22 23 15 14 16 16 10 10
wt. % additions. This can be attributed to the further degradation of the glassy Exp. 1
phase and weakened adhesion between the clay and WGP. In the case of 35 and Number
40 wt. % WGP, expansivity reduced from 8.24 for both, to 7.34 and 6.32 x10°/K of
respectively due to slight contraction. cycles in 65 62 60 60 43 36 34 29 21
Table 7 Variation in Volumetric thermal expansion at different temperature I\IlEuXrFr)mir
%WGP Volumetric thermal expansion at different temperature of
contentin  100°C  300°C  500°C  700°C  900°C 1000 cyclesin 44 44 4 48 38 3% 32 19
samples (x10° (x10° (x10° (x10 (x10° °C Exp. 3
SIK) SIK) SIK) SIK) SIK) (x10°
°/K) .
Figure 13 shows the number of cycles for each case. For case Exp. 1, the number
(5) 8 8;% 8%2 gggg 8;%523 8385 of cycles after samples was expose(_j to 1000 °C increased from 21 to 23 for 0 wt.
10 0 0 0229 0305 0354 0772 % to 10 wt. % of WGP, at furthef increased amount qf WGP, the value reduced
15 0 0 0194 0215 0322 0764 to 15 at 15 wt. % content remained constant until it fell at 35 wi. %_ of the
20 0 0 0:183 0:217 0:294 0:621 additive. Going by [26], WGP content should not be more than 10 % in bricks for
o5 0 0 0164 0217 0293 0574 refractory. For Exp. 2, shock resistance based on number of cycles recorded
30 0 0184 0154 0.158 0214 0525 decreased from 65 cycles to 21 cycles from 0 to 40 wt. % of WGP. This is due to
35 0 _0:172 0:132 0:149 0:233 0:574 the brit_tle nature of the_glass phase f_ormed and can be deduce_d that increa_sed
40 0 0198 0121 0137 0199 0599 proportion of WGP particles resulted in lower thermal shock resistance of bricks

exposed to air cooling. For Exp. 3, water was employed as a means of cooling;
the shock resistance measured by number of cycles, reduced from 0 wt. % WGP
content to 40 wt. % WGP content. Therefore, thermal shock resistance in the
samples reduced as WGP content increased. In environment whereby cooling is
done by combine action of air and water, <15 wt. % WGP addition to bricks
might suffice in clay materials, since from 0 to 15 wt. % difference in the number
of cycles for Exp. 1, 2 and 3 was in the range of 2 to 5 cycles.
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Fig. 13 Effect of WGP content on thermal fatigue

b. Cooling rate
i. Normalized cooling

It was observed that with increasing WGP content, cooling rate increased (Figure
14) with WGP addition, due to enhanced thermal conductivity. Highest cooling
rate was recorded at 40 wt. % for each of the temperatures considered.
Therefore, in applications whereby normal cooling rate is employed, increased
WGP content in fired bricks is recommended.

30000 il S000C e TO0OC b 900°C
14 -

1.2 1
1 -
0.8 1

0.6 1

Cooling rate °C/cm2.hr

0.4 -

0.2 4

0 5 10 15 20 25 30 35 40
WGP (wt %)

Fig. 14 Effect of WGP content on cooling rate
ii. Rapid cooling (Fast cooling rate per cross section)

Figure 15, shows the effects of WGP on cooling rate of samples at fast cooling
rate using water. The incorporation of WGP into bricks at increasing weight
content resulted into higher cooling rate due to high emissivity at elevated
temperatures. At high temperature, particles are highly excited leading to
mobility and increased interparticle spacing. The process of rapid cooling results
into forceful dissipation of already absorbed energy in solid bodies, causing
inherent particles to maintain disoriented positions at low temperature as the heat
is been dissipated. This caused distortion in the arrangement and orientation of
particles which resulted in increased brittleness in the samples. Furthermore, at
high temperature of 900 °C where degradation of glassy phase was more
pronounced, as cooling rate became high, the glassy phase were not allowed to
re-form causing uneven distribution of glass particles within the clay matrix as
shown in Figure 18. This initiates high level of brittleness because of high strain
energy induced around the unevenly distributed glass particles, resulting in low
strength as expressed in Figure 18.

5—‘— 300°C o=l 50)0°C ==he==700°C = 9()(°C
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4
35 4
3 4
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2 4
15
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Cooling rate (°C/cm2.hr)

Fig. 15  Effect of WGP on High cooling rate per cross section of samples

iii. Cooling rate coefficient

_.(ﬁ 300°C  e=lll=500°C  ==be==700°C e 9()(°C
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Fig. 16 Cooling rate coefficient with increasing WGP

Figure 16 shows the coefficient of cooling rate at different temperature with
increasing WGP content. The cooling rate at 500 °C is the highest indication that
normalized cooling rate for all samples is more effective than fast cooling at that
temperature. Highest cooling rate coefficient for all samples was recorded at 500
°C for 15 wt. % WGP, indicating that for applications which may involve
normalized cooling and fast cooling, temperature should not exceed 500 °C for all
composition. Therefore, WGP composition of 15 wt. % gave the optimum value.

Morphological behaviour: effect of fast cooling on strength performance of
clay sample

.

Fig. 17 Surface image of sample with 30 wt. % WGP (a) and 35 wt. % WGP
(b), before rapid cooling.
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Fig. 18 Surface image of sample with 30 wt. % WGP (a) and 35 wt. % WGP (b),
cooled rapidly from 900 °C to room temperature

Table 9 Impact resistance (number of cycle to failure) after fast cooling

% WGP Number of Impact resistance (number of cycle to failure)
content in cycle to of samples after fast cooling
samples failure at 300 °C 500 °C 700 °C 900 °C
26 °C

20 18 7 5 2 1

25 16 8 6 2 1

30 16 7 6 2 1

35 14 5 3 1 1

40 12 5 3 1 1

20

H26-29°C ®300°C ®=500°C =700°C ®=900°C

No of cycle to failure

WGP (wt %)

Fig. 19 Impact resistance (number of cycle to failure) of samples at room
temperature (26-29 °C) and those fast cooled to room temperature from 300, 500,
700 and 900 °C

Impact resistance of samples after brick samples were fast cooled from high
temperature reduced when compared to impact resistance of samples that were
not fast cooled. For 20 wt. % WGP, the number reduced from 18 cycles to 7, 5,

2, 1 when fast cooled from 300, 500, 700 and 900 °C respectively, as indicated in
Table 9, which indicates that fast cooling of brick samples from high temperature
enhances brittleness or ease to fracture in samples. For 25 wt. % WGP, the
number reduced from 16 cycles for sample tested at room temperature to 8, 6, 2
and 1 cycles for samples fast cooled from 300, 500, 700 and 900 °C respectively.
In the case of 30, 35 and 40 wt. % WGP fast cooled, number of cycle to failure
was 7, 6, 2, and 1 for 30 wt. % WGP, 5, 3, 1, 1 for 35 wt. % WGP and 5, 3, 1, 1
for 40 wt. % WGP (Table 9). From the results, it is clear that fast cooling reduces
resistance to impact (Figure 19).

-

Crack path on brick
surface

Fig. 20 Image showing crack path on surface of bricks during test

Comparing compressive strength of samples tested at room temperature and those
tested after rapid cooling, it was observed that there was great reduction in
strength. At fast cooling rate, particles are disarranged and disoriented leading to
high strain energy stored in samples which aids ease to fracture in samples. The
effect was more pronounced as temperature increased from 300 to 500 to 700 to
900 °C. Respective reduction in strength while comparing values at 26-29 °C to
300, 500, 700 and 900 °C was 45 %, 50 %, 80 % and 89 % for 25 wt. % WGP, 46
%, 50 %, 84 % and 88 % for 30 wt. % WGP, that of 35 wt. % WGP was 53 %,
60 %, 83 %, and 88 %. For 40 wt. % WGP, the reduction was 54 %, 64 %, 82 %
and 90 % respectively (Figure 21).

20 4
s H26-29°C ®m300°C ®=500°C ©700°C ®900°C
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Fig. 21 Comparison of compressive strength of samples at room temperature (26-
29 °C) and those fast cooled to room temperature from 300, 500, 700 and 900 °C

For flexural strength (figure 22), respective reduction in strength while evaluating
from 26-29 °C to 300, 500, 700 and 900 °C was 52 %, 54 %, 93 % and 99 % for
25 wt. % WGP, 52 %, 53 %, 91 % and 98 % for 30 wt. % WGP, that of 35 wt. %
WGP was 53 %, 50 %, 81 % and 99 % and for 40 wt. % WGP, the reduction was
51 %, 53 %, 94 % and 99 % respectively. Analyzing the percentage reduction for
compressive strength, the effect was more pronounced at temperatures of 700 and
900 °C with reduction varying from 80 to 84 % for 700 °C and 88 to 90 for 900
0 C. In the case of flexural strength, the reduction was also more pronounced at
temperatures of 700 and 900 °C varying from 81 to 95 % for 700 °C and 98 to 99
for 900 °C for samples containing 25 to 40 wt. % of WGP. The effect had higher
toll on flexural than compressive strength and at 900 °C, highest percentage
reduction was recorded in flexural strength.
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Fig. 22 Comparison of flexural strength of samples at room temperature (26-29
°C) and those fast cooled to room temperature from 300, 500, 700 and 900 °C

CONCLUSIONS

Effects of elevated temperature and waste glass powder (WGP) content on
thermo-mechanical properties of fired ceramic products were examined in this
study and response of samples to different temperatures were analyzed. From the
results obtained, the following conclusion were made

With increased temperature from 26-29 °C to 700 °C, mechanical
performance tends to reduce gradually due to gradual weakening of bond and
degradation of the glassy phase present in the samples

At up to 900 °C the performance reduced drastically due to high extent of
bond weakening and fastened degradation of the glassy phase coupled with
increased thermally induced residual stress and high excitation of
particles/atoms, hereby, dictating an operating temperature of < 700 °C for
samples.

Thermal conductivity, diffusivity and emissivity increased with increasing
WGP content while thermal expansivity and specific heat capacity reduced
as percentage WGP increased in the samples

For samples heated to 1000 °C, thermal shock resistance improved from 0 to
10 wt. % WGP while at further addition of WGP, the resistance reduced, in
this case refractory bricks, WGP should not exceed 10 wt. %.

Thermal shock resistance remains stable in samples at WGP content of <15
wt. %, beyond this, there was reduction (for samples air/water cooled from
300 °C). Therefore, for ceramic products to be exposed to operating
temperature of < 300° C, WGP should be < 15 wt. %.

Higher thermal conductivity and lower specific heat capacity resulted into
increased cooling rate at higher WGP addition, hence for fast cooling rate
applications, increased proportion of WGP (between 5 to 40 wt. %) may be
recommended, however for applications whereby compressive and flexural
strength are important as well as increased cooling rate, WGP content of
between 5 to 30 wt. % may be suitable, since the strength reduced at 35 and
40 wt. % at room temperature, as shown in Table 2 and 3.

The coefficient of cooling rate at 500 °C was the highest indication that
normalized cooling rate for all samples is more efficient than fast cooling at
that temperature

Rapid cooling for heat treated bricks reduces strength largely, hence not
recommended for fired clay bricks.
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